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Abstract

The performance of 61 global climate models participating in CMIP5 and 6 is evaluated for the Southern Hemisphere extratropics

in terms of typical regional-scale atmospheric circulation patterns. These patterns are known to be linked with a number of key

variables in atmospheric physics and chemistry and provide an overarching concept for model evaluation. First, hemispheric-

wide error and ranking maps are provided for each model and regional details are described. Then, the results are compared

with those obtained in a companion study for the Northern Hemisphere. For most models, the average error magnitude and

ranking position is similar on both hemispheres, ruling out systematic tuning towards either of the two. CMIP6 models perform

better on average than CMIP5 models and the interactive simulation of more climate system components does not deteriorate

the results for most model families. Better performance is associated with higher resolution in the atmosphere, following a

non-linear relationship.
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Abstract17

The performance of 61 global climate models participating in CMIP5 and 6 is evaluated18

for the Southern Hemisphere extratropics in terms of typical regional-scale atmospheric19

circulation patterns. These patterns are known to be linked with a number of key vari-20

ables in atmospheric physics and chemistry and provide an overarching concept for model21

evaluation. First, hemispheric-wide error and ranking maps are provided for each model22

and regional details are described. Then, the results are compared with those obtained23

in a companion study for the Northern Hemisphere. For most models, the average er-24

ror magnitude and ranking position is similar on both hemispheres, ruling out system-25

atic tuning towards either of the two. CMIP6 models perform better on average than26

CMIP5 models and the interactive simulation of more climate system components does27

not deteriorate the results for most model families. Better performance is associated with28

higher resolution in the atmosphere, following a non-linear relationship.29

Plain Language Summary30

This letter provides a survey on the capability of global climate models to repro-31

duce the regional atmospheric circulation in the Southern Hemisphere in present climate32

conditions. Climate models from the latest model generation are found to perform bet-33

ter on average than those of the previous generation and the obtained model ranking is34

similar to that found for the Northern Hemisphere in a companion study. While model35

performance is found to be generally unrelated to model complexity in terms of covered36

climate system components, better results are associated with higher model resolution37

in the atmosphere.38

1 Introduction39

The vast ocean and ice-sheet areas in the Southern Hemisphere (SH) extratrop-40

ics are virtually inhabited, but play a key role for the global climate system and are thus41

of paramount importance for mankind. In this context, the quasi-persistent circumpo-42

lar westerly winds blowing along the open sea channel in the mid-latitudes are of key rel-43

evance for several reasons. Partly offset by meso-scale ocean eddies tending to break up44

the intense ocean stratification, the westerlies drive the up-welling of carbon and nutrient-45

rich deep water and also force the Antarctic Circumpolar Current (ACC), which is em-46

bedded in the Meridional Overturning Circulation that in turn governs the low frequency47

variability of the global climate system (Abernathey et al., 2011; Speer & Marshall, 2012;48

Meredith et al., 2012; Hogg et al., 2017; Zhang et al., 2019). Commonly described by the49

Southern Annular Mode, also referred to as “Antarctic Oscillation” (Trenberth, 1979;50

Rogers & van Loon, 1982; Thompson & Wallace, 2000), the westerlies have shifted pole-51

ward during the last decades while, simultaneously, the Hadley Cell and associated large-52

scale subsidence in the sub-tropics have intensified (Thompson et al., 2000; Nguyen et53

al., 2015; Fogt & Marshall, 2020). Both anomalies are projected to magnify during the54

course of the 21st century in global climate model (GCM) experiments (Deng et al., 2022),55

leading to more frequent extreme events like, e.g., droughts (Holgate et al., 2020) or sea-56

surface warming events (Duran et al., 2020) whose accumulated effects also alter the mass57

balance of the glaciers and ice-sheets in the SH.58

While Patagonian glaciers are mainly affected by temperature and precipitation59

anomalies (Boex et al., 2013), melting into the Amundsen and Bellingshausen Seas is the60

main driver of Antarctic continental ice loss (Hughes, 1981; Rignot et al., 2019). The afore-61

mentioned poleward shift of the westerlies has led to an enhanced transport of relatively62

warm Circumpolar Deep Water, located at intermediate depths below the cold surface63

ocean layer, towards the continental shelf of the aforementioned sea areas (Steig et al.,64

2012), thereby thinning the ice shelves from below and melting the glaciers and ice streams65
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at their ground lines. Subject to large uncertainties (Rignot et al., 2011), these processes66

contribute to global sea-level rise (Fox-Kemper et al., 2021).67

Over glacial-to-interglacial cycles, the strength and position of the westerlies are68

also considered key to variations in the upwelling of carbon-rich Antarctic Bottom Wa-69

ter (AABW) reservoirs, associated with CO2 degassing into the atmosphere (Sigman &70

Boyle, 2000; Speer & Marshall, 2012). There are indications that strong westerlies lo-71

cated near the Antarctic continent —well aligned with the ACC—, typically occur dur-72

ing warm, interglacial periods and enhance the aforementioned process leading to an in-73

crease in global CO2 concentrations. Weaker westerlies located far away from the Antarc-74

tic continent and poorly aligned with the ACC are, in turn, currently discussed to be75

characteristic of cold, glacial periods. CO2 degassing into the atmosphere wold be re-76

duced in this case, favouring a net carbon storage in the AABW (Toggweiler et al., 2006;77

Gray et al., 2021). Finally, AABW formation itself is also controlled by wind forcing,78

namely by southerly katabatic winds blowing down the Antarctic continent, pushing the79

sea-ice away from coast and thereby forming coastal polynyas. In these ocean water ar-80

eas surrounded by sea-ice, the nutrient-rich upwelled waters are subject to brine rejec-81

tion during sea-ice formation that leads to increase in salinity. Sinking to the ocean bot-82

tom is the consequence, where “preformed” nutrients can thereby accumulate. AABW83

formation is particularly productive in the Weddell and Ross Seas and is subject to pro-84

nounced low-frequency variability (Ito & Follows, 2005; Hogg et al., 2017; Silvano et al.,85

2020).86

These considerations show that the atmospheric circulation in the SH extratrop-87

ics, even in confined and relatively small regions such as the aforementioned sea areas,88

are relevant for the entire climate system. Consequently, comprehensive GCMs now ex-89

tensively used in climate research should perform well in this regard.90

The present study evaluates a large multi-model ensemble from the Coupled Model91

Intercomparison Projects 5 and 6 (Taylor et al., 2012; Eyring et al., 2016) in terms of92

the models’ capability to reproduce the climatological frequencies of typical and recur-93

rent patterns of the regional atmospheric circulation in the SH extratropics. To this aim,94

the Lamb Weather Types method (LWT), also known as Jenkison-Collison circulation95

typing approach (Lamb, 1972; Jenkinson & Collison, 1977; Jones et al., 1993) has been96

recently extended for systematic use in the SH (Fernández-Granja et al., 2023) and is97

here applied to 61 GCMs from CMIP5 and 6, and to 3 distinct reference reanalyses. The98

circulation types obtained from this method are known to correlate with many key vari-99

ables in atmospheric physics and chemistry and therefore constitute an overarching con-100

cept to describe regional-scale climate variability. The method is thus complementary101

to those operating on larger scales used in a previous study (Bracegirdle et al., 2020) and102

it is a direct answer to the downscaling community’s claim for process-based GCM eval-103

uation based on the regional atmospheric circulation (Maraun et al., 2017; Røste & Land-104

gren, 2022), here tailored to the SH mid-to-high latitudes (Olson et al., 2016; Fita et al.,105

2017; Charles et al., 2020; Evans et al., 2021). Together with the respective assessment106

for the Northern Hemisphere (Brands, 2022a), this study completes the picture of GCM107

performance in terms of regional atmospheric circulation patterns in the extratropics.108

Possible model tuning issues to either of the two hemispheres are also discussed.109

2 Data and Methods110

The study relies on 6-hourly instantaneous sea-level pressure data from 61 differ-111

ent GCM configurations participating in CMIP5 and 6, all retrieved from the ESGF data112

portals. Historical experiments are evaluated and the considered ensemble members for113

each GCM are listed in the get historical metadata.py function available from Brands114

et al. (2022). It will be shown that the role of internal model variability does not lead115

to substantial changes in the results (see Section 3.1). Since several EC-Earth model ver-116
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sions were found to be favoured when evaluated against ECMWF reanalyses (Dee et al.,117

2011; Hersbach et al., 2020) in the companion study conduced over the Northern Hemi-118

sphere (Brands, 2022a), the Japanese 55-year reanalysis (JRA-55) is here used as main119

reference dataset for model evaluation (Kobayashi et al., 2015).120

The Jenkinson-Collison circulation types constitute an objective classification method121

based on the subjective approach made by Lamb (1972). This technique, also known as122

“Lamb Weather Types” (Jones et al., 1993), groups an instantaneous SLP pattern cen-123

tered at a given grid-box into 27 classes depending on the direction of the geostrophic124

flow (or lack thereof) and the sign and strength of the vorticity. In addition to the purely125

cyclonic and anticyclonic types, there are 8 “purely directional” types —one for each of126

the 8 main cardinal directions— and 16 hybrid types characterized by a predominant127

flow from one of these directions combined with either cyclonic or anticyclonic conditions.128

A detailed description of the LWT method, including the extension to the SH relevant129

here, is provided in Fernández-Granja et al. (2023). The corresponding Python code is130

available from Brands et al. (2022). The LWT method is here applied in a rolling man-131

ner (Otero et al., 2017) looping through all boxes of a regular latitude-longitude grid cov-132

ering a spatial domain extending from 30◦S to 70◦S with a 2.5◦ resolution. The consid-133

ered time period is 1979 to 2005, for which data is available for all applied GCMs and134

reanalyses.135

The LWT method is here said to be applicable for a given region if at least 20 types136

occur with a minimum relative frequency of 0.1% (i.e. n = 39 occurrences for 27 years137

and 6-hourly data) at the corresponding grid-box in the reference reanalysis (JRA-55).138

This criterion is fulfilled in virtually the entire study area. Moreover, to ensure that the139

regional-scale GCM ranking presented here is robust to a switch in the underlying ref-140

erence reanalysis, ERA-Interim is evaluated against JRA-55 just as if it was another GCM141

and the obtained error is compared to the errors of the 61 authentic GCMs. If any of142

the considered GCMs is found to perform better than ERA-Interim at a given grid-box,143

this indicates large observational uncertainties in the corresponding region, leading to144

an exclusion of the grid-box from further assessment. Figure 1 shows that all grid-boxes145

over the Antarctic continent and adjacent sea-areas seasonally covered by sea-ice have146

to be excluded for this reason.147

For consistency with Brands (2022a) and Brands (2022b), the mean absolute er-148

ror (MAE) of the climatological relative frequencies of the n = 27 LWTs is used as main149

error measure at the grid-box scale:150

MAE =
1

n

n∑
i=1

|mi − oi| (1)

where mi and oi are the relative frequencies of the ith LWT (with i = 1, 2, ..., 27)151

from the GCM and reference reanalysis, respectively. Alternative error measures such152

as the Transition Probability Matrix Score (Fernandez-Granja et al., 2021) have been used153

as well, obtaining nearly identical results for the model ranking.154

To explore the role of internal model variability due to initial conditions uncertain-155

ties, up to 18 distinct historical runs per GCM are evaluated for a subset of 13 GCMs,156

specified in Supplementary Figure 3. Then, the GCM complexity score proposed in Brands157

(2022a) is used, which is proportional to the number of Earth system components taken158

into account in the GCM and gives more weight on simulated than on prescribed com-159

ponents. This score is put into relation with the spatial median model performance over160

the SH in order to explore whether the more complex GCMs perform better or worse161

than the less complex ones on average. Finally, the SH results are plotted against the162

NH results obtained from Brands (2022a) in order to detect possible tuning efforts to163

either of the two hemispheres. For a comparison on equal terms, the NH results were mod-164
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ified by also removing the regions prone to substantial reanalysis uncertainties, as de-165

scribed above.166

3 Results167

3.1 Regional details168

Figures 1 and 2 show the GCM ranking patterns based on the MAE for the 61 con-169

sidered GCMs, with lower MAE values leading to better ranks and vice versa. The MAE170

values themselves are depicted in Supplementary Figures 1 and 2. Hereafter, individual171

GCMs will be grouped according to the atmosphere general circulation model (AGCM)172

used therein (Brands, 2022b).173

From these figures, it can be seen that the IFS AGCM family (i.e. all EC-Earth174

GCM versions) performs best overall, followed by the HadGAM/UM AGCM family com-175

prising the ACCESS and HadGEM GCMs, as well as KACE1.0G. All members of the176

HadGAM/UM family except ACCESS1.0 and HadGEM3-GC31-MM have similar error177

patterns, with larger errors in the Southern Ocean to the south, southwest and south-178

east of the Australian continent. ACCESS1.3, ACCESS-CM2, HadGEM3-GC31-MM and179

KACE1.0-G perform relatively poorly to the south and southwest of Cape of Good Hope180

and KACE1.0-G additionally performs badly off the east coast of South America. A large181

performance gain is observed from CSIRO-MK3.6 to the ACCESS GCM family, i.e. from182

the former to the present GCM family developed by CSIRO (see also Figure 3).183

The GAMIL AGCM family comprising the FGOALS-g2 and g3 GCMs performs184

overly poorest in this multi-model comparison. The ECHAM AGCM family, including185

all MPI-ESM versions, AWI-ESM-1-1-LR, NESM3 and CMCC-CM, performs slightly186

worse than the IFS and HadGAM/UM families, except for MPI-ESM1-2-HR and MPI-187

ESM-1-2-HAM performing almost equally well. A particularly poor model performance188

is observed for NESM3 along virtually the entire subtropics, extending to the mid-latitudes189

in the South Atlantic Ocean, and for AWI-ESM-1-1-LR over the eastern South Pacific190

and eastern South Atlantic. The CAM AGCM family comprises the largest number of191

GCMs (CMCC-CM2-SR5, CMCC-CM2-HR4, CMCC-ESM2, CCSM4, NorESM1-M, NorESM2-192

LM, NorESM2-MM, SAM0-UNICON, TaiESM1, BCC-CSM1.1 and BCC-CSM2-MR)193

and yields intermediate to unfavourable ranks in most regions. CMCC-CM, NorESM2-194

MM and SAM0-UNICON perform best in this family, yielding very good ranks in spe-195

cific regions. CanESM2 comprises the CanAM4 AGCM that is not used in any other GCM196

and performs relatively poorly.197

For the ARPEGE AGCM family shown in Figure 2 (CNRM-CM5, CNRM-CM6-198

1, CNRM-CM6-1-HR and CNRM-ESM2-1), the model versions used in CMIP6 (CNRM-199

CM6-1, CNRM-CM6-1-HR and CNRM-ESM2-1) perform worse than the well perform-200

ing CMIP5 version CNRM-CM5. Surprisingly, this decrease in model performance is par-201

ticularly pronounced in the high resolution (HR) version. IFS (EC-Earth2.3, EC-Earth3,202

EC-Earth3-Veg, EC-Earth3-Veg-LR, EC-Earth3-AerChem and EC-Earth3-CC) is the203

best performing model family in the present study, obtaining very good ranks over a large204

fraction of the domain. Model ranks worse than 40 are very rare, except for the ocean205

area to the south of Africa in EC-Earth-Veg-LR. The performance of the GFDL-AM AGCM206

family comprising GFDL-CM3, GFDL-CM4, GFDL-ESM2G, GFDL-ESM4 and KIOST-207

ESM is similar in magnitude to the ECHAM family, with best results overall for GFDL-208

ESM4. In case of the GISS-E2 AGCM family, the use of the Russel ocean model in GISS-209

E2-R leads to substantially better results than the use of the HYCOM model used in210

GISS-E2-H, the configuration of these two GCMs being otherwise equal (Schmidt et al.,211

2014), and a further performance increase is obtained by the CMIP6 version GISS-E2.1-212

G, comparable to that obtained for the ECHAM and GFDL-AM families mentioned above213

(see Figure 3). The most pronounced performance gain from CMIP5 to 6 is obtained for214
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the LMDZ AGCM family (i.e. from IPSL-CM5A-LR and MR to IPSL-CM6A-LR), yield-215

ing a MAE level for IPSL-CM6A-LR comparable to that obtained for the ECHAM and216

GFDL-AM families. The MIROC-AM family is prone to very large performance differ-217

ences from the better performing versions MIROC5 and 6 to the substantially worse per-218

forming versions MIROC-ESM and MIROC-ES2L, which are both more complex (see219

Figure 4d). The performance of the GSMUV family decreases substantially from CMIP5220

to 6 (from MRI-ESM1 and MRI-ESM2.0) whereas that of the INM-AM family increases221

drastically (from INM-CM4 to INM-CM5). Finally, IITM-ESM is one of the worst per-222

forming GCMs considered here, with large differences in the results from one region to223

another.224

3.2 Performance Summary and Comparison with the NH results225

In Figure 3, the hemispheric-wide MAE samples mapped in Supplementary Fig-226

ures 1 and 2 are displayed in a single boxplot. Each item describes the error distribu-227

tion of a specific GCM in terms of the median (horizontal black line), interquartile range228

(IQR, box) and whiskers extending to the full range, except for the outliers lying be-229

yond 1.5×IQR below and above the 2nd and 3rd quartile, respectively. The last four230

boxes, depicted in light green, are built upon the joint samples of the more and the less231

complex GCMs used in CMIP5 and 6, respectively (outliers are not shown for these sam-232

ples). To this end, the GCMs are grouped according to their complexity score obtained233

from Brands (2022a) and those obtaining a score ≥ 14 are considered more complex.234

For both complexity classes, the models used in CMIP6 perform better on aver-235

age than those used in CMIP5. The largest performance gains from CMIP5 to 6 are ob-236

tained for the FGOALS and IPSL GCMs. However, a performance loss is obtained for237

4 GCM groups —ACCESS, CMCC-CM, CNRM-CM and MRI-ESM—, which are 2 groups238

more than for the NH results obtained in Brands (2022a). Supplementary Figure 3 shows239

that internal model variability does not substantially change the aforementioned results.240

A comparison between the areal median performance in the SH vs. NH is provided241

in Figure 4a and b. Overall, GCM performance is better in the SH than in the NH (panel242

a), which may be simply due to the fact that GCMs tend to perform better over the ocean243

than over land (Brands, 2022a), the ocean area being much larger in the SH. A close cor-244

respondence is obtained for the median error samples of the two hemispheres, particu-245

larly if they are log-transformed and standardized separately in order to remove system-246

atic differences in their hemisphere-specific shape, magnitude and dispersion (panel b).247

Largest deviations from the diagonal are obtained for CNRM-CM6-1-HR, MRI-ESM2,248

CMCC-CM2-SR5, CMCC-ESM2 and HadGEM3-GC31-MM, performing better over the249

NH, and for CSIRO-MK3.6, KIOST-ESM, GISS-E2-1-G, MPI-ESM1.2-HAM and INM-250

CM5, performing better over the SH.251

A significant non-linear relationship is obtained between the resolution of the AGCM252

—here described by the number of grid-points constituting the global 3-dimensional mesh253

(longitudes × latitudes × vertical layers)—, and the median model performance, obtain-254

ing a Spearman correlation coefficient (rs) of -0.49. Higher resolution is associated with255

better performance, particularly above a threshold of approximately 1.8×107 grid-boxes.256

Note that CNRM-CM6-1-HR and CNRM-ESM2-1 are not shown in Figure 4c because257

they are out-of-scale due to their very high resolution. Interestingly, the corresponding258

link with the 3D resolution of the ocean sub-model is weak (rs = -0.29), yet significant259

at a test level of 5%.260

Finally, median model performance over the SH is generally not associated with261

model complexity (r = -0.01) and, for most model families, the more complex versions262

perform at least equally well than the less complex ones (see Figure 4d). The MIROC-263

AGCM family is an exception in this sense, since the more complex model versions MIROC-264

ESM and MIROC-ES2L, probably due to their low horizontal resolution in the atmo-265
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sphere (T42) (Brands et al., 2022), perform substantially worse than the less complex266

versions MIROC5 and 6 (T85).267

4 Conclusions268

In the present study, 61 different GCMs from CMIP5 and 6 have been evaluated269

in the SH extratropics excluding Antarctica, focusing on the models’ ability to repro-270

duce the climatological frequency of the 27 Lamb Weather Types, known to be associ-271

ated with many environmental variables and thus constituting a overarching concept to272

regional-scale climate variability.273

While all of the model families performing poorly in CMIP5 have improved con-274

siderably in CMIP6, most of the families already performing well in CMIP5 have suf-275

fered a slight performance loss. For most model families, the spatial average performance276

for the SH is similar to that obtained for the NH (Brands, 2022a), suggesting that sys-277

tematic model tuning to either of the two hemispheres can be ruled out in general terms.278

For a small number of specific GCMs, however, substantial performance differences are279

obtained from one hemisphere to another and the reasons for this should be assessed in280

future studies. Whereas a higher resolution in the atmospheric sub-model of the consid-281

ered GCMs is found to be associated with better performance, following an exponentially282

decreasing relationship, GCM complexity as defined in Brands (2022a) is generally un-283

related to performance, except for the MIROC-AGCM family, whose more complex ver-284

sions perform worse than the less complex ones over the SH. This is a promising result285

since the more complex models are also prone to more error sources. It is also an argu-286

ment for the use of the more complex models, as they provide a more complete picture287

of the feedback processes governing the climate system (Séférian et al., 2019; Dunne et288

al., 2020; Döscher et al., 2021).289
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Open Research Section290

Supplementary Figures 1 to 3 are contained in the Supporting Information (SI) file291

to this article, available from GRL’s homepage. The Python source code underlying this292

study and the GCM metadata archive get historitcal metadata.py are publicly available293

from Brands et al. (2022) and so is the LWT dataset for the considered GCMs and re-294

analyses, retrievable from Brands et al. (2023b). Additional auxiliary material contain-295

ing 1) separate pdf files for each error and ranking map, 2) netCDF files containing grid-296

box-scale GCM errors and 3) summary csv files listing the model complexity score from297

Brands (2022a) as well as the spatial median performance over the SH domain for each298

GCM can be retrieved from Brands et al. (2023a).299
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Figure 1. Ranking of the GCMs according to MAE defined in Equation 1, reference: JRA-55,

1979-2005, part 1
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Figure 2. As Figure 1, part 2
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Figure 3. Summary model performance plot. Columns are constructed upon the model-

specific, point-wise error values over the Southern Hemisphere as depicted in Figures 1 and 2.

The four additional boxplots depicted in light green were built upon the joint error samples of

the more and the less complex GCMs used in CMIP5 and 6, respectively. Colours refer to re-

search institutes as listed in the legend. The acronyms of the coupled models, as well as their

participation in either CMIP5 or 6 (indicated by the final integer) are shown below the X-axis.

Above this axis, the atmospheric component of each coupled model is shown in addition. Results

are for the 1979-2005 period and w.r.t. JRA-55. AGCM abbreviations along the X-axis are as

defined as follows: 1) MK3-AGCM, 2) GAMIL, 3) BCC-AGCM, 4) INM-AM, 5) CanAM4 and 6)

GFS; the names of the remaining AGCMs are indicated in the figure.
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Figure 4. (a) Median model performance per GCM over the SH vs. NH; (b) As a, but for

log-transformed and standardized data; (c) 3D mesh size of the AGCM vs. median model

performance of the GCM in the SH and (d) Model complexity score proposed by Brands

(2022a) vs. median model performance over the SH. AGCM families are indicated as follows:

1) HadGEM/UM, 2) GAMIL, 3) ECHAM, 4) CAM, 5) BCC-AGCM, 6) ARPEGE, 7) IFS, 8)

GFDL-AM, 9) GISS-E2, 10) LMDZ, 11) MIROC/CCSR-AGCM, 12) GSMUV, 13) INM-AM
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Abstract17

The performance of 61 global climate models participating in CMIP5 and 6 is evaluated18

for the Southern Hemisphere extratropics in terms of typical regional-scale atmospheric19

circulation patterns. These patterns are known to be linked with a number of key vari-20

ables in atmospheric physics and chemistry and provide an overarching concept for model21

evaluation. First, hemispheric-wide error and ranking maps are provided for each model22

and regional details are described. Then, the results are compared with those obtained23

in a companion study for the Northern Hemisphere. For most models, the average er-24

ror magnitude and ranking position is similar on both hemispheres, ruling out system-25

atic tuning towards either of the two. CMIP6 models perform better on average than26

CMIP5 models and the interactive simulation of more climate system components does27

not deteriorate the results for most model families. Better performance is associated with28

higher resolution in the atmosphere, following a non-linear relationship.29

Plain Language Summary30

This letter provides a survey on the capability of global climate models to repro-31

duce the regional atmospheric circulation in the Southern Hemisphere in present climate32

conditions. Climate models from the latest model generation are found to perform bet-33

ter on average than those of the previous generation and the obtained model ranking is34

similar to that found for the Northern Hemisphere in a companion study. While model35

performance is found to be generally unrelated to model complexity in terms of covered36

climate system components, better results are associated with higher model resolution37

in the atmosphere.38

1 Introduction39

The vast ocean and ice-sheet areas in the Southern Hemisphere (SH) extratrop-40

ics are virtually inhabited, but play a key role for the global climate system and are thus41

of paramount importance for mankind. In this context, the quasi-persistent circumpo-42

lar westerly winds blowing along the open sea channel in the mid-latitudes are of key rel-43

evance for several reasons. Partly offset by meso-scale ocean eddies tending to break up44

the intense ocean stratification, the westerlies drive the up-welling of carbon and nutrient-45

rich deep water and also force the Antarctic Circumpolar Current (ACC), which is em-46

bedded in the Meridional Overturning Circulation that in turn governs the low frequency47

variability of the global climate system (Abernathey et al., 2011; Speer & Marshall, 2012;48

Meredith et al., 2012; Hogg et al., 2017; Zhang et al., 2019). Commonly described by the49

Southern Annular Mode, also referred to as “Antarctic Oscillation” (Trenberth, 1979;50

Rogers & van Loon, 1982; Thompson & Wallace, 2000), the westerlies have shifted pole-51

ward during the last decades while, simultaneously, the Hadley Cell and associated large-52

scale subsidence in the sub-tropics have intensified (Thompson et al., 2000; Nguyen et53

al., 2015; Fogt & Marshall, 2020). Both anomalies are projected to magnify during the54

course of the 21st century in global climate model (GCM) experiments (Deng et al., 2022),55

leading to more frequent extreme events like, e.g., droughts (Holgate et al., 2020) or sea-56

surface warming events (Duran et al., 2020) whose accumulated effects also alter the mass57

balance of the glaciers and ice-sheets in the SH.58

While Patagonian glaciers are mainly affected by temperature and precipitation59

anomalies (Boex et al., 2013), melting into the Amundsen and Bellingshausen Seas is the60

main driver of Antarctic continental ice loss (Hughes, 1981; Rignot et al., 2019). The afore-61

mentioned poleward shift of the westerlies has led to an enhanced transport of relatively62

warm Circumpolar Deep Water, located at intermediate depths below the cold surface63

ocean layer, towards the continental shelf of the aforementioned sea areas (Steig et al.,64

2012), thereby thinning the ice shelves from below and melting the glaciers and ice streams65
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at their ground lines. Subject to large uncertainties (Rignot et al., 2011), these processes66

contribute to global sea-level rise (Fox-Kemper et al., 2021).67

Over glacial-to-interglacial cycles, the strength and position of the westerlies are68

also considered key to variations in the upwelling of carbon-rich Antarctic Bottom Wa-69

ter (AABW) reservoirs, associated with CO2 degassing into the atmosphere (Sigman &70

Boyle, 2000; Speer & Marshall, 2012). There are indications that strong westerlies lo-71

cated near the Antarctic continent —well aligned with the ACC—, typically occur dur-72

ing warm, interglacial periods and enhance the aforementioned process leading to an in-73

crease in global CO2 concentrations. Weaker westerlies located far away from the Antarc-74

tic continent and poorly aligned with the ACC are, in turn, currently discussed to be75

characteristic of cold, glacial periods. CO2 degassing into the atmosphere wold be re-76

duced in this case, favouring a net carbon storage in the AABW (Toggweiler et al., 2006;77

Gray et al., 2021). Finally, AABW formation itself is also controlled by wind forcing,78

namely by southerly katabatic winds blowing down the Antarctic continent, pushing the79

sea-ice away from coast and thereby forming coastal polynyas. In these ocean water ar-80

eas surrounded by sea-ice, the nutrient-rich upwelled waters are subject to brine rejec-81

tion during sea-ice formation that leads to increase in salinity. Sinking to the ocean bot-82

tom is the consequence, where “preformed” nutrients can thereby accumulate. AABW83

formation is particularly productive in the Weddell and Ross Seas and is subject to pro-84

nounced low-frequency variability (Ito & Follows, 2005; Hogg et al., 2017; Silvano et al.,85

2020).86

These considerations show that the atmospheric circulation in the SH extratrop-87

ics, even in confined and relatively small regions such as the aforementioned sea areas,88

are relevant for the entire climate system. Consequently, comprehensive GCMs now ex-89

tensively used in climate research should perform well in this regard.90

The present study evaluates a large multi-model ensemble from the Coupled Model91

Intercomparison Projects 5 and 6 (Taylor et al., 2012; Eyring et al., 2016) in terms of92

the models’ capability to reproduce the climatological frequencies of typical and recur-93

rent patterns of the regional atmospheric circulation in the SH extratropics. To this aim,94

the Lamb Weather Types method (LWT), also known as Jenkison-Collison circulation95

typing approach (Lamb, 1972; Jenkinson & Collison, 1977; Jones et al., 1993) has been96

recently extended for systematic use in the SH (Fernández-Granja et al., 2023) and is97

here applied to 61 GCMs from CMIP5 and 6, and to 3 distinct reference reanalyses. The98

circulation types obtained from this method are known to correlate with many key vari-99

ables in atmospheric physics and chemistry and therefore constitute an overarching con-100

cept to describe regional-scale climate variability. The method is thus complementary101

to those operating on larger scales used in a previous study (Bracegirdle et al., 2020) and102

it is a direct answer to the downscaling community’s claim for process-based GCM eval-103

uation based on the regional atmospheric circulation (Maraun et al., 2017; Røste & Land-104

gren, 2022), here tailored to the SH mid-to-high latitudes (Olson et al., 2016; Fita et al.,105

2017; Charles et al., 2020; Evans et al., 2021). Together with the respective assessment106

for the Northern Hemisphere (Brands, 2022a), this study completes the picture of GCM107

performance in terms of regional atmospheric circulation patterns in the extratropics.108

Possible model tuning issues to either of the two hemispheres are also discussed.109

2 Data and Methods110

The study relies on 6-hourly instantaneous sea-level pressure data from 61 differ-111

ent GCM configurations participating in CMIP5 and 6, all retrieved from the ESGF data112

portals. Historical experiments are evaluated and the considered ensemble members for113

each GCM are listed in the get historical metadata.py function available from Brands114

et al. (2022). It will be shown that the role of internal model variability does not lead115

to substantial changes in the results (see Section 3.1). Since several EC-Earth model ver-116
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sions were found to be favoured when evaluated against ECMWF reanalyses (Dee et al.,117

2011; Hersbach et al., 2020) in the companion study conduced over the Northern Hemi-118

sphere (Brands, 2022a), the Japanese 55-year reanalysis (JRA-55) is here used as main119

reference dataset for model evaluation (Kobayashi et al., 2015).120

The Jenkinson-Collison circulation types constitute an objective classification method121

based on the subjective approach made by Lamb (1972). This technique, also known as122

“Lamb Weather Types” (Jones et al., 1993), groups an instantaneous SLP pattern cen-123

tered at a given grid-box into 27 classes depending on the direction of the geostrophic124

flow (or lack thereof) and the sign and strength of the vorticity. In addition to the purely125

cyclonic and anticyclonic types, there are 8 “purely directional” types —one for each of126

the 8 main cardinal directions— and 16 hybrid types characterized by a predominant127

flow from one of these directions combined with either cyclonic or anticyclonic conditions.128

A detailed description of the LWT method, including the extension to the SH relevant129

here, is provided in Fernández-Granja et al. (2023). The corresponding Python code is130

available from Brands et al. (2022). The LWT method is here applied in a rolling man-131

ner (Otero et al., 2017) looping through all boxes of a regular latitude-longitude grid cov-132

ering a spatial domain extending from 30◦S to 70◦S with a 2.5◦ resolution. The consid-133

ered time period is 1979 to 2005, for which data is available for all applied GCMs and134

reanalyses.135

The LWT method is here said to be applicable for a given region if at least 20 types136

occur with a minimum relative frequency of 0.1% (i.e. n = 39 occurrences for 27 years137

and 6-hourly data) at the corresponding grid-box in the reference reanalysis (JRA-55).138

This criterion is fulfilled in virtually the entire study area. Moreover, to ensure that the139

regional-scale GCM ranking presented here is robust to a switch in the underlying ref-140

erence reanalysis, ERA-Interim is evaluated against JRA-55 just as if it was another GCM141

and the obtained error is compared to the errors of the 61 authentic GCMs. If any of142

the considered GCMs is found to perform better than ERA-Interim at a given grid-box,143

this indicates large observational uncertainties in the corresponding region, leading to144

an exclusion of the grid-box from further assessment. Figure 1 shows that all grid-boxes145

over the Antarctic continent and adjacent sea-areas seasonally covered by sea-ice have146

to be excluded for this reason.147

For consistency with Brands (2022a) and Brands (2022b), the mean absolute er-148

ror (MAE) of the climatological relative frequencies of the n = 27 LWTs is used as main149

error measure at the grid-box scale:150

MAE =
1

n

n∑
i=1

|mi − oi| (1)

where mi and oi are the relative frequencies of the ith LWT (with i = 1, 2, ..., 27)151

from the GCM and reference reanalysis, respectively. Alternative error measures such152

as the Transition Probability Matrix Score (Fernandez-Granja et al., 2021) have been used153

as well, obtaining nearly identical results for the model ranking.154

To explore the role of internal model variability due to initial conditions uncertain-155

ties, up to 18 distinct historical runs per GCM are evaluated for a subset of 13 GCMs,156

specified in Supplementary Figure 3. Then, the GCM complexity score proposed in Brands157

(2022a) is used, which is proportional to the number of Earth system components taken158

into account in the GCM and gives more weight on simulated than on prescribed com-159

ponents. This score is put into relation with the spatial median model performance over160

the SH in order to explore whether the more complex GCMs perform better or worse161

than the less complex ones on average. Finally, the SH results are plotted against the162

NH results obtained from Brands (2022a) in order to detect possible tuning efforts to163

either of the two hemispheres. For a comparison on equal terms, the NH results were mod-164
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ified by also removing the regions prone to substantial reanalysis uncertainties, as de-165

scribed above.166

3 Results167

3.1 Regional details168

Figures 1 and 2 show the GCM ranking patterns based on the MAE for the 61 con-169

sidered GCMs, with lower MAE values leading to better ranks and vice versa. The MAE170

values themselves are depicted in Supplementary Figures 1 and 2. Hereafter, individual171

GCMs will be grouped according to the atmosphere general circulation model (AGCM)172

used therein (Brands, 2022b).173

From these figures, it can be seen that the IFS AGCM family (i.e. all EC-Earth174

GCM versions) performs best overall, followed by the HadGAM/UM AGCM family com-175

prising the ACCESS and HadGEM GCMs, as well as KACE1.0G. All members of the176

HadGAM/UM family except ACCESS1.0 and HadGEM3-GC31-MM have similar error177

patterns, with larger errors in the Southern Ocean to the south, southwest and south-178

east of the Australian continent. ACCESS1.3, ACCESS-CM2, HadGEM3-GC31-MM and179

KACE1.0-G perform relatively poorly to the south and southwest of Cape of Good Hope180

and KACE1.0-G additionally performs badly off the east coast of South America. A large181

performance gain is observed from CSIRO-MK3.6 to the ACCESS GCM family, i.e. from182

the former to the present GCM family developed by CSIRO (see also Figure 3).183

The GAMIL AGCM family comprising the FGOALS-g2 and g3 GCMs performs184

overly poorest in this multi-model comparison. The ECHAM AGCM family, including185

all MPI-ESM versions, AWI-ESM-1-1-LR, NESM3 and CMCC-CM, performs slightly186

worse than the IFS and HadGAM/UM families, except for MPI-ESM1-2-HR and MPI-187

ESM-1-2-HAM performing almost equally well. A particularly poor model performance188

is observed for NESM3 along virtually the entire subtropics, extending to the mid-latitudes189

in the South Atlantic Ocean, and for AWI-ESM-1-1-LR over the eastern South Pacific190

and eastern South Atlantic. The CAM AGCM family comprises the largest number of191

GCMs (CMCC-CM2-SR5, CMCC-CM2-HR4, CMCC-ESM2, CCSM4, NorESM1-M, NorESM2-192

LM, NorESM2-MM, SAM0-UNICON, TaiESM1, BCC-CSM1.1 and BCC-CSM2-MR)193

and yields intermediate to unfavourable ranks in most regions. CMCC-CM, NorESM2-194

MM and SAM0-UNICON perform best in this family, yielding very good ranks in spe-195

cific regions. CanESM2 comprises the CanAM4 AGCM that is not used in any other GCM196

and performs relatively poorly.197

For the ARPEGE AGCM family shown in Figure 2 (CNRM-CM5, CNRM-CM6-198

1, CNRM-CM6-1-HR and CNRM-ESM2-1), the model versions used in CMIP6 (CNRM-199

CM6-1, CNRM-CM6-1-HR and CNRM-ESM2-1) perform worse than the well perform-200

ing CMIP5 version CNRM-CM5. Surprisingly, this decrease in model performance is par-201

ticularly pronounced in the high resolution (HR) version. IFS (EC-Earth2.3, EC-Earth3,202

EC-Earth3-Veg, EC-Earth3-Veg-LR, EC-Earth3-AerChem and EC-Earth3-CC) is the203

best performing model family in the present study, obtaining very good ranks over a large204

fraction of the domain. Model ranks worse than 40 are very rare, except for the ocean205

area to the south of Africa in EC-Earth-Veg-LR. The performance of the GFDL-AM AGCM206

family comprising GFDL-CM3, GFDL-CM4, GFDL-ESM2G, GFDL-ESM4 and KIOST-207

ESM is similar in magnitude to the ECHAM family, with best results overall for GFDL-208

ESM4. In case of the GISS-E2 AGCM family, the use of the Russel ocean model in GISS-209

E2-R leads to substantially better results than the use of the HYCOM model used in210

GISS-E2-H, the configuration of these two GCMs being otherwise equal (Schmidt et al.,211

2014), and a further performance increase is obtained by the CMIP6 version GISS-E2.1-212

G, comparable to that obtained for the ECHAM and GFDL-AM families mentioned above213

(see Figure 3). The most pronounced performance gain from CMIP5 to 6 is obtained for214
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the LMDZ AGCM family (i.e. from IPSL-CM5A-LR and MR to IPSL-CM6A-LR), yield-215

ing a MAE level for IPSL-CM6A-LR comparable to that obtained for the ECHAM and216

GFDL-AM families. The MIROC-AM family is prone to very large performance differ-217

ences from the better performing versions MIROC5 and 6 to the substantially worse per-218

forming versions MIROC-ESM and MIROC-ES2L, which are both more complex (see219

Figure 4d). The performance of the GSMUV family decreases substantially from CMIP5220

to 6 (from MRI-ESM1 and MRI-ESM2.0) whereas that of the INM-AM family increases221

drastically (from INM-CM4 to INM-CM5). Finally, IITM-ESM is one of the worst per-222

forming GCMs considered here, with large differences in the results from one region to223

another.224

3.2 Performance Summary and Comparison with the NH results225

In Figure 3, the hemispheric-wide MAE samples mapped in Supplementary Fig-226

ures 1 and 2 are displayed in a single boxplot. Each item describes the error distribu-227

tion of a specific GCM in terms of the median (horizontal black line), interquartile range228

(IQR, box) and whiskers extending to the full range, except for the outliers lying be-229

yond 1.5×IQR below and above the 2nd and 3rd quartile, respectively. The last four230

boxes, depicted in light green, are built upon the joint samples of the more and the less231

complex GCMs used in CMIP5 and 6, respectively (outliers are not shown for these sam-232

ples). To this end, the GCMs are grouped according to their complexity score obtained233

from Brands (2022a) and those obtaining a score ≥ 14 are considered more complex.234

For both complexity classes, the models used in CMIP6 perform better on aver-235

age than those used in CMIP5. The largest performance gains from CMIP5 to 6 are ob-236

tained for the FGOALS and IPSL GCMs. However, a performance loss is obtained for237

4 GCM groups —ACCESS, CMCC-CM, CNRM-CM and MRI-ESM—, which are 2 groups238

more than for the NH results obtained in Brands (2022a). Supplementary Figure 3 shows239

that internal model variability does not substantially change the aforementioned results.240

A comparison between the areal median performance in the SH vs. NH is provided241

in Figure 4a and b. Overall, GCM performance is better in the SH than in the NH (panel242

a), which may be simply due to the fact that GCMs tend to perform better over the ocean243

than over land (Brands, 2022a), the ocean area being much larger in the SH. A close cor-244

respondence is obtained for the median error samples of the two hemispheres, particu-245

larly if they are log-transformed and standardized separately in order to remove system-246

atic differences in their hemisphere-specific shape, magnitude and dispersion (panel b).247

Largest deviations from the diagonal are obtained for CNRM-CM6-1-HR, MRI-ESM2,248

CMCC-CM2-SR5, CMCC-ESM2 and HadGEM3-GC31-MM, performing better over the249

NH, and for CSIRO-MK3.6, KIOST-ESM, GISS-E2-1-G, MPI-ESM1.2-HAM and INM-250

CM5, performing better over the SH.251

A significant non-linear relationship is obtained between the resolution of the AGCM252

—here described by the number of grid-points constituting the global 3-dimensional mesh253

(longitudes × latitudes × vertical layers)—, and the median model performance, obtain-254

ing a Spearman correlation coefficient (rs) of -0.49. Higher resolution is associated with255

better performance, particularly above a threshold of approximately 1.8×107 grid-boxes.256

Note that CNRM-CM6-1-HR and CNRM-ESM2-1 are not shown in Figure 4c because257

they are out-of-scale due to their very high resolution. Interestingly, the corresponding258

link with the 3D resolution of the ocean sub-model is weak (rs = -0.29), yet significant259

at a test level of 5%.260

Finally, median model performance over the SH is generally not associated with261

model complexity (r = -0.01) and, for most model families, the more complex versions262

perform at least equally well than the less complex ones (see Figure 4d). The MIROC-263

AGCM family is an exception in this sense, since the more complex model versions MIROC-264

ESM and MIROC-ES2L, probably due to their low horizontal resolution in the atmo-265
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sphere (T42) (Brands et al., 2022), perform substantially worse than the less complex266

versions MIROC5 and 6 (T85).267

4 Conclusions268

In the present study, 61 different GCMs from CMIP5 and 6 have been evaluated269

in the SH extratropics excluding Antarctica, focusing on the models’ ability to repro-270

duce the climatological frequency of the 27 Lamb Weather Types, known to be associ-271

ated with many environmental variables and thus constituting a overarching concept to272

regional-scale climate variability.273

While all of the model families performing poorly in CMIP5 have improved con-274

siderably in CMIP6, most of the families already performing well in CMIP5 have suf-275

fered a slight performance loss. For most model families, the spatial average performance276

for the SH is similar to that obtained for the NH (Brands, 2022a), suggesting that sys-277

tematic model tuning to either of the two hemispheres can be ruled out in general terms.278

For a small number of specific GCMs, however, substantial performance differences are279

obtained from one hemisphere to another and the reasons for this should be assessed in280

future studies. Whereas a higher resolution in the atmospheric sub-model of the consid-281

ered GCMs is found to be associated with better performance, following an exponentially282

decreasing relationship, GCM complexity as defined in Brands (2022a) is generally un-283

related to performance, except for the MIROC-AGCM family, whose more complex ver-284

sions perform worse than the less complex ones over the SH. This is a promising result285

since the more complex models are also prone to more error sources. It is also an argu-286

ment for the use of the more complex models, as they provide a more complete picture287

of the feedback processes governing the climate system (Séférian et al., 2019; Dunne et288

al., 2020; Döscher et al., 2021).289

–7–



manuscript submitted to Geophysical Research Letters

Open Research Section290

Supplementary Figures 1 to 3 are contained in the Supporting Information (SI) file291

to this article, available from GRL’s homepage. The Python source code underlying this292

study and the GCM metadata archive get historitcal metadata.py are publicly available293

from Brands et al. (2022) and so is the LWT dataset for the considered GCMs and re-294

analyses, retrievable from Brands et al. (2023b). Additional auxiliary material contain-295

ing 1) separate pdf files for each error and ranking map, 2) netCDF files containing grid-296

box-scale GCM errors and 3) summary csv files listing the model complexity score from297

Brands (2022a) as well as the spatial median performance over the SH domain for each298

GCM can be retrieved from Brands et al. (2023a).299
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Séférian, R., Nabat, P., Michou, M., Saint-Martin, D., Voldoire, A., Colin, J., . . .477

Madec, G. (2019). Evaluation of CNRM Earth System Model, CNRM-478

ESM2-1: Role of Earth system processes in present-day and future climate.479

Journal of Advances in Modeling Earth Systems, 11 (12), 4182-4227. doi:480

10.1029/2019MS001791481

Taylor, K. E., Stouffer, R. J., & Meehl, G. A. (2012). An overview of CMIP5 and482

the experiment design. Bulletin of the American Meteorological Society , 93 (4),483

485-498. doi: https://doi.org/10.1175/BAMS-D-11-00094.1484

Thompson, D. W. J., & Wallace, J. M. (2000). Annular modes in the extratropi-485

cal circulation. part I: Month-to-month variability. Journal of Climate, 13 (5),486

1000 - 1016. doi: 10.1175/1520-0442(2000)013〈1000:AMITEC〉2.0.CO;2487

Thompson, D. W. J., Wallace, J. M., & Hegerl, G. C. (2000). Annular modes in488

the extratropical circulation. part II: Trends. Journal of Climate, 13 (5), 1018 -489

1036. doi: 10.1175/1520-0442(2000)013〈1018:AMITEC〉2.0.CO;2490

Toggweiler, J. R., Russell, J. L., & Carson, S. R. (2006). Midlatitude westerlies,491

atmospheric CO2, and climate change during the ice ages. Paleoceanography ,492

21 (2). doi: https://doi.org/10.1029/2005PA001154493

Trenberth, K. E. (1979). Interannual variability of the 500 mb zonal mean flow in494

the Southern Hemisphere. Monthly Weather Review , 107 (11), 1515 - 1524. doi:495

10.1175/1520-0493(1979)107〈1515:IVOTMZ〉2.0.CO;2496

Zhang, R., Sutton, R., Danabasoglu, G., Kwon, Y.-O., Marsh, R., Yeager, S. G., . . .497

Little, C. M. (2019). A review of the role of the Atlantic Meridional Over-498

turning Circulation in Atlantic multidecadal variability and associated climate499

impacts. Reviews of Geophysics, 57 (2), 316-375. doi: 10.1029/2019RG000644500

–11–



manuscript submitted to Geophysical Research Letters

1 10 20 30 40 50 60

Performance rank within the multi-model ensemble

1) CSIRO-MK3.6, r1i1p1 2) ACCESS1.0, r1i1p1 3) ACCESS1.3, r1i1p1 4) ACCESS-CM2, r1i1p1f1 5) ACCESS-ESM1.5, r1i1p1f1

6) HadGEM2-ES, r1i1p1 8) HadGEM3-GC31-MM, r1i1p1f3 9) KACE1.0-G, r1i1p1f1 10) FGOALS-g2, r1i1p1

11) FGOALS-g3, r3i1p1f1 12) MPI-ESM-LR, r1i1p1 13) MPI-ESM-MR, r1i1p1 14) MPI-ESM1-2-LR, r1i1p1f1 15) MPI-ESM1-2-HR, r1i1p1f1

17) AWI-ESM-1-1-LR, r1i1p1f1 18) NESM3, r1i1p1f1 19) CMCC-CM, r1i1p1 20) CMCC-CM2-SR5, r1i1p1f1

21) CMCC-CM2-HR4, r1i1p1f1 22) CMCC-ESM2, r1i1p1f1 23) CCSM4, r6i1p1 24) NorESM1-M, r1i1p1 25) NorESM2-LM, r1i1p1f1

26) NorESM2-MM, r1i1p1f1 27) SAM0-UNICON, r1i1p1f1 28) TaiESM1, r1i1p1f1 29) BCC-CSM1.1, r1i1p1 30) BCC-CSM2-MR, r1i1p1f1

31) CanESM2, r1i1p1

16) MPI-ESM-1-2-HAM, r1i1p1f1

best worst

7) HadGEM2-CC, r1i1p1

Figure 1. Ranking of the GCMs according to MAE defined in Equation 1, reference: JRA-55,
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Physics, Chinese Academy
of Science
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Figure 3. Summary model performance plot. Columns are constructed upon the model-

specific, point-wise error values over the Southern Hemisphere as depicted in Figures 1 and 2.

The four additional boxplots depicted in light green were built upon the joint error samples of

the more and the less complex GCMs used in CMIP5 and 6, respectively. Colours refer to re-

search institutes as listed in the legend. The acronyms of the coupled models, as well as their

participation in either CMIP5 or 6 (indicated by the final integer) are shown below the X-axis.

Above this axis, the atmospheric component of each coupled model is shown in addition. Results

are for the 1979-2005 period and w.r.t. JRA-55. AGCM abbreviations along the X-axis are as

defined as follows: 1) MK3-AGCM, 2) GAMIL, 3) BCC-AGCM, 4) INM-AM, 5) CanAM4 and 6)

GFS; the names of the remaining AGCMs are indicated in the figure.
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Figure 4. (a) Median model performance per GCM over the SH vs. NH; (b) As a, but for

log-transformed and standardized data; (c) 3D mesh size of the AGCM vs. median model

performance of the GCM in the SH and (d) Model complexity score proposed by Brands

(2022a) vs. median model performance over the SH. AGCM families are indicated as follows:

1) HadGEM/UM, 2) GAMIL, 3) ECHAM, 4) CAM, 5) BCC-AGCM, 6) ARPEGE, 7) IFS, 8)

GFDL-AM, 9) GISS-E2, 10) LMDZ, 11) MIROC/CCSR-AGCM, 12) GSMUV, 13) INM-AM
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Figure S3. As Figure 3 in the article file, but considering 70 additional runs for a subset of 13

distinct coupled models. The colours referring to the coordinating research institute are identical

to Figure 3, except for the Nanjing University of Information Science and Technology painted

white. Up to 2 ensembles per institute are shown and the acronyms of the individual coupled

models are indicated by numbers. The exact run specifications are provided along the x-axis.
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