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Abstract:  8 

 The relationship between Southern Hemisphere mid and high-latitude regions have made it 9 
possible to extend observation-based pressure reconstructions back throughout the 20th century to 10 
understand Antarctic climate behavior, even though routinely collected observations for this 11 
continent only began around 1957. Reconstructions inherently assume stability in these 12 
relationships through time, and this stationarity constraint can be fully tested in a model setting. 13 
Seasonal pressure reconstructions based on the principal component regression (PRC) method 14 
spanning 1905 – 2013 are done entirely within the framework of the Community Atmospheric 15 
version 5 (CAM5) model here, and evaluated to the observation-based reconstructions in Fogt [1] to 16 
assess the overall skill. The CAM5 ‘best’ reconstructions performed better in every season 17 
comparatively expect in the austral summer (DJF), with nearly every model experiment exhibiting 18 
larger anomalies (in an absolute sense) compared to the station-based reconstructions. The 19 
stationarity constrained when tested in a number of ways appeared remain fairly stable, with only 20 
weaker stability noted at Esperanza station, as well as in the austral summer, thought to be driven 21 
by the prescribed SST forcings within CAM5. The weaker summer skill in our model reconstructions 22 
was a manifestation of fewer midlatitude stations (predictors) used when creating the 23 
reconstruction, which shows that the number of predictors utilized in the reconstruction correlates 24 
well in overall skill.  25 
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 27 

1. Introduction 28 

 The Southern Annular Mode (SAM) characterizes relationships between the pressure across 29 
Antarctica and the pressure in the southern midlatitudes[2,3]. In particular, the SAM represents the 30 
strength of the pressure gradient across the extratropical Southern Hemisphere (SH) and associated 31 
strength of the SH westerly jet [4].  As the dominant mode of SH climate variability[3,5,6], the SAM 32 
explains ~20-35% of total Southern Hemisphere monthly atmospheric circulation variability from 33 
daily [7] to decadal timescales [8].  Other hemispheric-scale coupled ocean-atmospheric circulation 34 
patterns such as the El Niño-Southern Oscillation (ENSO [9]), the Pacific Decadal Oscillation [10] / 35 
Interdecadal Pacific Oscillation [11], and the Atlantic Multidecadal Oscillation [12] connect tropical 36 
sea surface temperature variations to Antarctica climate variations via teleconnections associated 37 
with tropically-generated Rossby Waves [13–19]. Unsurprisingly, modeling and observational 38 
studies note that tropical variability can also influence the state of the SAM [20–25], adding layers of 39 
complexity to the connections Antarctica shares with the SH climate.  40 
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Nonetheless, utilizing the relationships between the extrapolar regions of the SH with 41 
Antarctica has allowed for numerous observation-based reconstructions of Antarctic climate.  In 42 
particular, SAM indices have been generated throughout the 20th century based on mid-latitude 43 
pressure observations [26–28].  Indeed, in his SAM index reconstruction, Visbeck [28] assumed that 44 
changes in Antarctic pressure were directly proportional to those changes in the midlatitudes.  As 45 
an extension of SAM index reconstructions, the relationship between pressure in the SH mid-46 
latitudes with Antarctica was further employed to reconstruct seasonal mean pressure observations 47 
at 18 Antarctic stations back to 1905 [1,29].  48 

While all of these reconstructions add value in understanding historical pressure variability 49 
across Antarctica throughout the 20th century, they all are based on a similar underlying 50 
assumption.  This premise, called the stationarity constraint, is common in nearly all climate 51 
reconstructions, and assumes that the relationships between the predictor data (in this case, mid-52 
latitude pressure observations) and the reconstructed climate variable (SAM index or Antarctic 53 
pressure observation) remain the same throughout time as they are during the reconstruction 54 
calibration period [30].  However, without long-term continuous measurements of the 55 
reconstructed variable, the accuracy of this stationarity constraint is nearly impossible to fully 56 
assess.   57 

Apart from reconstructions, climate model experiments are important tools for understanding 58 
historical Antarctic climate, and for example have been used to evaluate the effect of the SAM on 59 
Antarctic temperature [31], West Antarctic climate variability [32], and Antarctic pressure [33,34]. 60 
However, the reliability of climate models in accurately representing Antarctic climate is again 61 
challenging to fully determine, as comparison with observations can only be made since 1957, and 62 
even shorter for Antarctic sea ice [35].  Given the combination of large interannual variability and 63 
the relatively short length of Antarctic climate variations, detection and attribution of change in 64 
both observations and models is difficult [36].  As such, Bracegirdle et al. [37] reiterate the 65 
importance of developing longer-term datasets to help quantify the degree to which a climate 66 
model may over- or under-estimate responses to various climate forcings in the past, which in turn 67 
would understand its biases in future projections. This is especially true since other long-term 68 
estimates of Antarctic climate variability from gridded reanalyses have been shown to be of lower 69 
quality in the early 20th century, directly tied to the quantity of observations assimilated in the 70 
reanalyses [38]; there are even notable jumps in the performance of 20th century reanalyses after 71 
1957 for Antarctic pressure [39].  72 

In this study, we provide an alternate form of climate model evaluation as well as a better 73 
assessment of the stationary constraint assumed in previous Antarctic climate pressure 74 
reconstructions based on statistical relationships with mid-latitude pressure.  This evaluation is 75 
entirely done within the framework of the Community Atmospheric Model version 5 (CAM5) 76 
model. There are multiple benefits of using a non-coupled climate model to perform these 77 
evaluations.  First, unlike the reanalyses, CAM5 is based only on the prescribed forcing 78 
mechanisms, and is therefore not sensitive to changes in quantity of observations [38].  Second, it is 79 
a continuous dataset, allowing us to fully examine changes in the strength of the pressure 80 
relationship between the mid and high latitudes of the SH, and better quantify the overall 81 
reconstruction skill (since direct data withheld outside a calibration window in the model can be 82 
used for comparison).  Second, using multiple experiments as in previous work [33,34] allows to 83 
determine if any particular prescribed forcing mechanisms significantly influence the mid-to-high 84 
latitude SH pressure relationships.  Finally, the evaluation can also be thought of as another 85 
version of model assessment, in particular when comparing differences in the strength of the 86 
relationships between mid and high latitudes pressure over the SH in the model compared to 87 
observations.  88 
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This paper is structured as follows. The following section describes the data and methods of 89 
our study, including more details on the CAM5 model and the procedure for creating the 90 
reconstructed pressure datasets. Section 3 analyzes the pressure relationships between the mid and 91 
high latitudes of the SH through evaluating the reconstructions in the CAM5 model, and describes 92 
differences compared to previous work that are related to various forcing mechanisms, model 93 
biases, or violations of the stationarity assumption. Section 4 summarize some of the major 94 
conclusions / results found in this study as well as their implication for both climate model 95 
assessment and future Antarctic climate reconstructions based on midlatitude data.   96 

2. Data and Methods  97 

2.1 CAM5  98 

 The National Center for Atmospheric Research (NCAR) Community Atmospheric Model 99 
version 5 (CAM5) is configured at a 0.9 latitude x 1.25 longitude horizontal resolution, with a 100 
finite volume dynamical core and 26 vertical levels [33]. CAM5 is a non-coupled atmosphere-only 101 
climate model, and three experiments spanning the entire 20th century are analyzed to help isolate 102 
the sensitivity of various external forcings as in earlier work [33,34]. In addition, each experiment is 103 
comprised of 10 ensemble members, each initialized with a random perturbation in air temperature. 104 
The first experiment will be termed “Ozone Only,” in which ozone concentrations vary over time 105 
(1900 – 2014), whereas SSTs, sea ice concentrations and non-ozone radiative forcings are held to 106 
their monthly repeating climatologies. The second experiment is termed “Tropical SSTs + Fixed 107 
Radiative,” with only time-varying tropical SSTs (1874 – 2014) prescribed; all other forcings are held 108 
to their monthly climatologies in this simulation. The third experiment is termed “Tropical SSTs + 109 
Radiative,” in which time-varying tropical SSTs and radiative forcings (1880 – 2014) are combined 110 
[33]. A list of these experiments can be found in Table 1 below.   111 

 112 

CAM5 Experiment  Time Period (Years) Forcing(s) 

1. Ozone Only 1990 – 2014 Ozone (O3) 

Time-varying ozone 

concentrations 

2. Tropical SSTs + Fixed 

Radiative 

1874 – 2014  SSTs (28N - 28S) 

Time-varying tropical SSTs 

3. Tropical SSTs + 

Radiative 

1880 – 2014  SSTs (28N - 28S) 

Time-varying tropical SSTs 

and all radiative forcings 

Table 1. List of CAM5 model experiments, their available time periods, and external forcing 113 
mechanisms that characterize each experiment.  114 

2.2 Gridded Global Reanalyses  115 

 For comparison, mean sea level pressure is also evaluated across the Southern Hemisphere in 116 
various 20th century reanalyses.  The project was designed to yield an atmospheric circulation 117 
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dataset that’s only assimilating direct surface pressure observations, leaving monthly SSTs and sea-118 
ice concentrations as the boundary conditions. The three century-length reanalysis datasets that will 119 
be evaluated here include the National Oceanic and Atmospheric Administration / Cooperative 120 
Institute for Research in Environmental studies (NOAA-CIRES) 20th Century reanalysis (20CR) 121 
version 2 [40], the European Center for Medium Range Forecasting (ECMWF) 20th Century 122 
reanalysis (ERA-20C) [41], and ECMWF’s Coupled Ocean-Atmosphere Reanalysis of the 20th 123 
Century (CERA-20C) [42]. The CERA-20C product is the newest reanalysis that was designed to 124 
mitigate some of the flaws observed in ERA-20C [42], with the additive of ocean temperature and 125 
salinity from version 4 of the Met Office Hadley Centre (EN4). Each of these three products 126 
assimilate their surface pressure observations from the International Surface Pressure Databank 127 
(ISPD) [43], but ERA-20C and CERA-20C also assimilate marine surface from the International 128 
Comprehensive Ocean-Atmosphere Data Set (ICOADS) [44]. As 20CR and CERA-20C are ensemble 129 
reanalyses, we use the ensemble mean MSLP as the best representation of pressure across 130 
Antarctica throughout the 20th century. 131 

In addition to the century-length reanalyses, the ECMWF interim reanalysis (ERA-Interim) 132 
dataset will be used to compare against our reconstructions. While this dataset only extends back to 133 
1979, previous studies deemed its exceptional reliability for mean sea-level pressure (MSLP) 134 
[45],[46]. This allows for another reliable dataset used for comparison / evaluation of observed 135 
differences between the reconstructions and reanalyses.  136 

2.3 PCR Reconstruction Procedure and Validation 137 

 Principal Component Regression (PCR) will be used in similar fashion in previous SAM index 138 
and Antarctica pressure observation reconstructions [1,27], but instead done entirely within the 139 
CAM5 model. In this case, the 29 midlatitude stations, represented as the closest gridpoint in 140 
CAM5, are used to predict (reconstruct) pressure at select Antarctic stations (also the closest 141 
gridpoints in CAM5). Prior to performing PCR, the first step in this process involves correlating the 142 
midlatitude stations to Antarctic stations within the model. Then, only the stations that are 143 
significantly correlated at p < 0.05 and p < 0.10 (5% and 10% networks respectively), are selected. 144 
Principal Component Analysis (PCA) is performed on the subset of midlatitude stations that are 145 
significantly correlated to Antarctica, known as the predictors. PCA produces a set of principal 146 
components (i.e. timeseries), where again only a subset of these components are chosen that 147 
represent significant correlations at the 5% and 10% networks. PCA becomes superior to multiple 148 
linear regression from this previously mentioned step as only using a subset of principal 149 
components acts as a sort of noise reduction, whereby only the midlatitude stations that explain a 150 
large portion of the variance are used. The final step in this procedure involves regressing the 151 
subset of principal components onto the Antarctic stations, in which the regression coefficients from 152 
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the midlatitudes can ultimately be used to reconstruct pressure at a single gridpoint. This PCR 153 
method is repeated for each Antarctic station that was done for the Fogt [1] observation-based 154 
reconstructions, as well as every experiment / ensemble member within CAM5. Additional 155 
reconstructions will be created where trends are already present within the PCR model (trended 156 
dataset), and where the fitting in the PCR method is based on completely detrended data 157 
(detrended dataset) prior to creating the reconstruction. All of these reconstructions and figures to 158 
follow will be made using the NCAR Command Language (NCL) program. A map of the 29 159 
midlatitude stations used as predictor data in the CAM5 model for the reconstruction procedure 160 
can be seen in Figure 1 below.  161 

Figure 1. Map and list of names of the 29 midlatitude stations used in the study as the 162 
gridpoint locations in CAM5 for performing the PCR reconstruction method.  163 

Validation techniques such as calibration and validation correlations, reduction of error (RE), 164 
and coefficient of efficiency (CE) will be used to assess the skill of the model-based seasonal 165 
reconstructions. Calibration correlation is calculated by comparing the reconstructed CAM5 166 
pressure dataset to the original pressure data within CAM5, which helps to evaluate their linear 167 
relationship. The full length of the pressure reconstructions will span 1905 – 2013, with the same 168 
calibration period of 1957 – 2013 to precisely match previous work [1].  However, the validation 169 
period that is responsible for producing our validation correlation is different from previous work.  170 
Based on the ‘full’ reconstructions of Fogt et al. [1], the validation period was also 1957-2013, and a 171 
leave-one-out cross validation procedure was employed to generate an independent validation 172 
timeseries.  Here, since the model data are continuous throughout the entire 20th century, the 173 
validation period is prescribed to be the 1905 – 1956 time period, and the reconstructed data during 174 
this time can be independently evaluated to the original CAM5 data as a more robust method of 175 
evaluating the reconstruction.  Given this difference in validation periods and approaches, and the 176 
fact that the skill metrics of validation correlation and CE are based on comparison of the actual 177 
data with the validation timeseries, there will be some differences arising in these metrics compared 178 
to Fogt et al. [1]. Nonetheless, the approach here where the calibrated period will be used to predict 179 
the pressure over the independent validation period serves as an additional means of testing the 180 
robustness of the PCR procedure for generating pressure reconstructions (i.e. validation 181 
correlation). RE and CE skill metrics are used to further test the reliability of the calibration and 182 
validation reconstructions, respectively. These statistics indicate whether the model-based 183 
reconstructions are able to outperform the climatological average for pressure, with the range of 184 
values extending from -∞ to positive 1.0. Anything greater than 0.0 thus indicates that the model 185 
reconstructions (both calibrated and validated) outperform the climatological average for pressure.  186 

3. Results 187 

3.1 Reconstruction Performance 188 

As noted before, CAM5 reconstructions were created across the 5% and 10% skill networks, 189 
along with using an original and completely detrended dataset. Across all of these skill metrics and 190 
the ten CAM5 ensemble members, the ‘best’ reconstructions values were chosen and plotted 191 
seasonally by experiment, along with the best observational reconstruction values from Fogt et al. 192 
[1], shown in Figure 2. Best reconstructions from the CAM5 data were chosen based on the highest 193 
calibration / validation correlations, RE and CE values by station, across all ten ensemble members. 194 
By doing this, every single Antarctic station and season will have a different ensemble member and 195 
skill network (5% or 10%) associated with it depending on their performance during the full 1905 – 196 
2013 time period. This allows us to understand how the best performing CAM5 ensembles and 197 
networks reconstruct pressure through time at different Antarctic station locations, and what the 198 
best skill ultimately looks like.  199 



Geosciences 2019, 9, x FOR PEER REVIEW 6 of 19 

 

Overall, it was found that the highest skill across all CAM5 experiments is during the austral 200 
winter (JJA), while the observation-based reconstruction from Fogt et al. [1] performs the best in the 201 
austral summer (DJF), with JJA being the second best season for that dataset. Both the spring (SON) 202 
and fall (MAM) seasons exhibit weaker skill between all datasets, but the model does tend to 203 
outperform the observational reconstruction in every season with the exception of DJF. This is 204 
worth noting, especially due to the fact that the model has an independent validation period (1905 – 205 
1957) that doesn’t appear to reduce overall performance with any CAM5 experiment. All CAM5 206 
experiments, as well as the observational reconstruction, generally remain above 0.5 for both 207 
calibration and validation correlation, with RE and CE never dropping below 0.0. Since every skill 208 
metric remains positive, the model-based reconstructions created here are thus more reliant than 209 
using the climatological average for pressure when examining long-term variability.   210 

Figure 2. Best CAM5 seasonal reconstruction values across 5%, 10%, trended and detrended 211 
networks within each experiment. Best observation-based reconstruction values also added in 212 
[1], with skill metrics of calibration / validation correlation, RE and CE plotted. All datasets are 213 
evaluated over the 1905 – 2013 time period.  214 
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 To further evaluate the ‘best’ model-based reconstruction, a timeseries of seasonal station-215 
based pressure anomalies is plotted against the observation-based reconstruction, as well as the 216 
original CAM5 dataset that was used to produce the modeled reconstructions. CAM5 217 
reconstructions display larger pressure anomalies in MAM and SON, primarily during the first half 218 
of the 20th century. Some of the greatest discrepancies between the two reconstructed datasets 219 
appears at Esperanza in SON, where both the CAM5 original and reconstructed datasets show 220 
pressure anomalies above 11 hPa around 1910, which is in stark contrast to observations which 221 
display near-zero and even negative pressure anomalies around that same timeframe. These large 222 
anomalies spawned from the 9th ensemble member and the 5% network at Esperanza in SON, 223 
which goes to show that even though it was chosen as the best reconstruction timeseries, there are 224 
clearly notable differences between the model and observations during this season. Overall, the 225 
CAM5 datasets (all experiments) typically display larger pressure anomalies (in an absolute sense) 226 
for all seasons when compared to the observational reconstruction, which may be driven by the 227 
prescribed external forcings within the models framework.   228 

 Correlations between all three datasets were also calculated and listed at the top of each plot to 229 
provide a fixed value in directly comparing these data over the 1905 – 2013 time period. It is 230 
interesting to see that negative correlation values between our model reconstructions and 231 
observation-based reconstructions appear a number of times in all seasons except for JJA. Even 232 
though JJA remains above 0.0 when correlating the model reconstruction to the observation-based 233 
reconstruction, the highest value still only remains at ~ 0.03. Indeed, the lowest correlation is 234 
observed at Esperanza in SON with a correlation of -0.16 between the model and observation 235 
reconstruction, and -0.17 between the original CAM5 data and the observation reconstruction. 236 
While DJF appears to have the highest correlation values, these correlations become negative at the 237 
south pole (Amundsen-Scott station). It is also interesting to note that correlation values are 238 
exceptionally high between the two CAM5 datasets (original and reconstructed) at Esperanza for all 239 
seasons, remaining > 0.80 in DJF and MAM, with values exceeding 0.90 in both JJA and SON.  240 

 241 

***Figure 3. Pressure anomaly timeseries of CAM5 best reconstruction (same as from Fig. 2.), 242 
CAM5 original data, and the best observational-based reconstruction [1]. Seasonal pressure 243 
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anomalies are plotted for 3 different Antarctic stations (gridpoints), including Amundsen-244 
Scott, David and Esperanza. Correlation values between these datasets are also listed at the top 245 
of each figure. Values in black represent the correlation between the best CAM5 reconstruction 246 
and the original CAM5 dataset, red values indicate the correlation between the best CAM5 247 
reconstruction and the best observational reconstruction, and grey values represent the 248 
correlation between the original CAM5 data and the best observational reconstruction. Each 249 
value is produced by correlating these datasets over the full time period for each individual 250 
station and season.   251 

 252 

 3.2 Evaluating the Stationarity Constraint 253 

As a means of testing the stationarity of pressure relationships between Antarctica and the 254 
southern midlatitudes through time, Figure 4 plots gridpoint correlations around the 15-90S 255 
domain to assess the stability of these relationships throughout the 20th century. These five stations 256 
were chosen to provide ample spatial coverage of Antarctica, with correlations broken into two 257 
separate time periods that are nearly identical to the calibration and validation periods of our 258 
model reconstruction, as well as a difference of the two periods (early – late). The Ozone Only 259 
experiment was examined during DJF here as tropospheric ozone forcing is known to have a strong 260 
dynamical feedback, with ozone-hole induced cooling of the lower stratosphere leading to a delay 261 
in vortex breakdown in the poles [47]. Since the PCR reconstruction method uses southern 262 
midlatitude stations to predict pressure at Antarctic stations, the difference plot in the far right 263 
hand column helps to dismiss potential uncertainty in the connection between high- and mid-264 
latitude regions. Reconstructions inherently assume stability in relationships through time, which is 265 
why we use CAM5 first here to test this assumption.  266 

As previously noted, connections between these regions are driven by large-scale circulation 267 
patterns [2,3], and we can see on the difference plot that there are very minute differences through 268 
time in the specific locations where the midlatitudes are used as predictors in our reconstructions. 269 
The majority of the significant differences (stippling at p < 0.05) appear off the west coast of South 270 
America, with smaller differences observed elsewhere. Overall, Esperanza exhibits weaker 271 
correlations to the midlatitudes in DJF, which was found to be consistent in all CAM5 experiments. 272 
Other seasons actually tend to display smaller differences between the two periods and thus keep 273 
this stationarity constraint that is assumed by reconstructed data. Even in DJF where ozone forcing 274 
has more extensive influence on Antarctic climate and the relationship between the mid- and high-275 
latitudes weakens slightly, southern midlatitude and Antarctica pressure relations still remain 276 
stable, providing confidence that relationships established during the early (calibration) period are 277 
undoubtedly stationary. In the SSTs + Radiative experiment, there are some significant differences 278 
that do appear in JJA between the Antarctic stations and southern midlatitude regions such as 279 
South America and parts of southern Africa. However in the SSTs + Fixed Radiative experiment 280 
during JJA, these significant differences over land no longer appear, which indicates that tropical 281 
SST forcings appear to weaken the relationship between the mid- and high-latitudes, primarily 282 
during the winter months.  283 
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***Figure 4. Station (gridpoint) correlations of 5 locations in Antarctica (i.e. Esperanza, Halley, 285 
Amundsen-Scott, Davis and McMurdo) to the surrounding high- and mid-latitudes. Time 286 
periods for the 15-90S correlations include and early period (1901 – 1956), late period (1957 – 287 
2014), and a difference of the two (early – late). Stippling on the difference plot indicates 288 
regions that are statistically different (p < 0.05) from the early period compared to the late 289 
period. Ensemble six of the Ozone Only experiment was chosen at random to represent overall 290 
CAM5 trends.   291 

 Century-length global reanalysis products are an essential tool for predicting / understanding 292 
climate variability, but have only seen notable improvement in the high latitudes during the latter 293 
half of the 20th century with more routinely collected observations [47]. To understand how some of 294 
these newer 20th century reanalyses compare to the CAM5 reconstruction, running correlations over 295 
30-year periods are plotted in Figure 5 for these reanalyses (also including ERA-Interim), as well as 296 
for each CAM5 experiment and 10 ensemble members per simulation. These were area averaged 297 
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running correlations between 35 – 60S (midlatitudes) and 60 – 90S (high-latitudes) for all datasets, 298 
and the CAM5 data were detrended prior to calculating the correlations. As expected, larger 299 
discrepancies are shown between CAM5 running correlations and these reanalysis products during 300 
the first half of the 20th century. This is shown by the negative correlation values that persist during 301 
the full time period in nearly all seasons for CAM5, which is consistent with the strong negative 302 
relationships (significant above 1% confidence level) between Antarctica and the 40 - 50S latitudes 303 
[2]. Meanwhile, the century-length reanalyses produce positive, and even some strong positive 304 
correlation values (r > 0.70) during the first half of the 20th century. ERA-Interim on the other hand 305 
appears to match the ensemble members produced by CAM5 during the period of overlap for the 306 
30-year running correlations, showing a high degree of stationarity broadly when comparing these 307 
two area-averaged regions. All CAM5 experiments and ensembles remain fairly stable through 308 
time, with only ensemble member 2 in MAM appearing to change sign briefly in the early 1940s, 309 
which is part of the validation period still. The strong positive correlation values that are depicted 310 
by century-length reanalyses during the first half of the 20th century are likely erroneous, as earlier 311 
work has noted uncertainty with reanalysis products prior to about 1979 [33]. Thus, further 312 
improvement with early 20th century reanalysis products is still needed to provide reliable long-313 
term datasets for pressure.  314 

 315 

***Figure 5. 30-year running correlations between two area-averaged regions (35-60S and 60-316 
90S) for CAM5 reconstructions, ERA-Interim, and three century-length reanalyses (CERA-317 
20C, ERA-20C and 20CR). Correlations were done for each CAM5 experiment and 10 ensemble 318 
members within each. ERA-Interim doesn’t begin until 1976, and the other century-length 319 
reanalyses 30-year trends end in 1980. CAM5 data were also detrended prior to generating the 320 
reconstruction.  321 
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 To better understand why these century-length reanalyses produce such large differences 322 
when evaluated to the CAM5 reconstructions, a timeseries of the area-averaged pressure anomalies 323 
can be found in Figure 6. These are plotted in the first two rows for JJA and MAM, respectively. 324 
These seasons were chosen for this figure as the century-length reanalyses produced their strongest 325 
positive correlations during in the early half of the 20th century during the months of JJA and MAM, 326 
as seen in Fig 5. The third row on Fig. 6 displays the varying correlation magnitude through time, 327 
which is done for all seasons. This figure shows how pressure data in the reanalysis products for 328 
both the mid and high-latitude regions of the SH has a tendency to behave similarly during the 329 
early 20th century, which would explain the strong positive correlation values observed in Fig 5. 330 
This behavior in the reanalyses opposes global mass conservation laws and has been a notable issue 331 
in the oceans and high-latitudes prior to 1979, where surface pressure in Antarctica was recorded as 332 
being anomalously higher and thus contributed to larger global mean pressure values in products 333 
like the 40-year ECMWF reanalysis (ERA-40; [48]). This ultimately provides merit in further 334 
examining a globally constrained product (i.e. mass field) to examine teleconnections between the 335 
mid and high-latitudes in order to explain long-term variability where in situ observations are 336 
limited [48]. Near the mid-20th century in Fig. 6, we begin to see the expected pattern of opposite 337 
correlations between the mid and high-latitude regions, which would follow expected behavior of 338 
pressures covariance structure (i.e. opposite signs) between these two geographical regions, in part 339 
reflected in the SAM [2,3,49].     340 

 341 

 342 

***Figure 6. The first two rows display seasonal (JJA and MAM) pressure anomalies for the 343 
two area-averaged regions (35-60S and 60-90S), with different scales on the y-axes for the 344 
respective areas. The third row shows all four seasons with their 30-year running correlation 345 
values plotted over time. All of these are calculated for the 20th century products of CERA-20c 346 
(left column), ERA-20C (middle column) and 20CR (right column).  347 

 348 
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 While these reanalyses continue to show challenges in their utility during the early part of the 349 
20th century, CAM5 can still be evaluated further to understand potential model biases and the role 350 
that external forcings might play on shaping Antarctic climate and its connection to the southern 351 
midlatitudes. The next step in this process is to reduce the scale and understand how changes are 352 
behaving more regionally by examining specific Antarctic stations where the reconstructions were 353 
created. By performing PCR to generate our reconstructions, only a subset of southern midlatitude 354 
stations were utilized as predictors for Antarctic stations. Figure 7 provides some insight on the 355 
number of significantly correlated midlatitude stations (p < 0.10) to various Antarctic stations 356 
during the 30-year running trend periods. In addition, the solid black line on these plots depicts the 357 
number of midlatitude stations used in the Fogt et al. [1] observation-based reconstructions for 358 
comparison.  359 

Interestingly, DJF shows that the average of 10 ensemble members in the CAM5 360 
reconstructions all have fewer significantly correlated stations through time when evaluated against 361 
the observational reconstruction. This would explain some of the weaker skill that was shown in 362 
DJF within the CAM5 model reconstructions (Fig. 2), highlighting a weaker relationships between 363 
the mid and high-latitudes during this season. Meanwhile, SON displays the exact opposite in 364 
which the model has more significantly correlated midlatitude stations for nearly all 30-year time 365 
periods, and thus corresponds to the higher skill previously noted within this season. As such, this 366 
indicates that reconstruction skill is highly dependent upon this relationship and the predictor set 367 
from the midlatitudes. Throughout some of the other seasons, natural fluctuations occur with the 368 
number of significantly correlated stations, but there is no significant change in this relationship 369 
over time as suggested by Fig. 4. The stationarity constraint is not violated at the station level in any 370 
season except for DJF, and it can be seen from this experiment (Tropical SSTs + Radiative) that the 371 
number of significantly correlated midlatitude stations decreases. This decrease in the number of 372 
significantly correlated stations holds true in the Tropical SSTs + Fixed Rad during the austral 373 
summer, whereas the Ozone Only experiment does not show this decrease, suggesting that tropical 374 
SST trends are causing the number of predictors to decrease with time. Therefore, SST forcings 375 
appear to have a notable influence on the strength of the relationship between the mid and high-376 
latitudes, slightly weakening the stationarity component in the experiment with time-varying 377 
tropical SSTs only, primarily in the summer months.  378 
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Figure 7. 30-year running trend timeseries of the number of midlatitude stations that are 379 
significantly correlated at p < 0.10 to Antarctic stations where the reconstructions were 380 
generated. The rows account for 6 Antarctic stations that were chosen for display here, 381 
including Amundsen-Scott, Byrd, Davis, Esperanza, Halley and McMurdo. For each station 382 
and season, 10 ensemble members are plotted from the Tropical SSTs + Radiative CAM5 383 
experiment (grey line), with an average taken from all 10 ensembles (red line), as well as the 384 
number of stations that were used in the observational reconstruction (black line) all on each 385 
plot.  386 

 Another assessment for how the CAM5 model established relationships during the 387 
reconstruction period can be shown in Figure 8, in which 30-year running correlations are 388 
calculated for all 29 midlatitude stations that were used as the predictors. The SSTs + Radiative 389 
experiment was chosen here to represent CAM5, with grouping of stations separated by region 390 
indicated by the solid black lines on each plot. In addition, the numbered stations match the names 391 
of midlatitude stations previously shown in Fig 1. By grouping the midlatitudes by region, it was 392 
shown that there is generally slightly weaker stationarity in the relationships established between 393 
Antarctica and locations in Australia, South America the Island stations, where several ensemble 394 
members switch sign over the full time period. Even though some ensemble members appear to 395 
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violate this stationarity constraint, Fig. 2 still indicates that the overall skill in these CAM5 396 
reconstructions remains fairly high.  397 

The Average Correlation plot in the bottom right helps to provide an overall picture of the 398 
CAM5 ensemble mean, which generally remains the same sign (negative correlation) through time, 399 
depicting the stationarity once again. The SSTs + Radiative experiment in JJA was chosen as it 400 
appeared the most stable through time, which may be due to the fact that varying SSTs and 401 
radiational forcings provide a more realistic scenario similar to that which occurs in the real-world. 402 
In addition, Fig. 7 showed us that the number of midlatitude stations used for the reconstructions in 403 
this season did not have an overall decreasing trend, keeping these relationships more stable 404 
through time at the south pole (the farthest latitudinal point from the southern midlatitudes).  405 

Figure 8. 30-year running correlations across all 29 midlatitude stations to Amundsen-Scott 406 
during the austral winter for the SSTs + Radiative CAM5 experiment. All 10 ensemble 407 
members, along with an average between these ensembles make up each individual plot. The 408 
stations are section off by region, with each number on the y-axis corresponding to the station 409 
name listed in Fig 1. The southern midlatitude regions include islands (Isl), South America (S. 410 
Am.), New Zealand (NZ), Australia (Aus), and South Africa (S. Af.).  411 

 412 
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4. Discussion   413 

 The primary goal of creating reconstructions is to build an array of new datasets that can be 414 
used in the climate realm for understanding long-term atmospheric behavior. This is especially true 415 
in the polar-cap regions like Antarctica where meteorological observations remain sparse, 416 
presenting the need for more long-term, and reliable datasets. The goal of using CAM5 to generate 417 
reconstructions was to not only verify the stationarity constraint that is inherently assumed in 418 
reconstructed datasets, but to also provide a new perspective on how a model, with the ability to 419 
isolate external forcings, behaves in recreating long-term pressure. When evaluated to the best 420 
observational reconstruction [1] in Fig. 2, our modeled reconstructions recorded higher skill metrics 421 
in all seasons with the exception of DJF. However, the timeseries in Fig. 3 displayed some of the 422 
marked anomalous pressure that is in the original CAM5 dataset compared to the obs recon, which 423 
would lead to some erroneous data in CAM5 reconstructions. Comparing the CAM5 424 
reconstructions to reanalysis products, the biggest theme was that reanalyses produced 425 
anomalously high correlation values in the first half of the 20th century, which differs than the 426 
expected negative correlations when comparing pressure between Antarctica and the southern 427 
midlatitudes (based on the mass conservation law). Overall, it appeared that the SSTs + Radiative 428 
experiment with CAM5 proved to be most stationary and had higher skill metrics for SON and 429 
MAM when compared to the observation-based reconstruction, whereas the Ozone only forcing 430 
generally had the highest calibration reconstruction skill in DJF and JJA. It was found that the SSTs 431 
+ Radiative, along with the SSTs + Fixed Radiative experiments in CAM5 had a notable decrease in 432 
the number of significantly correlated midlatitude stations used as predictors in DJF, which 433 
weakened the overall skill in the summer season. Thus, the number of predictors used to generate 434 
reconstructions based on the PCR methodology has a significant influence on overall reconstruction 435 
skill. Based on the overall results found here, the stationarity constraint assumed between the mid 436 
and high-latitudes does remain fairly stable through time, which allows us to create reconstructions 437 
solely based on the relationship between these two regions. Identifying stationarity in these 438 
relationships is imperative for the creating these pressure reconstructions, gaining more confidence 439 
in their reliability in understanding long-term climate variability, and ultimately assisting in the 440 
validation of models that predict the future state of the climate.  441 
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