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KEY POINTS:
1. Austral summer is marked with strong interannual pressure variability intlye ea
20" century across Antarctica.
2. Recent trends ovéehe last ~30 years in austral summer are unique across the
entire content in the context of the entird'2@ntury.
3. Winter pressure variability is much less variable and more regional in nature i
the early 288 century, compared to austral summer.
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Abstract

The Antarctic seasonal statiwased pressure reconstructions evaluated in our
companion paper are here evaluated to provide additional knowledge on Antarctic
pressure variability during the 2@entury. In the period from 1905-1956, we fthet
the Hadley Centre gridded sea level pressure dataset compared the best with our
reconstructions, perhaps due to similar methods to estimate pressure withatut dire
observations.

The primary focus on J0century Antarctic pressure variability was in summer
and winter, as these were the seasons with highest reconstruction skill. Inrsumme
considerable interannual variabilignd these variations were spatially uniform across all
of Antarctica. Notabléigh pressure anomalies were found in the summers of 1911/12
and 1925/26; boteummersorrespond to negative phases of the Southern Annular Mode
as well as El Nifio events in the tropical Pacific. In addition, negstinenerpressure
trends during the & ~40 years across all of Antarctic are unique in the context of 30
year trends throughout the entiré"agntury, suggesting a strong component of
anthropogenic forcing on the recent summer tretigontrastmean wintepressure is
less variable frm year to year during the early®6entury, and there are less similarities
between thgepressure variations along the Antarctic Peninsula compared to the rest of
the continent. No significant pressure trends were found consistently across all
Antarctica(although some significant regional trends can be identified), and low-
frequency, multdecadal scale variability appedaosdominate the historical pressure

variations in this season.
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1. Introduction

Due to the lack of long-term observations, tbiestific understanding of early
20" century Antarctic atmospherairculation variability is more limited than anywhere
else on Earth. While early exgigdons and Antarctic exploreras well as whaling ships
provide clues into some meteorological conditions, these details are discontmtiones i
and space and are oftgnalitative (describing conditions of sea ice, wind, or
temperature) rather than direct measurements of the atmosphere. South of 6@& only
station has a continuous record extending back to 1B83%tation Orcadas, located
northeast of the Antarctic Peninsula (60.7°S, 44.7°¥4zulie et al[2010]analyzed the
daily temperature record at Orcadas, and noted that there were no aligtsgaificant
temperature trends prior to 1950 for any season; in contrast, statisticallycaignif
warming was found in all seasons in the latter half of tffec2@tury. Similarly, Murphy
et al.[2014] examine winter fasice conditionmearby inthe north Weddell Sea during
the twentieth centurgind find strong interannual variability in the formation and breakout
dates related to atmospheric circulation changes manifested in the Southetar Annul
Mode (SAM) or the El Niflo — Southern OscillatiolN&O) teleconnection. While these
studies increase the understanding df @ntury Antarctic climate variabilitghey are
only at a single locatioand are likely not representative of conditions across all of
Antarctica.While the European Centre favledium Range Weather Forecasts (ECMWF)
20" century reanalysis (ER80C), the Hadley Centre gridded mean sea level pressure
version 2 [HadSLPZ2Allan and Ansell2006], and the National Oceanic and Atmospheric
Administration 28' — Cooperative Institute foResearch in Environmental Studies

(NOAA-CIRES) century reanalysis, version 2c [20€CRmpo et a].2011] provide
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gridded pressure values into the earl{! 26ntury these have essentially very little data
constraints south of 60°S prior to 1957, aretéifiore areften umeliablein this region.
Evaluations of these products demonstrate that either the number of observations
incorporated decreases dramaticalljHadSLPZ Allan and Anse]l2006] or the

ensemble variande measure of the reliability the 20CRCompo et a].2011]

becomes very large in the high southern latitudes in the period 1900-1950. Both studies
urge caution in interpreting these products near and over Antarctica duringthis ti

period, and as such the gridded climatologies do not provide much guidance in
interpreting early 2B century Antarctic climate variations.

Additional sources of centugngth Antarctic climate variability come from
reconstructions of the Southern Annular Mode index from observatlonsg et al.
2009;Visbeck 2009] tree ringdJones and Widman2003, 2004 Villalba et al.2012]
and ice corefAbram et al. 2014], which provide estimates tamge-scaleSouthern
Hemisphere atmospherirculation variability back to at leaste early 28 century.
Although there are differences amongsteeconstructions, all indicate the uniqueness of
positive SAM index trends during the latter half of th& 2entury, compared to a
relatively neutral SAM index / weak trends during the early part of theg6tury.

Based on how the SAM index is defined, these positive trends syggsstire decreases
across Antarctica; however the reconstructions are unable to provide information
including both the spatial and temporal variability of the pressure t(pndsto direct
observationsat specific locations across Antarctica. Climate models are used frequently
to understand Antarctic variability across th& 2@ntury[for example Arblaster and

Meeh| 2006;Ding et al, 2011;Fogt and Zbacnik2014;Fogtand Wovrosh2015



90  Perlwitz et al, 2008;Turner et al.,2009;Wilson et al.2014 Turner et al, 2015a], but
91 again atmospheric, ocean, or sea ice conditions (depending on the scenario / simulation)
92  cannot be precisely prescribed over the full century, and fully coupled models kave be
93 found to have notable differences from observations even in the latter part of thed20
94  early 2f' centurieJHosking et al.2013;Turner et al, 2013 Bracegirdle et al.2014;
95 Bracegirdle et al.2016 Marshall and Bracegirdlg2015;Turner et al, 2015b]. dmate
96 information extracted from ice cores can also provide information on diatatimate
97  variability. Focusing on the 3century, some ahese studies have demonstrated
98  significant warmth along the Antarctic Peninsula in the 198@kijeider and Steig
99 2008} a decline of sea ice extent in the Bellingshauser Amam et al. 2010} a
100  doubling of snovaccumulation across the western AntiarBeninsulgThomas et a).
101 2008} and timevarying relationships between the SAM and temperature along the
102  Antarctic Peninsul§Marshall et al, 2011].
103 Given the knowledge gaps that still exist and the large role of natural vigyriatil
104 the Antarcticclimate system, the statidrased seasonal pressure reconstructions
105 presented in the companion pagdeodt et al, 2016] provide a unique opportunity to
106  understand atmospheric circulation variability across all of the Antax@titnent during
107  the entire2d" century. This is especially true since the sumforeginal) and winter
108  (pseudo-proxy) reconstructions were found to be of high quality through the extensive
109 evaluations performed in our companion pap@gf et al, 2016]. We first compare the
110  reconstructions to other gridded pressure data, before examining historisat@res
111  variability across Antarctica (including relationships with both ENSO and S A

112 conclude by examining Antarctic pressure trends during the@otury.
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2. Data and Methods

We make extensive use of the seasonal pressure reconstructions discussed and
evaluated irFogt et al.[2016]. These reconstructions were conducted at 18 stations
across Antarctica; however, wely partlyinvestigate the 2Bcentury pressure
variability using the Byrd reconstruction as this station tended to have a lower
reconstruction skill due in part to its distance from midlatitude predictor statiatnslsb
due to a data gap during most of the 1976sall cases, wemploy the best ‘full period’
reconstructions from the various methods testdébut et al.[2016] similarly we also
use the best performing ‘pseudo-reconstructions’ (between the pseudoproxy data from
20CR or HadSLP2). The focus is primarily on the airgnd summer seasons, as these
are the seasons with thehest reconstruction skill.

The location of the Antarctic stations investigated further is given herg.il Fi
Because the pressure at many stations is strongly correlated in botkeéhetums and
reconstructionsdf. Fig. 7 ofFogt et al.2016] in many cases regionally averaged
seasonal pressures are investigated rather than individual stations. oftmgyanlFig. 1
indicates these geographic regions of Antarctica: the western Antarctics&élani
(Faraday, Rothera); the northern Antarctic Peninsula (BellingshausenaiEsper
O’Higgins / Marsh, Marambio); Dronning Maud Land (Halley, Novolazarevskaya,
Syowa); coastal East Antarctica (Mawson, Davis, Mirny, Casey); the s region
(Dumont d’Urville, McMurdo / Scott Base); and the Antarctic Interior / Plateau
(Amundsen-Scott, Vostok). Averaging over these pairs of stations acts only tdysimpl
the main patterns of Antarctic pressure variability over tffec2®tury and does not

significantly alter the conclusionsn most cases, it also strengthens the agreement
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between the mean reconstructions and mean observations within the region compared to
the individual reconstruction / observations pairs, therefore improving the accdithey
reconstructions and as a result our understanding of historical Antarctiarpress
variability and trends in the $aentury

As discussed earlier, we use the reconstructions as a way to demonstrate the
differences in other measures of historical Antarctic pressure varialyildgroparing
them to the gridded products of HadSLP2, 20CR, and ERA-20€ employed°x5°,
2°x2°, and 1.5°x1.5fatitudelongitude monthly sea level and surface pressure data from
HadSLP2, 20CR, and ERA-20€spectivelyno surface pressure data are available for
HadSLP2), and constructed seasonal means from these dathe gdiddedlata extend
through at least 2010, and over the interior of the Antarctic continent surface@ressu
was usedor direct comparison to the reconstructiomstead of sea level pressure since
the reduction to sea level is unreliable on the high ice sheet. All seasons are lolefied
on the Southern Hemisphere: DecembBebruary (DJF) for summer, MaretMay for

autumn (MAM), June — August (JJA) for winter, and Septemid¢ovember (SON) for

spring.

3. Results
3.1. Comparisons to gridded pressure data

Before investigating the §O:entury seasonal pressure variability, we first
conducted comparisons of the gridded pressure data to the reconstructions. The gridded
data were bilinearly interpolated to the latitude / longitude of the stations.ifh,Fagd

the correlation, bias, and root mean squared €RBISE) between HadSLP2, 20CR, and
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ERA-20Cwere calculated by season. Since we expect the quality of these gridded data
to improve with the assimilation of the Antarctic pressamd other observations, most of
which began near the International Geophysical Year (1958), we calculate these
statistics over two separate time peridtie ‘early’ period being 1905-1956, and the
‘late’ period consisting of 1957-to the end of the gridded data or reconstruction, which
varies between@®L0-2013. These statistics are displayed in Fig. 2, with Hrasx-
identifying the station, working east around Antarctica starting at the AntReniasula
station Rothera (Fig. 1). In Fig. 2, we only investigate comparisons with theabrigi
recongructions in order to avoid any circularity (i.e., using some of the products to
evaluate themselves). However, because the reconsts@tedass reliablen MAM

and SON, it is somewhat misleading to provide an evaluation of the various products
skill in the transition seasons (since the reconstructions differ more from obmes)ati
Rather in MAM and JJA Fig. 2 is more of an evaluation of h&imilar the variability is

in the reconstructions and the gridded products throughout thee2@ury.

In summer, when reconstruction skill is high across all of Antarctica, correlations
during the later part of the $@entury are generally above 08 &ll stations. However,
there is a marked decrease in the early@tury, and only HadSLP2 produces
correlations above 0.4 near the Antarctic Peninsula (stations 1-6). All products have
notably different early 2Bcentury variability than the reconstructicaatsoss nearly all
the coastal stations (from Halley east through Dumont d’Urville, statidds;7
correlations wittERA-20C and the reconstructions are negative at all of these stations,
suggesting a notably different pattern of variability in this reanalysns fre late to early

20" century (comparetb the reconstructions, which reproduce the observations well).



182  While all products have near-zero bias in summer (middle column of topE&A20C

183  again has a much higher positive bias than other products, on the order of 6-8 hPa higher.
184  With the lower corelation and higher bias, the RMSE during the earl@u%htury in

185 ERA-20C also stands out as an outlier. Notably, HadSLP2, the coarsest data set, has
186  much more consistent RMSE values in the early and later parts of"ﬂmemry when

187 compard to the reconstructions, which suggests this product provides a similar range of
188  variability as the reconstructions, and is consisaétit themthroughout the entire 30

189  century.

190 Although the reconstruction performance is weaker in the non-summer seasons,
191  theskill remains high across the Antarctic Peninsula in all sedsags et al, 2016].

192  For these locations (stationslon the xaxis), there are again smaller changes in

193  correlation, bias, and RMSE in HadSLP2 between the early and late portions df the 20
194  century compared to 20CR aB&RA-20C, this is true in every season for the Antarctic

195 Peninsula stations. Broadly, for the other locations, there is a generat pattess all

196  seasons th&RA-20Cagrees the least with the reconstructions across all of the stations
197  on the Antarctic coast, that 20CR has a much lower surface pressure at Vasimk (st

198 16), and that HadSLP2 has the least changes in all statistics between the early and late
199  portions of the 26 century. Further, it is also apparent tvaile the agreement between
200 the reconstructions and these products is roughly consistent across all satiogshe

201 later part of the 20 century (when the observations better guide the gridded products),
202 there is a marked decrease in the similarlietsveen the reconstructions and these

203  products in the earlier 8entury at all coastal Antarctic stations (i.e., ‘early’

204  correlations consistently drop across stations 6-14, and biases and RMSEg)n&eas
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noted before, thesghanges suggest a markditferencein the variability of these

gridded products compared to the reconstructions during the e&rbeB€ury. Indeed,
there is a notable change in the mean and variance in these gridded products with time
that is not reflected in the reconsttions [Allan and Anse]l2006;Compo et al.2011].
Altogether, Fig. 2 highlights that the HadSLP2 product most directly compares to the
reconstructions at all locations, while the largest differences are lfi®@mast recent, and
highest resolutiolERA-20C pressures. Although this may seem surprising, HadSLP2 is
based on a principal component reconstruction technique to infill data over largke spatia
gaps[Allan and Ansell2006] and since this method is similar to the method employed

in producingthe reconstructions, the similarities may sim@ffect alikeness in

approach rather than implying that HadSLP2 provides the best estimaf%cm‘rﬂOry
Antarctic pressure variabilityThe remainder of this study will focus solely on summer
and winter pressure variability during thé"a@ntury due to the higher reconstruction

skill in these seasons.

3.2 20" century sea level pressuvariability
The time series of the interanngalmmer sea level pressures, regionally
averaged following Fig. 1, are presented in Fig. 3 from observations (blackdimet)e
bestoriginal (red lines) and pseudoprokgsedeconstructions (blue lines). As an
estimate of the uncertainty in the restractions, the gray shading represehés
maximum and minimum exteof the 95% confidence intervals from both the original
and pseudwoeconstructions. These confidence intervals were calculated as 1.96 emes th

standard deviation of the residuals between the regionally-averaged observations a

10
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reconstructions from 1957-2013. Also provided in Fig. 3 are the correlations between the
regionally-averaged observations and original/pseudo reconstrugtienthe same time
period; in DJF these are generally above 0.90 except for the Ross Sea regibh (Fig

There are many interesting observations when examining the Antarétic 20
century pressure variability in summer. Fitkere is a strong consistency across all
stationsin terms of the variability throughout the entire century in both observations and
reconstructions. This reflects the overall weaker structure of the circungtokhe
continual input of solar radiation at these locations in summer, and the tendetihgy fo
SAM to have a zonally symmetric structure in sumff@gt et al, 2012]. Second, there
are many interesting sharp interannual changes in sea level pressure gpigridcuing
the summers of 1911/12, 1925/26, and the transition from low pressure values in 1960/61
to moderately high values in 1961/62 the following year. Third, based on the minima of
the historical 95% confidence intervals on the reconstructions, many of theexbk®v
pressure values during the 181@90s and in the 2000s are either the absolute loarest,
among the lowest summer pressures seen since(@é90ecially away from the Antarctic
Peninsula, Figs. 3e). Lastly, there are notable decreases in the pressure at all stations
since ~1960, which will be discies$in more detéin section 3.5.

With doubling the length of the observations throughrélmenstructions, it is
clear that summer pressure historically is more variable than the observadicase
since 1957. While the change from the Ipressure values in sumnfE360/61 to the
high values in 1962/63 has been discussed in context of SAM index changes from high to
low values, respectively, and thought to be due to the Agung eruptamshjall, 2003],

the suddersea level pressure spikes across all of Antarctidaeisammers of 1911/12

11



251 and 1925/26 are unique pressure changes that have no strong similarity duringpthe peri
252  of observations. We investigate the 1925/26 event here in more detail, as a separate
253  study is ongoing for the 1911/12 summer since this was the time of the Amundsen and
254  Scott expeditions to the South PaBo[omon and Stearn$999].

255 Figure 4displays the 1925/26 sea level pressure anomalies (contoured,

256  standardized anomalies from the 1981-2010 mean are shaded) from the gridded products
257 of 20CR,ERA-20C, and HadSLP2, as well as the anomalies from observations in the
258  midlatitudes andhe original reconstructions in Antarctica. While there are fairly large
259 differences between the gridded products in terms of the magnitude andnafati

260 regional Batures, the overall spatial pattern is remarkably similar, reflecting high

261  pressures over the entire Antarctic continent and lower pressures over much of the

262  midlatitude Southern Hemisphere between 30°-60°S. This pattern reflects a strongly
263  negative SAMindex state, and indeed historical reconstructions of the SAM iidoee$

264  etal, 2009]based on both the ‘Fogt’ and ‘JW concat’ reconstructions are all strongly
265 negative in DJF 1925/26 (-3.25 arid96, respectively). Furermore, thé&Southern

266  Oscillation Index (a measure of ENSO activity) from the NOAA Climate Predictio

267  Center(ftp://ftp.cpc.ncep.noaa.gov/wd52dg/data/indices/sQivaas moderately negative
268  (-2.07) during summer 1925/26, indicating El Nifio conditions in the tropical Pacific.

269 This is eflected also in the SLP contours in Fig. 4, with negative pressures in thé centra
270  Pacific (including the station Tahiti), and positive pressure anomalies ostraha,

271  reflecting the Southern Oscillatigiirenberth and Caror2004]. Regarding the spatial

272  structure of the 1925/26 pressure anomaly field over Antarctica, the premssuraghest

273  over the Antarctic Peninsula and West Antarctica, reflecting a weakenihg of

12
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Amundsen Sea Low, common during El Nifio evemtgfier, 2004;Karoly, 1989].
Spatially, HadSLP2 has the most consistent representation of the pressurecsisee@l
in the reconstructions, including the slightly weaker anomalies in portions ¢d&lcBast
Antarctica (less than 6 hPa above the meam) the local region of a high pressure
anomaly in the Weddell Sea (Fig. 4c). While the 20CR also has a region of higher
pressure anomalies >8 hPa in the Weddell Sea, these extend too far eastwahted ind
by the pressure anomalies of 4-6 hPa at Novolazarevskaya and Syowa in the
reconstructions. Notabl¥;RA-20C produces substantially higher sea level pressure
anomalies south of 60°S (>16 hPa) compared to 20CR or HadSLP2 (which typically
range from 48 hPa over Antarctica). These representations are consistieriev
performance of the gridded products compared to the reconstructions discussed
previously for Fig. 2. Nonetheless, the reconstructions and even the gridded pressure
datasets, all indicate that summer 1925/26 was a unique year with much higher than
normal pressures across all of Antarctica.

Low-frequency pressure variations in summer over tffec2@tury are plotted in
Fig. 5. Here, the interannual pressure values from Fig. 3 have been smoothed with an 11-
yr Hamming filter. In Fig. 5 the confidea intervals are based on the residuals from the
smoothed reconstructions compared to the smoothed obsendtiamg 19572013
(rather than also smoothing the confidence intervals in Fig. 3, which would geaerat
much larger confidence interval that do# reflect the high ability of the reconstructions
to capture the low-frequency observed variability, as indicated by the tiomslan Fig.
5). While there appears to be larger differences between the two reconstructigns, the

axis is on a differenscale and throughout nearly all of thé"2@ntury the absolute

13



297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

difference is typically < 1 hPaFurther, the correlations between the reconstructed and
observedressuregare all above 0.90 (most are above 0.95). Key features of the low-
frequencysumner pressure variability are 1) a prolonged period of lower pressure during
the period 1913920 across all of Antarctica, 2) very little decasiedle variability
across most of Antarctica during 1920-1955 (the smooth reconstructions change
generally lesshan 2 hPa during this time), and 3) negative pressure trends with
embedded more marked regional variability (especially along the AntBeniasula)
since ~1965. In contrast to the low pressure values seen during the late 1990s and
throughout the 2000s in many locations in Fig. 3, Fig. 5 highlights that the recent
smoothed, low-frequency variations are not unique and are comparable to the variations
during the early portion of the @entury.

The interannual, regionallgveraged winter sea leyailessures are shown in Fig.
6. There are many notable differences in the representation of wiffteegtury
Antarctic pressure variability compared to summer based on the rectinesud-irst,
theinterannual winter pressure variability from the @astic Peninsula is much less
correlated to the rest of the Antarctic continent than it was in the summer 3Fg).
Second, in stark contrast, the interannual variability is much higher over grenkiftof
the 20" century, when observations are available, than in the early part of'the 20
century; while the pressure continues to change several hPa from year (feiye@y,
there are no sudden spikes that were seen at least two times in the Bagpt2@y in
DJF (Fig. 3). Third, there appears to be no persistent pressure trends as noted in summer

The lack of consistency in the reconstructions across all areas in wintegimake

challenging to focus on a single event for further study. However, in 1938 the psessure

14
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were among the lowest the early 28 century across the Antarctic Peninsula (Figs. 6a

b), and the original reconstructions at least show belesvage pressure across the rest

of Antarctica. This yeais examined further in Fig. 7 (as in Fig. 4), but with the pseudo-
reconstrgtions plotted over Antarctica since they have the highest correlations with
observationsKogt et al, 2016; Fig. 6). Immediately apparent in Fig. 7 are the much
larger differences between 20C0ERA-20C and HadSLP2, especially south of 60°S.

Only HadSLR captures the negative pressure anomali&shRa) across the Antarctic
Peninsula; 20CR only has them along the northern Peninsula where they are thg weakes
while ERA-20C has positive anomalies everywhere across the Peninsula, including the
stationOrcadas, which is an actual observation and not a reconstruction in Fig. 7. Based
on the Fogt reconstruction, JJA 1938 was a positive SAM index year (2.688), which is
consistent with most of the Antarctic stations showing negative pressure asomali
Further, the SOl was moderately positive (1.37), indicating La Nifia conditions, also
consistent with the negative pressure anomalies along the Antarctic Perespelcdlly

the western Peninsul@lem and Fogt2013], and Byrd station in West Antarctica,
associated with a deepening of the Amundsen Sea Low in La Nifia eVentef, 2004].
Combined with the pseudo-reconstruction calibratiomselations>0.87 (Fig. 6), rare
confidence ighereforeplaced on thepatial pressure anomabgttern over Antatica by

the reconstructions than the gridded products, which all show positive pressure anomalies
in coastal East Antarctica and Dronning Maud Land. Over the interior, pressure
anomalies are neaero in the reconstructions (except at Byrd in West Anta);tand
thereforeERA-20C may actually provide the best depiction in the Antarctic interior for

this event (it is the only dataset to show negative anomalies in the South Pacific
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associated with the La Nifia everwith HadSLP2 providing the best representation
along the Antarctic Peninsula. Nonetheless, given these discrepansietgat ithat the
reconstructions provide crucial information in understanding the edflge&tiury
pressure variations across Antarctoeaond that from current griddedtdsets

The low-frequency (smoothed) winter sea level pressures are shown in Fig. 8.
There are larger differences between the two reconstructions in the éadgrary in
part because of the lower skill in the original reconstructions, and differencesepr
hPa at times (particulariynithe Ross Sea region, Fig. 8&)netheless, some general
patterns of the lovirequerty variability can be discussed. In particular for every region
except Dronning Maud Land, the smoothed reconstructions and observations in the later
part of the 28 century all have much more of a oscillatory behavior, highlighting that
decadalscale variability is more prevalent in winter pressures across Antarcticenthan
summer These oscillations are perhaps most marked near the Antarctic Peninsula and
Ross Sea region, and may reflect historical deescie ENSO variability as seen in
previous studiesHogt and Bromwich2006;Stammerjohn et gl2008;Fogt et al, 2011].

Changes in this type of variability will be examined in section 3.4.

3.3. Surface pressure variability on the Antarctic Plateau
Since the reduction to sea level pressure is untel@bthe high Antarctic
Plateau / Interigrsurface pressure was reconstructed for the interior stations. However,
the mean surface pressure varies considerably between AmeBatsteiand Vostok, as
the later is about 650m higher in elevation. To compare the historical pressure

variability at these stations, the mean swefpessure during 1981-2010 was removed,
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and the resulting anomaly time series for the two stations were avei@ige@.displays

the mean Antarctic Plateau surface pressure anomalies for summer and vaingewiti

the 11-yr smoothed lovirequency vesions. In general, the pseudo-reconstructions
perform as well as the original in summer, but the pseudo-reconstructions have
considerably higher skill in winteFpgt et al, 2016]. Figure 9 demonstrates that while
the interannual variability is consistently marked over tHec@mtury in summer (Fig.

9a), the interannual variability is reduced considerably during the earlyqiarte 28
century in austral winter (Fig. 9¢), as observed for other Antarctic regidfig.i6. In
summer, several aboaverage pressure anomalies occur during the edflg@ttury, in
agreement with those at coastal stations, reflecting a negative SAM €r{kigs. 9a, 3,
and 4). From the low-frequency variability, most of th& 2éntury wasnarked with
positive surface pressure anomalies across the Antarctic interiorghigtndj the
uniqueness of the recent negative values in the |4tard early 2% centuries in

summer (Figs. 9a-9b). Thisirscontrast to austral wintewhich despie the differences

in the reconstructions, both indicate low-frequency (i.e., ndgltiadal) fluctuations

above and below the mean (Fig. 9d), with a period of reduced interannual variability
during 1930 — 1960 (Fig. 9¢). Although the reconstructions at times differ on the sign of
the anomalies in the winter (Figs.-9d), the reduced variability is also seen in the winter
observations (black line in Fig. 9¢), although for shorter periods. While the redued ye
to-year variabilityin winter was discussqateviouslyacross coastal East Antarctica
extending east to the Ross Sea Region (Figs. 4c-e), the changes from ont\iheter
next are even smaller across the Antarctic Plateau in the early to frigr@@ry (Fig.

9c). This could be a reflection of the reduced reconstruction skill, or perhaps indicate
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that the atmosphere in the high interior becomes strongly stably stratifiedter,vand
may more frequently reach the climatologically average value duringtioosdwhen

radiative equilibrium is mar consistently achieved.

3.4. ENSO and SAMressureelationships during the 2bcentury

To examine the role of various Southern Hemisphere mod#isnaite variability
on the 28 century pressure variability at the stations in Fig. 1, 30-year running
correlations between ENSO and SAM indices were investigated. Running comselat
are here defined as the correlation coefficient between a climate index calculated over a
30-year peiod, with the window moving forward a year, and the correlation recalculated
the concatenated series of all correlation values produce a time sérigss used to
investigate changes in the roles of both ENSO and SAM throughout'treegtury, in
particular because previous studies have noted varying temporal influences of gmech
modes on aspects of the Antarctic clim@&ammerjohn et gl2008;Clem and Fogt
2013;Marshall et al, 2011 Marshall and Bracegirdle2015]. For the SAM index,
running correlations between the pressures at each station with the ‘Fogittand
concat’ reconstructionjgones et aJ.2009]were calculatethdividually and then
averaged across the geographic regions in Fig. 1, and are displayed in Fig. 10dbr austr
summer (red lines) and winter (blue lines); dashed horizontal lines at r = £0.83empr
the p<0.05 significance level, assuming indepemce of each seasonal meadotably,
throughout the entire #century, there are only a few locations at very specifigesd
intervals where the SAM index correlations are not significapt@t05. These entirely

occurin the non-summer seasons, when the reconstruction skill of both these SAM
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indices[Jones et i, 2009] and the pressure at each station is slightly loeepecially
during the early 2‘bcentury for theJW concdtreconstructions.For the Antarctic
Peninsula (Figs. 10a-b), the winter correlations with the SAM index recomstigict
become insignificant after 1940. This reduced relationship between the SAM and
Antarctic Peninsula pressure reflects the seasemallying structure ofhe SAM[Fogt
et al, 2012] which has its largest asymmetry in winter near thidstic Peninsula.
During this season, pressure anomalies in response to SAM events (especially SAM
negative events) are shifted away from the Antarctic Penihslulgigs.2-4 of Fogt et
al., 2012]. However, Figs. 10a-b suggest this relationship iengiorally persistent
across the Antarctic Peninsula (where reconstruction skill is rerighsn winter), with
significant £<0.05) negativ&AM-pressure relationships across the Peninsula during the
early 20" century. This may further explain some non-stationary SAM relationships seen
in ice coredi.e., Marshall et al, 2011]or discrepancies between the Fogt reconstruction
and SAM index reconstruction based on arcime along the Antarctic Peninsula
[Abram et al. 2014]. In winter, Figs. 10a-b suggest a changing SAM structure to more
zonally symmetric / uniform across the Antarctic Peninsula in the edfige@ury to
one with a weaker SAM influence during the latter part of tfec2@itury. Apart from
this season and region, however, many of the $%&&sure relationships are persistently
significant £<0.05) across the continent.

The story is quite different when examining the running correlations between the
pressure reconstructions and the SOI. Several studies have noted changes 8Che EN
related climate influences that charigeough time Fogt and Bromwich2006;

Stammerjohn et gl2008;Clem and Fogt 2013], and based on the running correlations
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between the SOI and the Antarctic pressure reconstructions (Fig. 11), tageagieips
continue to vary throughout the entiréhzmantury. In mostases, the correlations are not
statistically sigrficant, and no significant relationship persists for more than yed5-
period (or about 15 years on thexis of Fig. 11 accounting for the fact that these labels
reflect the starting year of the-3@ar correlations). Notably, recent significant riega
correlations (i.e., lower pressure during La Nifia years) across ofidcitarctica during

DJF weakertonsiderably befor&960, and in many cases reverse sign to weakly positive
correlatiors. For winter, SOI correlations with pressure along the Antarctic Peainsul
reflect those in summer, but the correlations between the two seasons are mote opposi
across the rest of the Antarctic continent. The contrast is most marked acrtesE@sS
Antarctica, where since 1970 the SOl is negatively correlated with pressuranmes,

but positively correlated in winter. While the SOI correlationsgareerallymuch

weaker in the earlier parts of the"2€entury, the opposite correlations between evint

and summer remain a consistent story (Fig. 2d). The differencesriflegt seasonal
differences in the structure of the ENSO teleconnection between winter amgl sgri

noted byKaroly [1989]. However, since part of the ENSO teleconnection appelated

to the phase of the SAM, they could also represent the seasonally varying Si&idretr

as well[Fogt et al, 2011;Fogt et al.,2012 Wilson et al2014].

3.5. Pressure trends during the™2€entury
During the investigation of the interannual pressure reconstructions, it was
apparent that most locations display negative pressure trends during the lass50 yea

We finalize our discussion by examining these trends in more detail, usyepB0-
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running trends for summer (Fig. 12) and winter (Fig. 13) for the reconstructions and
observations. In each case, similar to the running correlations, trends wefatedlat

each station individually, and averaged over the regions denoted in Fig. 1, rather than
taking the trends of the average pressure series (both methods produceesuiigr r
howeverdue to the very similar interannual pressure variability at each station within a
region). Here, the gray shading provides a measure of how well the reconstructions’
trends align with thebservations, as they are based on firfés thestandard deviation

of the residuals between tB8-yr overlapping observed and reconstructed trends during
1957-2013. As with the interannual time series, the shading is based on the largest range
betweerthe original and pseudo reconstructions in order to more carefully represent the
uncertainty in the earlier pressure trends.

The running trends for summer clearly demonstrate that the (observed and to a
lesser extent reconstruction) negative pressuredrsimce ~1960 are uniqoeer the last
100+ yearsacross all of Antarctica, especially from Dronning Maud Land east tothar
Ross Sea regioffrig. 1, Figs. 12c-e). Using the most negative trestimate®f the
historical trend$rom both reconstructions (i.e., the bottom of the gray shading), the
observed recent negative trends for all locations across Antarctica eereshnegative
they have ever been since 1905, especially for 30-year trends starting from 1965-1975.
These negative trends are clgaeen in the interannual and Idvequency time series
(Figs. 34), and their uniquenesser the last centurstrongly suggestthat external
forcing factors, rather than natural or internal climate variability, are gaynole in
these negative tnels. Previous work has highlighted in particular the role of ozone

depletion on positive SAM index trends in austral summer, which would be consistent
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with the negative pressure trends seen since after the ozone hole formed ill686t
al., 2006;Pelwitz et al, 2008;Fogt et al, 2009). Future work includes examining
several climate model simulations to understand the relative roles of natuahlligr
and forced changes from both greenhouse gases and ozone depletion on Antarctic
pressure changes over the entir® 28ntury,and investigatinghese changes in greater
detail.

In winter (Fig. 13), the recent trends appear not to be unique since 1905; not only
have trends of similar magnitude been observed previously, but the change in trend from
weakly negative to weakly positive that has occurred at most locations in the
observations and reconstructions characterized much of the Antarctic winsemeres
changes from 1915-1935. While there are differences in the magnitude of the pressure
trends, both pseudo and original reconstructions generally show the trends becoming
more positive over this time period, similar to the changes that have been @cuthe
observations, except over the Antarctic interior. Here (Fig. 13f), the recorstrsiill
is lower, and although the pseudo-proxy reconstructions improve the skill, theti are s
large differences early in the record (notably due to the fact that much pstheld’
data extracted from HadSLP2 and 20CR wat tazerosince there were much larger
uncertainties in much of the early winter values for these over the open oceanje Despi
this, the reconstructions suggest strong positive pressure trends during 1935-1965 from
Dronning Maud Land east to the Ross Sea Region (Figse)138ince the gray shading
(a measure of the 95% confidence for the actual historical trend) rises aboderaego
this time, there i9<0.05 chance the reconstructed trends were actually negative (note

this is not a statisticaést on the actual measure of the trend, rather just the sign of the
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reconstructed trend based on reliability of both reconstructions in producing the observed
trends). In all of these locations in Figs. 13c-e, the positive reconstrueneld tturing
1935-1965 are higher than any of the observed trends, and because they are not persistent
(as the main forcing mechanisms such as greenhouse gas increases would ba)gthe st
positive trends highlight thienportant role of natural variability in driving chging
multi-decadal pressure trends across Antarctica in winter. Indeed, the genatabmepi

of pressure trends during the”?@entury from Fig. 13 is a continual change from

increasing trends (1910 — 1930), decreasing thereafter until 1965, and/steaddsing

again perhaps somewhat due to or at least connected with the changing nature of the SOI
relationship (Fig. 11). This is contrast to summer (Fig. 12), which sperssstent weak
trends, with unique decreases in pressure across the entireenbover the last 50

years.

4. Discussion and Conclusions

Examining the reconstructed pressure over tffec@atury details new
information on the range and scope of natural and potentially forced variability i
Antarctic pressure on longer timescales than before. When compared to griddacepres
datasets that span the™2@entury, the pressure reconstrusti@agree the best with
HadSLP2, with generally the highest correlations, smallest biases, aest RMSES.
There are also less differences in the HadStRfsticsbetween preand post-1950 and
the anomalies in certain important years align the bektthe reconstructions

contrast, ERA-20C seems to have the largest differences with our recoossuart
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of this difference may be superficiabwever in the sense that both HadSLP2 and our
reconstructions are based on similar statistical teclesiq

Throughout the 2Dcentury, summer pressures tend to be uniform across the
continent, with a high degree of spatial correlation. The earlier part of thee@eury
was marked by several years of anomalous high pressure across the cdntinent
particular, the summer 1925/1926 showed large pressure anomalies generally im 6 hP
the reconstructions across all of the continent, aligning with a strong positivariiki
from two SAM reconstructionslpnes et aJ.2009] as well as a moderate El Mifyear.
During the second half of the ®@entury, the most notable feature in Antarctic summer
pressures is a steady decrease, beginning around 1960, and likely tied to stratospheri
ozone depletionTThompson and SolomoP002]. The reconstructions add to this story
by demonstrating that the observed trends, particularly during 1970-1999, were the
lowest trends at the majority of locations since 1905, falling below the 95% aac#idé
the best estimate for historic trends in the reconstructions.

While there are not unique and persistent trends in winter, the main story from
this season over the entire"2€entury is the role of natural variability. Correlations with
the SAM along the Antarctic Peninsula, and the SOI throughout all of Antarctarzageh
more dramatically in this season than they do in summer. During the first Hagf 20t
century, interannual pressure variability was reduced compared to the second half,
particularly over the Antarctic interior. Additionally, pressure variabditross the
Antarctic Peninsula is much more independent / unrelated to pressure vardabdgy
the remander of Antarctica, different to the more uniform structure seen in summer.

Natural variability appears to playdominant measure of historieahter Antarctic
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pressure varibility, with noted multidecadal variations in mean pressure (clearly seen in
low-frequency smoothed versions of the reconstructions) as well as in runmidcg tre
time series.

As suggested in the discussion, ongoing and future work includes investigating
various climate model simulations with isolated forcing mechanisms to unuethta
role each play in historical Antarctic pressure variations throughout theez@ury.
Notably, these simulations will investigate the role of tropical sea surfacersomee
variability, and therefore help to shed light on the role of interannual and even multi-
decadal fluctuations in tropical SSTs, which have been shown recently to be annimporta
player in ongoing Antarctic climate variabilifping et al, 2011;Ding and Steig2013;
Li et al, 2014;Clem and Fogt2015]. Additional work is planned for the construction of
a continent-wide, seasonal gridded reconstruction, to provide more local details on
historical pressure across the continent. This spatial reconstruction willdes in part
by the reconstructions presented here and in our companion pageef al, 2016], and
hopefully will provide further information on understanding the ongoing changes across

the Antarctic continent in a longer, more observationally-constrained context fbaa be
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Figure captions.

Figure 1. Location of the 17 Antarctic stations where the seasonal reconstructions are
investigated in this paper. The coloring indicates geographic groupings wkierals
stations are averaged together to investigate the historical pressure waoabilia

region. See text for details.

Figure2. The correlationpias, and RMSE (columns) by season (rows) between the
reconstructions and the bilinearly interpolated gridded pressure dataG@iR (Black
lines), ERA-20C (red lines), and HadSLP2 (blue lines). Thgig-gives the station,
working east around Antarca from the Peninsula (Fig. 1). ‘Early’ represents statistics
calculated during 1905-1956, while ‘late’ represents statistics cadulatring 1957-end
of the data / reconstruction (varies between 2010-2013). Surface pressure vegee@mpl
for the bias / RMSE calculations at Vostok and Amundsen-Scott (stations 16 and 17,
respectively), and therefore no calculations were performed for thesecstaiit
locations using HadSLP2.

Figure 3. Time series of regicaveraged sea level pressure for DJF, with the best

original reconstructions plotted in red and the best pseudo-reconstruction plotted in blue.
The regions are defined as in Fig. 1, with DML = Dronning Maud Land. Shading
represents the maximum extent of the 95% confidence intervals around batigitied o

and pseudo reconstructions, and the correlations in each panel are the correlations
between the regieaveraged reconstructions and observations. The year orattie x-
represents the year of the December (i.e., 1920 = December 1920 — February 1921

Figure4. Sea level pressure anomalies during DJF 1925/26 based on a) 20CR b) ERA-
20C and c¢) HadSLP2. Shading in each panel represents the number of standard
deviations the anomalies are from the 1981-2010 mean. Also plotted are the anomalies
for sea level pressure observations in the midlatitudes, and for the original
reconstructions over Antarctica (with the size and color representing gretack of the
anomaly as given by the label bar). Note that Orcadas, northeast ofténeti&n

Peninsula, is an observed anomaly, not a reconstruction. Also, for the interior stations
(Byrd, Vostok, and AmundseSBeott), surface pressure anomalies are plotted.

Figure5. As in Fig. 3, but after smoothing the interannual sea level pressure values with
an 11yr Hamming filter.

Figure6. Asin Fig. 3, but for JJA.

Figure7. As in Fig. 4, but for JJA 1938, with the pseudo-reconstruction anomalies
plotted over Antarctica.

Figure8. Asin Fig. 5, but for JJA.

Figure 9. Reconstructed (original in red, pseudo in blue) averaged pressure anomalies
for the Antarctic Interior stations of Amundsen-Scott and Vostok, along with the
observations in black. a) DJF anomalies b) 11-yr smoothed DJF anomalies c) JJA
anomalies d) 13# smoothed JJA anomalies.

33



751
752
753
754
755

756
757

758
759
760
761
762
763

764

Figure 10. Antarctic regional mean 3@ear running correlations of the pressure
reconstructions with the Fogt (solid lines) and JW Concat (dashed lines) SAM index
reconstructionsffom Jones et a).2009] for DJF (red lines) and JJA (blue lines). Dashed
horizontal black lines indicate 3@-correlations significantly different than zero at
p<0.05.

Figure1l. Asin Fig. 10, but for Antarctic regional mean 30-year running correlations
between the pressureconstructions and the SOI.

Figure 12. DJF Antarctic regional mean 3@ar running trends for observations (black
lines) and original and pseudo reconstructions (red and blue, respectively).aXige x-
identifies the starting year of the-§8ar trend. The gray shading represents the 95%
confidence interval for the best estimate of the/8@r pressure trends based on the
goodness of fit between the observed and reconstructed pressures during the period of
overlap.

Figure13. Asin Fig. 12, but for JJA.
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Figure2. The correlation, bias, and RMSE (columns) by season (rows) between the
reconstructions and the bilinearly interpolated gridded pressure dataG@iR (Black
lines),ERA-20C (red lines), and HadSLP2 (blue lines). Thaxis gives the station,
working east around Antarctica from the Peninsula (Fig. 1). ‘Early’ reptestatistics
calculated during 1905-1956, while ‘late’ represents statistics cadulatring 1957-end
of the data / reconstruction (varies between 2010-203%@)face pressure was employed
for the bias / RMSE calculations at Vostok and Amundsen-Scott (stations 16 and 17,
respectively), and therefore no calculations were performed for thesecstaiint
locations using HadSLP2.
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Figure 3. Time series of regicaveraged sea level pressure for DJF, with the best
original reconstructions plotien red and the best pseudo-reconstruction plotted in blue.
The regions are defined as in Fig. 1, with DML = Dronning Maud Land. Shading
represents the maximum extent of the 95% confidence intervals around both thé origina
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Peninsula, is an observed anomaly, not a reconstruction. Also, for the interior stations
(Byrd, Vostok, and AmundseBeott), surface pressure anomalies are plotted
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809 Figure9. Reconstructed (original in red, pseudo in blue) averaged pressure anomalies
810 for the Antarctic Interior stations of Amundsen-Scott and Vostok, along with the
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Figure 12. DJF Antarctic regional mean 3@ar running trends for observations (black
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