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“If Antarctica were music, it would be
Mozart. Art, and it would be Michelangelo.
Literature, and it would be Shakespeare.
And yet it is something even greater; the

only place on earth that is still as it should be.

May we never tame it.”

— Andrew Denton
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RESUMO

SILVA, Natéalia. Investigando mudangas no hidrocima da Antartica entre 1900-2014.

2022. Dissertacao (Mestrado) - Instituto Oceanografico, Universidade de Sao Paulo, Sdo Paulo.

O hidroclima da regiao Austral influencia o Manto de Gelo Antértico (AIS, de Antarc-
tic Ice Sheet) e, por consequéncia, o clima global. No AIS, a precipitagao (PPT) esta
diretamente relacionada com o balango de massa na superficie, e tem aumentado nos
ultimos séculos como resposta ao aquecimento global. Em particular, o aumento da
PPT se intensificou nas dltimas décadas, quando o clima passou a ser determinado pelas
atividades humanas ao invés de variabilidade natural. Usando 23 modelos do CMIP6 e
sete reanédlises, encontramos mudangas na precipitacao considerando os periodos antes
(1900-1979) e depois (1980-2014) do ano de 1980. Com a média das multi-reanalises,
estimamos tendéncias de PPT de 8.2¢-3 e 1.3e-2 mm dia~! década—! durante 1900-1979 e
1980-2014, respectivamente, para a média da regido Austral (ao sul de 60° S). Por sua vez,
a média do conjunto de modelos captou uma aceleragao de sete vezes nas tendéncias de
PPT desde o periodo “antes de 1980” até o periodo “depois de 1980” (2.1e-3 a 1.5e-2 mm
dia~! década™'). Entretanto, as mudancas de PPT nao foram espacialmente homogéneas.
Enquanto a precipitagao aumentou na area ao sul de 60° S em média, a porcao oeste do
continente e o Mar de Ross tornaram-se mais secos. Também analisamos a temperatura
da superficie do mar do Oceano Austral e a circulagao atmosférica, dois principais mod-
uladores da chuva na Antartica. Consistentes com estudos anteriores, nossos resultados
mostraram que a precipitacao na Antartica durante 1900-2014 foi determinada principal-
mente pela dindmica atmosférica, em oposicao & influéncia termodinamica da superficie

do oceano.

Palavras-chave: Antartica, precipitagao, balango de massa, mudancas climéaticas, CMIP6
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ABSTRACT

SILVA, Natéalia. Investigating hydroclimate changes in Antarctica during 1900-2014.

2022. Master’s Dissertation - Oceanographic Institute, University of Sao Paulo, Sao Paulo.

The hydroclimate of high southern latitudes impacts the Antarctic Ice Sheet (AIS) and, by con-
sequence, the global climate. Precipitation (PPT) is directly related to the surface mass balance
in the AIS and has increased over the past centuries as a response to global warming. In partic-
ular, the upward PPT trend accelerated in the late 20th Century, when anthropogenic forcing
overcame natural variability in determining the climate. Using twenty-three CMIP6 models and
seven reanalyses, we found PPT changes considering the periods before (1900-1979) and after
(1980-2014) the year 1980. In the averaged Austral region, PPT trends for the multi-reanalyses
mean grew 60% from the previous period to the contemporary: from 8.2e-3 to 1.3e-2 mm day !
decade™! for 1900-1979 and 1980-2014, respectively; The multi-model mean captured a sevenfold
acceleration in PPT trends from the “before 1980 to the “after 1980” period (2.1e-3 to 1.5e-2 mm
day~! decade™!). However, PPT changes were spatially heterogeneous. While a general rainfall
increase occurred south of 60° S, the western-West AIS and the Ross Sea regions became drier.
We also analyzed the Southern Ocean’s sea surface temperature and atmospheric circulation,
two principal modulators of Antarctic rainfall. Consistent with previous studies, we found that

PPT in Antarctica throughout 1900-2014 was primarily determined by atmospheric dynamics

rather than the thermodynamical influence of the ocean surface.

Key-words: Antarctica, precipitation, mass balance, climate change, CMIP6

v



List of Figures

1.1

1.2

1.3

21

2.2

3.1

3.2

3.3

Principal processes that affect surface mass balance. Mass input from liquid and
snow precipitation is the main component of SMB in the Antarctic Ice Sheet.
From Zwally et al. (2015). . . . . . . .. . ..
Expected precipitation change relative to 1850-1900, as a function of global warm-
ing thresholds (1.5° C on the left, 2° C in the center, and 4° C on the right). From
IPCC (2021). . . o oo
Anomalies in (A) meridional moisture flux and (B) precipitation related to the

ZW3 positive polarity. Adapted from Marshall et al. (2017). . . . . ... ... ..

Colored areas show regions of interest in Antarctica (EAIS, W-WAIS /Ross Sector,
E-WAIS/Amundsen Sector, and Weddell Sector). Antarctic regions referred to
along the text are named on the map. . . . . . . ... ... ... ... .. ...
CDF for binomial distributions with p = q = 0.5, as in Pontes et al. (2020), for
N = 7 (reanalyses) and N = 23 (models). . . . .. ... ... ... ... .....

Taylor Diagrams for (A) precipitation and (B) sea surface temperature. The 23
models are labeled as in Table 2.2. The reference value is the multi-reanalysis
mean (MRM7). MMM23 represents the multi-model mean. . . . . .. ... ...
Mean-field of precipitation rates, in mm day~!, during 1900-2014. The panels
show PPT for (1) the multi-reanalysis mean (MRMT7) and (A-G) individual prod-
ucts labeled as in Table 2.1. Stippling on MRM7 indicates the dataset’s agreement
at the 95% significance level within the interval MRM?7 mean + 1STD (= 86%
AGreEINENt). . . . . . ..
Mean-field of precipitation rates, in mm day~!, during 1900-2014. The panels
show PPT for (1) the multi-model mean (MMM23) and (A-W) individual prod-
ucts labeled as in Table 2.2. Stippling on MMM23 indicates model agreement at
the 95% significance level within the interval MMM23 mean + 1STD (=~ 65%

AGrECMENt). . . . . . .

2

22

23



List of Figures

vi

3.4

3.5

3.6

3.7

Climatological 1900-2014 seasonal cycle of PPT, in mm day~!. Panels A-E repre-
sent Antarctic regions, as indicated by the map on the label. The bars correspond
to individual reanalysis, and the solid line refers to the ensemble mean (MRM?7).
Note the different y-axis scales on each panel. . . . . . ... ... ... .. ....
Climatological 1900-2014 seasonal cycle of PPT, in mm day~!. Panels A-E repre-
sent Antarctic regions, as indicated by the map on the label. The bars correspond
to individual models, and the solid line refers to MMMZ23. To allow comparison
with the reanalyses, MRMY7 is overlapped as the dashed line. Note the different
y-axis scales on each panel. . . . . . .. ... ... . ... ... ...
PPT time series from 1900 to 2014. Panels A-E represent Antarctic regions, as
indicated by the map on the label. The colored lines correspond to individual
reanalyses, and the thick black line refers to MRM7. Gray shading shows the
MRMT7 95% confidence interval (CI total width = MRM7 mean £+ 1.96STD).
The regional MRM7 trends during “B1980” (1900-1979) and “A1980” (1980-2014)
periods and their statistical significance (p-value) are exhibited as text on each
panel. . .o
PPT trends before and after 1980. The left column displays the spatial pattern
of PPT trend for MRM7 during (A) “B1980” (1900-1979) and (B) “A1980” (1980-
2014). Purple/orange mean regions with more/less precipitation. Cross-hatched
and stippling refer, respectively, to the statistical significance (p-value < 0.05) and
reanalyses agreement (at least 6 out of 7 reanalyses) with respect to the trend.
On panel C: regional PPT trends during “B1980” (upper row) and “A1980” (lower
row), in mm day~! decade™!, for individual reanalysis and MRM7. Reanalyses
with data starting in 1979 appear as blank spaces in the top (“before 1980”) row.
Each panel from top to bottom represents an Antarctic region, as indicated by
the map on the label. Green/brown stands for positive/negative trend values.
The text format designates the statistical significance of the trend: bold, italic,

and sman font size indicates p-values < 0.01, < 0.05, and > 0.05, respectively. . . .

24

29



List of Figures

vii

3.8

3.9

3.10

PPT time series from 1900 to 2014. Panels A-E represent Antarctic regions, as
indicated by the map on the label. The colored lines correspond to individual
models, the thick solid black line to MMMZ23, and the thick dashed black line to
MRM?7. Gray shading shows the MMM23 95% confidence interval (CI total width
= MMMZ23 mean £ 1.96STD). The regional MMM23 trends during “B1980”
(1900-1979) and “A1980” (1980-2014) periods and their statistical significance
(p-value) are exhibited as text on each panel. . . . . .. ... .. ... ... ...
PPT trends before and after 1980. The left column displays the spatial pattern of
PPT trend for MMM23 during (A) “B1980” (1900-1979) and (B) “A1980” (1980-
2014). Purple/orange mean regions with more/less precipitation. Cross-hatched
and stippling refer, respectively, to the statistical significance (p-value < 0.05) and
model agreement (at least 15 out of 23 models) with respect to the trend. On panel
C: regional PPT trends during “B1980” (upper row) and “A1980” (lower row), in
mm day~! decade™!, for MMM23 and MRM7 (to allow comparison; same values
as in Figure 3.7). Each panel from top to bottom represents an Antarctic region,
as indicated by the map on the label. Green/brown stands for positive/negative
trend values. The text format designates the statistical significance of the trend:
bold, italic, and sman font size indicates p-values < 0.01, < 0.05, and > 0.05,
respectively. . . . . . L
On panel A, the climatological 1979-2014 seasonal cycle of PPT, in mm day ™.
Each panel from top to bottom represents an Antarctic region, as indicated by
the map on the label. Gold/Turquoise/Orange bars and solid /dotted /dashed lines
relate to MRM7/AMIP/MMM23. Panel B shows the difference between the ex-
periments AMIP (atmospheric-only models) and MMM23 (coupled models) (A =
AMIP - MMM23). Red/Black shading indicates more PPT in the AMIP /MMM23
experiment. Stippling indicates model agreement on the sign of the difference at

the 95% significance level (15 out of 23 models agree). . . . . . .. .. ... ...



List of Figures viil

3.11 Sea surface temperature trends, in °C decade™'. Left panels refer to MRM7

(A and C) and right panels to MMM23 (B and D). The top row (A and B)

attributes to SST trends “B1980” (1900-1979), and the lower row (C and D), to

trends “A1980” (1980-2014). Red/blue shading: warmer/cooler regions. Cross-

hatching /stippling indicates where the trend /dataset’s agreement is significant at

a 95% significance level. . . . . . . ... 37
3.12 Pearson correlation (r) between the SST field and regional PPT time series for

the multi-reanalysis mean (MRM7). Panels A-D represent Antarctic regions, as

indicated by the map on the label. Stippling shows where at least 6 out of 7

reanalyses agree on the correlation sign. . . . . . . ... .o oL 39
3.13 Linear least-squares regression between SST trends in the SO (south of 60° S) and

regional PPT trends for individual reanalysis and MRM7. Each panel represents

an Antarctic region, as indicated by the map on the label. Panels A, C, E, G,

and I refer to the period “B1980” (1900-1979) and B, D, F, H, and J, to “A1980”

(1980-2014). Note that only two reanalyses are available (20Cv3 and Era20C) in

the later period. The text shows statistics from the linear fit: the R-squared and

the sensitivity, in mm day ' decade™. . . . . .. ... ... ... 41
3.14 Pearson correlation (r) between the V-wnd field and regional PPT time series for

MRMY7. Panels A-D represent Antarctic regions, as indicated by the map on the

label. Stippling shows where at least 6 out of 7 reanalyses agree on the correlation

SIN. . . oL 43
3.15 MRM7 V-wnd trend, in m s~! decade™!, during the periods (A) “B1980” (1900-

1979) and (B) “A1980” (1980-2014). Red/blue shading attributes to enhanced

northward /southward flow. Cross-hatching/stippling indicates where the trend /reanalyses

agreement is significant at the 95% level. . . . . . . . .. .. ... ... ... ... 44
3.16 Temporal evolution of the (A) Southern Annular Mode Index and the (B) Zonal

Wave Three Index. Colored lines show the indices for individual reanalyses and

black for the MRM?7. The black line and texts show the linear fit for both indices

during “B1980” (1900-1979) and “A1980” (1980-2014). . . . . . . .. .. ... .. 46



List of Figures

X

A Difference of each reanalysis’ PPT mean-field from MRM7 (MRMTY - reanalysis),
in mm day~!. In the first panel (MRMT7), shading represents the 1900-2014 mean-
field of PPT, and stippling indicates the dataset’s agreement within the interval
mean £ 1STD (=~ 86% agreement). . . . . . . . . . ... ...

B  Same as Figure 3.9, but detailing the PPT trends for each of the 23 CMIP models.

C  Comparison between SST in MRM?7 and in observations. The observational data
is from NOAA’s Extended Reconstructed Sea Surface Temperature (ERSST;
Huang et al., 2017) v5 from 1854 to 2014. ERSSTv5 data is provided by the
NOAA/OAR/ESRL PSL, Boulder, Colorado, USA, available on the Web site
at https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html (last ac-
cess January 20, 2022) . . . . ...

67
68


https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html

List of Tables

2.1 Reanalyses information. . ... .. ..

2.2  CMIP6 models included in this study.

2.3 Methods to standardize PPT units in mm day ~*. . .. ... ... ... .....



Acronyms

AIS
AMIP
ABS
AP
ASL
CMIP6
DJF
EAIS
JJA
MAM
MMM23
MRM7
PPT

RMSD
SAM
SMB
SLP
SO
SON
SST
STD
TD
V-wnd
WAIS
ZW3

Antarctic Ice Sheet

CMIP6 AMIP experiment 23 multi-model mean
Amundsen-Bellingshausen Sea

Antarctic Peninsula

Amundsen Sea Low

Coupled Model Intercomparison Project Phase 6
Southern Hemisphere summer (December, January, and February)
East Antarctic Ice Sheet

Southern Hemisphere winter (June, July, and August)
Southern Hemisphere fall (March, April and May)
CMIP6 Historical experiment 23 multi-model mean

7 multi-reanalysis mean

precipitation rate

Pearson correlation coefficient

centered root-mean-square difference

Southern Annular Mode

surface mass balance

sea level pressure

Southern Ocean

Southern Hemisphere spring (September, October, November)
sea surface temperature

standard deviation

Taylor diagram

meridional component of wind at the 500hPa level
West Antarctic Ice Sheet

Zonal Wave Three

x1



Contents

1 Introduction

1.1 Hypothesis
1.2 Objectives

2 Data and Methods

2.1 Data
2.1.1

2.1.2 CMIP6 Simulations
2.1.3 Variables of interest
2.2  Methods

221
2.2.2
223
224
2.25
2.2.6

2.1.1.1
2.1.1.2
2.1.1.3
2.1.14
2.1.1.5
2.1.1.6
2.1.1.7

Regional

Taylor Diagram

Statistics

JRABS . ...

approach . . ... ...

Multi-model approach and Model Agreement . . . . . ... ... ... ..

SAM and ZW3 indices
Code availability

3 Results and Discussion

3.1 Model validation

3.2 Precipitation poleward of 40° S

3.2.1

1900-2014 mean precipitation rates

x1i

10
10
10
11
13
13
14
16
17
17
18
19



Contents xiii

3.2.2 Seasonal cycle . . . . . .. 23

3.2.3 Temporal variability and trends . . . . . . .. ..o 26

3.3 Atmospheric dynamics . . . . . ... 34

3.4  Sea surface temperature and its influence on precipitation . . . . . . . ... ... 35

3.4.1 SSTtrends . . . . . . . . . e 36

3.4.2 Correlation between the SO’s SST and regional PPT . . . . ... ... .. 38
3.4.3 Isit possible to establish a causal relationship of changes between the SO’s

SST and regional PPT? . . . . . . . ... . ... ... ... 39

3.5 Changes in the atmospheric circulation . . . . . . .. ... ... ... ... 41

3.5.1 500 hPa meridional wind and its link to PPT . . . .. .. ... ... ... 42

3.5.2 500 hPa meridional wind changes . . . . . . ... ... .. ... ...... 43

3.5.3 Climate indices . . . . . . . . . . . L 45

4 Summary and Conclusions 48

Bibliography 51



1 Introduction

The Antarctic Ice Sheet (AIS) accounts for about 88% of the total ice mass and 70%
of all freshwater on Earth (Allison et al., 2009), plus it retains 58 meters of potential sea-
level rise (Slater et al., 2020). Because of its significant contribution to sea-level change,
the role played by AIS in a changing climate scenario is of regional and global concern
(Velicogna & Wahr, 2006; Shepherd et al., 2012; Dalaiden et al., 2019; IPCC, 2021). The
amount of fresh and cold water locked from or released to the ocean and the high albedo
of ice surfaces are principal AIS mechanisms to modulate the climate system (Eisen et al.,
2008); It affects the water cycle, the radiation budget, the atmospheric circulation, and
the Meridional Overturning Circulation (Hanna et al., 2013). Hence, any mass variation
in the AIS may lead to changes in global climate (Clark et al., 1999; Thomas et al., 2017).

The Surface Mass Balance (SMB) is an important aspect of ice sheets, defined as the
difference between the build-up of snow accumulation and its reduction due to sublima-
tion, evaporation, wind erosion, wind-driven transport, melting, and calving (Shepherd
et al., 2012; Van Wessem et al., 2014). The scheme from Zwally et al. (2015), in Fig-
ure 1.1, exhibits the processes that contribute to SMB and their interaction. Over the
Antarctic Ice Sheet, most of these terms are small enough to be neglected, except for
snow accumulation that corresponds to 91% of the total mass budget (Van de Berg et al.,
2005; Roberts et al., 2014; Zwally et al., 2015; Van Wessem et al., 2018). Consequently,
many studies address the AIS SMB based on precipitation (PPT), as discussed by Nicolas
& Bromwich (2011b), Thomas et al. (2017), Van Wessem et al. (2018), and Medley &
Thomas (2019).

Precipitation in Antarctica shows high temporal and spatial variability (Fyke et al.,
2017), being naturally regulated by polar climate dynamics and teleconnections with
low-latitude processes (Marshall, 2003; Schneider et al., 2015; Li et al., 2021). Other
than natural variability, studies such as Lenaerts et al. (2018) link ozone depletion and

increasing greenhouse gas (GHG) concentrations since 1970 with changes in the Antarctic
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Figure 1.1: Principal processes that affect surface mass balance. Mass input from liquid
and snow precipitation is the main component of SMB in the Antarctic Ice Sheet. From
Zwally et al. (2015).

climate, including rainfall. However, the effect of anthropogenically forced signals on PPT
is still in debate (Thomas et al., 2017; IPCC, 2021).

IPCC (2021) discusses that around the world, on average, PPT has increased and will
continue to do so in response to global warming. Particularly, Antarctica seems to be a
region that tends to experience enhanced rainfall as a function of climate change. Figure
1.2, retrieved from IPCC (2021), quantifies how much PPT in Antarctica is expected to
vary according to simulated global warming thresholds.

Bromwich et al. (2011) calculated a PPT increase within 1 to 26 mm from 1989 to
2009 over Antarctica and the Southern Ocean (SO). Goodwin et al. (2003) and Thomas
et al. (2015) estimated a 30% rise in snow accumulation, respectively, in East AIS (EAIS)
during 1960-1985 and West AIS (WAIS) during 1979-2009. A doubling in snow accumu-
lation over the Antarctic Peninsula (AP) from 1850 to 2006 appeared in the results of
Thomas et al. (2008). Moreover, the positive PPT trends have accelerated since 1979
(Wille et al., 2021; Medley & Thomas, 2019). For instance, over the averaged AIS, Med-
ley & Thomas (2019) rated snow accumulation trends of 0.4 and 1 Gt year™? between

1801-2000 and 1957-2000, respectively.
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Annual mean precipitation change (%) Precipitation is projected to increase over high latitudes, the equatorial
relative to 1850-1900 Pacific and parts of the monsoon regions, but decrease over parts of the

subtropics and in limited areas of the tropics.

Simulated change at 2 °C global warming Simulated change at 4 °C global warming

Relatively small absolute changes — -

may appear as large % changes in P b u ~ .

regions with dry baseline conditions £ Y &y 20 20 © (L0 20 =0 0
Drier Ehdhge i Wetter

Figure 1.2: Expected precipitation change relative to 1850-1900, as a function of global
warming thresholds (1.5° C on the left, 2° C in the center, and 4° C on the right). From
[PCC (2021).

It is certain that a general rainfall increase has occurred south of 60° S since 1800
(Bracegirdle et al., 2019; IPCC, 2021). Yet, several studies highlight substantial regional
differences in precipitation changes across Antarctica: as pointed by Wang et al. (2017)
and IPCC (2021), the western-WAIS and the Antarctic Plateau experienced drier or
unchanged conditions between 1900-2010.

The Southern Ocean (SO; ocean south of 60° S) is the primary source of moisture for
PPT in Antarctica, hence essential for the AIS mass balance (Bromwich et al., 2011).
According to Trenberth (2011), any slight variation in the sea surface temperature (SST)
could cause profound changes in PPT, given that their spatial pattern and temporal
evolution are strongly connected (Trenberth et al., 2005). Kittel et al. (2018) ran a
sensibility test using a regional climate model and found that per each degree of SO
warming, the AIS SMB should increase from 2% to 6%. Also, Yu et al. (2018) showed
that between 2003-2018, 80% of PPT gains in Progress Station (69° S, 76 °E) happened
because of enhanced total column of water vapor over the Indian Ocean Sector of the SO.

Contrary to global ocean warming, the SO’s surface has been cooling since the decade
of 1970 (Jones et al., 2016; Swart et al., 2018; Zhang et al., 2019; Doddridge et al., 2019).

As stated in Purich et al. (2016), changes in the atmospheric circulation, driven by ozone
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depletion and GHG concentration increase, have intensified the westerly jet; It, in turn,
enhances the Ekman transport of cold coastal Antarctic waters northwards, resulting
in negative SST trends. Another theory explaining such SST changes is cooling due to
SQO’s surface freshening, which increases stratification and reduces convective mixing with
warmer waters from the subsurface (Purich et al., 2018; Auger et al., 2021). Armour et al.
(2016), for example, estimated trends of -0.2 °C decade™" during 1982-2012 in the SO,
except over the Amundsen Sea.

The SO’s surface cooling is accompanied by sea ice increase (Donat-Magnin et al.,
2020). Ice covering the ocean’s surface diminishes the moisture exchange with the atmo-
sphere, thus affecting PPT (Bracegirdle et al., 2019). However, addressing sea ice and its
relationship with precipitation lies beyond the scope of this study.

Despite SST thermodynamically controlling PPT in the Austral region, their varia-
tions do not occur at the same pace. That is because the atmospheric circulation is also
a key modulator of rainfall, determining to which regions moisture is advected (Nicolas
& Bromwich, 2011b; Zwally et al., 2015; Philippe et al., 2016; Medley & Thomas, 2019;
Rodehacke et al., 2020). The Antarctic coastline experiences the highest precipitation
rates of the whole continent due to lying near the moisture source and because of the
persistent cyclonic activity that advects humid air masses to this region (Goodwin et al.,
2016; Schlosser et al., 2016). In the desert inland of Antarctica, the rare incursion of
maritime air masses allows few annual PPT events (Philippe et al., 2016; Thomas et al.,
2015).

Notably, the meridional flow is responsible for moisture exchange between mid-latitudes
and Antarctica (Bromwich et al., 2011); When stronger, it provokes extreme precipitation
events like those described by Emanuelsson et al. (2018) and Turner et al. (2019). The
results of Nicolas & Bromwich (2011b) show that during 1989-2009, regions in Antarctica
that experienced downward trends in meridional winds (enhanced southward flow) were
associated with increased PPT.

High southern latitudes climate modes of variability are key to understanding changes

in the Austral atmospheric circulation. The Zonal Wave 3 (ZW3) — third mode of vari-
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ability in high southern latitudes — refers to meridional asymmetries in the zonally sym-
metric circulation along the latitudinal band 50°-60° S (Raphael, 2004). The ZW3 deter-
mines preferred regions of meridional flow that guides moisture transport into and out of
Antarctica (Schlosser et al., 2018). Raphael (2004) defined an index based on the wave’s
amplitude to quantify its polarity, where a positive (negative) phase relates to a strong
meridional (zonal) flow. The results found by Marshall et al. (2017) show that the effects
of the ZW3 on PPT are more pronounced on the western side of Antarctica. When the
ZW3 is in its positive polarity, an anticyclonic circulation centered at 150° W establishes
offshore WAIS (Figure 1.3-A), creating a see-saw pattern of PPT anomalies, with more
rainfall in the Antarctic Peninsula, the Weddell Sea, and Wilkes Land and less over the
Ross Sea and western-WAIS (Figure 1.3-B). The ZW3’s positive phase also enhances PPT
in the Enderby Land, according to Marshall et al. (2017), as presented in Figure 1.3-B.

A. Difference of meridional moisture flux anomalies between B. Difference of precipitation anomalies between positive and
positive and negative ZW3 polarities negative ZW3 polarities
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Figure 1.3: Anomalies in (A) meridional moisture flux and (B) precipitation related to
the ZW3 positive polarity. Adapted from Marshall et al. (2017).

Besides the ZW3, the Southern Annular Mode (SAM) affects PPT in Antarctica. The
SAM is the first mode of climate variability in high southern latitudes, driving over 30%
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of the Austral climate (Thompson & Wallace, 2000; Marshall, 2007). This phenomenon
represents a zonally symmetric ring-like structure around Antarctica, approximately on
the latitudinal band of 60° S, and is determined by the pressure gradient between mid
and high latitudes (Thompson & Wallace, 2000; Marshall, 2003). The index developed by
Gong & Wang (1999) characterizes the positive (negative) polarity of the SAM as when
the westerly trough is strengthened (weakened) and displaced poleward (equatorward).
Countless studies have discussed the SAM shifting to a more positive polarity throughout
the 20th century (Turner et al., 2005; Marshall, 2007; Purich et al., 2016; Marshall et al.,
2017; Medley & Thomas, 2019). Particularly, IPCC (2021) discusses that human activity
was responsible for high positive trends of the SAM index between 1970-1990.

Marshall et al. (2017) show that an intensified westerly jet transports moisture north-
wards, away from Antarctica. For this reason, the SAM’s positive phase relates to drier
conditions over most of EAIS (Marshall et al., 2017; Medley & Thomas, 2019). In the
Antarctic Peninsula, where orography is the dominant mechanism for PPT, stronger
westerly winds result in more rainfall (Bozkurt et al., 2021; Wille et al., 2021). Yu et al.
(2018) presents the link between a positive SAM and increased cyclonic activity in Dron-
ning Maud Land, Wilkes Land, and Marie Byrd Land, smb which enhances meridional
moisture transport and causes more PPT over those areas. Between 1800-2000, Medley &
Thomas (2019) found that atmospheric circulation was the dominant mechanism induc-
ing Antarctic PPT; Specifically, they showed that 80% of its changes during 1957-2000
occurred due to positive SAM trends.

Given the global relevance of the Antarctic Ice Sheet, it is fundamental to understand
one of its principal aspects, the surface mass balance. Hence, in this study, we investigate
changes in PPT, the main component of the AIS SMB, throughout 1900-2014. We further
aim to characterize which conditions drove the changes during this period. For that, we
look at both thermodynamical and dynamical modulators of the high southern latitude
climate, respectively, SST and the atmospheric circulation. Our epoch of interest (1900-
2014), named Historical, covers a transitional period of climate; It goes back to a time

when the climate evolved following natural variability at the beginning of the industrial
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era, spanning to the present anthropogenically influenced state.

1.1 HYPOTHESIS

As the IPCC (2021) suggests that PPT in Antarctica would increase because of global
warming, we hypothesize that variations in the Southern Ocean surface temperature has

changed precipitation from the beginning of the industrial era into the 21st Century.

1.2 OBJECTIVES

We aim to investigate how the precipitation changed in the Austral region during 1900-
2014. Beyond that, we intend to verify if such changes are linked to variations in the
Southern Ocean’s sea surface temperature (SST) and atmospheric circulation. To test

our hypothesis, we follow the specific goals:

i Validate the most contemporary numeric simulations in the Coupled Model Intercom-

parison Project by comparing them with reanalysis products;

ii Characterize the mean-field and changes in precipitation and SST throughout 1900-
2014;

iii Verify whether the thermodynamical (SST) or the dynamical (circulation) condition

was the main modulator to precipitation.



2 Data and Methods

In order to address the hypothesis and objectives described earlier, the following data

and methods will be used.

2.1 DATA

Observational data in Antarctica is sparse and irregular (Behrangi et al., 2016). Hence,
to ensure complete spatial and temporal coverage, here we use reanalysis results and

model simulations.

2.1.1 Reanalysis Datasets

Reanalysis products enable to fill in the gaps of observational data by merging and
assimilating them into numerical models (Dee & Uppala, 2008; Sun et al., 2018). These
products have the advantage of providing temporally continuous and spatially complete
outputs.

The use of reanalysis is broad in austral climate studies (Nicolas & Bromwich, 2011a;
Thomas et al. 2015; Marshall et al., 2017; Emanuelsson et al. 2018). As discussed in pre-
vious researches (as in Bromwich et al., 2011 or Medley & Thomas, 2019), the reanalyses
are more accurate in representing the climate from 1979 onwards, over the “satellite era’.
Nevertheless, in addition to the contemporary reanalysis, we also used two 20th century

products that extend back to 1836 (20Cv3) and 1900 (Era20C).

2.1.1.1 20Cv3

Here we use the third generation of the NOAA-CIRES-DOE Twentieth Century Re-
analysis (20Cv3), which is globally distributed in a 1° x 1° horizontal resolution, spanning

1836-2015 (Slivinski et al., 2019). The model NCEP GFS v14.0.1 assimilates ISPD ver-
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sion 4.7 observations of pressure, and HadISST2 SST and sea ice distributions are used
as boundary conditions (Slivinski et al., 2019). According to Poli (2017), among the 20th
century reanalyses available, 20Cv3 is more accurate in representing the high southern
latitudes. 20th Century Reanalysis V3 data is provided by the NOAA/OAR/ESRL PSL,
Boulder, Colorado, USA, from their Web site at https://psl.noaa.gov/data/gridded/
data.20thC_ReanV3.html (last access on January 17, 2022).

2.1.1.2 CFSR

The National Centers for Environmental Prediction Climate Forecast System Reanal-
ysis (CFSR) is a global reanalysis available from 1979 to 2011. It is generated by a
coupled atmosphere-ocean-land surface-sea ice system that assimilates observed varia-
tions in CO2, aerosols, and solar variations (Saha et al., 2010). As reported by NCAR
Staff Online (2017), CFSR is superior to other NCEP products. It has an improved and
coupled model, better assimilation schemes, and is anchored on modern satellite obser-
vations (NCAR Staff Online, 2017). CFSR is available in several horizontal resolutions,
from which we chose the 0.5° x 0.5° grid. CFSR data may be retrieved from the NCAR
Research Data Archive, available on https://rda.ucar.edu/datasets/ds093.1/ (last

access on January 17, 2022).

2.1.1.3 Era20C

The ECMWEF’s atmospheric reanalysis of the 20th century (Era20C) spans from 1900
to 2010 (Poli et al., 2016). Surface observations of pressure and marine winds (from
ISPDv3.2.6 and ICOADSv2.5.1) are assimilated into a coupled model (Poli, 2017). From
the horizontal resolutions available, we selected 1° x 1°. Poli et al. (2016) note that
after 1979, Era20C presents some problems. Era20C is available on the ECMWEF por-
tal on https://apps.ecmwf.int/datasets/data/era20c-daily/levtype=sfc/type=

an/ (last access on January 17, 2022).


https://psl.noaa.gov/data/gridded/data.20thC_ReanV3.html
https://psl.noaa.gov/data/gridded/data.20thC_ReanV3.html
https://rda.ucar.edu/datasets/ds093.1/
https://apps.ecmwf.int/datasets/data/era20c-daily/levtype=sfc/type=an/
https://apps.ecmwf.int/datasets/data/era20c-daily/levtype=sfc/type=an/

Chapter 2. Data and Methods 10

2.1.1.4 Eralnt

ECMWF Interim Re-Analysis (Eralnt) is one of the most modern reanalyses of
the institute (Simmons, 2006). It is a global atmospheric reanalysis available from 1979 to
2019. Here, we analyzed the 1° x 1° horizontal resolution. A key limitation of Eralnt is the
stronger water cycling over the ocean, which may impact the PPT output (Dick, 2019).
Still, Eralnt has been reported to produce a realistic representation of the climate on
high southern latitudes regarding the PPT (Bromwich et al., 2011; Behrangi et al., 2016;
Medley & Thomas, 2019). Monthly means of daily means for Eralnt may be obtained the
ECMWF portal on https://apps.ecmwf.int/datasets/data/interim-full-daily/

levtype=sfc/ (last access on January 17, 2022).

2.1.1.5 JRA55

b5-year Reanalysis (JRAB5) is the newest Japanese Meteorological Agency product
(Kobayashi et al., 2015). We analyzed the JRA55 data in a 1.25° x 1.25° horizontal grid,
from 1979 to 2011. JRAS5 data may be retrieved from the NCAR Research Data Archive,
available on https://rda.ucar.edu/datasets/ds628.1/ (last access on January 17,
2022).

2.1.1.6 MERRA2

In this study, we also included the NASA Global Modeling and Assimilation Office’s
product Modern-Era Retrospective analysis for Research and Applications, version 2
(MERRAZ2), spanning from 1980-present. It is a global reanalysis that differs from others
by incorporating cryospheric processes and trace gas constituents (Bosilovich et al., 2019).
A key strength for MERRAZ2 is the improved estimate on SMB and temperature over
ice sheets. Yet, over the oceans, the reanalysis overestimates the PPT rate (Bosilovich
et al., 2015). Observations are the primary forcing source for PPT in MERRA2 from low
latitudes to 62.5°. But due to the lack of gauge observations, PPT is entirely modeled on
land surfaces south of 62.5° (Bosilovich et al., 2019). MERRA2 outputs are available at


https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
https://rda.ucar.edu/datasets/ds628.1/
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the GES DISC portal, on https://disc.gsfc.nasa.gov/datasets?project=MERRA-2

(last access on January 17, 2022), in a 0.5 ° x 0.667 ° horizontal resolution.

2.1.1.7 NCEP2

The National Centers for Environmental Prediction (NCEP)/U.S. Department of
Energy Atmospheric Model Intercomparison Project 2 reanalysis (NCEP2) is an upgraded
version, with new observation data included and an improved model parametrization and
assimilation (Kanamitsu et al., 2002). The NCEP2 is globally available for the 1979-
2021 period in a 2.5°x 2.5° horizontal grid, which is the coarsest resolution analyzed in
this work. NCEP Reanalysis 2 data provided by the NOAA/OAR/ESRL PSL, Boulder,
Colorado, USA, from their Web site at https://psl.noaa.gov/data/gridded/data.

ncep.reanalysis2.html (last access on January 17, 2022).

We interpolated all reanalyses in a 1° x 1° horizontal resolution and only analyzed data
within 1900-2014. Not all of them overlap before 1980 and after 2010. Plus, by calculating
the arithmetic mean at each grid point and time among the datasets, we obtained their
ensemble mean, hereafter named MRM?Y.

Table 2.1 below summarizes major information on each reanalysis product used in

this study.
Table 2.1: Reanalyses information.
Label Reanalysis Institution Time range Grid Reference
a 20Cv3 NOAA 1836-2015 1°x1° Slivinski et al. (2019)
b CFSR NCEP 1979-2011  2.5° x 2.5° Saha et al. (2010)
c Era20C ECMWF  1900-2010 1°x1° Poli et al. (2016)
d Eralnt ECMWF  1979-2019 1°x1° Simmons (2006)
e JRAS55 JMA 1979-2011  1.25° x 1.25°  Kobayashi et al. (2015)
f MERRA2 NASA 1980-2021 0.5 ° x 0.667 ° Bosilovich et al. (2015)
g NCEP2 NCEP 1979-2021  2.5° x 2.5° Kanamitsu et al. (2002)

MRM7 1900-2014 1°x 1°



https://disc.gsfc.nasa.gov/datasets?project=MERRA-2
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis2.html
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2.1.2 CMIP6 Simulations

Along with the reanalysis products, we included simulations outputs from a set of 23
models of the Coupled Model Intercomparison Project Phase 6 (CMIP6; Eyring et al.,

2016) in our investigation. They are displayed in Table 2.2.

Table 2.2: CMIP6 models included in this study.

Label Model Institution Reference

A ACCESS-ESM1-5 CSIRO, Australia Ziehn et al. (2020)

B BCC-ESM1 BCC, China Wu et al. (2020)

C CAMS-CSM1-0 CAMS, China Rong et al. (2018)

D CanESM5 CCCma, Canada Swart et al. (2019)

E CESM2 NCAR, USA Lauritzen et al. (2018)
F CMCC-CM2-HR4 CMCC, Italy Cherchi et al. (2019)
G CNRM-CM6-1 CNRM-CERFACS, France Voldoire et al. (2019)
H E3SM-1-0 DOE, USA Golaz et al. (2019)

| EC-Earth3-Veg EC-Earth-Consortium, Sweden Wyser et al. (2020)

J FGOALS-g3 CAS, China Li et al. (2020)

K FIO-ESM-2-0 FIO, China Bao et al. (2020)

L GISS-E2-1-G NASA-GISS, USA Kelley et al. (2020)

M HadGEM3-GC31-LL. MOHC, UK Roberts et al. (2014)
N IITM-ESM IITM, India Krishnan et al. (2021)
O INM-CM5-0 INM, Russia Volodin et al. (2019)
p IPSL-CM6A-LR IPSL, France Lurton et al. (2020)

Q MIROC-ES2L MIROC, Japan Hajima et al. (2020)
R MPI-ESM1-2-LR MPI, Germany Mauritsen et al. (2019)
S MRI-ESM2-0 MRI, Japan Yukimoto et al. (2019)
i NESM NUIST, China Cao et al. (2018)

U NorESM2-LM NCC, Norway Seland et al. (2020)

\% TaiESM1 RCEC, Taiwan Wang et al. (2021b)
W UKESM1-0-LL MOHC, UK Sellar et al. (2019)

The 23 models that submitted data to the Earth System Grid Federation (ESGF)
by the time we started this project were analyzed (Table 2.2). The data is available
on https://esgf-node.1llnl.gov/. Each center uses distinct methods to develop a
model that represents the climate system. When we use a multi-model approach, it
becomes possible to evaluate the climate through various perspectives, enabling a more

representative idea of the reality (Ferrero et al., 2021).


https://esgf-node.llnl.gov/
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In this study, we are interested in addressing the climate evolution from a time when
it was driven mostly by natural-forcing agents (i.e., orbital parameters, solar irradiance,
stratospheric aerosols of volcanic origin, and greenhouse gas concentrations) to the cur-
rent anthropogenic-forced state Jungclaus et al. (2017). In this sense, an assemblage of
scientific studies found that the late 20th century (around the decade 1980) was the cli-
mate’s turning point when human activity overcame natural variability (Goodwin et al.,
2016; Lenaerts et al., 2018; Dalaiden et al., 2019; Medley & Thomas, 2019). To cover
this transitional period, we have chosen to access the Historical experiment within the
CMIP6 project, that considers the years from 1850 to 2014.

To allow comparison with the Reanalyses, we evaluated the period common for both
(1900-2014) and interpolated all the models to a 1° x 1° horizontal resolution. At last,
by calculating the arithmetic mean among the models at each grid point and time, we
obtained the models’ ensemble mean, hereafter MMM23.

For the same 23 models (Table 2.2), we examined simulations results from the At-
mospheric Model Intercomparison Project (AMIP; Eyring et al., 2016) to conduct a
secondary analysis. In the AMIP configuration, observations of SST and sea ice are used
as prescribed boundary conditions (Roussel et al., 2020). This configuration enables us
to try and separate the deep-ocean dynamics role on forcing the climate (Taylor et al.,
2012). AMIP data is available on https://esgf-node.1llnl.gov/ from 1979 to 2014.
To investigate whether the oceanic or atmospheric dynamic was dominant in forcing the
climate after 1979, we compared the outputs from MRM7, MMM23, and the 23 models’
AMIP ensemble mean (hereafter AMIP). According to Roussel et al. (2020), the coupled
models are highly biased on SST, implying that the AMIP-simulated PPT is more akin

to observations.

2.1.3 Variables of interest

We addressed the following variables to investigate the Austral hydroclimate and the
mechanisms responsible for its changes: precipitation rate (PPT) and sea surface tem-

perature (SST) for both Reanalysis and models; and sea level pressure (SLP), and the


https://esgf-node.llnl.gov/
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meridional wind component at the 500hPa level (V-wnd) solely for reanalysis.

2.2 METHODS

After interpolating all datasets to a 1° x 1° horizontal grid, we conducted all of our
analyses south of 40° S.
For PPT, it was necessary to standardize units among the datasets to obtain all in
mm day~!. Table 2.3 displays the original PPT unit for each dataset (reanalyses and
models) and the means used to convert them. Some of the SST data was originally in

Kelvin; To standardize all in degrees Celsius, we subtracted those by 273.15.

Table 2.3: Methods to standardize PPT units in mm day ~*.

Datasets Original unit Conversion to mm day~' method
20Cv3

CFSR

MERRA2 mm s PPT x 86400

NCEP2

All CMIP6 models
Era20C

Eralnt

JRAbBS

MRM7 mm day ! -
CMIP6

m month =  PPT x 1000 =~ 30

As mentioned in section 2.1.2, we focus on comparing the climate before and after a
transitional period around the decades 1970-1980. Lenaerts et al. (2018) discuss that after
1970, the climate in Antarctica has been driven by changes in the atmospheric circulation
due to the ozone hole; For instance, Monaghan et al. (2006) and Thomas et al. (2015)
show relevant PPT trends in Antarctica after 1979. Therefore, we carried our analysis by
separating the data into two periods: spanning from 1900-1979 and 1980-2014, hereafter
referred to as “before 1980 (B1980)” and “after 80 (A1980)”, respectively.
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2.2.1 Regional approach

Substantial evidence points that PPT trends in Antarctica vary regionally; For in-
stance, rainfall has increased in the Antarctic Peninsula, whereas Victoria Land has be-
come drier (Nicolas & Bromwich, 2011a; Frieler et al., 2015 Thomas et al., 2017; Medley
& Thomas, 2019). To understand which parts of Antarctica contribute to changes on a
continental-wide scale is important to address the climate from a regional approach.

Motivated to find regional differences, we split Antarctica into five regions (Figure

2.1), each with distinct climate regimes:

-65°

345,-68

Weddell Sector A

304,-68

Antarctic
Plateau

E-WAIS/
Amundsen Sector

Figure 2.1: Colored areas show regions of interest in Antarctica (EAIS, W-WAIS/Ross
Sector, E-WAIS/Amundsen Sector, and Weddell Sector). Antarctic regions referred to

along the text are named on the map.

— Austral, which comprehends everything poleward of 60° S.
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— East Antarctica Ice Sheet (EAIS), an entirely continental region on the Antarctic
plateau bounded by the coordinates 29° - 141° E and 75° - 87° S. EAIS presents low
precipitation rates due to its long distance from the oceanic moisture source and
cold temperatures (Krinner et al., 2007). Besides, only a few snow events occur in
this region during a year, contributing to more than 50% of the annual accumulation
(Thomas et al., 2017). Other than those snow events, EAIS experiences PPT that
occurs when the air in the atmosphere is almost saturated and is further cooled by
mixing with the colder air of the inversion layer or by radiative processes (Stenni
et al., 2017). There is a strong positive correlation linking the PPT in the EAIS with
the ZW3, for when its index is positive more moisture is advected to the plateau.
As for the SAM index, the opposite is true; When it is negative, more meridional

flow is allowed, and the PPT intensifies (Thomas et al., 2017).

— Eastern-West Antarctica and the Amundsen Sea Sector (E-WAIS/Amundsen
Sector) is situated between WAIS and the southern Antarctic Peninsula (AP) on
low-elevation terrains, which allows moist air masses to penetrate inland (Nicolas
& Bromwich, 2011a). The coordinates 125° - 80° W and 75° - 85° S limit this
region. According to Thomas et al. (2015), the Amundsen Sea Low (ASL) is the
dominant mechanism for PPT in E-WAIS/Amundsen Sector. Its cyclonic rotation
creates moisture advection paths into the region (see scheme in Figure 1). The
ASL longitudinal shifts determine preferred areas of northerly flow (Wille et al.,
2021); when its eastern flank places over the Amundsen Sea, the humidity transport
enhances in E-WAIS /Amundsen Sector (Donat-Magnin et al., 2020). Given the ASL
deepening (Raphael et al., 2016) and migration north-eastwards (Turner et al.,
2013), PPT in E-WAIS/Amundsen Sector has been observed to grow, especially
during the late 20th century (Thomas et al., 2008; Thomas et al., 2015).

— Western-West Antarctica and the Ross Sea Sector (W-WAIS /Ross Sector) lies
within 170° E - 135° W and 75° - 83° S. The katabatic winds that flow from the

Transantarctic Mountains to the Ross Sea block moisture penetration to Antarc-
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tica, causing this region to be relatively dry (Turner et al., 2019). It is also a
geographically diverse region: to the west lies a low-lying ice shelf exposed to the
ocean, whereas to the east, there is the steep relief of the Transantarctic Mountains
(Thomas et al., 2017; Emanuelsson et al., 2018; Turner et al., 2019). Like occurs in
the easternmost WAIS region, the strength and position of the ASL determines the
frequency and trajectory of storms in the Ross Sea; When it is weak, anticyclones
penetrate the Ross Sea and advect moisture into W-WAIS/Ross Sector (Raphael
et al., 2016; Emanuelsson et al., 2018). In fact, Thomas et al. (2017) found that
between 1950-2010, W-WAIS/Ross Sector underwent a notable decrease in snow

accumulation.

— Weddell Sea Sector (Weddell Sector) is the ocean-only region eastward of the
AP. This region is encompassed by the polygon with vertices on (56° W, 68°S),
(15° W, 68°S), (45° W, 80° S), and (65° W, 80° S). As the Weddell Sector lies on
the eastern side of the AP, it is affected by the warm and dry air that descends
from the mountains. Due to such a relationship between orography, winds, and
PPT (named the Foehn effect), this already dry region may experience even lower
precipitation rates on account of the westerlies’ strengthening (Bozkurt et al., 2021).
Thomas et al. (2017) suggest that the Weddell Sector has a positive correlation with
the ASL and with sea ice concentration over the Weddell and Bellingshausen seas.
Furthermore, those authors discuss that anticyclonic activity over the Weddell Sea

could draw northerly moist air masses into the region.

2.2.2 Taylor Diagram

We used Taylor Diagrams in an effort to validate the climate models and identify how
close they match observations. Taylor Diagrams offer a graphical summary of the models’
reliability based on their statistical proximity with a reference value (Taylor, 2005), which
we assume here as the reanalyses ensemble mean (MRMT7). Their correlation, centered

root-mean-square difference (RMSD), and the standard deviations (STD) are evaluated
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(Taylor, 2001). We analyzed simulated PPT and SST for the 23 CMIP6 models and
compared them with MRM7. The more alike the amplitude of variation (i.e., STD),
smaller RMSD, and stronger correlation with the reference value, the more realistic the

model is supposed to be.

2.2.3 Statistics

We calculated trends through the linear least-squares regression method and their
statistical significance using a two-sided Wald Test (Gourieroux et al., 1982). For a
large sample size, the Wald test is a t-test equivalent (Agresti, 1990). We defined three
thresholds for the statistical significance of our analyzes: p-value > 0.1 (over 10% chance
of trends happening by chance), p-value < 0.05, and p-value < 0.01 (less than 5% and
1% chance of trends happening by chance, respectively). Through the least-square fit,
we obtained the R-squared values as well.

To addressing correlations among variables, we used the Pearson correlation coefficient

(r; Lee Rodgers & Nicewander, 1988).

2.2.4 Multi-model approach and Model Agreement

No matter how elaborated the models are, it is fundamentally impossible to describe
all the complex processes involved in the climate system (Tebaldi & Knutti, 2007).

The ideal method to obtain the closest match to reality and reduce the datasets un-
certainties is a multi-model approach, as the products complement each other (Tebaldi &
Knutti, 2007; Ferrero et al., 2021). The combination of many datasets has demonstrated
to increase the reliability of the analysis in diverse areas of expertise, for instance, in
climate, technologies, public health, or agriculture (Tebaldi & Knutti, 2007).

The ensemble size necessary to reduce the noise of internal variability, and focus on
the datasets’ response to external forcing, depends on the region, period, and the variable
of interest (Milinski et al., 2020; Maher et al., 2021). Here, we addressed seven reanalyses

and 23 global climate models.
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@ rean:n=7 REAN=6/7 CMIP6=15/23
1.0_ hist: n = 23

1 3 5 7 9 11 13 15 17 19 21 23
Model Agreement

Figure 2.2: CDF for binomial distributions with p = q = 0.5, as in Pontes et al. (2020),
for N = 7 (reanalyses) and N = 23 (models).

We estimated the statistical significance of our “multi-datasets” analyses through
model agreement, using the Robust Rank Test (Fligner & Policello, 1981; for method-
ological details, see Pontes et al., 2020). Figure 2.2 shows the cumulative distribution
function (CDF) for N = 7 (reanalyses), and N = 23 (models). For our multi-datasets
analysis results to achieve a significance level of 95%, 6 out of 7 Reanalysis products (=

86%) and 15 out of 23 model simulations (=~ 65%) must agree.

2.2.5 SAM and ZW3 indices

It has been shown that atmospheric circulation is a primary driver for PPT in high
southern latitudes, pushing moist air masses into the Austral region (Nicolas & Bromwich,
2011a; Marshall et al., 2017). We address the atmospheric influences on PPT through
two of the most important patterns of large-scale variability for the Southern Hemisphere:
the Southern Annular Mode (SAM) and the Zonal Wave Three (ZW3).

We calculated the SAM and ZW3 indices (hereafter 1545, and Izy3) following the
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protocols from Gong & Wang (1999) and Raphael (2004), respectively. Igans is based on
the SLP difference between the zonal mean of 40° S and 65° S. In equation 2.1, P* is the

SLP normalized by the standard deviation.

Isam = P *405 —Px*gss (2.1)

Raphael (2004) defines the Iz according to equation 2.2. This index indicates
the average state of SLP at the wave’s ridges — specifically, at the grid points 50° E,
166° E, and 76° W, all in 49° S; Hence, the three-values average in equation 2.2. Also,
SLP,cqsonal T€Presents the three-monthly — or seasonal — SLP value, SLP,.qsona is the

1900-2014 climatological seasonal value, and 0 cusonal, the seasonal standard deviation.

1

5 .
SLPseasona - SLPS@GSORG

IZW3 = g E : ( l l)
i=1

O seasonal

(2.2)

2.2.6 Code availability

All Python codes created to perform our analyses are available on https://github.

com/snatalias/Precipitation_changes_in_Antarctica.git.


https://github.com/snatalias/Precipitation_changes_in_Antarctica.git
https://github.com/snatalias/Precipitation_changes_in_Antarctica.git

3 Results and Discussion

3.1 MODEL VALIDATION

Initially, we show the models’ ability in representing PPT and SST (Figure 3.1, see
labels in Table 2.2). For PPT (Figure 3.1-A), most models had correlations values with
MRM7 within the range 0.5-0.8; The highest value (0.79) occurred between MRM7 and
the multi-model mean (MMM23). The average RMSD was 0.02, with MMM23 being the
lowest. with respect to the STD, models #A, #0, #S, and MMM23 agree with MRM7;
Models #Q and #U showed lower STD, and all others presented higher STD values.
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Figure 3.1: Taylor Diagrams for (A) precipitation and (B) sea surface temperature.
The 23 models are labeled as in Table 2.2. The reference value is the multi-reanalysis
mean (MRMT7). MMM23 represents the multi-model mean.

The simulated SST showed a large spread between the products (Figure 3.1-B). The
correlation coefficients varied in a broad range, from 0.1 (models #B and #U) to 0.74
(model #G); #G, #E, #K had stronger correlations with MRM7. STD varied from
0.08 to 0.2 (reference value = 0.13), suggesting diverse amplitude of variation between

products. Models #A, #J, and #S had closer STD to MRM7. The multi-model mean

21
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(MMM23) had the lowest RMSD, while models #B, #H, #N, and #M had the highest
values.

The Taylor diagrams confirmed the expected — as discussed in section 2.2.4 — regarding
the potential of the multi-model mean on masking structural differences and reducing
uncertainties of single products (Tebaldi & Knutti, 2007; Semenov & Stratonovitch, 2010).
When considering the three statistics results (r, STD, and RMSD), MMM23 was closer
to MRM7 than individual simulations, suggesting that it is the best representation of

reality in our analysis.

3.2 PRECIPITATION POLEWARD OF 40° S

3.2.1 1900-2014 mean precipitation rates

Figure 3.2 shows the mean-field of precipitation poleward of 40° S from 1900 to 2014
for reanalysis products. Their spatial pattern is consistent with Behrangi et al. (2016).

All reanalyses showed that in the interior of Antarctica —on the plateau — precipitation
rates were slightly above zero (< 0.5 mm day~!). In the Wilkes Coast (location in Figure
2.1), where storms from the Indian Ocean often arrive (Thomas et al., 2017), high PPT
appeared. In coastal WAIS and the Southern Ocean (SO), PPT was 2-3 mm day~!, and
varied from 3 to 5 mm day~! over the ocean north of 60° S.

Rainfall in the Weddell and Ross seas was up to 1 mm day~!, but the reanalyses
differed in the region extension. For instance, the low PPT (< 1 mm day™') over the
Weddell Sea reached 62° S in Era20C and hardly extended to 69° S in CFSR.

The reanalyses reproduced the orographic effect on rainfall (Foehn effect) over the
Andes’ windward side, where PPT reached 16 mm day—!. Such phenomenon was expected
in the mountainous Antarctic Peninsula as well (Bozkurt et al., 2021); all reanalyses but
Era20C and NCEP2 were able to reproduce it.

Regarding the reanalysis agreement on the mean-field on PPT, at least 6 out of 7
products lay within the 2 STD interval (MRM7 mean + 1ST D) in the Antarctic plateau,
the interior of WAIS, and the Brazil-Malvinas Confluence (around 45-50° S and 50-70°
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Figure 3.2: Mean-field of precipitation rates, in mm day !, during 1900-2014. The pan-
els show PPT for (1) the multi-reanalysis mean (MRMT7) and (A-G) individual products
labeled as in Table 2.1. Stippling on MRM7Y indicates the dataset’s agreement at the 95%
significance level within the interval MRM7 mean + 1STD (~ 86% agreement).

W in Figure 3.2-1); they exceeded such range in the Antarctic seas and over the ocean.
The reanalysis products were consistent in reproducing PPT inland Antarctica, whereas
some differences appeared over the ocean (Appendix-A): NCEP2 (-8%) and the ECMWF’s
products (-13%) were drier compared to MRM?7, while 20Cv3 (+12%) and CFSR (+15%)
had higher PPT. Compared to MRM7, JRA55 and MERRA had more (+12%) PPT in
the SO opposite to fewer (-8%) over the ocean north of 60° S. Studies that focus on

reanalysis products performance discuss that since 1979 Eralnt is more consistent with
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observations (Bromwich et al., 2011; Behrangi et al., 2016; Palerme et al., 2017a).

The spatial pattern of PPT south of 40°S simulated by CMIP6 models was consistent
with the reanalyses (Figure 3.3) and with Behrangi et al. (2016). As implied from the
stippling in Figure 3.3-1, the datasets agreed within the 2 STD interval (MMM23 mean
+ 1STD) in the entire region; a few grid points over the ocean, particularly in the
Amundsen-Bellingshausen Sea (ABS), were exceptions.

Precipitation rates in the Weddell and Ross seas and Antarctica varied within 0-
1.5 mm day~'. In comparison to MRM?7, the multi-model mean (MMM23) simulated
a smaller region of low PPT (< 1 mm day™') over the Weddell Sea (Figures 3.2-1 and
3.3-1). The models combined (MMM23) were able to reproduce the orographic effect on
PPT in southern South America but not in the AP. In the SO, PPT ranged between
1.5-3 mm day~!, with a regional peak on the Wilkes coast (=4 mm day~'). North of 60°
S, the rainfall rates were 3-5 mm day~!. These results agree with MRM?7.

1. MMM23_
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Figure 3.3: Mean-field of precipitation rates, in mm day~!, during 1900-2014. The
panels show PPT for (1) the multi-model mean (MMM23) and (A-W) individual products
labeled as in Table 2.2. Stippling on MMMZ23 indicates model agreement at the 95%
significance level within the interval MMM23 mean + 1STD (=~ 65% agreement).
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3.2.2 Seasonal cycle

For the reanalyses, a moderate seasonal cycle throughout 1900-2014 appeared in the
Austral region (Figure 3.4-A), with slightly larger PPT (+0.2 mm day ~') in fall (March-
May; MAM). Behrangi et al. (2016) also found that poleward of 60° S, fall was the most

humid season.
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Figure 3.4: Climatological 1900-2014 seasonal cycle of PPT, in mm day~!. Panels A-E
represent Antarctic regions, as indicated by the map on the label. The bars correspond
to individual reanalysis, and the solid line refers to the ensemble mean (MRMT). Note

the different y-axis scales on each panel.

In EAIS (Figure 3.4-B), the seasonal cycle was even more subtle owing to its high
elevation and geographic location. Roussel et al. (2020) discusses that over the plateau,

minimum PPT occur during spring (September-November; SON), which appears in Fig-
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ure 3.4-B as a 20% rainfall drop.

The three other regions that are alongside the ocean show marked seasonality for
PPT. In W-WAIS/Ross Sector (Figure 3.4-C), the average rainfall rate during spring
and summer (December-February; DJF) was 0.5 mm day ~!; it was 0.75 mm day ~! in
fall and winter (June-August; JJA). The E-WAIS/Amundsen Sector (Figure 3.4-D) was
wetter from April to September, as PPT nearly doubled the amount of October-March.
This seasonality in WAIS might be related to storms forming in the Pacific Ocean and
anticyclonic events in the ABS that occur more often during winter (Emanuelsson et al.,
2018; Sinclair & Dacre, 2019). Precipitation rates in the Weddell Sector (Figure 3.4-
E) were ~1 mm day~! during MAM and SON, whereas DJF and JJA were over 30%
drier. According to Sinclair & Dacre (2019), there is no storm contribution to meridional
moisture flux during summer and winter in the Weddell Sea.

Regarding the reanalyses performance, 20Cv3 and CFSR had larger PPT while the
ECMWFEF’s products (Era20C and Eralnt) were drier. For instance, (1) 20Cv3 was +0.5
mm day ! more humid than MRM7 during all months in EAIS (Figure 3.4-B); or (2) in
the Weddell Sector, PPT for Eralnt was up to 40% less than for MRM7 (Figure 3.4-E).
These results agree with Appendix-A.

In the Austral region (Figure 3.5-A), the PPT in each month were equal — the curves
overlap — for MRM7 and the multi-model mean (MMMZ23). It suggests that the simula-
tions correctly represent seasonal variations of rainfall if considering the averaged 60°-90°
S area. From a regional perspective, though, the models overestimated PPT in compari-
son with MRMT.

The weak seasonal cycle of EAIS is characterized by minimum /maximum PPT during
SON/DJF (Roussel et al., 2020). Such a pattern appeared in the models, but MMM23
doubled the values of MRM7 during summer (Figure 3.5-B). In the W-WAIS/Ross Sector
(Figure 3.5-C), the amount of PPT for MMM23 exceeded MRM?7 in all months, especially
in April and August (+0.3 mm day~!). From June to January, simulated (MMM23) PPT
were 10% higher than for MRM7 in E-WAIS/Amundsen Sector (Figure 3.5-D). Except
for DJF, MMM23 was +0.2 mm day ! wetter than MRM?7 in the Weddell Sector (Figure
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Figure 3.5: Climatological 1900-2014 seasonal cycle of PPT, in mm day~!. Panels A-E
represent Antarctic regions, as indicated by the map on the label. The bars correspond
to individual models, and the solid line refers to MMM23. To allow comparison with the
reanalyses, MRMT is overlapped as the dashed line. Note the different y-axis scales on

each panel.

3.5-E).

Former studies concluded that CMIP models are wet-biased (Krinner et al., 2007,
Palerme et al., 2017b). As pointed by Roussel et al. (2020) and showed in Figure 3.5,
individual CMIP6 models, plus the multi-model mean, are able to reproduce the PPT
seasonal variability, albeit with higher values. Each region presented highly biased sim-
ulations, like models #C, #G, and #Q in EAIS, or model #F in W-WAIS/Ross and
Weddell sectors (labels as in Table 2.2). The EAIS region during summer was the most
biased (Figure 3.5-B).
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3.2.3 Temporal variability and trends

Figure 3.6 displays how regional precipitation developed between the years 1900 and
2014 in each reanalysis. Agreeing with sections 3.2.1 and 3.2.2, 20Cv3 and CFSR re-
analyses had more rainfall in all regions, whereas the ECMWEF’s products (Era20C and
Eralnt) and NCEP2 were drier. Tang et al. (2018) investigated PPT in the averaged
area of 60°-90° S during 1979-2005 using reanalyses, and found that CFSR/Eralnt had
highest /lowest values as well. Regardless, the reanalyses’ spread were generally confined
within the 95% confidence interval (CI = MRM7 mean + 1.965TD) — aside from 20Cv3 in
EAIS (Figure 3.6-B) and E-WAIS/Amundsen Sector (Figure 3.6-D) after 1980. Note that
MRMT presents discontinuities in 1979-1980 (more evident in EAIS), which occurs due
to the ensemble size expanding from the two 20th-century products to seven reanalyses
total.

Throughout 1900-2014, the average PPT poleward of 60° S was 0.9 mm day ! (Figure
3.6-A). Previous studies stated that the Austral region has experienced enhanced PPT at
least since the last 200 years (Thomas et al., 2017; Tang et al., 2018; Medley & Thomas,
2019; IPCC, 2021). Not only PPT has increased, but its upward trend accelerated after
1979; trends estimated for MRM7 were 8.2¢-3 and 1.3e-2 mm day ! decade™! during 1900-
1979 and 1980-2014, respectively —a growth of nearly 60% (Figure 3.6-A). In both periods,
the statistical significance of the trends exceeded the 99% level. To allow comparison,
in Medley & Thomas (2019), snow accumulation trends increased 150% from 1901-2000
(0.4 Gt year™2) to 1957-2000 (1 Gt year2) over AIS. Bromwich et al. (2011) found
higher accumulation trends in 1989-2009 compared to the 1979-2009 south of 60° S using
five reanalysis products. Figure 3.7-C details the Austral trends for each reanalysis;
During “B1980” (1900-1979), the two products available showed significant (p-value <
0.01) positive trends. From 1980 onwards, Era20C, JRA55, MERRA2, and NCEP2 had
positive and significant trends, opposite to negative and with p-value > 0.05 values for
20Cv3, CFSR, and Eralnt.

In the desert EAIS, the average precipitation rate was 0.09 mm day~! (Figure 3.6-B),
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Figure 3.6: PPT time series from 1900 to 2014. Panels A-E represent Antarctic re-
gions, as indicated by the map on the label. The colored lines correspond to individual
reanalyses, and the thick black line refers to MRM7. Gray shading shows the MRM7 95%
confidence interval (CI total width = MRM7 mean + 1.96ST D). The regional MRM7
trends during “B1980” (1900-1979) and “A1980” (1980-2014) periods and their statistical

significance (p-value) are exhibited as text on each panel.
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Figure 3.7: PPT trends before and after 1980. The left column displays the spatial
pattern of PPT trend for MRM7 during (A) “B1980” (1900-1979) and (B) “A1980” (1980-
2014). Purple/orange mean regions with more/less precipitation. Cross-hatched and
stippling refer, respectively, to the statistical significance (p-value < 0.05) and reanalyses
agreement (at least 6 out of 7 reanalyses) with respect to the trend. On panel C: regional
PPT trends during “B1980” (upper row) and “A1980” (lower row), in mm day ' decade™?,
for individual reanalysis and MRM7. Reanalyses with data starting in 1979 appear as
blank spaces in the top (“before 1980”) row. Each panel from top to bottom represents
an Antarctic region, as indicated by the map on the label. Green/brown stands for
positive /negative trend values. The text format designates the statistical significance of
the trend: bold, italic, and sman font size indicates p-values < 0.01, < 0.05, and > 0.05,

respectively.

revealing no interannual variability nor significant (p-value > 0.1) changes before 1980.
Even during the later period, in which the MRM?7 trend was significant at the 95% level,
it had a negligible value compared to other regions (2.1e-3 mm day~! decade™'); The
trend values in EAIS were minimal for all reanalysis (Figure 3.7-C). Studies that use

contemporary data (from 1979 onwards), as Bromwich et al. (2011) or Tang et al. (2018),
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confirm unchanged PPT over the Antarctic plateau; so do studies that extend back to
the past through climate reconstruction as Thomas et al. (2017) or Medley & Thomas
(2019). In fact, Thomas et al. (2017) estimated accumulation trend of value zero within
1911-2010 in EAIS.

The dry W-WAIS/Ross Sector presented an average PPT of 0.6 mm day ! throughout
1900-2014 (Figure 3.6-C). Turner et al. (2019) notes that the topography surrounding
this area favors off-continent winds that block moisture penetration, thus resulting in less
rainfall. Prior to 1980 (1900-1979), PPT decreased at a rate of -2.1e-2 mm day ! decade™*
(p-value < 0.01); after 1980 (1980-2014), the trend was still negative with a value -1.8e-2
mm day ! decade™, though the statistical significance was up to the 90% level (Figure
3.6-C). All reanalyses but NCEP2 agreed on the sign of the trend (Figure 3.7-C). Medley
& Thomas (2019) ratify this rainfall decrease in W-WAIS /Ross Sector during 1901-2000,
notably more intense between 1957-2000. Turner et al. (2019) and Wille et al. (2021)
directly link the PPT drop in western-WAIS and the Ross Sea, with the penetration of
atmospheric rivers becoming scarcer since 1979. Such reduction of rainfall from 1900 into
the 21st century seems to be deeply related to changes in atmospheric circulation (Irving
& Simmonds, 2015; Turner et al., 2019; Wille et al., 2021; Medley & Thomas, 2019); The
mechanisms that drive such changes are explored in section 3.5.3.

E-WAIS/Amundsen and Weddell sectors (Figures 3.6 D and E) were the regions with
more rainfall in this study, with PPT averages of ~0.8 mm day~! within 1900-2014.

Looking at individual reanalysis products over the eastern-WAIS and the Amundsen
Sea areas (Figure 3.7-C), the only estimates that exceeded the 95% level of significance
were positive trends for Era20C and NCEP2 in the “A1980” period (1980-2014). The
trends were not significantly different from zero (p-value > 0.1) for the multi-reanalysis
mean (Figure 3.6-D), which conflicts with the literature that discusses substantial PPT
enhance in this area (Lenaerts et al., 2013; Goodwin et al., 2016; Thomas et al., 2015;
Thomas et al., 2017). Such a weak trend in the averaged E-WAIS/Amundsen Sector area
could possibly have occurred due to the regional boundary we defined in Section 2.2.1,

separating western- and eastern-WAIS in 130° W. But, looking at the MRM7 PPT trends’
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spatial pattern, the dipole of rainfall changes across WAIS reveals — more/less PPT in
eastern/western WAIS (Figure 3.7 A and B). Medley & Thomas (2019) similarly showed
a remarkable snow accumulation trend dipole between eastern- and western-WAIS during
1901-2000.

Regarding the Weddell Sea region, individual reanalysis plus their ensemble mean
(MRMT7) showed PPT gains during both periods, with the trends’ statistical significance
of up to 95% (Figures 3.6-E and 3.7-C). Information about PPT changes on the oceanic
area of the Weddell Sea is limited: Thomas et al. (2017) calculated a +0.4 Gt year2 snow
accumulation trend through 1911-2010, but at the Weddell shore rather than over the
sea; Nicolas & Bromwich (2011b) plotted PPT trend maps for the Austral region during
1989-2009 in different reanalyses where, in the Weddell Sea, they conflicted in both sign
and values. Up to this date, we could not find studies that precisely quantify how much
PPT changed over the Weddell Sector.

Much is argued regarding weak or non-statistically significant precipitation trends
over the Antarctic Ice Sheet (Monaghan et al., 2006, Bromwich et al., 2011, Nicolas &
Bromwich, 2011b, Lenaerts et al., 2013). It is critical noticing, though, that regional PPT
changes mask a continental-wide signal — gains in one region offset losses in another, and
their effects cancel out (Fyke et al., 2017). The multi-reanalysis mean (MRM7) showed
that Antarctica underwent an overall PPT increase during both “B1980” and “A1980”
periods (Figure 3.7). Yet, contrasting results appear when talking a detailed regional
perspective.

For instance, W-WAIS /Ross Sector experienced a precipitation drop in both periods
(Figure 3.7-A), while western/eastern AP exhibited positive/negative PPT trends — which
may be related to the circumpolar trough strengthening and intensification of the Foehn
effect (Bozkurt et al., 2021). As discussed by Irving & Simmonds (2015) and Fyke et al.
(2017), the alternating PPT trend sign on the Antarctic coastline during “A1980” hints
a ZW3 pattern (Figure 3.7-B): enhanced PPT in Dronning Maud Land (5° W-30° E),
Wilkes Coast, and eastern-WAIS, oppose to negative trend values in western-WAIS /Ross
Sea, Weddell seashore, and at the Davis Sea (90°-105° E; see locations in Figure 2.1).
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The spatial pattern of rainfall drop occurring in the 40°-50° S oceanic area — contrary
to enhanced PPT in the SO — maintained all along 1900-2014, but the PPT trends
intensified after 1980 (Figures 3.7 A and B).

Time series of precipitation rates within 1900-2014 for the CMIP6 simulation results
are displayed in Figure 3.8. Due to the larger ensemble size, which masks the interannual
variability effect, the MMMZ23 regional curves are flattened. Except for #C and #Q
(labels as in Table 2.2) being positively biased, the other models — plus MRM7 — lay
within the 95% confidence interval around MMM23 (CI = MMM23 mean £+ 1.96STD).
PPT values for MMM23 matched MRM7 in western and eastern-WAIS regions in both
periods, and in EAIS during “B1980”; MMM23 exceeded MRM7 in Austral (+5%) and
Weddell Sector (+19%) over 1900-2014, and in EAIS (433%) since 1980. These results
reinforce the wet bias of CMIP6 models (Roussel et al., 2020).

Concerning the PPT trends, MMMZ23 in the averaged area of 60°-90°S was consis-
tent with MRM7 and with former studies (Medley & Thomas, 2019; IPCC, 2021). It
captured a general PPT rise throughout 1900-2014; More, comparing PPT trends in the
two periods, the latter was sevenfold larger (increased from 2.1e-3 to 1.5e-2 mm day*
decade™, with p-value < 0.01 in both). MMM23 fairly represented PPT changes in EAIS
as well (Figure 3.9-C): trends on the Antarctic plateau were virtually zero, similar to the
multi-reanalysis mean (Figure 3.6) and previous studies (e.g., Tang et al., 2018).

Unlike the Austral and EAIS regions, the trends estimated for MMM23 deviate from
MRMY in the W-WAIS/Ross sector (Figure 3.9-C). The reanalyses showed a robust (p-
value < 0.01) drop in PPT but the trends for the multi-model mean were minor, positive,
and not statistically significant (p-value > 0.05) during the two periods. Examining
individual simulations revealed no model agreement in this region (Appendix-B): eleven
out of 23 models agree with MRM7, capturing the PPT decrease for both “B1980” and
“A1980” periods. The CMIP6 models seem to have difficulty representing PPT changes
across western-WAIS and the Ross Sea, and the MMM23 was unable to reproduce the
observed rainfall variations throughout 1900-2014 described by Medley & Thomas, 2019
and Wille et al., 2021.
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Figure 3.8: PPT time series from 1900 to 2014. Panels A-E represent Antarctic regions,
as indicated by the map on the label. The colored lines correspond to individual models,
the thick solid black line to MMM23, and the thick dashed black line to MRM7. Gray
shading shows the MMM23 95% confidence interval (CI total width = MMM23 mean
+ 1.96STD). The regional MMM23 trends during “B1980” (1900-1979) and “A1980”
(1980-2014) periods and their statistical significance (p-value) are exhibited as text on
each panel.
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Figure 3.9: PPT trends before and after 1980. The left column displays the spatial
pattern of PPT trend for MMM23 during (A) “B1980” (1900-1979) and (B) “A1980”
(1980-2014). Purple/orange mean regions with more/less precipitation. Cross-hatched
and stippling refer, respectively, to the statistical significance (p-value < 0.05) and model
agreement (at least 15 out of 23 models) with respect to the trend. On panel C: regional
PPT trends during “B1980” (upper row) and “A1980” (lower row), in mm day~* decade™?,
for MMM23 and MRM?7 (to allow comparison; same values as in Figure 3.7). Each panel
from top to bottom represents an Antarctic region, as indicated by the map on the label.
Green/brown stands for positive/negative trend values. The text format designates the
statistical significance of the trend: bold, italic, and sm.n font size indicates p-values <
0.01, < 0.05, and > 0.05, respectively.

No PPT changes occurred in E-WAIS/Amundsen Sector for MMM23 (Figures 3.8-D),
agreeing with our findings for the multi-reanalysis mean in Figure 3.6-D. That implies in

neither our datasets capturing the enhanced PPT in eastern-WAIS /southern AP found
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by Medley & Thomas (2019) or Thomas et al. (2017). The CMIP6 models showed small
positive PPT trends in the Weddell Sector, with an acceleration since 1980, like shown
by MRMY7 (Figures 3.6 and 3.8 E).

The maps in Figure 3.9 reveal a boost of the PPT trends after 1980. In the two
periods — like for the reanalyses in Figure 3.7 — negative trends happened north of 50° S,
opposing to enhanced Austral rainfall. Inland Antarctica, the in trends imply that the
CMIP6 models could not reproduce regional changes in PPT throughout 1900-2014.

3.3 ATMOSPHERIC DYNAMICS

By distinguishing AMIP from CMIP, it becomes possible to understand the role that
subsurface ocean dynamics play in the high southern latitudes PPT. In this sense, Figure
3.10 displays the comparison between three sets of data: coupled models (MMM23),
atmospheric models (AMIP), and reanalysis (MRM7), which are the reference value in
this study.

The annual cycle of PPT for AMIP in Figure 3.10-A mimics the curve for MMM23,
although exhibiting slightly lower values. Studies have pointed that SST being positively
biased in the coupled models results in higher PPT (Palerme et al., 2017b; Roussel et al.,
2020). For this reason, in Figure 3.10-A, it is observed that the curves of PPT for AMIP
are closer to the reference value (MRMT7) than the coupled models.

Figure 3.10-B shows the spatial pattern of the difference between AMIP and MMM23
(A = AMIP - MMM23). In most of the area southern than 40° S, the coupled models pre-
sented higher PPT than the atmospheric-only ones (A < 0). Particularly, the difference
was less than zero in the entire Austral region. The disparity between the experiments
may be negligible in some areas (null inland Antarctica) or substantial in others; For
instance, the larger A values (= -0.3) were found over the SO between 0°-45° E, where
the average PPT was approximately 3 mm day~! according to Figures 3.2 and 3.3. That
is to say that, in this region, PPT in MMMZ23 is up to 10% more than in AMIP.

These findings suggest that the ocean-atmosphere feedbacks — incorporated in the
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Figure 3.10: On panel A, the climatological 1979-2014 seasonal cycle of PPT, in mm
day~!. Each panel from top to bottom represents an Antarctic region, as indicated
by the map on the label. Gold/Turquoise/Orange bars and solid/dotted/dashed lines
relate to MRM7/AMIP/MMM23. Panel B shows the difference between the experiments
AMIP (atmospheric-only models) and MMM23 (coupled models) (A = AMIP - MMM23).
Red/Black shading indicates more PPT in the AMIP/MMM23 experiment. Stippling

indicates model agreement on the sign of the difference at the 95% significance level (15

out of 23 models agree).

coupled models configuration — act to enhance the PPT in Antarctica.

3.4 SEA SURFACE TEMPERATURE AND ITS INFLUENCE
ON PRECIPITATION

As it is understood that the ocean (moisture source) and the ocean-atmosphere feed-
back (water cycle) are central explanations for precipitation in Antarctica, we now inves-

tigate how the SST changed from 1900 to 2014.
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3.4.1 SST trends

The multi-reanalysis mean in Figure 3.11-A show that the SO underwent a significant
(p-value < 0.05) warming during 1900-1979, spanning 0 to 0.3 °C decade™. The study
of Gille (2008) confirms progressive increases of SST in the SO between 1930-1990. In
contrary to most areas south of 40° S, the Pacific Ocean and the Amundsen-Bellingshausen
Sea (ABS) regions exhibited negative trends (-0.25-0 °C decade™, with p-value < 0.05)
in the “B1980” epoch (Figure 3.11-A). Less than 6 out of 7 reanalyses agreed on the sign
of the trend, probably owing to SST measures at different depths for each product (“skin
temperature” for 20Cv3, CFSR and NCEP2; “brightness temperature” for JRA55; and
“sea surface temperature” for Era20C, Eralnt, and MERRA2). Regardless, the spatial
pattern of SST trends for MRM7 was similar to that of the observations (Appendix-C),
indicating that the multi-reanalysis mean coincides with reality.

SST trends from 1900 to 1979 for the multi-model mean were virtually zero in the
whole region south of 40° S (Figure 3.11-B). Over some areas of the Pacific Ocean and
the ABS, where the reanalysis showed cooling, MMM23 exhibited no model agreement
nor trends significantly different from zero (p-value > 0.05).

From 1980 onwards (1980-2014), an inversion occurred on the trend sign, with neg-
ative SST trends appearing over the ocean south of 50° S (Figure 3.11-C). The spatial
pattern of SST trends in MRM7 matches observations during “A1980” (Appendix-C).
Numerous studies endorse the SO’s cooling since 1979 and propose two principal mech-
anisms responsible for it: (1) the westerlies’ strengthening that followed ozone depletion
and GHG concentration increases since 1970, which intensifies the Ekman drift, pushing
cold coastal waters and sea ice from Antarctica further north; and (2) the SO’s freshening
that increases surface stratification and impedes convective mixing with warmer subsur-
face waters (Hall & Visbeck, 2002; Purich et al., 2016; Spence et al., 2014; Kostov et al.,
2018; Doddridge et al., 2019; Auger et al., 2021).

The SST trends in CMIP6 simulations during 1980-2014 do not agree with the Reanal-
ysis at all (Figure 3.11-D). There is a clear warm bias south of 50° S, which have already
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Figure 3.11: Sea surface temperature trends, in °C decade™!. Left panels refer to MRM7
(A and C) and right panels to MMM23 (B and D). The top row (A and B) attributes to
SST trends “B1980” (1900-1979), and the lower row (C and D), to trends “A1980” (1980-
2014). Red/blue shading: warmer/cooler regions. Cross-hatching/stippling indicates

where the trend/dataset’s agreement is significant at a 95% significance level.

been discussed in many studies (Hyder et al., 2018; Zhang et al., 2019; Beadling et al.,
2020; Wang et al., 2021a). Virtually all grid points show that more than 15 models (out
of 23) agree with the trend signal, implying a systematic problem with coupled models
in reproducing the SST time variation rather than defects in individual products. The
hypotheses explaining such problems are cloud-related shortwave biases (Hyder et al.,
2018; Wang et al., 2021a) or underestimated changes in westerly winds (Purich et al.,
2016; Beadling et al., 2020).
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Although the CMIP6 simulations, particularly their ensemble mean, have been shown
to reproduce the SST field (Figure 3.1-B), they failed in simulating its temporal evolution.
Given that the results produced by the models are controversial, the next analyses were

carried using only Reanalysis products.

3.4.2 Correlation between the SO’s SST and regional PPT

Beyond the trends, we addressed the multi-reanalysis mean (MRMT) correlations be-
tween the SST field south of 40° S and the PPT time series for the regions defined in
Section 2.2.1 (same time series as in Figure 3.6).

The EAIS region showed weak-to-moderate negative correlations (-0.5 < r < 0) and
no particular area over the ocean that could be the origin of moisture for the plateau
(Figure 3.12-A); Delaygue et al. (2000) stated that “the moisture supplied to a given
area of Antarctica originates primarily from the adjacent ocean basin” thus, we expected
a direct link between the Indian Ocean and the EAIS. The correlations reinforce the
importance of atmospheric circulation delivering moisture through air masses in EAIS
(Turner et al., 2019) rather than a direct link with SST.

The ASL highly influences the climate in WAIS, AP, and the Weddell Sea regions
(Thomas et al., 2015; Fyke et al., 2017; Turner et al., 2019; Wille et al., 2021). Conse-
quently, these three regions manifested a peculiar relationship between regional PPT and
SST over the ABS (Figures 3.12 B, C, and D). The spatial pattern of correlations was
similar in both WAIS subregions: PPT was anticorrelated with SST (r < 0) in most of
the ocean southern than 40° S, and positively liked over the ABS (r > 0; Figures 3.12 B
and C). At least 6 out of the seven reanalyses agreed on the correlation sign over those
regions.

In the Weddell Sector, the correlation mimics what was observed for the WAIS subre-
gions but with a reversed sign (Figure 3.12-D); Positive coefficients (0 < r < 0.5) appeared
over the ocean and negative (-0.4 < r < -0.2) in the ABS. The study of Thomas et al.
(2017) suggested a possible connection between PPT in the Weddell Sea region and the

sea surface conditions over the Bellingshausen Sea.
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Figure 3.12: Pearson correlation (r) between the SST field and regional PPT time
series for the multi-reanalysis mean (MRMT7). Panels A-D represent Antarctic regions, as
indicated by the map on the label. Stippling shows where at least 6 out of 7 reanalyses
agree on the correlation sign.

The inverted correlation signs between WAIS subregions and the Weddell Sea hints at
the ASL seasonal and interannual movement: when it migrates south-westwards (north-
eastwards), its eastern flank places over WAIS (AP), allowing more northerly humid

winds penetrating such region (Thomas et al., 2015; Bracegirdle et al., 2020).
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3.4.3 Is it possible to establish a causal relationship of changes

between the SO’s SST and regional PPT?

To try and find if variations in the Southern Ocean sea surface temperature drove
precipitation changes in Antarctica, we explored their linear fit (Figure 3.13).

The variables — PPT trend and SST trend — exhibited a good fit before 1980 (1900-
1979), with R-squared within 80%-100%); This suggests a strong causal relationship im-
plying that PPT changes happened due to SST trends. However, one must be cautious
on the statistical significance of this result, as only two reanalyses were available during
this period, and the trends for both variables were nearly zero. In any case, it showed an
inverse relationship between PPT trends and SST trends in all regions, indicating that
the ocean warming observed in the “B1980” period (Figure 3.11-A) could be associated
to rainfall reduction.

The W-WAIS/Ross Sector — which indeed became drier over this period (Thomas
et al., 2017) — had the largest sensitivity of -0.27 mm day~! °C (Figure 3.13-I). Our
findings for MRM7 in EAIS and E-WAIS/Amundsen Sector showed no PPT changes
before 1980 (Figure 3.6), which may explain the strong link with the virtually-zero SST
trends. The suggestion that ocean warming would reduce PPT in the Weddell Sector
(-0.06 mm day~! °C) does not agree with our estimates (e.g., Figure 3.7); Thus, another
mechanism must be responsible for such rainfall changes in this region.

From 1980 to 2014, the R-squared was up to 5% in all regions. Such weak linear
fit implies that variations in SO’s SST contributed to only a small fraction of the PPT
changes in Antarctica — that were, therefore, determined by other mechanisms. Anticor-
relations between SST trends and PPT trends suggest that the SO cooling since 1980
(Figure 3.11-C) caused more rainfall in Austral, Weddell Sector, and W-WAIS/Ross Sec-
tor (Figures 3.13 B, D, and J). This relationship agrees with Figure 3.7 in Austral and
Weddell Sector but challenges the PPT drop in W-WAIS/Ross Sector.

Kittel et al. (2018) ran a sensibility test in order to evaluate the percentage of rainfall

over the Antarctic Ice Sheet that would change per degree of SO warming; They found
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Figure 3.13: Linear least-squares regression between SST trends in the SO (south of 60°
S) and regional PPT trends for individual reanalysis and MRM7. Each panel represents
an Antarctic region, as indicated by the map on the label. Panels A, C, E, G, and I
refer to the period “B1980” (1900-1979) and B, D, F, H, and J, to “A1980” (1980-2014).
Note that only two reanalyses are available (20Cv3 and Era20C) in the later period. The
text shows statistics from the linear fit: the R-squared and the sensitivity, in mm day—*
decade™!.

an intrinsic relationship between increased SST prompting higher evaporation and more
moisture content in the air, which led to greater PPT in the Antarctic coastline. Over the
plateau, conversely, SO warming would lead to drier conditions. The opposite occurs when
the Southern Ocean cools, with negative (positive) PPT anomalies in coastal (plateau)
areas. Our results (Figures 3.7 and 3.13) revealed mainly longitudinal contrasts of PPT
changes that reflect atmospheric circulation patterns (e.g., the ZW3) rather than altitude-

related changes.
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Schneider et al. (2020) analyzed the response of PPT in the face of two mechanisms:
(1) surface warming and (2) changes in the circumpolar trough (strengthening and mi-
gration southward); Their results show that the thermodynamical forcing (SST changes)
was more expressive seasonally, while the dynamical forcing (trough changes) predomi-
nates in the long term. The study of Schneider et al. (2020) concluded that changes in
the westerly winds — particularly the southward migration — are the primary mechanism

for Antarctic rainfall increases under an ozone depletion scenario.

3.5 CHANGES IN THE ATMOSPHERIC CIRCULATION

We have shown that despite the importance of ocean-atmosphere interactions (section
3.3), variations in the Southern Ocean’s SST were not the primary mechanism driving
precipitation changes during 1900-2014 in Antarctica (section 3.4.3). We now explore the

atmospheric circulation conditions during this epoch and its connection with PPT.

3.5.1 500 hPa meridional wind and its link to PPT

As presented in former studies, like in Nicolas & Bromwich (2011a), Thomas et al.
(2017), and Donat-Magnin et al. (2020), northerly flow brings moisture from the ocean
into Antarctica. For this reason, in Figure 3.14, it is observed anticorrelations between
V-wnd and regional PPT during 1900-2014. In other words, negative V-wnd velocity
(northerly winds) enhances PPT. In EAIS, the correlation between meridional wind speed
and PPT rates was weak (from -0.3 to 0, in Figure 3.14-A), and showed a C-shaped area
with a negative r over the plateau, also noticed by Rodehacke et al. (2020).

According to Donat-Magnin et al. (2020), the precipitation in E-WAIS/Amundsen
Sector increases when the ASL migrates south-westwards, placing a northerly flow over
this region. Figure 3.14-B displays anticorrelations (r & -0.3) around 150° W, alternating
with positive correlations in the Weddell Sea and Victoria Land (120°-180° E, location
in Figure 2.1) regions. These alternating correlation signs suggest a cyclonic circulation

(the ASL) over the Amundsen Sea and an anticyclone between the Bellingshausen and
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Figure 3.14: Pearson correlation (r) between the V-wnd field and regional PPT time
series for MRM7. Panels A-D represent Antarctic regions, as indicated by the map on

the label. Stippling shows where at least 6 out of 7 reanalyses agree on the correlation
sign.

Weddell seas. Both advect moist air masses from the ocean to E-WAIS/Amundsen Sector.

Compared to other regions, the strongest correlations appeared in W-WAIS/Ross
Sector (Figure 3.14-C). It exhibited a southward flow (r < -0.7) in the Ross Sea and
northward flow (r > 0.7) in eastern-WAIS and the AP. This pattern matches the results of
Emanuelsson et al. (2018), which propose that anticyclonic events over the ABS occurring
when the ASL is weak are major drivers for PPT in the W-WAIS/Ross Sector.

Figure 3.14-D shows the relationship between meridional wind and PPT in Weddell
Sector, pointing that cyclonic activity was responsible for advecting moisture to this area

during 1900-2014. Positive (negative) correlations in WAIS/Ross Sea (Weddell Sea/AP)
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suggest such circulation pattern. Turner et al. (2019) found a similar cyclonic activity
pushing moisture into the Weddell Sea region.

The ASL longitudinal shifts determine which West Antarctic region preferentially
receives moisture. It becomes evident when comparing V-wnd “versus” PPT in eastern-
WAIS and the Weddell Sector (Figures 3.14 B and D): in E-WAIS/Amundsen Sector,
the ASL is centered at 160° W and its eastern flank places over WAIS, whereas in the
latter, its center is at 100° W with the northerly flow towards the Weddell Sea. The ASL
has become deeper and migrated north-eastward in the last hundreds of years, favoring
moisture flux over eastern-WAIS, AP, and the Weddell Sea (Thomas et al., 2015; Raphael
et al., 2016; Turner et al., 2019).

3.5.2 500 hPa meridional wind changes

From 1900 to 1979, trends in meridional wind varied within £0.3 (Figure 3.15-A).
Over the Antarctic plateau, those were virtually null, matching with the absent variation
of PPT in Figure 3.7-A. The most intense and significant (p-value < 0.05) positive V-
wnd trend occurred from the Ross Sea towards the Pacific Ocean; Due to the enhanced
northward atmospheric circulation, PPT dropped in this area (Figure 3.7-A; Thomas
et al., 2017).

A significant (p-value < 0.05) and intense (0.3 m s~! decade™') negative V-wnd trend
appeared over the AP and eastern-WAIS, and may explain the large increase of PPT
found in Figure 3.7-A and by Thomas et al. (2008). Similar negative V-wnd changes
occurred in the Wilkes Coast, resulting in more rainfall (Figure 3.7-A). Overall, the
PPT trends in the “B1980” period (1900-1979) match the spatial pattern of atmospheric
circulation changes (Figures 3.7-A and 3.15-A).

Figure 3.15-A also reveals a substantial ASL deepening — positive/negative V-wnd
trends over Ross Sea/AP —, which agrees with Raphael et al. (2016). Other than ASL,
the V-wind trends resemble an intensified ZW3: three centers of enhanced southward
flow (90° W, 45°E, and 140° E) alternating with three of northward flow (0°, 100° E, and
160°W; Irving & Simmonds, 2015).
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Figure 3.15: MRM7 V-wnd trend, in m s™! decade™®, during the periods (A)
“B1980” (1900-1979) and (B) “A1980” (1980-2014). Red/blue shading attributes to
enhanced northward/southward flow. Cross-hatching/stippling indicates where the

trend /reanalyses agreement is significant at the 95% level.

An acceleration of V-wnd trends occurred during 1980-2014 compared to the first

period (Figure 3.15-B), with values between 0.5 m s~! decade™!

. Despite large V-wnd
trends, no significant (p-value > 0.05) PPT changes developed in the Antarctic Plateau
(Figure 3.7-B) — as there is virtually no moisture to be transported from inland to the
coast, the intensified flow does not influence PPT. In coastal areas, however, V-wnd trends
match PPT changes: less rainfall occurred in the George Coast, the Davis Sea, and in the
Ross Sea, where southerly flow predominated; in Dronning Maud Land, Enderby Land,
Wilkes Coast, northern AP, and the Weddell Sea, wetter conditions followed intensified
southward winds (see locations in Figure 2.1). The enhanced southerly flow from inland
to the Bellingshausen Sea resulted in negative PPT trends in south-western AP (Figure

3.7-B). Just as happened during “B1980”, the spatial pattern of PPT trends and V-wnd

trends also match in the latter period.
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3.5.3 Climate indices

Once shown that PPT changes throughout 1900-2014 connect with the atmospheric
circulation, we further explore its behavior through climate indices. As pointed in Chapter
1, the SAM (ZW3) positive phase relates to intensified zonal (meridional) circulation.

Despite V-wnd trends revealing an enhanced meridional circulation (Figure 3.15) —
even suggesting a ZW3 spatial pattern — the ZW3 index (Izw3) showed no trends sig-
nificantly different from zero (p-value > 0.1; Figure 3.16-B). Its negligible trend during
“B1980” became closer to zero in the last period (from 5.2e-3 to le-3 decade™, respec-
tively). Our findings for Iz 3 time series and trend manifested no direct connection
with the PPT changes. Regardless, Marshall et al. (2017) discuss composites of PPT
anomalies associated with ZW3 conditions; They found that its positive phase creates
moisture paths towards the Wilkes Land, the Weddell Sea, and Enderby Land, plus drier
conditions in western-WAIS and the Ross Sea. Our estimates of PPT changes (Figure
3.7) match such spatial patterns.

The SAM index (Ig4y/) displayed high positive trends through the entire period an-
alyzed (Figure 3.16-A). Particularly, its trend increased over 20% from 1900-1979 to
1980-2014: from 1.9e-2 to 2.3e-2 hPa decade™!, with p-value < 0.01 in both. From 1900
to 1965, Is4p; was negative, suggesting a weaker circumpolar trough; it shifted to posi-
tive since 1965, accompanied by the westerlies’ strengthening and migration southward
(Marshall, 2007). Numerous studies ratify such Ig4y; shift (Thompson & Wallace, 2000;
Goodwin et al., 2016; Purich et al., 2016; IPCC, 2021). Marshall et al. (2017) estab-
lished that the SAM relates to positive (negative) PPT anomalies over the AP (Antarctic
Plateau); Medley & Thomas (2019) further detailed that the SAM is also responsible for
the PPT dipole in the WAIS subregions, and attributed 80% of the snow accumulation
spatial variability during 1957-2000 to its positive trend.

Beyond the SAM itself affecting the PPT spatial and temporal variability, it also
plays a role in strengthening or dampening other climate phenomena: Wille et al. (2021),

for example, discusses how the positive Igays trend intensifies the ASL deepening and
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Figure 3.16: Temporal evolution of the (A) Southern Annular Mode Index and the (B)
Zonal Wave Three Index. Colored lines show the indices for individual reanalyses and
black for the MRM7. The black line and texts show the linear fit for both indices during
“B1980” (1900-1979) and “A1980” (1980-2014).

migration north-eastwards, which, in turn, modifies PPT.
On top of that, Fyke et al. (2017) discusses the complexity of the Antarctic climate
regarding the modes of variability: not only do they exert influence on precipitation, but

their signals superimpose in a way that involves inter-mode interactions.



4 Summary and Conclusions

Precipitation in the Austral region (south of 60° S) underwent an overall increase
between 1900 and 2014 — most rapidly from 1980 onwards — according to 23 CMIP6
models and seven reanalysis products. Yet, PPT trends were spatially inhomogeneous
across the Antarctic Ice Sheet (AIS): while regions such as the Antarctic Peninsula and
the Wilkes Coast experienced more rainfall, western-WAIS and the Ross Sea became drier
(Figure 3.7). Fyke et al. (2017), Thomas et al. (2017), Medley & Thomas (2019) and
other studies confirm such regional differences. Approaching PPT changes in the AIS
through a regional perspective is essential since mass gains in one area may offset losses
in another, masking a continental-wide signal; That is possibly the reason for studies
as Monaghan et al. (2006), Bromwich et al. (2011), or Shepherd et al. (2012) reporting
non-significant PPT changes in Antarctica in the last decades.

We addressed a transitional epoch in climate history, considering two periods: the
first starting in the early industrial era (1900) and extending through 1979, and the
latter spanning from 1980 to 2014. Our date milestone — the year 1979 — established
the epoch when anthropogenic forcing (i.e., ozone depletion and GHG concentration
increases) overcame the natural variability (Lenaerts et al., 2018; IPCC, 2021). The
PPT trends in the averaged Austral region indeed showed a remarkable acceleration
during 1980-2014 relative to 1900-1979; the rate grew 60% for the multi-reanalysis mean
(MRMT7) and sevenfold for the multi-model mean (MMM23; Figure 3.9). The regional
estimates for both MRM7 and MMM23 exhibited larger rate values in the later period
as well (Figure 3.9); Despite such rates progression, the values were negligible in EAIS,
revealing unchanged PPT, and in W-WAIS /Ross Sector, they remained negative all along
1900-2014.

By comparing atmospheric-only models with coupled models, we showed that ocean-
atmosphere feedbacks are fundamental in boosting precipitation (Figure 3.10); The tem-

perature of the ocean’s surface prompts evaporation that determines moisture content in

20
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the air, which, in turn, controls the amount of precipitation over the AIS (Kittel et al.,
2018). But variations in Southern Ocean SST contributed to only a discrete fraction
in driving precipitation changes in the Austral region during 1900-2014, especially after
1980 when SST trends explained less than 5% of PPT trends (Figure 3.13).

Schneider et al. (2020) simulated the Antarctic precipitation response to the thermo-
dynamical (surface temperature changes) and dynamical (atmospheric circulation changes)
forcings in an ozone depletion scenario; They concluded that the primary mechanism driv-
ing PPT changes over the AIS were variations in the atmospheric circulation — particularly
the circumpolar trough’s migration poleward — rather than in the surface temperature.
Accordingly, we found that the meridional wind at the 500 hPa level (V-wnd) was in-
timately linked to Austral precipitation since it exchanges moist air masses between
Antarctica and northern areas. Regional Antarctic PPT was associated with southward
flows pushed by atmospheric circulation features (Figure 3.12). For example, (1) the
eastern flank of the Amundsen Sea Low (ASL) links eastern-WAIS and the Weddell Sea
with moist air masses from the Pacific Ocean (Thomas et al., 2015), and (2) anticy-
clones over the Ross Sea, generally occurring when the ASL is weak, advect moisture
from offshore to the western-WAIS (Emanuelsson et al., 2018). Consistent with Nicolas
& Bromwich (2011b), we found an evident connection between PPT trends and V-wnd
trends, as their spatial patterns match (Figures 3.7 and 3.15): areas with intensified
southward /northward flow become wetter/drier. Beyond that, as V-wnd trends became
more intense during 1980-2014 regarding 1900-1979, so did PPT changes.

We also addressed two climate modes important for high southern latitudes, the South-
ern Annular Mode (SAM) and the Zonal Wave 3 (ZW3). The ZW3 indicates the merid-
ional flow intensity; Despite V-wnd trends suggesting stronger interactions between high
and mid-latitudes, the ZW3 index revealed negligible changes (Figure 3.16-B). Our es-
timates for PPT trends are consistent with Marshall et al. (2017) with respect to the
spatial distributions of PPT anomalies related to the ZW3 positive phase: drier western-
WAIS and the Ross Sea, and more rainfall in the AP, the Weddell Sea, Wilkes Coast,
and Enderby Land.
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Contrary to the ZW3, SAM relates to a predominantly zonal flow around Antarctica
that isolates the Austral climate from northern influences. In the late century, the positive
phase of the SAM has been established and has undoubtedly strengthened since 1970
due to ozone depletion and GHG concentration increases (Figure 3.16-A; Thompson &
Wallace, 2000; Lenaerts et al., 2018; IPCC, 2021); The SAM forces over 30% of the Austral
climate (Marshall, 2007), therefore its variability directly implies PPT changes. Similar to
our findings, Marshall et al. (2017) and Medley & Thomas (2019) discuss regional “SAM-
congruent” PPT changes in which mass gains and losses balance on the Antarctic plateau
and a dipole appears in WAIS — western/eastern region turns drier/wetter. Medley &
Thomas (2019) further concluded, with high statistical confidence, that 80% of the snow
accumulation variability across the WAIS during 1957-2000 was driven by the SAM index
positive trends, thus, by changes in the atmosphere dynamics.

In this study, we tackled precipitation, which accounts for more than 90% of the
surface mass balance over the AIS (Van Wessem et al., 2014) and has immediate impli-
cations on the global climate; In particular, since the AIS serves as the world’s biggest
water reservoir, its mass budget regulates the ice sheet’s contribution to sea-level vari-
ations (Fyke et al., 2017; IPCC, 2021). Medley & Thomas (2019) calculated that mass
input into the AIS mitigated the global mean sea-level rise at a rate of 1.12 £ 0.45 mm
decade™! between 1901 and 2000; Moreover, they showed that as PPT trends accelerated
since 1980, so did the mitigation rate (2.47 + 0.76 mm decade™!). Note, the AIS has been
and is currently contributing to the sea-level rise through melting (Shepherd et al., 2018;
Shepherd et al., 2019 Kim et al., 2020; Smith et al., 2020); However, snow accumulation
gains because of precipitation increases play a role in dampening total mass loss. In fact,
Lenaerts et al. (2018) concluded that “Antarctic mass loss trends and associated sea-level
contributions over 1992-2005 would have been approximately double (98 + 21% larger)
in the absence of ozone depletion-forced precipitation increases”.

Regarding the CMIP6 models’ performance, we conclude that precipitation is wet
biased, consistent with Roussel et al. (2020), which further adds that no significant im-
provement was made from CMIP5 to CMIP6 regarding this issue. Palerme et al. (2017b)
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and Roussel et al. (2020) suggest that the ocean-atmosphere feedbacks in the coupled
models may be responsible for PPT being overestimated once the atmospheric-only mod-
els are closer to observations (also shown in Figure 3.10-A). Either way, the models were
able to reproduce the PPT climatological 1900-2014 mean-field (Figure 3.3) and the sea-
sonal cycle (Figure 3.5). The time series showed that the multi-reanalysis mean (our
reference value) placed within the multi-model mean (MMM23) 95% confidence interval,
despite the latter overestimating PPT throughout 1900-2014 (Figure 3.8). MMM23 cap-
tured the overall precipitation changes in the Austral region — spatial large-scale pattern
and acceleration after 1980 —, though with more discrete values (Figure 3.9); But, it
was unable to reproduce regional differences of PPT trends inland Antarctica, which are
crucial for global climate implications as discussed previously.

Palerme et al. (2017b) noted that sea surface conditions bias in coupled models af-
fects PPT outputs over the Austral region. That is a major problem, considering that
the CMIP6 models failed to reproduce SST changes after 1980 (Figure 3.11; IPCC, 2021).
Purich et al. (2016) discusses that coupled models underestimate the westerly jet strength-
ening under the current (since ~1970) scenario of ozone depletion and GHG concentration
increases; Because of that, they minimize the Ekman transport equatorward that spreads
Antarctic cold water to the north and results in negative SST trends. Another hypothesis
for the CMIP6 improper SST changes are cloud-related shortwave biases, as discussed in
Hyder et al. (2018) and Wang et al. (2021a).

Antarctica and the Southern Ocean lack observations; Therefore, we proposed to over-
come such obstacle by assessing reanalysis and numerical models products. To reduce
uncertainties of individual products, we used ensembles for both data types, precisely
their means, which enhances the statistical confidence in our analyses (Tebaldi & Knutti,
2007; Maher et al., 2021); In fact, Figure 3.1 showed the multi-model mean closest to our
reference value — the multi-reanalysis mean — than individual CMIP6 models. We fur-
ther measured the statistical significance of our “multi-datasets” analyses through model
agreement, as in Pontes et al. (2020).

Precipitation in the Austral region has increased since 1900, much more abruptly since
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the decade 1970, and might be related to human activities forcing the climate (IPCC,
2021). Projections suggest that the Antarctic Ice Sheet will continue to gain mass un-
der warmer conditions, which can contribute to dampening the losses through melting
and consequent sea-level rise (Frieler et al., 2015; Palerme et al., 2017b; Lenaerts et al.,
2018; Rodehacke et al., 2020). In order to improve the projections and our understanding
of the Antarctic and global climate, further studies must be carried with high-quantity
and high-quality observational data and advanced coupled models. The Southern Ocean
contribution to precipitation changes demands extra investigation, possibly following im-
provement in the global climate models, and also an examination considering changes in

the deep-ocean dynamics and thermodynamics.
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Appendix

MRM7

NCEP2
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Figure A: Difference of each reanalysis’ PPT mean-field from MRM7 (MRM7 - re-
analysis), in mm day~'. In the first panel (MRM7), shading represents the 1900-2014
mean-field of PPT, and stippling indicates the dataset’s agreement within the interval

mean + 1STD (~ 86% agreement).
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Figure B: Same as Figure 3.9, but detailing the PPT trends for each of the 23 CMIP
models.
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Figure C: Comparison between SST in MRM7 and in observations. The observational
data is from NOAA’s Extended Reconstructed Sea Surface Temperature (ERSST; Huang
et al., 2017) v5 from 1854 to 2014. ERSSTV5 data is provided by the NOAA/OAR/ESRL
PSL, Boulder, Colorado, USA, available on the Web site at https://psl.noaa.gov/
data/gridded/data.noaa.ersst.v5.html (last access January 17, 2022)
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