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Abstract

In this master thesis an investigation about the connection between ENSO events and the water
cycle in the Antarctica will be done. First, effects on the total water cycle of the Antarctica will
be investigated, followed by regional differences in sub-regions of the Antarctica. Furthermore,
historical data will be used to describe a possible intensification of ENSO events and
consequently the involved impacts. The basis for the investigation is based on the following

analysis and research work:

e explanation of the data acquisition and analysis methodology,
e current state of knowledge about ENSO events and their impacts,

e current state of knowledge about the Antarctic water cycle.

Based on the analysis and literature work, the Pearson correlation method was used to show a
connection between ENSO events and the Antarctic water cycle. Additionally, a correlation
with the essential wind parameters of the Antarctica was done. Following correlations regarding
ENSO events were carried out:

¢ ice-mass change of the total, supra-regional parts and sub-regions of the Antarctica,
e water cycle variables covering the total and supra-regional parts of the Antarctica,

e wind parameters covering the total and supra-regional parts of the Antarctica,

These implemented correlations could confirm a connection between changes in the Antarctic
ice-mass sheet and ENSO events. Over the West Antarctica a strong indirect proportional
correlation between the ice-mass and the SST in the Nifio 3.4 region could be observed. In the
East and Central Antarctica, an average direct proportional correlation was noticed. Therefore,
it can be confirmed that due to ENSO events the ice melting in the West Antarctica becomes
boosted. Contrarily, the ice-mass gains in the East and Central Antarctica. This is the
consequence of increased snowfall. The impacts from La Nifia events are not that significant.
Merely, average correlations for the evaporation and the water balance in the Antarctica could
be visualized. A weak average correlation resulted for increasing easterly blowing winds.

Various centers and characteristics of ENSO events could be the reason for missing correlations
and connections within the investigation of the water cycle and the wind parameters.
Furthermore, the hypotheses of this master thesis are based on immediate impacts on the
Antarctica. The partially missing correlations could therefore be explained by delayed impacts,

which may show a correlation much later.



Kurzfassung

Die vorliegende Masterarbeit umfasst die Untersuchung des Zusammenhangs zwischen ENSO
Ereignissen und dem Wasserkreislauf der Antarktis. Neben dem Einfluss auf den gesamten
Wasserkreislauf der Antarktis, werden auch regionale Unterschiede in den Teilregionen der
Antarktis untersucht. Historische Daten von ENSO Ereignissen und Wasserkreislaufdaten fur
eine mdogliche Intensivierung von ENSO Ereignissen und die damit verbundenen
Auswirkungen werden verwendet. Als Grundlage fur die Untersuchung des Zusammenhangs
zwischen ENSO Ereignissen und dem Wasserkreislauf der Antarktis wurden folgende Analyse-

und Recherchearbeiten durchgefuhrt:

e Erklarung der Methodik zur Datenbeschaffung und Datenanalyse,
o aktueller Wissensstand zum Thema ENSO Ereignisse und dessen Auswirkungen,

e aktueller Wissensstand zum Thema Wasserkreislauf in der Antarktis.

Aufbauend auf den Analyse- und Recherchearbeiten wurde die Pearsons Korrelationsmethode
angewandt, um den Zusammenhang zwischen ENSO Ereignissen und den antarktischen
Wasserkreislauf darzustellen. Weiters wurden die wichtigsten Windparameter der Antarktis
einer Analyse betreffend Korrelation mit ENSO Ereignissen unterzogen. Folgende
Korrelationsuntersuchungen wurden bezlglich ENSO Ereignissen im Zuge der Arbeit

durchgefunhrt:

e Eismassendnderung in der gesamten, in Uberregionalen und regionalen Gebieten der
Antarktis,
e Wasserkreislaufvariablen in der gesamten und in Giberregionalen Gebieten der Antarktis,

e Windparameter in der gesamten und in tberregionalen Gebieten der Antarktis.

Die durchgefiihrten Korrelationen konnten den Zusammenhang zwischen der Anderung der
Eismasse in der Antarktis und El Nifio Ereignissen bestétigen. In der Westantarktis besteht ein
stark indirekt proportionaler Zusammenhang zwischen der Eismasse und der
Meeresoberflachentemperatur in der Nifio 3.4 Region. In der Ost- und Zentralantarktis konnten
mittlere und stark direkt proportionale Zusammenhange berechnet werden. Somit kann bestatigt
werden, dass in der Westantarktis die Eisschmelze durch EI Nifio Ereignisse vorangetrieben
wird. In der Ost- und Zentralantarktis tUberwiegt der zunehmende Schneefall gegentber der
Eisschmelze, wodurch eine Zunahme der Eismasse in diesen Gebieten erfolgt. Fur La Nifia
Ereignisse konnte lediglich fir die Verdunstung und die Wasserbilanz ein mittlerer
Zusammenhang in der Gesamtantarktis nachgewiesen werden. Zunehmende Ostwinde konnten

nur in der Westantarktis mit einem mittleren Zusammenhang bestatigt werden. Fehlende
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Zusammenhdnge in den Untersuchungen zum Wasserkreislauf und den Windparametern
konnten in den sehr unterschiedlichen Ausprdgungen und Entstehungsherden von ENSO
Ereignissen liegen. Teilweise fehlende Korrelationen koénnten auch aufgrund verzdgerter
Auswirkungen auf die Antarktis erklart werden.
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1 Introduction

The Antarctica represents the largest storage of freshwater, which is locked up in glaciers and
ice sheets. Therefore, massive discharges of the ice-mass are one the most important drivers of
global mean sea level rise. Between 1992 and 2017 the Antarctic Ice Sheet discharged 109 +
56 Gt/year, which led to a mean sea level rise of 7.06 £ 3.9 mm (cf. SHEPERD et al., 2018).
Furthermore, it was observed that the ice-mass change within the Antarctica is not uniform
distributed. There are strong anomalies in the ice-mass sheet change over the Antarctica, which
reach from much greater mass loss in the West Antarctica (94 £ 27 Gt/year) to mass gain in the
East Antarctica (5 = 46 Gt/year) in the period of 1992-2017 (cf. SHEPERD et al., 2018). Such
regional ice-mass sheet variations in the Antarctica (25 different regions) are observed by the
Gravity Recovery and Climate Experiment (GRACE) (cf. Grz, 2020). Ice-mass sheet changes
in the Antarctica are affected by climate change.

It is well known that ENSO is one of the most dominant climate phenomena and has widespread
effects on seasonal weather and climate in many regions over the globe, which underlie
alternation in the water cycle. The warming or cooling down of the sea surface temperature
(SST) has a direct effect on the water cycle (cf. ZHANG et al., 2020). For the Antarctica this
means that potentially the ice-mass sheet on water and land are affected by the warming of the
SST, caused through ENSO.

Therefore, the hypotheses and research questions, explained in chapter 2, will be investigated
in the master thesis. In Figure 1, the overview of the master thesis is visualized. Therein, the
explanation of the hypotheses and research questions, the used methods regarding literature
research, data acquisition and data processing will be explained. Then, a literature research of
the basic mechanism of ENSO will be given. Furthermore, the recorded ENSO events and their
impacts as well as the possible intensification of ENSO events due to climate change will be
explained. Thereafter, the terrestrial water cycle with a focus on the key variables in the
Antarctica will be considered. Additionally, the influences on the water cycle through climate

change are investigated. Finally, the correlation results will be visualized and discussed.
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2 Hypotheses and research questions

The purpose of this master thesis is to find a possible connection between ENSO and changes

in the Antarctic Ice Sheet. Therefore, the following hypothesis serves as a reference:

H1: Anomalies in the water cycle of the Antarctica are connected to ENSO.

This assumption suggests the following two research questions:

RQ1: Does ENSO have a crucial impact on the key variables of the Antarctic water
cycle?

RQ2: Are there disparities of the anomalies in different regions in the Antarctica?

The second hypothesis is in some ways connected to the first one. Due to the assumption that
ENSO events may occur stronger and more often, further impacts on the Antarctica could be
the consequence. Therefore, the following hypothesis is given:

H2: Due to the intensification of ENSO events owing to climate change, anomalies in
the Antarctic water cycle occur more often.

Hence, the following third and fourth research questions arise:

RQ3: Which impacts on the Antarctic water cycle does the intensification of ENSO
events have?

RQ4: What does this mean for the average climate in the Antarctica?

For the discussion of these research questions a literature research about the basic mechanism
of ENSO, recorded ENSO events and the intensification due to climate change presumption is
fundamental. Furthermore, a literature research about the ice-mass sheet change and the key
impacts on the terrestrial water cycle in the Antarctica, like precipitation will be elucidated.
Based on the literature research a short data analysis about the impact of ENSO on the ice-mass
sheet change and the terrestrial water cycle in the Antarctica will be done. Therefore, monthly
provided data (period 2002-2017) about the ice-mass sheet change in different regions of the
Antarctica (Grz, 2020) will be correlated with monthly data from the Nifio 3.4 index
(Noaa, 2020). The provided datasets will be correlated with the Pearson method. The Nifio 3.4
index represents the SST anomalies in the 3.4 region within the Pacific, which is favored for

defining ENSO events (cf. Noaa, 2020). With the Pearson correlation method, linear relations
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between ENSO events (SST anomalies) and mass anomalies in the Antarctica (ice-mass sheet
change) can be determined. In case of correlations further key variables of the water cycle,
which influence the ice-mass sheet change will be consulted (cf. Ecmwr, 2019). Finally, a
prediction of water cycle anomalies in the Antarctica due to intensified ENSO events based on

literature will be given (Cal et al. 2018).



3 Methodical approaches

For answering of the raised research questions, a well-structured methodical approach is
necessary. Therefore, chapter 3 gives an overview about the literature research methodology,

the data acquisition and the data processing steps.

3.1 Literature research

The master thesis is based on literature work. Therefore, a short overview of the used literature

is given in Table 1.

Table 1: Methodology on screening literature

Searching index Specific content
Scopus, Google Scholar, Nature, Geophysical Research
Database Letter, NASA, NOAA, ECWMF
Scientific articles published in peer-reviewed journals
Article type and conference papers, reports from institutions,
reference book chapters
“ENSO”, “Antarctica”, “El Nifio”, “Nifio 3.4 index”,
“La Nifia”, “ENSO impacts”, “water cycle”, “key
Search strings variables”, “Pearson correlation”, “climate change”,
“global warming”, “RCP8.5 scenario”, “intensification
of ENSO events”
Search period From 1966 to 2021
Article relevance according to research focus has been
Screening procedure | checked by contents of abstract, introduction and
conclusion of every article
Literature language | German and English

To find suitable scientifically literature in English and German, the search machines Scopus
and Google Scholar were used. Most texts were published in Nature, Geophysical Research
Letters or on the NASA, NOAA, BOM and ECWMF websites. For the literature research
different search strings, like “ENSO”, “Antarctica” or the “Pearson correlation” method were
used. Texts were selected based on their relevance according to the research focus and the issue
of the chapter. First, the abstracts were consulted, skim read and later the introduction and the
conclusion of the articles were checked. Based on this approach, texts were selected and used.
To clarify general methods, statements or discoveries, like the function of the Walker
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Circulation (1966), earlier texts were used. For the discussion of datasets and the used indices,
the topicality of texts is crucial. For the comparison of past and current ENSO events and the

impacts due to climate change, earlier and actual literature were used.

3.2 Data acquisition

For the correlation between the ice-mass change in the Antarctica and ENSO events, data need
to be gathered. The Nifio 3.4 index serves as an indicator for ENSO events due to the Sea
Surface Temperature (SST) anomalies (NoAA, 2021b). Data products derived from GRACE
(cf. GFz, 2021) are used for the correlation of the ice-mass change in the Antarctica with the
SST anomaly of the Nifio 3.4 index. Data products from ECMWEF provide records about

parameters of the terrestrial water cycle of the Antarctica (cf. EcwmF, 20213).

3.2.1 Nino 3.4 index

Nowadays, the Nifio 3.4 index is one of the most used indices for measuring ENSO events. SST
anomalies in the defined Nifio 3.4 region are used to monitor the occurrence, duration and
magnitude of an ENSO event (cf. VAN OLDENBORGH 2021: 2). The SST anomaly is defined as
the standard deviation compared to the average SST within the defined area
Nifo 3.4 (cf. Bom, 2021). The index has a high reliability, especially because it is directly linked
with changes in the SST (cf. Bunce and CLARKE, 2009: 3979).

A registration of an El Nifio event will be done with an SST anomaly of at least +0,8°C and a
La Nifia event with an SST anomaly of at least -0,8°C (cf. Bom, 2021). Additionally, these
anomalies need to be sustained over at least three months with an SST anomaly threshold of
+/-0,5°C. Values, which are inbetween, show no event and are registered as the neutral phase
(cf. Bom, 2021).

As shown in Figure 2, there are four defined Nifio regions over the Equatorial Pacific. The Nifio
regions 1+2 are used to describe SST anomalies over the South American coast, which can be
relevant for changes in the local weather. These regions are though not relevant for the
observation of teleconnections and consequently not for the Nifio 3.4 index. The Nifio 3 region
(90-150° W) covers the Eastern Equatorial Pacific and the Cold Tongue. The Nifio 4 region
(160° E-150°W) is located in the Central Equatorial Pacific and covers parts of the Warm Pool
(cf. VAN OLDENBORGH, 2021: 3). Data for the SST anomalies in these regions are available since
1982 (cf. BArRNSTON 1997: 368). For observations and data acquisitions, parts of the Nifio 3 and
Nifio 4 regions are especially relevant. Consequently, the Nifio 3.4 region, which overlaps these
two regions, was defined. This area may be the most meaningful to show the direct interaction

with the atmosphere. Mainly because the region covers an area where the SST is relative warm
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and an area where the SST anomalies can be relatively high (cf. LATIF 2006: 197). The
Nifio 3.4 region is also the place where an ENSO event typically originates (cf. Bom, 2021).

30°N r N Ay %
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) % el £ -
p o Ry A ;
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120°E 150°E 180 150°W 1200W 0w 60°'W

Figure 2: Defined Nifio regions 1, 2, 3 and 3.4 over the Pacific Ocean (Bom 2021)

Data products for the SST anomaly and the absolute SST values are derived from the National
Oceanic and Atmospheric Administration (NOAA). Datasets are available since 1950. For the
visualization and correlation, the monthly ERSSTv5 — Nifio 3.4 index will be used
(Noaa, 2021b).

3.2.2 GRACE: Ice- mass change Antarctica
The Gravimetric Earth Observation Satellite Missions GRACE and GRACE-FO, launched in

2002, deliver data products regarding the ice-mass change within the Antarctica. Beside the ice-
mass change within the Antarctica, also data products according to the ice-mass change in
Greenland, the ocean bottom pressure variability and terrestrial water storage anomalies around
the world have been gathered (Grz, 2021). Time-resolved gravity observations and
measurements of global mass redistribution enable the understanding of the complex
interactions and phenomena within the climate change (cf. TApLEY et al., 2021: 358).

The measurement principle, which is shown in Figure 3, could be explained by two identical
satellites (GRACE A/B) orbiting one behind the other in a near-polar orbit plane. Varying mass
distribution below the satellites effect positive and negative along-track accelerations, which
are gravitationally induced (cf. TapLey et al.,, 2021: 358). The monthly aggregated
measurements of GRACE and GRACE-FO enable to track mass changes in the hydrosphere,
cryosphere and oceans. The results of the measurements are gathered in user-friendly Level-3
products (.csv data) which are available for download at GFZ's Information System and Data
Center (ISDC). For the visualization and correlation, the GFZ dataset will be used (cf. TAPLEY
etal., 2021: 358; Grz, 2021).



Figure 3: Measurement principle of the GRACE mission (cf. TAPLEY et al., 2021: 359)

In Figure 4, the ice-mass change in the Antarctica within the years 2002 to 2020 based on
GRACE data is shown. Therein, it can be seen, that within the last two decades the ice-mass
sheet in the total Antarctica decreased by approximately 166 gigatons of ice per year.
Furthermore, ice-mass change data are available within this period for 25 different regions in
the Antarctica. (Grz, 2021) Within the period between June 2017 and June 2018, no data was
recorded. Therefore, a time gap is given.
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Figure 4: Ice-mass change Antarctica within the years 2002 to 2020 (own representation, data from GFz, 2021)

3.2.3 ECMWEF - Terrestrial water cycle parameters of Antarctica

The European Center for Medium-Range Weather Forecasts (ECMWF) gathers time-resolved
climate data about the ocean, atmosphere and land (cf. Ecmwr, 2021b). There, many public
datasets are available (cf. Ecmwr, 2021a). Within this master thesis, the ERA5 dataset, which
is the fifth generation of ECMWF reanalysis for the global climate and weather, will be used
(cf. EcMwr, 2021c). The combination of model data with observations from across the world is
named reanalysis, which enables the generation of a globally complete dataset by using the laws
of physics. ERAS consists of hourly estimates for a large number of atmospheric, ocean-wave
and land-surface parameters (cf. Ecmwr, 2021c). In Figure 5, exemplary the globally monthly
8



mean horizontal wind component at 100m above surface in January 2019 is shown to visualize
the possibilities of the ERA5 dataset.

ERAS delivers hourly, daily or monthly global gridded datasets from 1979 to present with a
horizontal resolution from 0.25 degrees for the reanalysis of the atmosphere. The dataset is
available on NetCDF format, which will be exported in CSV by defining specific regions

(latitude and longitude) within common applications (cf. Ecmwr, 2021c).
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Figure 5: ERA 5 monthly mean horizontal wind component at 100m above surface in January 2019
(ECMWF, 2021c)

By using the ERA5S dataset, the terrestrial water cycle of the Antarctica can be described.
Therefore, the parameters of evaporation, total precipitation and runoff will be used. The
evaporation, which is given in meters of water equivalent, represents according to ECMWF
“the accumulated amount of water that has evaporated from the Earth’s surface, including a
simplified representation of transpiration (from vegetation), into vapour in the air above”
(Ecmwr, 2021c). The total precipitation is defined according to ECMWEF as “the accumulated
liquid and frozen water, comprising rain and snow, that falls to the Earth’s surface” (Ecmwr,
2021c). This parameter does not include fog or dew and is also given in meters of water
equivalent (cf. Ecmwr, 2021c). Besides the precipitation and evaporation, the water balance
can also be influenced by runoff, which means the sum of surface runoff and
sub-surface runoff (under the ground) (cf. Ecmwr, 2021c). Within ECMWEF data, the runoff
values are very low compared to evaporation and precipitation. Therefore, the runoff values
were only considered as parameter within the water cycle but not separately. The runoff
parameter is also given in meters of water equivalent (cf. Ecmwr, 2021c). Therefore, the water
cycle, which is explained in detail in chapter 5, can be described by summing up the total

precipitation (positive), the evaporation (negative) and the runoff (negative).



For the total precipitation, evaporation and runoff parameters, it must be considered that
observations are often dependent on time and space. The data from ECMWEF are describing
average water equivalents over a model grid box. Therefore, comparison with other literature
data and observation data are not always meaningful (cf. Ecmwr, 2021c).

Changes in the Antarctic water cycle are also driven by ocean circulation changes, which are
influenced by surface near wind fields (cf. RAPHAEL, 2016: 1). Therefore, three different
surfaces near wind parameters will be considered. The eastward and northward surface near
(10m height), neutral wind speed, as well as the horizontal surface near neutral wind speed
(10m height) (cf. Ecmwr, 2021c). Neutral wind is defined as the mean wind speed by taking
into account a neutrally stratified atmosphere (cf. Ecmwr, 2021c). The wind parameters are
given in meters per second (cf. Ecmwr, 2021c).

The ECMWEF data export is based on the definition of grid boxes. Therefore, longitude and
latitude values must be defined, which cover the searched area. In Table 2, the used ECMWF
data export values are shown for the supra-regional parts of the Antarctica as well as for the
total Antarctica. Within the period between June 2017 and June 2018, no data was recorded
within the GRACE mission (Grz, 2021). Therefore, within the ECMWF data investigation, this

time period was also not considered.

Table 2: ECMWF data export values for supra-regional parts of Antarctica

ECMWEF . .
Longitude* Latitude*
data export
Total Antarcti 180W to 180E 60S to 90S
otaf Antarctica (-180W to 180E)** (-60N to -90S)**
East Antarcti 40W to 175E 66.5S to 75S
ast Antarctica (-40W to 175E)** (-66.5N to -75S)**
c A . 60W to 175E 75S to 90S
entral Antarctica (-60W to 175E)** (-75N to -90S)**
West Antarctica and 160W to 60W 72.5S t0 90S
Antarctic Peninsula (-160W to -60E)** (-72.5N to -90S)**
*N...North/S...South/ W...West/ E...East
** classification export data according to ECMWF

In Figure 6, the visualization of the used ECMWF data export values is shown. Therein, it can
be seen, that the West Antarctic Ice Sheet and Antarctic Peninsula Ice Sheet, which is colored
red, fits mostly the regions defined by GRACE (Grz, 2021). Only region AIS_025 is not
covered by the used ECMWEF export data. The separation of the East Antarctic Ice Sheet (green)
and the Central Antarctic Ice Sheet (blue) was assumed to be on the 75°S latitude. Both supra-

regional parts are covered well. Within the predefined values, some parts of the Southern Ocean
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as well as some parts of the Ross and Ronne Ice Shelf were also taken into consideration. The

total Antarctica was defined by the sum of the green, blue, red and grey segments.
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Figure 6: Supra-regional distribution of ECMWF data for West Antarctic Ice Sheet and Antarctic Peninsula Ice
Sheet (red), the East Antarctic Ice Sheet (green) and the Central Antarctic Ice Sheet (blue) (adapted from
(BODART, 2019: 4))

3.3 Data processing

Based on the datasets, which are explained in chapter 3.2, data processing steps will be applied.
To find linear correlations between the ice-mass change, water cycle key variables and wind
parameters in the Antarctica and the SST of the Nino 3.4 index, the Pearson’s product-moment
correlation method will be used.

Therein, metric datasets from the ice-mass change and other parameters of the Antarctica and
the SST / SST anomaly of the Nino 3.4 index within the same time-resolution will be used to
quantify the degree of correlation. The metric datasets in this work are paired. For the

quantification of the degree of correlation, the correlation coefficient has to be calculated. The
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value of the correlation coefficient could range from -1 to +1, which express the quantification
of the correlation and the direction of the correlation. A correlation coefficient of +1 means a
complete directly proportional connection between the two considered metric datasets. A value
of -1 means a complete indirectly proportional connection. If two metric datasets have no
correlation, the correlation coefficient will be near to 0. These correlations can be visualized by
scatter diagrams, which are shown in Figure 7. Therein, typically graphs of positive (a),
negative (b) and no correlation (c) can be seen (cf. HELLER et al, 1979: 122 ff).

()

(b) (c)

parameter 2
parameter 2
x
parameter 2

parameter 1 X parameter 1 X parameter 1 X

Figure 7: Scatter diagrams for positive (a), negative (b) and no correlation (c) (HELLER et al, 1979: 124)

The results of correlation coefficients could be quantified by the following classification
(HELLER et al, 1979: 122):

For the calculation of the Pearson’s product-moment correlation coefficient, two statements

negative positive
correlation correlation
0.00 = no correlation = 0.00
from 0.00 to > -0.40 = low correlation =  from0.00 to < 0.40
from-040t0>-0.70 =  average correlation =  from0.40t0<0.70

from 0.70 to > -1.00

-1.00

high correlation

complete correlation

from 0.70 to < 1.00

1.00

(null hypothesis and alternative hypothesis) have to be formulated in advance:
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H, (null hypothesis): Between key variables in the Antarctica (parameter x) and

ENSO events (parameter y) no correlation exists.

H, (alternative hypothesis): Between key variables in the Antarctica (parameter x) and

ENSO events (parameter y) a significant correlation exists.

Following formula (HELLER et al, 1979: 126) has been used to quantify the alternative
hypothesis:

N Yxy—(Qx)* (Xy)
VIN = X x2 — (X x)2] « [N+ X y2 — (X y)?]

Tyy

I'vy ... Pearson’s product-moment correlation coefficient dependent on metric datasets x and y
X ... ice-mass change Antarctica
y ... sea surface temperature (SST) Nino 3.4 index

N ... sample size

For the examination of the Pearson’s product-moment correlation coefficient against the null
hypothesis, the t-value will be considered (HELLER et al, 1979: 126). The t-value will be
calculated by following formula (HELLER et al, 1979: 126):

Ly 1—-r.2 Txyz

After calculation of the t-value with the belonging correlation coefficient, a comparison with
the critical values from Fisher & Yates (tables in (HELLER et al, 1979: 263)) by consideration
of different significance levels and degrees of freedom (N-2) can be conducted. If the calculated
t-value is equal or larger than the critical t-value, the null hypothesis may be rejected.
Otherwise, the null hypothesis remains (HELLER et al, 1979: 126). Within this work, a
significance level (one-sided test) of 0.01 will be used. Therefore, the following critical t-values
after Fisher & Yates (HELLER et al, 1979: 263) are considered for the calculation:
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data point critical t-value
classifiF():ation sample size (Fisher & Yates)
(HELLER et al, 1979: 263)
Super EI Nifio 16 2 624
(SST anomaly > 1°C)
Large La Nina 20 2 552
(SST anomaly < -1°C)
Other data points 156 2326
(-1°C < SST anomaly > 1°C)

It must be noted that the Pearson’s product-moment correlation method only considers two
metric datasets. Therefore, a correlation between two datasets does not mean a causal
relationship, because the correlation coefficient does not allow predictions in terms of cause-
effect relationship. Therefore, a third parameter (dataset) could be responsible for the
correlation. Furthermore, only linear correlations could be analyzed. Summing up, a critical

verification of the results should be conducted (cf. HELLER et al, 1979: 122 ff).
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4 ENSO

The climate phenomenon EIl Nifio Southern Oscillation (ENSO) is known as the most dominant
fluctuation of the world’s climate system. ENSO includes the two complementary phases
El Nifio and La Nifia, which both lead to anomalies of the sea surface temperature (SST) over
the Tropical East and the Central Pacific Ocean (cf. CapoTonDI et al. 2015: 921). The basic
mechanism and the impacts of the strongest ENSO events will be explained in this chapter.

Furthermore, a possible intensification due to global warming will be discussed.

4.1 Basic mechanism of ENSO

El Nifio events are characterized by an unusual warming of the SST, which happens every two
to eight years and lasts from 9-18 month (cf. GLaNTz and RAMIREZ 2020: 394). La Nifa often
occurs afterwards and is characterized by a cooling down of the SST (cf. Vikas and DwARAKISH
2015: 131).

The normal weather and climate over the Pacific are controlled by the temperature differences
in the Western and Eastern Pacific. Due to the differences, an atmospheric cell along the
Equatorial Belt is generated (cf. LATIF 2018: 193). In the 1920s this was described by Sir Gilbert
Walker as the Southern Oscillation. In 1996, Jacob Bjerkness expanded this concept. He
described the Southern Oscillation as an atmospheric convective circle and introduced the term
Walker Circulation (cf. BJERKNESS 1966, OLIVER 2004: 797). He also emphasized the coupling
of the atmosphere and the temperature of the ocean (cf. YANG and LAu 2002: 1).

Under normal conditions, water surface temperatures and the sea level in the Pacific Ocean are
determined by the position of the thermocline. The thermocline separates the cold ground water
from the warm surface water. Due to westerly blowing trade winds, the thermocline is tilted
and has a lower depth in the Equatorial Eastern Pacific. A strengthening factor is the Humboldt
Current along the western coast of South America. It is driven by strong winds and provides
the upwelling process, which is necessary for the local ecosystem (cf. LiPPELT and SCHRICKER
2016: 57). This area, also known as the Cold Tongue, extends to the Central Equatorial Pacific.
From there the SST rises continuously and reaches a temperature around 28 °C. That’s why this
region is known as the Warm Pool (cf. LATIF 2018: 193).

As shown in Figure 8, surface near winds are blowing westerly, where the warm aerial masses
ascend. Consequently, heavy precipitations occur over the western part of the Pacific. In the
upper part of the atmosphere, the air shifts eastwards and drops. Due to the descending air mass,

a sufficient convection is not possible. Therefore, the Eastern Pacific regions are characterized
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by a severe drought. A common example is the Atacama Desert, which is the driest desert on
Earth (cf. LATIF 2018: 195).

Pacific Walker
Circulation

equator

60" € 120°€ 180° 1200w 60'W
longitude

Figure 8: Neutral Conditions in the Pacific Ocean (NOAA 2016: 3)

El Nifio, Spanish for the Christ Child, was originally observed and named by fishermen in Peru.
They described a warm, southwards flowing current around Christmas time. During this event,
the warm current displaces the cold water from the Humboldt Current. Consequently, the
important upwelling process is not possible and the regional ecosystem changes. Fish species,
which are normally located in Warm Pool areas, occur at the western coast of South America
and were a pleasant surprise for the fishermen (cf. LATiF 2006: 123). Nowadays, the
understanding of El Nifio extends the idea of the occurrence of new fish species and the
alternation around Christmas Time. Until the 1960s, the climate anomaly was just combined
with the coasts of Ecuador and Peru (BArRNsTON 1997: 368). Since the 1960s, El Nifio is
considered as a global phenomenon, which is linked to oceanic and atmospheric processes
(cf. Cai et al. 2020: 215).

The situation during an El Nifio event is shown in Figure 9. The SST warms up (orange) and
equally the Cold Tongue. The tilt of the thermocline decreases, zonal differences vanish and a
weakening of the Walker Circulation is generated (cf. CApoToNDI et al. 2015: 921).
Furthermore, a strong weakening of the westerly blowing trade winds and a change in the
atmospheric pressure leads to a lower water transport from the eastern to the western part of the
Pacific Ocean (cf. L"Heureux and Lee 2013: 571). Thereby, a high-pressure area over
Indonesia and North Australia arises and a low-pressure area over the Central and East Pacific,
also covering parts of South America. This also leads to a weakening of the Humboldt Current

and the warm surface water prevents the ascent of the cold nutritious water. The upwelling

16



process cannot be implemented and fish species from warm water areas can be found (cf. LATIF
2006: 193).
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Figure 9: El Nifio Conditions in the Pacific Ocean (NOAA 2016: 4)

La Nifia events usually follow EI Nifio events. During La Nifia events, the SST over large
portions of tropical Pacific Ocean is cooler than average and the Cold Tongue continuous to
cool. Figure 10 shows that strengthened easterly blowing trade winds push cooler water
(blue-green) from the eastern part of the Pacific to the Central Pacific and to the western part.
There, warmer water (orange) blends with the cooler water. The warmer water lead to a stronger

evaporation and stronger precipitations follow (cf. Noaa 2016).
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Figure 10: La Nifia Conditions in the Pacific Ocean (NOAA 2016: 4)
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4.2 Recorded ENSO events and their impacts

The observational knowledge of ENSO events it limited (cf. SanToso et al., 2017: 1079). Solid
recordings exist only since the 1950s. Though every event is characterized by a warming or
cooling of the SST, recordings show that every event regarding their magnitude and
consequently their range and power of impacts is different (cf. TRENBERTH and STEPANIAK 2001
1697; cf. HAMEED et al. 2018: 1).

There are two types of ENSO events, one is located in the Central Equatorial Pacific
(CP-ENSO) and the other one in the Eastern Equatorial Pacific (EP-ENSO). They are
distinguished according to their center of the highest SST anomaly (cf. Cal et al. 2018: 20). The
strongest ones are defined as Super El Nifios or Large La Nifias (cf. HONG et al., 2014: 2141).
Super EI Nifios tend to be EP-ENSOs. La Nifia events are weaker in this area. The Central
Equatorial Pacific (CP- ENSO) is the center for Large La Nifia events but moderate EI Nifio
events (cf. Cai et al. 2018: 21). Within the Nifio 3.4 index these definitions are used with a SST
anomaly threshold larger than 1°C or smaller than -1°C (cf. Yu et al., 2009: 7-8).

As shown in Figure 11 and Figure 12, 15 Super El Nifios and 19 Large La Nifia events were
registered since the 1950s. These Super El Nifio and Large La Nifia events starting from 2002,
will be used for data processing.

Since the 2000s, especially the Super EI Nifio 2015/2016 is conspicuous. After a long
interruption from 1997/1998 it was the most powerful one. This event had many impacts on
climate patterns across the Pacific Ocean (direct impacts). Also, global impacts (indirect
impacts) could be observed (cf. Nasa 2017). These disrupting impacts, which occur worldwide,
are known as teleconnections (cf. GLANTz and RamirRez 2020: 394). Because they also influence
the stratosphere, weather- related anomalies are subsequently (cf. McPHADEN et al. 2006: 1740).
A strong warming of the SST, which can be partly reduced to El Nifio, has major impacts on
the marine life. Direct impacts over the Equatorial Pacific are fatal. Due to the missing of the
important upwelling process, the phytoplankton occur less. Therefore, dependent animals move
to new feeding grounds. Consequently, the distribution of the marine life changes
(cf. NAsa 2017).
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Figure 11: ENSO events during 1950-1985 (own representation, data from NOAA 2021)
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Figure 12: ENSO events during 1985-2020 (own representation, data from NOAA 2021)

Furthermore, the changes in the Walker Circulation due to ENSO lead to rainfall over the
eastern part of the Pacific and to heavy flooding in the surrounding regions. Figure 13 shows a
consequence of the Super EI Nifio 2015/2016. Heavy precipitations over parts of Argentina and
Paraguay led to a flooding of the Rio Paraguay. On the left image the Rio Paraguay is shown
under normal conditions in December 2013 and on the right side during the Super EI Nifio in
January 2016 (cf. Nasa 2017). It shows the strongest flood since 1983. Hence, more than
100.000 people had to be evacuated (cf. RutH 2016).
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Figure 13: Rio Paraguay flooding due to the Super El Nifio 2015/2016 (NASA 2017)

Though these regions had strong precipitation, other regions in South America, such as Brazil
and Peru underwent less precipitation and drought. This shows that climate and weather patterns
are disturbed during El Nifio events. Further regions, such as Indonesia, Southeast Asia and
Northern Australia, which experienced extreme drought and wildfires, are shown in Figure 14.
Subsequently to large uncontrolled fires, air pollution occurs. Furthermore, extra carbon
dioxide gets into the atmosphere. The vegetation, which suffers from heat and fire are not able
to absorb this carbon as usual (cf. Nasa 2017). The southern part of Africa had the most severe
drought since 37 years. Crop failures and famines are just some of the severe consequences
(cf. Hove and KamBaNJE 2019: 33).

Floods and droughts due to El Nifio events can be observed around the globe. The central part
of America for instance experienced warmer and drier winter months (cf. Nasa 2017).
Additionally, temperature records could be measured. For instance, the winter 2016 in Alaska
was the warmest one since the 92 years of records. In Australia the summer 2015 and the
autumn 2016 were the warmest ones since 1910. A consequence of this Super El Nifio event
was also the strengthening of extreme droughts in Central America, in the northeastern and
southern part of Africa, and in the Southeast of Asia (cf. HAESELER and ZIese 2016: 3).
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Aug 2015

Figure 14: Global burned areas for in August 2015 - during the Super El Nifio 2015/2016. Areas marked as light
blue demonstrates a low percentage of burned areas. Orange and red marked areas have a high percentage of
burned areas (cf. NASA 2015)

Compared to the impacts of El Nifio events, those from La Nifia are not that much studied,
though they can be equally severe. In 1998/1999 for example, extreme flooding events in
Bangladesh or Venezuela could be observed. Furthermore, La Nifia events tend to bring drought
to the southern part of the USA and more precipitation led to flooding in Canada
(cf. DELNINNO and DorosH, 2001: 337). The Large La Nifia event 2010/2011 is considered to
be responsible for extreme floods in Pakistan. From year to year the Asian Monsoon brings
rain, but under the Large La Nifia event the Monsoon was enhanced. Even month later, regions
of Pakistan were flood (cf. Nasa 2010).

The influence of ENSO on the Antarctica is less studied. It is not certain which concrete impacts
these events have. The main reason for that are other climate and weather disruptions, which
can have impacts on the Antarctica (DomEISEN et al. 2019: 1)

It should be taken into consideration that the pattern of ENSO events are not laws of nature.
Every event is different and it depends mainly on the characteristics of these events. Though
impacts can occur global, the occurrence is different in every region. The described impacts
cannot clearly be reduced only to ENSO events, because there are many other factors, such as
the Indian Ocean Dipole, which influence the climate patterns around the world. An explicit

statement about the impacts is therefore not possible (cf. BALDENHOFER 2017: 30).
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4.3 Intensification of ENSO events due to climate change-presumptions

Climate change can be defined as “the state of the climate that can be identified statistically by
changes in the mean and/or the variability of its properties and that persists for an extended
period, typically decades or longer” (DAGBEGNON et al. 2015: 36).

Climate change can be seen as a geophysical phenomenon with no clear quantification. A
common parameter is though the temperature fluctuation. The most considered one is
nevertheless its effects, such as glacier recession, rise of the sea level or the increased incidences
of natural hazard (DAGBEGNON et al. 2015: 38).

ENSO events can have major impacts on the ecology and economy of the human life. Therefore,
the future behavior of ENSO events, especially their intensity and frequency under greenhouse
warming is a major issue. The mechanism of ENSO is a very complicated process with various
variables. It is not certain how the variables act under different climate conditions. Each of these
can be influenced through climate change patterns (cf. D1 LiBerTo 2018). Furthermore, there is
no evidence of how the SSTs of the Pacific reacts to the future global warming
(cf. Car et al. 2018: 20). Therefore, the prediction of ENSO events remains a highly uncertain
field (cf. D1 LiBerTO 2018).

A factor for consideration is the combination of ENSO events with the global warming. Both
lead to a warming of the SST, which may be higher in combination. An example which
illustrates these impacts are the corrals. The Great Barrier Riff withstood all former ENSO
events before 1970. Since then, impacts from the global warming became noticeable. The Riff
suffered with corral bleaching, which can be observed regularly. From a temperature starting
mostly with 29 °C, corrals react sensitive. They lose their symbiotic micro algae, which are
responsible for their color (cf. BALDENHOFER 2017: 34).

Generally, in literature there are different opinions and studies about how ENSO will act in the
future. Studies mostly refer to climate models. Some studies, like BAYR et al. 2014 predict
weaker but constant future ENSO events. Others, like Coss et al. 2013 predict a higher intensity
of ENSO events. A study from Cai et al. 2018 focused on the unreliability and contradictions
from earlier studies. Therefore, they distinguished the two types (CP- ENSO, EP ENSO) of
ENSO and considered their precise origin. They adduced wind and sea conditions from 17
CMIP 5 climate models. They simulated the conditions under the RCP 8.5 scenario, within the
period 1900-2099. “This scenario combines assumptions about high population a relatively
slow income growth with modest rates of technological change and energy intensity
improvements, leading in the long term to high energy demand and GHG emissions in absence
of climate change policies” (RiaHI et al. 2011: 33).
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The RCP 8.5 scenario assumes therefore the highest greenhouse gas emission. In the study, they
first observed that the various distribution of ENSO events regarding location and magnitude
are the most important factors, to get reliable results. So, the CP ENSO includes stronger La
Nifa events and the EP ENSO stronger EI Nifio events. Under consideration of these anomalies,
88% (15 of the 17 models) showed an increased SST anomaly under the future global warming,
especially in the Eastern Equatorial Pacific. The consequent would be, that Super El Nifio and
Large La Nifa events will occur more often. This also implies an increase of these events.
However, these prediction goes along with a high uncertainty. It is uncertain how the climate
change continues. Furthermore, it is not clear, how individual features of ENSO, such as the

onset and termination react to global warming (Cai et al. 2015: 857).
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5 Terrestrial water cycle in the Antarctica

The water cycle visualizes the constant movement of water within the atmosphere and Earth. It
combines water in all its physical states (cf. Noaa 2019).

Beside the temperature, water in combination with air and soil is the fundamental factor for the
global climate. Though the water cycle constitutes a complex process, it will be simplified in
this chapter. The main function will be clarified and the key variables will be described
(cf. Noaa 2019).

5.1 Key variables of the water cycle

The basis for the water cycle is the connection of the salty seawater (96.5%) and freshwater
(3.5%) to the atmosphere. Half of the freshwater is groundwater and the other half is stored in
ice or snow. 89.8% of this storage can be found in the Antarctica and 9.7% in Greenland
(cf. SIEGERT 2006: 2; ScHONWIESE 2020, 152).

Briefly, as shown in Figure 15, the seawater and the water from land surface evaporates through
the sun and gets into the atmosphere. The following condensation and freezing result in the
formations of clouds. Through the process of precipitation, the water comes back to ground

surface. This whole process is called the terrestrial global water cycle.
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Figure 15: Flowchart of the global water cycle (SIEGERT 2006: 2)

The water cycle is though not only influenced by the precipitation and evaporation.
Additionally, there is an atmospheric transport of oceanic water in the continental area, which
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will be balanced through surface and subsurface runoff. Therefore, the global terrestrial water

balance integrated over many years can be written as following: (cf. ScHONwIESE 2020, 152 f)

P+E+R=0

P...Total precipitation (positive)
R...Runoff (negative)

E...Evaporation (negative)

For calculation with a temporary regional water balance, a more detailed approach need to be
considered. Therefore, the evaporation parameter (inanimate nature) has to be extended by the
transpiration, which is the evaporation of animate nature. Summing up, both parts of
evaporation could be written in a sum as evapotranspiration. Furthermore, the introduction of a
balanced storage variable for soil and vegetation as well as deep groundwater must be
considered. Additionally, the runoff has to be written as balanced variable, which consider the
inflow as well. In this case, the regional water balance can be written as following:
(cf. ScHoNwWIESE 2020, 153 f)

P + ET + AR + AS + AIG = 0

P...Total precipitation (positive)

AR...Runoff (balanced with inflow, negative)
E...Evaporation (negative)

T...Transpiration (negative)

ET = E + T...Evapotranspiration (negative)
AIG...Deep groundwater

AS...Change in soil and vegetation
For the calculation of the regional water cycle in the Antarctica, the transpiration will be
neglected. To sum up all storage variables (AIG + AS), the water balance as a new variable

will be introduced:

water balance = P + E + AR
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Though the Antarctica is the driest and coldest continent on Earth, the process of the water
cycle does not differ from other continents. Liquid water can be found in lakes and in melting
ice. Besides water in liquid and gaseous form, snow crystals and ice particles are also integrated
in the water cycle. Snow is blown up by the wind and gets into the atmosphere
(cf. ScHonwiese 2020, 153 f). During the winter month, where the sun is not visible, the wind
causes the process of evaporation. Wind is therefore an important factor to maintain the cycle.
For the Antarctic continent, the part of the ice-mass balance is the most interesting one
(cf. VAN LipziG 2016).

The climate of the Antarctica reacts sensitive to changes. In the West Antarctica, the
climatological low-pressure center, the Amundsen Sea Low, mainly influences the key
variables from the water cycle. There, anomalies arise through ocean circulation changes, which
are driven by surface near winds (cf. RAPHAEL et al. 2016:1). ENSO events may have impacts
on the water cycle over the Antarctic continent. During an El Nifio event an upward wave
propagation in the polar vortex, in the Southern Hemisphere (SH) occurs. Consequently, the
weather and global climate become disrupted. In the polar stratosphere, strong easterly blowing
winds within the polar stratosphere arise (cf. DomeIseN et al. 2019:1 ff). Upwelling processes,
which are suppressed during EI Nifio, result in warmer water layers, which can be a reason for

increased ice melting in the western part of the Antarctica (cf. PAoLo et al. 2018:1).

5.2 Influences through climate change

The global climate change has major impacts on the process of the water cycle. The global
climate and the water reservoir are closely linked. Alterations in climate patterns lead to
alternations in the water cycle and vice versa (cf. Kunpzewicz 2008: 195).

The consequences of the global warming are mostly extreme weather events. Mainly affected
are the temperature, precipitation and the sea level (cf. Noaa 2019). Changes in precipitation
patterns are one of the most dominant factors worldwide, but it is not uniformly distributed.
Due to a warming of the lower atmosphere and the SST, the evaporation rate grows and
consequently the atmospheric moisture increases. A stronger cloud formation and further, more
precipitation are the consequences (cf. NAsa 2010).

Though some regions are not affected, others undergo strong precipitations or even extreme
floods. Therefore, the water balance in the cycle is affected. Anomalies in the precipitation
patterns can occur through the increasing heat (cf. DAGBEGNON et al. 2015: 40).

On the other hand, some regions undergo less precipitation or even extreme drought.

Furthermore, natural water storages, such as ice or snow are concerned. The retreatment of
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glaciers and the decrease of ice storages, minimize the space for water deposits. For the
Antarctica this means, that some regions would get more precipitation and an increase of the
ice-mass. In other regions, less precipitation could be the consequence
(cf. KERRES et al. 2020: 25).

How ENSO will act in the future and especially under global warming, is an unknown issue.
Also, the impacts which ENSO may have on the Antarctica cannot be predicted. However, it
can be said, that the Antarctic climate reacts sensitive to changes, such as ENSO events
or the global warming. The reason for that are the tropical and Southern Hemispheric (SH)
teleconnections. It can therefore be assumed, that a possible increasing of ENSO events
due to global warming could have major impacts on the Antarctic climate
(cf. RAHAMAN et al. 2019: 1).
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6 Results and discussion

Based on the described methodology for data processing by Pearson’s product moment
correlation method, the results of the correlation between the ice-mass change in the Antarctica
and the sea surface temperature (SST) of the Nifio 3.4 index are summarized and discussed in
this chapter. Furthermore, the correlation results between key variables of the terrestrial water
cycle and the SST of the Nifio 3.4 index are shown. Finally, three different parameters of the
Antarctic wind fields will be correlated with the Nifio 3.4 index. For the ice-mass change
correlations, the total Antarctic Ice Sheet, supra-regional parts of the Antarctic Ice Sheet as well
as sub-regions of the Antarctica will be considered. Within the water cycle and wind field
correlations, only supra-regional parts of the Antarctic Ice Sheet and the total Antarctica will
be investigated.

As mentioned in chapter 4.3, the prediction of future ENSO events is a huge research field, with
contrary statements and studies. Therefore, a quantitative investigation of the water cycle
anomalies due to the intensification of ENSO events is not conclusive.

6.1 Correlation between ice-mass change Antarctica and SST of Nino 3.4
index

For the answering of the research question regarding the correlation between ENSO events and
the ice-mass sheet change in the Antarctica, the Pearson’s product moment correlation method
has been used. Therefore, the Antarctica has been split into 25 regions according to GRACE
data from GFZ (Grz 2021). As shown in Figure 16, the Antarctic Ice Sheet is divided into the
West Antarctic Ice Sheet and Antarctic Peninsula Ice Sheet (red), the East Antarctic Ice Sheet
(green) and the Central Antarctic Ice Sheet (blue) (cf. BobArT 2019: 4). Floating ice shelfs like
the Ronne or Ross Ice Shelf are not considered in the correlation calculations.

Subsequent, the correlation results for the comparison of the SST from the Nifio 3.4 index with
the ice-mass change of the total Antarctic Ice Sheet, supra-regional parts of the Antarctica as
well as different sub-regions from the Antarctica will be listed. The regional distribution of the
Antarctic Ice Sheet allows the assessment of the regionally different impacts through climate
phenomena like ENSO on the Antarctica.

For every region in the Antarctica as well as for supra-regional parts of the Antarctica, the
correlation between Super El Nifio events (SST anomaly > 1°C) and the regional ice-mass
change in the Antarctic region will be shown. Furthermore, the correlation between Large La
Nifia events (SST anomaly < -1°C) and the regional ice-mass change in the Antarctic region

will be investigated. For cross checking, all other data pairs (SST anomaly between -1°C and
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+1°C), which are not dated within a Super El Nifio or Large La Nina events, will also be
correlated with the regional ice-mass change in the Antarctic region.
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Figure 16: Regional distribution of the Antarctica with the sub-regions West Antarctic Ice Sheet and Antarctic
Peninsula Ice Sheet (red), the East Antarctic Ice Sheet (green) and the Central Antarctic Ice Sheet (blue)
(adapted from (BODART 2019:4))

The following statements will be used for the correlation:

H (null hypothesis): Between ice-mass change in the Antarctic region — AIS_0XX and
ENSO events no correlation exists.
H (alternative hypothesis): Between ice-mass change in the Antarctic region — AIS_0XX and

ENSO events a significant correlation exists.

The Pearson’s product moment correlation coefficient (ryyy) quantifies the stated correlation

within the alternative hypothesis. The t-value (tyxx) helps for examination against the null
hypothesis.
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6.1.1 Correlation total Antarctic Ice Sheet with Nino 3.4 index

First, the correlation between the SST from the Nifio 3.4 index and the ice-mass change of the
total Antarctic Ice Sheet are investigated. In Figure 17, the ice-mass change in the total
Antarctica as well as the results of the correlation with the total Antarctica are shown. Therein,
it could be observed that between the years 2002 and 2020 the ice-mass in the Antarctica
decreased by 2750 Gt (Figure 17a). The correlation between the data points from Super El Nifio
events (chapter 4.2) with the SST from the Nifio 3.4 index results in a high negative correlation
(tars/er = —0.77, Figure 17b) with a high t-value (t4;s/5 = 4.50, Figure 17b). This means that
during Super El Nifio events with increasing SST from the Nifio 3.4 index, the ice-mass of the
total Antarctica decreases. Furthermore, the calculated t-value is higher than the critical t-value
(tirie. ;1 = 2.624). Therefore, the null hypothesis (no correlation) could be declined. The
correlation results within Large La Nifia events (74,5, = —0.26, Figure 17¢) and all other data
POINts (74;5/0tner = —0.12, Figure 17d) show only very low correlations.

The investigation of the ice-mass change in the total Antarctica results in a correlation between
the SST of the Nifio 3.4 index and the ice-mass change during Super El Nifio events, which

could be effected due to warm ocean currents and changes in the weather patterns.
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Figure 17: Results of the correlation from the ice-mass change of the total Antarctic Ice Sheet with the SST
anomaly from the Nifio 3.4 index [a) Ice-mass change and Nifio 3.4 index within the selected region between the
years 2002 and 2020, b) Correlation of ice-mass change with SST anomaly of Nifio 3.4 index during Super El
Nifio events, c) Correlation of ice-mass change with SST anomaly of Nifio 3.4 index during Large La Nifia
events, d) Correlation of ice-mass change with SST anomaly of Nifio 3.4 index between Large La Nifia and
Super El Nifio events]
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6.1.2 Correlation supra-regional parts of the Antarctic Ice Sheet with Nifio 3.4 index

After the correlation of the total Antarctic Ice Sheet, supra-regional parts of the Antarctic Ice
Sheet will be investigated. In Figure 18, the ice-mass change in the supra-regional parts of the
Antarctica as well as the correlation results between the Nifio 3.4 index and the ice-mass change
within supra-regional parts of the Antarctic Ice Sheet are shown. Therein, it is illustrated that
the ice-mass within the West Antarctic Ice Sheet and Antarctic Peninsula Ice Sheet decreased
continuously by around 3000 Gt of ice-mass within the last 18 years
(Figure 18aw). In the same period, the East Antarctic Ice Sheet increased by around 325 Gt of
ice-mass (Figure 18ag). Furthermore, the East Antarctic ice-mass was very fluctuating in this
period. The biggest increase of ice-mass was between the years 2008 and 2013. The Central
Antarctic Ice Sheet was more or less constant between the years 2002 and 2020. Between the
years 2008 and 2015 small increases within the Central Antarctic Ice Sheet could be observed
(Figure 18ac). The results of the correlation between the ice-mass change of the supra-regional
ice sheets and the Nifio 3.4 index for the West Antarctic and Antarctic Peninsula Ice Sheet
during Super EI Nifio events show a high negative correlation (rygap/m = —0.76,
Figure 18bw). The Central Antarctic lce Sheet showed a high positive correlation

(Tcentraryer = 0.82, Figure 18bc) during Super EI Nifio events and the East Antarctic Ice Sheet
showed an average positive correlation (1 /5 = 0.62, Figure 18bg). During Large La Nifa

events as well as during all other periods only low correlations (|r| < 0.4) could be observed.
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East Antarctic Ice Sheet
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Figure 18: Results of the correlation from the ice-mass change of supra-regional parts of the Antarctica with the

SST anomaly from the Nifio 3.4 index [a) Ice-mass change and Nifio 3.4 index within the selected region

between the years 2002 and 2020, b) Correlation of ice-mass change with SST anomaly of Nifio 3.4 index during
Super El Nifio events, c) Correlation of ice-mass change with SST anomaly of Nifio 3.4 index during Large La
Nifia events, d) Correlation of ice-mass change with SST anomaly of Nifio 3.4 index between Large La Nifia and

Super El Nifio events]

The high negative correlation during Super El Nifio events in the West Antarctic and Antarctic

Peninsula Ice Sheet could be explained by the geographical location near to the Equatorial

Pacific, where the Nifio 3.4 index is located. The positive correlations during Super El Nifio

events in the Central and East Antarctic could be explained by the geological differences in

comparison to the West Antarctica. The East and Central Antarctica mostly consists of a stable

shield of rocks above sea level (cf. Luis 2013: 2).
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6.1.3 Correlation sub-regions of Antarctic Ice Sheet with Nino 3.4 index

To find regional correlations the Antarctic Ice Sheet is divided into 25 regions. In Figure 19,
the ice-mass change in the main sub-regions of the Antarctica as well as the results of the
correlation from the ice-mass change with the SST anomaly from the Nifio 3.4 index can be
seen. Therein, the correlation results for the main regions of the Antarctica regarding the
distribution in Figure 16 is shown. Results for sub-regions, which are not shown in Figure 19
could be found in the appendix. In the period 2002 to 2020, the ice-mass in the sub-regions
AIS_001 (Figure 19a1), AIS_018 and AIS_019 (Figure 19a19), which are located in the West
Antarctic and Antarctic Peninsula Ice Sheet, increased between 200 and 400 Gt. In the sub-
regions AIS_020 — AIS_025, also located in the West Antarctic and Antarctic Peninsula Ice
Sheet, an ice-mass decrease of 200 (Figure 19a24) to 1300 Gt (Figure 19a21) occurred. In
addition, high and average positive correlations between the SST anomaly and the ice-mass
sheet of the West Antarctic and Antarctic Peninsula sub-regions AIS_001 (Figure 19by),
AIS_018 and AIS_019 (Figure 19b1o) could be observed during Super El Nifio events. High
negative correlations during Super El Nifio events could be seen within the other West Antarctic
and Antarctic Peninsula sub-regions AIS_020 — AIS_025 (Figure 19b21 and Figure 19b24). In
the East Antarctica, moderate ice-mass gains were observed in most sub-regions (exemplary
Figure 19as and Figure 19a7). Only within the East Antarctic sub-region AIS 011
(Figure 19a11). a very fluctuating ice-mass change profile and in AIS_012 (Figure 19a12) an ice-
mass decrease could be visualized. In line with the ice-mass change profiles, high positive
correlations in the East Antarctic sub-regions AIS 005 (Figure 19bs) and AIS_007
(Figure 19b7) and a high negative correlation in AIS_012 (Figure 19b12) are noticeable. A very
low positive correlation is visible in the sub-region AIS_011 (Figure 19b11). Within the Central
Antarctic Ice Sheet, in the sub-regions AIS_009 (Figure 19ag), AIS 016 and AIS_017
(Figure 19a17), the ice-mass remained relative constant. Furthermore, an ice-mass increase in
the sub-region AIS_003 (Figure 19a3) and a decrease in AIS_002 could be detected.
Additionally, the regions AIS_003 (Figure 19b3) and AIS_009 (Figure 19bg) showed also high
positive correlations within Super El Nifio events. Very low negative correlation could be
observed within the sub-region AIS_017 (Central Antarctica). All other sub-regions showed
positive or negative average correlations during Super El Nifio events. For the correlation with
Large La Nifia events, within the sub-region AIS_024 (Antarctic Peninsula) a negative average
correlation and within AIS_007 (East Antarctic) a positive average correlation could be
observed. For all other sub-regions, only low correlations are shown. For all other data points

no correlation occurs.
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El Nifio events arise within the Nifio 3.4 region, which is located over the Equatorial Pacific.
Due to the fact, that the West Antarctic and Antarctic Peninsula regions are located closest to
the EI Nifio origin, the high negative correlations, which means more ice melting within EI Nifio
periods, in this area seems to be reasonable. Again, the geological differences could be the
reason for ice-mass gains in the Central and East Antarctica and ice-mass loss in the West

Antarctic and Antarctic Peninsula.
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Comparison Nino 3.4 index SST (ERSSTv5) with Ice mass change Antarctica - AIS_317
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Figure 19: Main results of the correlation from the ice-mass change of the Antarctic sub-regions with the
SST anomaly from the Nifio 3.4 index [a) Ice-mass change and Nifio 3.4 index within the selected region
between the years 2002 and 2020, b) Correlation of ice-mass change with SST anomaly of Nifio 3.4 index during
Super El Nifio events, c¢) Correlation of ice-mass change with SST anomaly of Nifio 3.4 index during Large La
Nifia events, d) Correlation of ice-mass change with SST anomaly of Nifio 3.4 index between Large La Nifia and
Super El Nifio events]
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6.2 Correlation between key variables of terrestrial water cycle in
Antarctica and SST of Nifio 3.4 index

After the investigation of the ice-mass change with the Nifio 3.4 index, a deeper look within the
terrestrial water cycle of the Antarctica and the correlation with the Nifio 3.4 index will be done.
In chapter 5, the key variables of the terrestrial water cycle are explained. In a nutshell, the ice-
mass change, which is the most important value for the terrestrial water balance in the
Antarctica, will be influenced by the evaporation, runoff and total precipitation. Instead of the
runoff parameter, the total water balance, which is a function of the total precipitation,
evaporation and runoff will be visualized. Therefore, the calculated correlation within
chapter 6.1 should be argued by the investigation of sub-parameters of the terrestrial water
cycle. In the following chapter, ECMWF data for the supra-regional parts of the Antarctica as
well as data for total Antarctica will be correlated with the Nifio 3.4 index. Floating ice shelfs

like the Ronne or Ross Ice Shelf are not considered in the correlation calculations.

The following statements will be used for the correlation:

H (null hypothesis): Between key variables of the water cycle in the Antarctic region —
AIS_0XX and ENSO events no correlation exists.
H (alternative hypothesis): Between key variables of the water cycle in the Antarctic region —

AIS_0XX and ENSO events a significant correlation exists.

The Pearson’s product moment correlation coefficient (ryxx) quantifies the stated correlation
within the alternative hypothesis. The t-value (tyxx) helps for examination against the null
hypothesis.

6.2.1 Correlation total Antarctic water cycle with Nifio 3.4 index

As shown in Figure 20, within the years 2002 and 2020, the evaporation in the total Antarctica
ranges from 0.3 - 3.6 mm water equivalent (Figure 20aev). During the Large La Nifia event
2007/08 the lowest evaporation value could be observed. The highest evaporation values could
not be linked directly to El Nifio or La Nifia events. All the other fluctuations in evaporation
could be explained through the seasonal differences over the year. The correlation of the
monthly evaporation values with the Nifio 3.4 index, shows only an average negative

correlation during Large La Nifia events (r4;s/., = —0.49, Figure 20cev) The total precipitation

in the total Antarctica ranges within the same period from 1.4 - 4.9 mm water equivalent
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(Figure 20at). Anomalies due to La Nifia or El Nifio events couldn’t be recognized. The water
balance, which is the sum of total precipitation, evaporation (negative) and runoff (negative),
ranges for the years 2002 to 2020 from -0.5 — 3.5 mm water equivalent (Figure 20aw). By
analogy with the evaporation, the highest water balance value could be detected within the
Large La Nifia event 2007/08. All the other fluctuations could not be linked with La Nifia or
El Nifio events. The water balance correlation results in an average negative correlation during
Large La Nifa events (r4;s/,¢ = —0.41, Figure 20Cub).

By the use of the ECMWF values, it can be said that evaporation and precipitation have much
more impact on the water balance of the total Antarctica than runoff. The reason is that the
runoff is influenced by the dynamic interaction between ice flow and ocean-driven melt below
the floating ice shelves (cf. VAN DEN BROEKE 2018: 219). Warmer conditions lead to more
instable ice shelves. Consequently, fracturing and subsequent disintegration of the ice shelves
can be observed (cf. BANweLL 2013: 5872). These complex processes could only be estimated
trough detailed physically based representations of the precipitation generation and surface
melting process (cf. VAN DeE BERG 2019: 3). Therefore, the influence through runoff is
underestimated within the ECMWF model.
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Figure 20: Results of the correlation from the water cycle of the total Antarctic Ice Sheet with the SST anomaly
from the Nifio 3.4 index [a) Water cycle key variable and Nifio 3.4 index within the selected region between the
years 2002 and 2020, b) Correlation of water cycle key variable with SST anomaly of Nifio 3.4 index during
Super El Nifio events, c) Correlation of water cycle key variable with SST anomaly of Nifio 3.4 index during
Large La Nifia events, d) Correlation of water cycle key variable with SST anomaly of Nifio 3.4 index between

Large La Nifia and Super El Nifio events]

6.2.2 Correlation supra-regional parts of Antarctic water cycle with Nifio 3.4 index

After the representation of the correlation results for the total Antarctic water cycle parameters,

the investigation will be extended to the supra-regional parts of the Antarctic water cycle. In

Figure 21, the water cycle key variables within the years 2002 to 2020 as well as the correlation

results from the water cycle of the supra-regional West and Central Antarctic Ice Sheets will be
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listed. For the results for the East Antarctica, a reference is made to the appendix. The
evaporation ranges within the period 2002 to 2020 from 0 - 1.8 mm water equivalent for the
supra-regional parts of the Antarctica. The maximum evaporation within the West Antarctic
and Antarctic Peninsula water cycle was at the end of the year 2011, which could be a
consequence of the Large La Nifia events within the years 2010-2012 (Figure 21aev,w). The
evaporation peaks within the East Antarctic Ice Sheet in the years 2009 and 2010 could be
caused by the Super El Nifio event in the year 2009/10 as well the following Large La Nifa
event in the year 2010/11. Within the Central Antarctic Ice Sheet, the maximum evaporation
could be detected within the year 2015, which could be related to the Super El Nifio event
2015/16 (Figure 2laevc). The total precipitation within the supra-regional parts of the
Antarctica ranges from 0 - 3.3 mm water equivalent. For the total precipitation within the West
Antarctic and Antarctic Peninsula, the peak within the end of the year 2011, which could be in
analogy to the evaporation a result of the Large La Nifia event 2011 (Figure 21lapw). The
minimum precipitation within the East Antarctica was recognized in the year 2016. In the same
period, 2015 and 2016, a Super EI Nifio event was recorded. For the Central Antarctic Ice Sheet,
no visual correlations within the total precipitation could be recognized (Figure 21ayp.c). The
values for the water balance range within the supra-regional parts of the Antarctica between -
1.5- and 2.5-mm water equivalent. The lowest values for the water balance within the West
Antarctica and Antarctic Peninsula could be recorded in 2010 and 2015, which are periods for
a Large La Nifia (2010) event as well as a Super El Nifio (2015/16) event (Figure 21awsw).
Therefore, the evaporation exceeded the total precipitation within these periods. For the other
supra-regional parts, no correlations could be visualized (Figure 21aws.c). Nevertheless, within
the correlation results only for the water balance within the Central Antarctica, a negative
average correlation could be determined (r4;5/z = —0.41) during Super El Nifio events. All

the other calculations within the water cycle of the supra-regional parts of the Antarctica results
in low correlations (|| < 0.4).

Due to the explanation of the terrestrial water cycle in chapter 5, the water balance should
correlate with the ice-mass change. Therefore, correlations between the key variables of the
water cycle with the Nifio 3.4 index should be the result in analogy to the ice-mass change. The
fluctuating seasonal profiles of the water cycle key variables and the time delay between the
upcoming ENSO event and the impact on the Antarctica could be the reason for the missing
correlations. Furthermore, the runoff variables within the ECMWF dataset are very low in the

Antarctica compared to the total precipitation and evaporation. The reason could be the
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neglected basal melting and floating ice shelfs, which are responsible for the most runoff in the
Antarctica.
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Comparison Nino 3.4 index 55T (ERSSTv5) with water balance Antarctica - West Antarctic and Antarctic Peninsula Ice Sheet
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Figure 21: Main results of the correlation from the water cycle of the supra-regional Antarctic Ice Sheets with
the SST anomaly from the Nifio 3.4 index [a) Water cycle key variable and Nifio 3.4 index within the selected
region between the years 2002 and 2020, b) Correlation of water cycle key variable with SST anomaly of Nifio
3.4 index during Super El Nifio events, c) Correlation of water cycle key variable with SST anomaly of Nifio 3.4
index during Large La Nifia events, d) Correlation of water cycle key variable with SST anomaly of Nifio 3.4
index between Large La Nifia and Super El Nifio events]
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6.3 Correlation between wind fields in Antarctica and SST of Nifio 3.4 index

In the following chapter, ECMWF data for the supra-regional regions of the Antarctica as well
as data for total Antarctica will be correlated with the Nifio 3.4 index. In addition to the water
cycle parameters three different wind parameters will be considered within the correlation
calculations. The wind parameters are the horizontal surface near wind speed as well as the
eastward and northward surface near neutral wind speed. Floating ice shelfs like the Ronne or
Ross Ice Shelf are not considered in the correlation calculations.

The following statements will be used for the correlation:

H (null hypothesis): Between wind fields in the Antarctic region — AIS_0XX and
ENSO events no correlation exists.
H (alternative hypothesis): Between wind fields in the Antarctic region — AIS_0XX and

ENSO events a significant correlation exists.

The Pearson’s product moment correlation coefficient (ryyy) quantifies the stated correlation
within the alternative hypothesis. The t-value (tyxx) helps for examination against the null

hypothesis.

6.3.1 Correlation total Antarctic wind fields with Nifio 3.4 index

First, the wind fields of the total Antarctica will be investigated. In Figure 22, the temporal
progression from 2002 to 2020 and the correlation results of the total Antarctic wind fields are
visualized. The eastward wind within the total Antarctica ranges from 0 - 11.2 m/s within the
years 2002 to 2020 (Figure 22aew). Large peaks for the eastward wind could be detected within
the years 2009, 2010 and 2016, which could be related to the Super El Nifio and Large La Nifia
events in these periods. The northward neutral wind peaks are in the range from -6 - 4 m/s for
the total Antarctic Ice Sheet and could not be linked with ENSO events (Figure 22anw). The
horizontal wind speed was recorded for the years 2002 to 2020 within a range of
7 - 15 m/s and the lowest horizontal wind speed was determined in the year 2016, which could
also be a consequence of the Super El Nifio event in the years 2015/16 (Figure 22anw). For the
calculation results it could be summarized, that only low correlations between the wind
parameters of the total Antarctica and the Nifio 3.4 index were determined.

In analogy to the interpretation of the water key variable correlation results, the missing
correlations could be linked with the time delay between the upcoming ENSO event and the
impact on the Antarctic wind fields.

46
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Comparison Nino 3.4 index SST (ERSSTv5) with eastward surface near wind component Antarctica - AlS total
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Figure 22: Results of the correlation from the wind parameters of the total Antarctic Ice Sheet with the SST
anomaly from the Nifio 3.4 index [a) Wind field variable and Nifio 3.4 index within the selected region between
the years 2002 and 2020, b) Correlation of wind field variable with SST anomaly of Nifio 3.4 index during Super
El Nifio events, c) Correlation of wind field variable with SST anomaly of Nifio 3.4 index during Large La Nifia
events, d) Correlation of wind field variable with SST anomaly of Nifio 3.4 index between Large La Nifia and
Super EI Nifio events]

6.3.2 Correlation supra-regional parts of Antarctic wind fields with Nifio 3.4 index

The correlation results of the supra-regional parts of the Antarctic wind fields reveals a similar
picture. In Figure 23, the corresponding supra-regional temporal wind field propagations and
correlation results are listed. For the supra-regional parts of the Antarctica regarding the
eastward neutral surface near wind, a wind speed of -4 to 5 m/s within the years 2002 and 2020
was detected. Within the same period, the northward neutral wind speed was in the range from
-5to 7 m/s and the horizontal wind speed in the range from -4 to 9.5 m/s. The lowest eastward
wind speed within the West Antarctica and Antarctic Peninsula was recorded within the year
2002, which could be a consequence to the Super El Nifio event in 2002/03 (Figure 23aew,w).
The northward wind peaks within the West Antarctic and Antarctic Peninsula could be recorded
within the beginning of the year 2007 and the end of the year 2015, which could be related with
the Super EIl Nifio events in the year 2006/07 and 2015/16 (Figure 23anww). Within the year
2010, the highest eastward wind speed within the East Antarctica could be recognized
(Figure 23aew,e). The highest northward wind speed in the East Antarctica in the year 2016,
could be connected to the 2015/16 Super El Nifio event. The highest horizontal wind speed in
the year 2010, could be a consequence of the 2009/10 Super El Nifio event. In the Central
Antarctic wind fields, the lowest eastward wind was recorded within the years 2009 and 2015.
Within the years 2009/10 and 2015/16 Super El Nifio events took place. Therefore, a relation
to the Nifio 3.4 index could be assumed. The correlation results revealed a positive average
correlation between the Nifio 3.4 index and the eastward wind speed during Super EIl Nifio

events (r;5/s = 0.40) in the West Antarctica and Antarctic Peninsula. For all the other
correlation investigations within the supra-regional wind fields, only low correlations could be
obtained (|r| < 0.4).

During El Nifio events, surface near winds are more northwest to southeast (cf. PaoLo et al.

2018: 1). Therefore, the determined correlation in the West Antarctic and Antarctic Peninsula
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during Super EI Nifio events agree with that. In the temporal propagations of the wind fields,
several possible connections between ENSO events and wind field variables could be detected.
Though, a time delay between the upcoming ENSO event and the impact on the Antarctic wind

fields could be the reason.
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Figure 23: Main results of the correlation from the wind parameters of the supra-regional Antarctic Ice Sheets
with the SST anomaly from the Nifio 3.4 index [a) Wind field variable and Nifio 3.4 index within the selected
region between the years 2002 and 2020, b) Correlation of wind field variable with SST anomaly of Nifio 3.4
index during Super El Nifio events, c) Correlation of wind field variable with SST anomaly of Nifio 3.4 index
during Large La Nifia events, d) Correlation of wind field variable with SST anomaly of Nifio 3.4 index between
Large La Nifia and Super El Nifio events]
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/ Summary and discussion

Finally, to answer the stated hypotheses and research questions the revealed results will be
summarized and discussed. The goal of this work was to find possible anomalies within the
water cycle of the Antarctica connected to ENSO. Furthermore, the water cycle anomalies due
to the intensification of ENSO events in future were discussed. Therefore, the recorded ENSO
events and their regional impacts were stated. Additionally, the terrestrial water cycle of the
Antarctica was investigated. As a result, the key variables of the water cycle were defined. By
application of the Pearson correlation method, the Nifio 3.4 index was correlated with the ice-
mass change, the connected key variables of the water cycle, as well as three different
parameters of the Antarctic wind fields. Within the correlation calculations, monthly averaged
data from ECMWF for the water cycle and wind fields as well as GRACE for the ice-mass
change, were correlated with monthly data from the Nifio 3.4 index, which assumes that an
existing relation takes place immediately. The investigation was conducted for the total
Antarctica and supra-regional parts of the Antarctica. Furthermore, the sub-regions of the
Antarctica were investigated for the ice-mass change. The investigated time period was between
2002 and 2020, which was limited to the available data period according to GRACE. Within
this period, four Super EI Nifio events (2002/03, 2006/07, 2009/10, 2015/16) and three Large
La Nifia events were recorded (2007/08, 2010/11/12, 2020/21). Super El Nifio events were
defined by an SST anomaly of the Nifio 3.4 index of > 1°C and Large La Nifia events by an
SST anomaly of < -1°C, which is an indicator of the strength of ENSO events. Therefore, the
correlations were investigated for the data pairs, which are located within Super El Nifio event
periods, data pairs that are located within Large La Nifia event periods and for crosschecking
for all the other data pairs. In Table 3, the correlation results, which are explained in detail in
chapter 6, are summarized. Therein, it can be seen, that the ice-mass change (i.m.c.), the
evaporation (evap.), the total precipitation (precip.), the water balance, the eastward (eastw.),
the northward (northw.) and horizontal (horiz.) surface near wind speed were correlated with
the Nifio 3.4 index. The results show that there is a correlation between the ice-mass change
and the Nifio 3.4 index during Super El Nifio events. For the total Antarctica and the West
Antarctic and Antarctic Peninsula, a high negative correlation between the ice-mass change and
the Nifio 3.4 index was observed. For the East Antarctica, a positive average correlation and for
the Central Antarctica a positive high correlation could be determined during Super El Nifio
events. This means that with increasing SST anomaly the ice-mass is decreasing in the total
Antarctica and West Antarctic and Antarctic Peninsula. Within the East and Central Antarctica,

the ice-mass is increasing with rising SST anomaly. Furthermore, for the total Antarctica, a
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negative average correlation between the evaporation and the Nifio 3.4 index as well as between
the water balance and the Nifio 3.4 index could be observed during Large La Nifia events.

Within the Central Antarctica, a negative average correlation between the water balance and
the Nifio 3.4 index could be determined during Super El Nifio events. Finally, within the West
Antarctic and Antarctic Peninsula, a positive average correlation could be recognized between
the eastward surface near wind speed and the Nifio 3.4 index during Super El Nifio events. All
the other correlation calculations resulted in low correlation coefficients (|r| < 0.4). The
correlation results for the ice-mass change within the sub-regions of the Antarctica, which are
not listed in Table 3, fit together with the correlation results of the supra-regional parts of the

Antarctica and total Antarctica.

Table 3: Summarized correlation results of the total Antarctic Ice Sheet and supra-regional parts of the Antarctic
Ice Sheet (i.m.c. ...ice-mass change, evap. ...evaporation, precip. ...total precipitation,
eastw. ...eastward wind, northw. ...northward wind, horiz. ...horizontal wind)

. water cycle wind fields
correlation .
results .m.c. : water i
evap. | precip. | oo eastw. |northw. | horiz.
El Nifio -0.77 -0.09 -0.06 -0.13 0.29 -0.38 0.35
Total

La Nifa -0.26 -0.49 -0.03 -0.41 0.24 0.05 0.29
Others -0.12 0.12 -0.11 0.00 -0.02 -0.08 0.00
West Antarctic | El Nifio -0.76 -0.10 -0.16 -0.15 0.40 0.01 0.15
and Antarctic |La Nifa -0.31 0.10 0.04 0.14 -0.03 0.25 0.00

Peninsula Others -0.09 0.03 -0.07 -0.04 0.10 -0.04 -0.12
El Niflo 0.62 -0.08 0.21 0.15 -0.02 0.21 0.25

Antarctica

East LaNifia | 036| -001| -003| -004| 002 026| 007
Antarctica

Others | 002| 00L| -006| -005| 02L] -00L| -002

Central ElNifio 17082 -034| -014| 041| -008| -007| 009

Arta [LaNifia | 0.07| 020| 007| 013 004| 007| 016

Others -0.09 0.02| -0.03 -0.03 -0.07 -0.05 0.00
positive high correlation

positive average correlation

low or no correlation

negative average correlation

negative high correlation
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As mentioned in chapter 4 and 5, the impacts of ENSO events on the Southern Hemisphere
(SH) especially to the Antarctica are not that much studied (cf. DomEISEN et al. 2019: 14).
Summed up, ENSO events are influencing the global atmospheric and oceanic circulation
(cf. DomEISEN et al. 2019: 1). Further, the warm surface water and the colder nutrient-rich deep
water become separated. Every ENSO event is different regarding location, magnitude and the
upcoming impacts (cf. DomEISEN et al. 2019: 8). El Nifio events lead to an upward wave
propagation in the SH and to anomalies within the stratospheric polar vortex. The stratosphere
influences the surface weather and the global climate. Furthermore, strong eastward winds in
the polar stratosphere are upcoming with EI Nifio events and sea level pressure. SST anomalies
are the consequence, which are also evident in wind and rainfall anomalies (cf. DomEISEN et al.
2019:1 ff).

The West Antarctic climate and water cycle, such as sea ice extent, temperature and
precipitation, are strongly influenced by the Amundsen Sea Low. Changes in the water cycle
within the West Antarctica are driven by ocean circulation changes, controlled by surface near
wind-fields (cf. RAPHAEL et al. 2016:1). During El Nifio events, surface near winds are more
northwest to southeast, which results due to atmospheric circulation of warmer air from the
ocean to the West Antarctica in more snow. Furthermore, the upwelling warmer depth water
layer leads to melting of ice shelves. The effect of basal melting in the West Antarctica is much
higher than the increasing snowfall (cf. PAaoLo et al. 2018: 1). In case of La Nifia events, the
opposite anomalies could often be observed (cf. Domeisen et al. 2019: 1).

By comparison of the literature review with the correlation results, it could be concluded that
the ice-mass change correlation results and the literature statements agree. The ice-mass within
the West Antarctica and Antarctic Peninsula decreases by increasing SST of the Nifio 3.4 index,
which is an indicator for the magnitude of the El Nifio event. Therefore, teleconnections could
be verified. Furthermore, ENSO is a climate phenomenon in the Tropical Equatorial Pacific.
Therefore, the large responses of the West Antarctic and Antarctic Peninsula could be explained
by their geographical location, which is nearest to the Equatorial Pacific compared to the other
supra-regional parts of the Antarctica.

Within the East and Central Antarctica, the opposite correlation was calculated. This could be
explained by geological differences within the Antarctica. The East and Central Antarctica
mostly consists of a stable shield of rocks (cf. Luis 2013: 2) above sea level. Therefore, the
basal melting is not the dominant driver within these regions. Low correlations within the West
Antarctica and Antarctic Peninsula during EI Nifio events could be observed for the eastward

winds, which agree with the literature review. The water cycle anomalies due to precipitation,
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runoff and evaporation and high correlations due to La Nifia events could not be confirmed
within the correlations in this thesis. Inaccuracies within the correlation calculations could be
explained by the delay between upcoming ENSO events in the Nifio 3.4 region and the impacts
on the Antarctica. Within the correlations in this thesis, no time delays were assumed.
Furthermore, the combined consideration of a number of ENSO events could be lead to
inaccuracies, because every ENSO event is different in magnitude and location. The water cycle
and wind field data are based on ECMWEF. The supra-regions of the Antarctica are not exactly
based on the same longitudes and latitudes within the ECMWF data compared to GRACE.
Furthermore, the runoff data of ECMWF within the whole Antarctica are very low compared
to the evaporation and precipitation, which could be explained by assuming no basal melting
and floating ice shelves. Furthermore, the time period between 2002 and 2020 is very short for
such correlation approaches, because ENSO events only appear every 2 to 7 years. Therefore,

the stated hypotheses and research questions could be answered as followed:

H1: Anomalies in the water cycle of the Antarctica are connected to ENSO.

RQ1: Does ENSO have a crucial impact on the key variables of the Antarctic water
cycle?

RQ2: Are there disparities of the anomalies in different regions in the Antarctica?

The correlation results showed that the EI Nifio events are correlating with the ice-mass change
within the Antarctica. Within the West Antarctica and Antarctic Peninsula, there is a negative
correlation between ice-mass change and SST of the Nifio 3.4 index. Positive correlation results
could be observed for the East and Central Antarctic region. Due to a literature review, it could
also be concluded that ENSO have a crucial impact on the key variables of the water cycle.
Therefore, for example more snowfall and more basal melting during El Nifio events could be
observed. Due to the missing consideration of basal melting within ECMWF data, no

correlation within the calculations in this thesis could be concluded.
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H2: Due to the intensification of ENSO- events owing to climate change, anomalies
in the Antarctic water cycle occur more often.

RQ3: Which impacts on the Antarctic water cycle does the intensification of ENSO-
events have?

RQ4: What does this mean for the average climate in the Antarctica?

The quantification of impacts on the Antarctic water cycle due to the intensification of ENSO
events is very difficult. Mainly because ENSO is a complicated phenomenon, existing of
various factors. All of them can be differently influenced by climate change. Therefore, a
general statement about the future is just not possible.

Furthermore, there are also other climate phenomena besides ENSO, which have impacts on
the global climate pattern. Therefore, a separation of ENSO teleconnections from other climate
phenomena are crucial for the quantification due to the intensification of ENSO events.
Nevertheless, within this thesis the recorded ENSO events between the years 1950 to 2020 were
conducted. Therein, it could be observed that between the first half of this period (1950-1985)
six El Nifio events and in the second half of this period (1985-2020) nine El Nifio events were
observed. This means that between 1950 and 1985 in average every six years and between 1985
and 2020 every 4 years an El Nifio event was notified. Therefore, an intensification of recorded
El Nifio events could be assessed. This assumption will be underlined by the study of
Cai et al. 2018. For a correlation between the ice-mass change and the intensification of ENSO
events, the used GRACE dataset (2002-2020) is too short for such statistical approaches. In
case of the La Nifia events, no intensification within the last 70 years could be recorded.
Nevertheless, it could be concluded, that the intensification of El Nifio events will be
accelerated. Under the assumption that due to the higher concentration of greenhouse gas
emissions in the future ENSO events intensifies, the ice-mass and water cycle anomalies within
the Antarctica could possibly increase. An intense heating of the SST and the lower atmosphere
lead to changes of the water deposit and lead to stronger precipitations. An assumption for the
Antarctica could therefore be that more snowfall could fall. On the other hand, consequences
could also include less precipitation. With the retreatment of glaciers and the decrease of ice-
masses in some areas, the natural water deposits, such as the storage in ice and snow suffer
(cf. KerREs et al. 2020: 25).

56



As the correlation showed, the Antarctic ice-mass requires a differentiated assessment.
Different regions react different to climate patterns. The West Antarctic Ice Sheet will further
decrease under global warming and intense ENSO events. Therein, the effect of basal melting
is stronger than the snowfall. The consequence would be a further rise of the sea level. Within
the East and Central Antarctica, the snowfall could be the crucial indicator for the water cycle

anomaly. Therefore, the ice-mass within these regions will further increase.
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8 Perspectives

As presented in this master thesis, ENSO events have various impacts on the regional and global
climate and weather patterns, which also lead to different reactions of the Antarctic ice sheet.
An explicit investigation of these reactions should be done within future research. Therefore,
the ECWMF datasets need to be extended by basal melting and data from floating ice shelfs,
like the Ronne or Ross Ice Shelf. Additionally, the wind fields in the Antarctica are crucial for
the investigation of the water cycle. Within these correlations only the most important surface
near neutral wind speed parameters were considered. Future research work could focus on a
detail investigation of the Antarctic wind fields and additionally possible anomalies due to
ENSO events.

Future work should also implement the factor of a possible time delay of ENSO impacts on
variables of the water cycle, as well as on the regional Antarctic Ice Sheets. Impacts from ENSO
events on the ice sheet and variables within the water cycle, could occur delayed. No
correlations could therefore be reduced to time delays. For this reason, it may be meaningful to
consider time delays over months for each parameter and each event.

In addition to that, also the difference in magnitude and location of ENSO events could be
investigated. Nonlinear and multicomponent correlation methods could help by the
consideration of the difference between the ENSO events. For a better understanding of the
global impacts of ENSO, teleconnections need to be separated from influences through other
weather and climate anomalies.

A further major issue within the ENSO research, which should be considered in future, is the
prediction of the future behavior of ENSO events. Therein, mainly the intensity and the duration
should be studied. Though this field remains uncertain, it has high importance for human

beings.
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Appendix

e Further results of the correlation from the ice-mass change of the Antarctic sub-
regions with the SST anomaly from the Nifio 3.4 index
a) lIce-mass change and Nifio 3.4 index within the selected region between the years
2002 and 2020,
b) Correlation of ice-mass change with SST anomaly of Nifio 3.4 index during Super El
Nifio events,
c) Correlation of ice-mass change with SST anomaly of Nifio 3.4 index during Large La
Nifa events,
d) Correlation of ice-mass change with SST anomaly of Nifio 3.4 index between Large
La Nifia and Super El Nifio events.
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Comparison Nino 3.4 index SST (ERSSTv5) with Ice mass change Antarctica - AIS_318
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Correlation El Nino: Nino 3.4 index SST with ICM Ants
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=—Nino 3.4 index SST anomaly

—Total precipitation Antarctica - East Antarctic lce Sheet

e Further results of the correlation from the water cycle of the supra-regional
Antarctic Ice Sheets with the SST anomaly from the Nifio 3.4 index
a) Water cycle key variable and Nifio 3.4 index within the selected region between the
years 2002 and 2020,
b) Correlation of water cycle key variable with SST anomaly of Nifio 3.4 index during
Super EI Nifio events,
c) Correlation of water cycle key variable with SST anomaly of Nifio 3.4 index during
Large La Nifia events,
d) Correlation of water cycle key variable with SST anomaly of Nifio 3.4 index between
Large La Nifia and Super El Nifio events.
ae‘/‘E) Comparison Nino 3.4 index SST (ERSSTv5) with evaporation Antarctica - East Antarctic Ice Sheet
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East Antarctic water cycle — water bal.

awbE)

Comparison Nino 3.4 index SST (ERSSTv5) with water balance Antarctica - East Antarctic Ice Sheet

——Nino 3.4 index SST anomaly
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Central Antarctic — eastward wind

e Further results of the correlation from the wind parameters of the supra-regional

Antarctic Ice Sheets with the SST anomaly from the Nifio 3.4 index
a) Wind field variable and Nifio 3.4 index within the selected region between the years
2002 and 2020,
b) Correlation of wind field variable with SST anomaly of Nifio 3.4 index during Super
El Nifio events,
c) Correlation of wind field variable with SST anomaly of Nifio 3.4 index during Large
La Nifia events,
d) Correlation of wind field variable with SST anomaly of Nifio 3.4 index between
Large La Nifia and Super El Nifio events.

) Comparison Nino 3.4 index SST (ERSSTVS) with eastward surface near wind Antarctica - Central Antarctic Ice Sheet
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Cent. Antarctic — horizontal wind

anhw,c)

Comparison Nino 3.4 index S5T (ERSSTv5) with horizontal surface near wind Antarctica - Central Antarctic Ice Sheet
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