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Abstract
Over the last 50 years, the westerly winds of the Southern Hemisphere, a major driver of global climate, have shifted towards Antarctica and have strengthened considerably. A shift of the Southern
westerly winds (SWW) is suggested to have substantially increased the ventilation of carbon-rich
deep water in the Southern Ocean at the end of the last Ice Age and led to CO2-induced warming. A
better understanding of these winds is crucial to assess future developments in the climate system.
This Master’s thesis applied a novel and experimental approach using tree rings to reconstruct the
Southern westerly winds with focus on their decadal changes. The examined trees stem from the
southernmost tip of South America (Cape Horn Archipelago) and lie within the core wind belt of the
westerlies. The growth and chemical composition of these tree rings are considered to be influenced
by the strong westerlies. Aside from influencing trees’ physiological processes, the constantly blowing winds are assumed to transport sea salt that is taken up by the trees and archived in the tree rings.
On the basis of dated tree rings, the direct method of laser ablation with focus on sodium (Na) and
chloride (Cl), constituting sea salt’s main components, and the indirect method of oxygen and carbon
isotopes analysis were applied to retrieve a wind relevant signal.
Laser ablated sodium (Na) and chloride (Cl) signals in the tree rings present strong positive correlations with regional wind speed measurements (r = 0.73 and r = 0.71) and likely constitute a westerly
winds’ relevant signal. Within the isotope analysis, only the carbon isotopes show similarities with
wind relevant data but the role of the winds on carbon isotopes in trees is not yet fully understood. A
wind relevant signal in trees’ carbon isotopes is possible. A reconstruction of the Southern westerly
winds based on the laser ablated sodium (Na) and chloride (Cl) signals in the tree rings is promising,
as it is comparable to an ice core based SWW reconstruction (r = 0.49 and r = 0.52). This thesis
demonstrated the potential of tree-ring based SWW reconstruction, but further work and additional
tree core sampling are needed to build more robust tree-ring series in order to verify these results,
refine the approach and answer remaining open questions.
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Introduction

In current times of changing climate, scientists are considering taking a more holistic approach in understanding the global climate system. Many meteorological, climatic or other yet overlooked factors
contribute to global warming. When the individual role of these factors and their interplay with one
other is more understood, the future consequences for our climate system can be better assessed. Surprisingly, some winds play a very essential role: The westerly winds of the Southern Hemisphere are a
major driver of regional and global climate (Toggweiler et al., 2006).
Since 2013, a group from the British Antarctic Survey (BAS) has been reconstructing the strength of
the Southern westerly winds by investigating lake sediments and peat records from sub-Antarctic islands (Saunders et al., 2018). The Southern westerly winds strongly influence the circulation of the
Southern Ocean, which plays a fundamental role in the overall climate system. On a global scale, the
Southern Ocean accounts for around 40% of the anthropogenic carbon dioxide (CO2) uptake through
the oceans and for 75% of the oceanic heat uptake (Frölicher et al., 2015). Within the ocean circulation, the Southern westerly winds drive the upwelling of carbon-rich deep-water. Stored oceanic carbon is released back to the atmosphere and atmospheric CO2 is increased. It is suggested that a latitudinal shift in the position of the Southern westerly winds at the end of the last Ice Age has substantially increased the ventilation of deep water and triggered CO2-induced warming (Anderson et al., 2009).
The westerlies can also generate circulation conditions that favor an upwelling of warm deep water,
directing warm Circumpolar Deep Water (CDW) onto the Antarctic continental shelf. This leads to a
basal melting of the ice shelves and triggers big ice losses of the West Antarctic ice sheets (Holland et
al., 2019; Hillenbrand et al., 2017).
Over the past 50 years, the Southern westerly winds have considerably strengthened and shifted towards Antarctica (Swart and Fyfe, 2012). This ongoing change in strength and position of the westerlies greatly influence whether the Southern Ocean will continue to act as a net carbon sink or will become an additional carbon source. Additionally, these changes of the westerlies potentially also
prompt enhanced melting of Antarctic ice shelves (Le Quéré et al., 2007). Therefore, a better understanding of the Southern westerly winds is of utmost importance to better assess what future changes
may occur in our global climate system.
A range of studies have already used marine and terrestrial records or other proxies to reconstruct the
Southern westerly winds over millennial timescales (Kilian and Lamy, 2012). For instance, marine
sediments from the Chilean continental slope, lake sediments along the windward side of the Andes
and pollen records from sub-Antarctic South Georgia were used for the research. Such reconstructions
provide good indications of the Southern westerly winds’ behavior during the Holocene (Lamy et al.,
2001; Lamy et al., 2010; Strother et al., 2015).
However, in times of changing climate and strengthening westerlies, the above-mentioned reconstructions are not of high enough resolution to derive recent climate shifts with longer decadal to centennial-scale shifts. A more recent and finer (e.g. year-to-year) resolved proxy is needed to reconstruct the
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behavior of the Southern westerly winds. Trees with the methods of dendrochronology have an enormous, yet unexploited potential to fill this knowledge gap. Trees contain a comparably more recent (~
100 years) signal with a fine annual resolution and are therefore highly suitable as a reconstruction
proxy. Generally, trees act as environmental archives as the growth of their tree rings constitutes an
immediate response to changing environmental conditions. The analysis of the tree rings enables to
reconstruct past events or climatic factors such as temperature and precipitation.
This Master’s thesis aims to apply a novel and experimental approach using tree rings from Isla Hermite (Cape Horn Archipelago) to reconstruct the Southern westerly winds. The growth and especially
the chemical composition of the annually growing tree rings are expected to be influenced by the
strong westerly winds. Apart from indirectly influencing the trees’ physiological processes, these constantly blowing winds are supposed to stir up sea salt from the ocean and transport it to the trees. The
salt spray is believed to be then taken up by the trees either through their roots, bark or leaves and be
subsequently conserved in the tree rings. Apart from water and nutrients, trees also take up particles
such as heavy metals or atmospheric pollutants (Liu et al., 2018; Martin et al., 2018; Hoad et al. 1992).
A wind induced and archived sea-salt signal in the tree rings is assumed to vary with changes in
strength or position of the Southern westerly winds. So far, no attempts have been made to reconstruct
the Southern westerly winds using tree rings. At the same time, some studies have already found traces
of sodium (Na+) and chloride (Cl-) in trees from other regions around the world (Blum, 1974; Petersen
et al., 1982; Yanosky and Kappel, 1997; Yanosky et al., 1995).

1.1 Research questions
On the basis of the dendrochronological methodologies to measure and absolutely date the tree rings,
the direct method of laser ablation and the indirect method of isotope analysis are used to investigate
the chemical composition of the tree rings. With this approach, a reconstruction of the Southern Westerly winds is aimed to be derived. Concretely, the following research questions are addressed within
this Master’s thesis:
1. What analytical methods might yield some wind relevant data?
- directly (e.g. Na+, Cl- or other aerosol related chemical elements or compounds)
- indirectly (e.g. C and O stable isotopes), whose changes may be caused by changing
precipitation or wind spatiotemporal patterns
2. Can a salt spray (related chemical elements) or wind signal be retrieved from the tree- ring
records? How does it compare to wind relevant regional meteorological data?
3. How does a possible tree-ring based westerly winds reconstruction method compare to the
more conventional marine or terrestrial record-based methods?
4. What can we expect for the future climate system based on a detectable weakening or
strengthening trend of the Southern westerly winds?
2
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2.1 Overview
The westerly winds, shortly known as westerlies, can be found at two regions on Earth. They occur
between 30° and 60° latitude in the Northern and the Southern Hemisphere. The name of the westerlies stems from the direction of their origin since they run from west to east (Pariona, 2018). The westerly winds are part of the global wind circulation system and are located between the high-pressure
areas of the subtropics and the low-pressure areas over the poles (see Figure 1).

Figure 1: Existing wind circulation patterns on an idealized Earth (Source: Encyclopedia Britannica, 2019).

On the basis of the existing pressure difference between the tropics and the poles, a meridional compensating flow results from the high-pressure tropics towards the poles with lower pressures. The earth
rotates to the east around its axis. Owing to the resulting Coriolis effect and to the inertia of air masses, the meridional compensating flow is deflected to the east, which finally corresponds to the prevailing west to east running wind belt of these latitudes. Historically seen, the Southern westerlies have
played a convenient role for sailors or trade routes. The strong winds conditions in this area were used
in order to make west to east sailing journeys faster around the Cape Horn, the most southern point of
South America (Pariona, 2018). On a global scale, the Southern westerly winds are the strongest timeaveraged oceanic winds (Hodgson and Sime, 2010). They reach mean wind speeds from around 1 m/s
to 11 m/s respectively from around 4 km/h to 40 km/h. The strongest mean wind speeds ca be found
within its core belt between 50° and 60° latitude (see Figure 2).

Figure 2: Mean wind speeds of the westerly winds on the Southern Hemisphere (Source: Saunders et al., 2018).
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The Southern westerly winds have higher wind speeds than its northern counterpart. Land masses can
basically slow down overblowing air masses. This slowing down effect does not really occur on the
Southern Hemisphere because there is a lack of land masses compared to the Northern Hemisphere
with a higher percentage of land masses. In addition, there exists a seasonal pattern for the Northern
and Southern westerly winds. On average, during winter there are higher wind speeds measured compared to the summer. Winds are basically a compensating flow from high pressure areas to low pressure areas. During wintertime the pressure difference between the tropics and the areas over the poles
is bigger that results in higher wind speeds (Pariona, 2018).
For the Southern westerly winds, there are seasonal variations identified in their position and intensity
within the core belt. Owing to changes in sea surface temperatures, linked with the pressure distribution, the Southern westerlies expand during the austral winter in a northerly direction, resulting in a
decrease of the intensity within its core. On the contrary, during the austral summer the Southern
westerly wind belt contracts and the core intensity strengthens (Lamy et al. 2010). On a wider timescale, a 250-year periodicity could be constituted for the Southern westerly winds (Turney et al.,
2016). Due to its strength and persistence, the Southern westerly winds influence the circulation of the
Southern Ocean. This includes upwelling processes that control the carbon budget of the Southern
Ocean or the stability of the Antarctic ice sheet, which have both great implications for our global
climate system.

2.1.1

The Southern Ocean as carbon reservoir and heat sink

The Southern Ocean, denoted as the southern extremes of the Atlantic, Pacific and Indian Ocean, acts
together with the Southern westerly winds as a coupled atmosphere-ocean system. The atmospheric
winds drive the surface ocean current. The ocean acts a reservoir by taking up and storing carbon and
heat from the atmosphere. On a global scale, the Southern Ocean plays a dominant role as it accounts
for around 40% of anthropogenic CO2 uptake through the oceans and for around 75% of the heat uptake, while only covering 30% of the total ocean surface area (Frölicher et al., 2015). (see Figure 3)

Figure 3: Cumulative anthropogenic carbon (left) and heat (right) uptake through the World Oceans between 1870 and 1995
(Source: Frölicher et al., 2015).
4

The westerly winds

The Antarctic Circumpolar Current (ACC), the prevailing water current in the Southern Ocean, is
driven by the main wind direction of the Southern westerly winds. Generally, water masses on the
surface flow to a certain direction, resulting in a mass reduction at its origin. As a consequence, this
surface mass imbalance is filled with an upward transport of deep-water, the so-called upwelling
mechanism. This cold deep-water is carbon rich as it comes from the depth where the carbon in the
ocean is stored and brings with that the stored carbon back to the atmosphere (Rintoul et al., 2001).
This upwelling process of carbon rich deep-water together with ocean biogeochemistry and sea ice
extent control the balance of carbon dioxide (CO2) exchanged between the atmosphere and the ocean.
As long as more atmospheric carbon is taken up by the ocean than released to the atmosphere through
upwelling, the ocean acts as a carbon sink. On the contrary, when more carbon from the ocean is released through upwelling into the atmosphere than taken up, the ocean becomes a carbon source.
Some models indicate that the current carbon sink of the Southern Ocean can be weakened by a
strengthening and poleward shift of the westerly winds. Therefore, changes in the strength or the position of the westerlies greatly influence whether the Southern Ocean will still be a net carbon sink or
become a carbon source in the future (Sigman et al. 2010; Le Quéré et al., 2007; Saunders et al. 2018).

2.1.2

Ice sheet instability of West Antarctica

It could be further observed that the Southern westerly winds also affect the stability of the Antarctic
Ice Sheets. Like the upwelling of cold deep water, the latitudinal position of the Southern westerly
winds can also lead to an enhanced upwelling of relatively warm Circumpolar Deep Water (CDW).
This inflow of warm water onto the continental shelf results in a basal melting of the ice shelves that
in turn has a stabilizing influence for the persistence of the West Antarctic Ice Sheets (see Figure 4).

Figure 4: Schematic process of the melting ice shelf through the intrusion of warm Circumpolar Deep Water onto the continental shelf (Source: Hertzberg 2017).

This warm water inflow is believed to have led to ice-sheet retreat in the past. Hillenbrand et al. (2017)
supplied first evidence for enhanced warm CDW upwelling on the basis of sediment cores from the
continental shelf with foraminifera as proxy for warm water conditions in the Amundsen Sea Embayment. The warm water upwelling caused ice-shelf collapses, the ice-sheets rapidly thinned and forced
deglaciation from at least 10’400 years until 7’500 years ago. The same process is understood to have
been responsible for the observed continual ice loss in the region since 1940. In contrast, during the
5
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last glacial period between 110’000 and 11’700 years ago, cooling or decreased presence of CDW or
both, would have reduced melting beneath the Antarctic ice shelves and favored ice-sheet growth and
stability. Holland et al. (2019) also acknowledge that wind anomalies led to enhanced import of warm
CDW in West Antarctica and caused the loss of ice. However, they go one step further and link the
changes in the winds to some part to human-induced global warming, along with shorter-term natural
climate variations. Increased greenhouse gases caused wind anomalies that are in turn favorable for
enhanced warm water upwelling. All in all, this wind driven upwelling of cold or warm deep water
shows that the Southern westerly winds have great implication on the future of the Southern Ocean as
a carbon sink and the continuing melting of the Antarctic Ice Sheet. Therefore, it is of utmost importance to better understand the past westerlies’ behavior on the basis of proxy reconstructions.

2.2 Reconstructions of the Southern westerly winds
A range of studies have attempted to reconstruct the behaviour of the Southern westerly winds on the
basis of various records. For that, particularly marine sediments, terrestrial records or biological proxies have been used (Saunders et al., 2015; Kilian and Lamy, 2012). For instance, the iron concentration in marine sediments from the Chilean continental slope or biogenic carbonate accumulation rates
in lake sediments along the windward side of the Andes were investigated (Lamy et al., 2001; Lamy et
al., 2010). In general, these proxies are linked to a climate variable (e.g. precipitation, temperature)
and with the help of the proxy’s behaviour, a climate variable record (e.g. rainfall variability) can be
established. The modern relationship between the climate variable and the Southern westerly winds is
then used to conclude about the past changes of the westerlies’ behaviour. A reconstruction of the
westerlies can also be derived in a more direct manner with biological pollen for example. In subantarctic South Georgia, observed increases in long-distance and non-native pollen grains could be denoted to stronger westerlies during certain times (Strother et al., 2015).

2.2.1

Paleoclimate records: Last glacial maximum and Holocene

In recent time, there is evidence that the Southern westerly winds have strengthened and shifted toward Antarctica over the past 50 years (Toggweiler, 2009). It is thought that this strengthening and
shift occurred as a response to the warming that stems from elevated carbon dioxide concentrations in
the atmosphere (Gillett et al., 2003; Shindell and Schmidt, 2004). Something similar seems to have
happened at the end of the last Ice Age, 17’000 years ago: Earth’s temperature warmed, atmospheric
carbon dioxide increased, and the Southern westerlies appear to have shifted toward the pole
(Toggweiler et al., 2006; Lamy et al. 2007). In contrast, it is also proposed that the poleward shift of
the westerlies 17’000 years ago has happened before the warming. A shift of the westerly winds has
caused an increase in atmospheric carbon dioxide that contributed to the warming. It is suspected that
the accumulated carbon dioxide in the atmosphere have been released from the Southern Ocean
through westerly wind-driven upwelling of carbon-rich deep water (Anderson et al. 2009). It is still
controversially discussed whether the underlying mechanism of the Southern westerly winds’ shift and
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strengthening was as a response to elevated atmospheric carbon dioxide or whether shifted and
strengthened westerlies themselves caused atmospheric carbon dioxide to increase (Toggweiler, 2009).
However, the intensification and southward shift of the westerlies 17’000 years ago is well known and
evident in paleoclimate reconstructions. Koffman et al. (2014) provide a reconstruction of the Southern westerly winds together with an overview of important paleoclimate proxies. They reconstructed
the behaviour of the westerlies with dust particles, investigated in ice cores of West Antarctica (see
Figure 5).

Figure 5: “Paleoclimate reconstructions from the eastern Pacific region: (a) Change in total solar irradiance (TSI) based on
variability of cosmogenic 10Be, the production of which is modulated by the strength of the open solar magnetic field (Steinhilber et al., 2009). (b) Red color intensity record of sediments from Laguna Pallcacocha, Ecuador; greater color intensity
indicates more El Niño-driven high precipitation events (Moy et al., 2002). (c) Southern Oscillation Index (SOI) precipitation-based reconstruction; negative values indicate a more El Niño-like state (Yan et al., 2011). (d) Detrended iron intensity
record from marine sediment core GeoB 3313-1 on an inverted axis (Lamy et al., 2001). Lower values suggest more humid
conditions. Orange error bars indicate published 14C age control points and associated 1σ AMS analytical error (F. Lamy,
personal communication of the author, 2014). (e) δ18O of stalagmite MA1 on an inverted axis. Lower values indicate an
increased drip rate, driven by higher precipitation (Schimpf et al., 2011). Green error bars show positions and 2σ error of
U/Th ages. (f) WAIS Divide coarse particle percentage on an inverted axis, using timescale WDC06A-7. Data sets are plotted on their own published timescales. Gray bars indicate intervals of inferred southerly position of the SWW in the eastern
Pacific, based on our interpretation of the CPP and South American precipitation reconstructions. Red and blue bars indicate the MCA and LIA intervals, respectively” (Source: Koffman et al., 2014).
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Aside from this southward shift 17’000 years ago, a more southerly position with stronger core westerlies could be identified for the period of 260-310 C. E. and during the Medieval Warm Period (10501400 C. E.). The westerlies seem to have occupied a more northerly position with weaker core winds
during the Little Ice Age (1400-1430 C.E.) and remained in this position until 1850-1950 C. E.

2.2.2

Recent shift and strengthening

In recent times since 1950 C. E., the Southern westerly winds have shifted southward and substantially
strengthened (see Figure 6). This trend can also be seen with the Southern Annular Mode (SAM) index. It is a station-based index that describes the zonal pressure difference between the latitudes of
40°S and 65°S. Positive SAM index values relate to weaker than average westerlies in the midlatitudes (30°-50°S) and stronger westerlies over the mid-high latitudes (50°-70°S) (Marshall, 2003).

Figure 6: Changes (a) in the annual mean Southern Annular Mode (SAM) index, (b) in the surface Southern westerlies latitudinal position and (c) strength of the zonal mean wind-stress for four reanalysis products (Source: Swart and Fyfe, 2012).

The strengthening trend towards the end of the 20th century is also visible in the ice core-based reconstruction of Koffman et al. (2014). A southward shift of the westerlies makes them stronger; coarser
dust particles are transported and therefore particles of bigger sizes can be found in the ice cores of
West Antarctica. On the contrary, when the westerlies are shifted northward, the winds are weaker,
more fine dust particles are transported and smaller particles can be detected in the ice cores.

Figure 7: Magnified view of curve f from Figure 5. West Antarctic Ice Sheet (WAIS) Divide coarse particle percentage on
the y-axis over the period (1870-2000) on the x-axis. Delineations in red and blue from the mean of the record over the given
time period (Source: Koffman et al., 2014).
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Dendrochronology: Trees, wind and salt

The science of dendrochronology includes the dating of tree rings to the exact year when the tree rings
were formed. Trees act as environmental archives as the growth of their tree rings is an immediate
response to the surrounding environmental conditions. Based on the analysis of the information content in dated tree rings, historical and environmental question can be examined. In the subfield of dendroecology, dated tree rings are used to study the environment and ecological problems: Tree decline
in forests, reconstruction of temperature and precipitation or disturbances for trees such as insect outbreaks, fires or heavy winds (Kaennel and Schweingruber, 1995).
Winds can cause considerable physical damage to trees as they can abrade, defoliate them, break
branches or even completely bend them (Coutts and Grace, 1995). While wind-induced physical damages are an important issue, the focus within this approach lies on the winds’ role of transporting airborne particles to the trees and their indirect role of affecting trees’ physiological processes such as
photosynthesis or transpiration.

3.1 Particles uptake of trees and the characteristics of sea salt
Aside from water and nutrients, trees also take up heavy metals and are capable of taking up pollutants
from the atmosphere (Liu et al., 2018; Martin et al., 2018; Hoad et al. 1992). Generally, particles enter
the tree through its roots by absorbing soil water or through the stomata of its leaves by assimilating
gaseous compounds (Cocozza et al., 2019). Moreover, the bark of a tree, constituting the interface
between the plant and the environment, also appears to incorporate parts of airborne particles as increased concentrations of mercury were measured (Chiarantini et al. 2016).
Up untill now, only few attempts have been made to directly detect salt in trees. Few studies could
identify sodium (Na+), chloride (Cl-) and reduced tree-ring growth in trees that grew near to streets
where de-icing salt was used for the roads’ safety in winter (Blum, 1974; Petersen et al., 1982). In
addition, chloride concentrations were determined within the rings of trees which were located in
proximity to a salt-solution mining field or which grew in a saltwater intrusion influenced estuary
(Yanosky and Kappel, 1997; Yanosky et al., 1995). Additionally, increased sodium (Na+) and chloride
(Cl-) contents could be measured in leaves of trees that were irrigated during the growing season with
salt containing water or sodium and chloride cations could be detected in cotton leaves that were exposed to simulated salt dust storms (Ziska et al., 1991; Abuduwaili et al., 2015).
In nature salt occurs as sea salt in oceans. Seawater has on average a salinity of around 3.5% with sodium (Na) and chloride (Cl) as the most abundant salts in the ocean. They often build together sodium
chloride (NaCl), which is the major component of sea spray. Aside from Cl- (55%) and Na+ (30.6%),
sea salt further contains minor components of SO42- (7.7%), Mg2+ (3.7%), Ca2+ (1.2%), K+ (1.1%) and
other elements (0.7%). Figure 8 shows that sea salt particles range in size from less than one micrometer up to several micrometers (EEA, 2012; Tomasi and Lupi, 2017; Millero et al., 2008). If winddriven particles are taken up by trees, the winds would directly influence the abundance of the particles in the tree rings.
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Figure 8: Sea salt (left) and a single sea salt particle (right) with a diameter of 30 μm (Source: NASA, 2009; Pruppacher and
Klett, 1997).

3.2 The indirect influence of wind on trees
The surrounding environmental conditions of a tree can be influenced by winds and with that the tree’s
physiological processes such as photosynthesis or transpiration can change. As a result, winds indirectly influence the composition of oxygen or carbon stable isotopes in tree rings. Isotopes are atoms
of a chemical element which have the identical number of electrons and protons but differ in the number of neutrons. Therefore, isotopes represent the same element but have different mass numbers such
as the light (12C) and the heavy (13C) carbon isotope. As they vary in weight and occur in different
frequencies, isotopes are used to investigate and understand physiological processes (Treydte, 2019).
The level of stable carbon isotopes in tree rings is influenced by the rates of stomatal conductance and
photosynthesis (McCarroll and Loader, 2014). Warm and dry weather conditions with low water ability promotes the closure of the stomata and less CO2 is taken up. The intercellular CO2 concentration
is reduced and relatively enriched with the heavier carbon isotope, which increases the δ13C value in
the tree rings. On the contrary, cool and wet weather conditions with high water ability keeps the stomata open and CO2 is taken up. The intercellular CO2 concentration is then relatively enriched with
the lighter carbon isotope and the δ13C value in the tree rings is decreased (Kubota et al., 2017;
Treydte, 2019). Comparatively, the stable oxygen isotopes are controlled by the stomatal conductance.
In addition, the δ18O value in tree rings resembles the signal of the source water of the tree as rainwater, groundwater or meltwater have different isotopic signals (Vuaridel et al., 2019).
However, the role of winds on these physiological processes is still not fully understood. It is implied
that higher wind speeds induce greater transpiration rates that lead to a greater water stress for a tree
(Bidwell, 1979). On the other hand, there are indications that wind can reduce transpiration (Dixon,
1984). Moreover, some studies implicate that the effect of wind on plants is modified by the behaviour
of the stomata. In response to the shock of wind, the stomata may shut (Caldwell, 1970) or even open
more widely (Grace, 1974). Winds can also cause stomatal damage that could lead to greater water
loss (Wilson, 1979). Besides the winds, salt can also lead to a further physiological stress for a tree. It
could be shown that trees immersed in seawater did not show altered levels in δ18O but higher δ13C
values which were likely caused by osmotic stress from the root immersion in saltwater (Kubota et al.,
2017).
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4.1 Isla Hermite, Cape Horn
The study area lies in southernmost Tierra del Fuego, more precisely in the Cape Horn region, on Isla
Hermite (55° 50’ S, 67° 25’ W). Together with six other islands it builds the inhabited Hermite Archipelago, part of the Chilean commune Cabo de Hornos and is located around 110 km south of Ushuaia
(Argentina). Isla Hermite is the biggest island with a surface area of around 144 km2, whereas Isla
Hornos is the most famous island with the Cape Horn that is usually considered as the southernmost
point of South America (Wikipedia, 2015) (see Figure 9).

Figure 9: Overview of Isla Hermite within the Cape Horn Archipelago in southernmost South America (Source: Australis,
2017; Rolfo and Ardrizzi, 2013).

Due to its size and location within the core belt (50 - 60°S) of the Southern westerly winds, the British
Antarctic Survey (BAS) conducted an expedition to Isla Hermite in 2015 (see chapter 5.1 Sampling
during BAS expedition of 2015). The aim was to study lake sediments and peat records in order to
reconstruct the strength of the Southern westerly winds. During this expedition also core samples from
seven Nothofagus antarctica trees were taken.

4.2 Climate and vegetation of Tierra del Fuego
The climate of southern Tierra del Fuego is strongly influenced by the existing southern Andean foothills and the conditions in the Southern Ocean and the Antarctic. The climatic conditions are characterized by low temperatures and strong winds throughout the year. Generally, three climate types can
be distinguished in this heterogenous region: rainy cold temperate climate (western windward parts
under the influence of Pacific with wet air masses), high-altitude ice climate (elevated parts of the
southern Andean foothills) and tundra climate (eastern parts in the rain shadow with dry air masses).
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The Hermite archipelago, located in the southeast, have a tundra climate with the subtype of sub Antarctic maritime climate with low rainfall. Due to the influence of the surrounding Pacific Ocean and
the southern Drake Passage, relatively constant temperatures throughout the year are the consequence.
The average temperatures in this region are around 8 °C in summer and 4 °C in winter. The nearest
precipitation measurement station in Puerto Williams on Navarino Island, 90 km north of Isla Hermite,
achieves a yearly rainfall of around 448 mm (Heusser, 1989; Biblioteca del Congreso Nacional de
Chile, 2020; Xercavins Comas, 1984).
The existing climate in Tierra del Fuego further determines the prevalent vegetation of this region.
Across Tierra del Fuego, four different southeasterly trending vegetation zones are differentiated.
Starting from the north, the steppe is followed southward by deciduous beech forest that devolves in
an evergreen beech forest and ends with the Magellanic moorland or tundra in the south (Heusser,
1989). The Hermite archipelago is part of the southernmost vegetation zone, the Magellanic moorland
or tundra. The Hermite islands are composed of mountainous terrain, but altitudes do not exceed 500
meters. The vegetation is characterized mainly by moorland and scrub formation where occasionally
trees of Nothofagus antarctica and shrubs grow (see Figure 10) (Ponce and Fernández, 2014).

Figure 10: Moorland vegetation (left) and Nothofagus antarctica tree (right) on Isla Hermite during the BAS expedition of
2015 (Pictures: Eñaut Izagirre).

Nothofagus, known as the false or southern beech, is a genus that can only be found in the Southern
Hemisphere. Its 34 species are present across southern South America, southeast Australia and Tasmania, New Zealand, New Guinea and New Caledonia. The species Nothofagus antarctica is a native
of temperate South America and is of interest for this Master’s thesis. The species’ distribution spans
from Cape Horn through the Andes to around 500 kilometers south of Santiago de Chile. Typically, it
occurs from sea level to 1’500 meters elevation and survives in the widest range of habitat types: Areas of low temperature, poor soils, steep slopes, in marshes at higher altitudes or dry sites near the Patagonian steppe. Basically, it is usual at sites that are too harsh for most other tree species. Nothofagus
antarctica can appear both as a tree and as a shrub. However, the shrub form is more common in the
northern regions and the tree form more towards the southern regions. The leaves of the tree are typically one to three centimeters long and are broadly ovate to triangular or heart-shaped (Jones, 2020;
Veblen et al., 1996)
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4.3 Southern westerly winds, sea salt and trees on Isla Hermite
This Master’s thesis approach expects that the Southern westerly winds transport sea salt onto Isla
Hermite and to the Nothofagus antarctica trees. The oceans comprise the major source of sea salt aerosols as they are formed and emitted from the ocean’s surface to the air through wind stress. Sea salt
aerosols, which are a suspension of fine solid salt particles or liquid droplets in air, follow a bubbleburst mechanism (see Figure 11). As air bubbles move upward to the ocean’s surface, their film thins,
and it bursts into small fragments and drops. The salt particles remain in the air as the drops evaporate
(Pruppacher and Klett, 1997).

Figure 11: Different steps (a-d) in the sea salt aerosol formation at the oceans’ surface (Source: Pruppacher and Klett, 1997).

Within this formation process, the sea salt aerosols are stirred up over the ocean and are supposed to
be then transported as salt spray by the westerlies onto the island (see Figure 12).

Figure 12: Assumed sea-salt spray transported by the Westerly winds onto the island indicated with yellow arrows.

Given that sea salt particles range in size from less than one micrometer up to some micrometers and
salt could already be detected in trees, part of the oceanic salt spray is suspected to be taken up by
trees, located near the shore. This uptake is assumed to work either through the roots, the stomata of
the leaves or through penetration of the bark. Subsequently, the possible taken-up sea-salt is expected
to be conserved and archived in their annually growing rings. This archived sea-salt signal would allow to reconstruct the westerly winds as the signal is supposed to vary over the years with changes in
strength or position of the winds.
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The taken tree cores during the BAS-expedition of 2015 build the sample basis of this approach. The
material and methods further involve the dendrochronological methodologies to measure the tree-ring
widths of the samples with the corresponding equipment (Rinntech TSAP-Win software) and to absolutely date the trees by applying the crossdating principle. On the basis of these measurements, some
advanced instrumentations are further used to directly (laser ablation) and indirectly (mass spectrometry) analyze the chemical composition of the tree rings with a focus on sodium (Na+) and chloride (Cl-)
respectively the oxygen (18O/16O) and carbon (13C/12C) stable isotopes.

5.1 Sampling during the BAS expedition on Isla Hermite in 2015
The British Antarctic Survey (BAS) conducted a three-weeks expedition to Isla Hermite, starting in
the end of February and ending in the beginning of March 2015. The aim was to rebuild sea spray and
aerosol deposition by investigating lake sediment and peat records in order to reconstruct the strength
of the Southern westerly winds (BAS, 2015). Therefore, the working area was located in the northwestern low-lying part of Isla Hermite where the prevailing westerly winds hit the land as freely as
possible (see Figure 13).

Figure 13: Overview of the western part of Isla Hermite with the work area of the BAS during the 2015 expedition indicated
with the black rectangle and the location of the taken tree cores of Nothofagus antarctica marked with a red circle (Source:
BAS, 2015; Google Earth).

During this expedition core samples from seven coastal Nothofagus antarctica trees were taken. They
build the samples basis of this Master’s thesis and are from a dendrochronological perspective highly
valuable since they grew in an extremely remote region. Very likely they are from the most southern
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living trees on this planet. The samples were taken using a light-weight tree corer which takes out a
slim core section without killing the tree. The corer is inserted into the tree by turning it clockwise
with a bit of pressure. When the trees’ mark is reached, the tree core section can be taken out with the
help of an integrated cutter and a metal stick (see Figure 14).

Figure 14: Tree core sampling using a tree corer on a coastal Nothofagus antarctica tree on Isla Hermite (left) and a takenout tree core section on the metal stick (right) by the BAS in 2015 (Pictures: Eñaut Izagirre).

The selection of trees was limited since they are sparsely growing on Isla Hermite. Nevertheless, trees
located as close as possible to the shore of the ocean, were selected and cored. The distances for the
trees measure between 100-188 meters from the ocean (see Figure 15).

Figure 15: Overview of the location of the Nothofagus antartica trees on Isla Hermite (Background image: DigitalGlobe/GeoEye-1 image available through QGIS 'QuickMapServices' plugin). Inset figure shows the location of Isla Hermite
on the Hermite archipelago, close to Cape Horn (Source: ASTER Terra satellite image from 20 September 2005, by NASA).

The sample set consists of seven tree cores from coastal Nothofagus antarctica that are between 10-15
cm long and have a diameter of 1 cm. Further information and pictures of the sample set can be found
in the appendix (see 10.1 Sampling details of the BAS-expedition in 2015).
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5.2 Preparation in the laboratory
A core-microtome developed by Gärtner and Nievergelt (2010) was used to prepare a plain surface on
the tree cores to enhance the visibility of the tree rings for the width measurement. Therefore, each
sample was fixed in the sample holder with its wood fibres in a vertical direction (see Figure 16).

Figure 16: Core-microtome with the sample IH05 fixed in the sample holder under the overlying knife holder (red).

The knife holder with the clamped cutter is operated manually, carefully moving it on the metal sledge
guidance over the top layer of the fixed wood sample. In the figure shown, the uppermost wood layer
is removed through the cutter and the knife holder has to be returned to its initial position afterwards.
Before the cutter can be moved again to remove the uppermost wood layer, the lead screw on the bottom needs to be turned. This moves the sample holder with the fixed sample in an upward direction
and allows again the uppermost wood layer to be cut. This procedure was repeated until a wide and
plain enough surface on the tree core was generated that made the tree rings visible. Adding water on
the wood surface would simplify the cutting process, however this was on purpose avoided since with
that the sea-salt within the tree rings could have been washed out. To enhance the visibility of the tree
rings a fine sanding paper (15 μ) was further used. In order to avoid a smearing of the chemical signal,
the sample surface was very carefully grinded in parallel direction to the tree rings.

5.3 Tree-ring width measurement
At the start of the measurement, the samples were placed under the microscope and the tree rings were
counted backwards starting from the outermost ring near the bark in order to simplify the later treering width measurement. With the help of a needle every decade was marked with a dot, every fifty
years with two dots and every millennium with three dots within the corresponding tree ring. The
outermost ring near the bark was defined as the year 2015 since the samples had been taken on the
Southern Hemisphere at the end of February 2015 during the austral summer. Generally, a tree builds
latewood cells that complete a tree ring towards the end of the growing season at the end of the summer. The growing season for trees in the Tierra del Fuego region terminates around the end of February (D’Arrigo and Villalba, 2000). Based on that, assumptions were made that the tree ring of 2015
had already been completed in this tree cores and was therefore considered as the outermost ring. In
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tree cores where the outermost ring seemed not to have been fully completed, the measurement was
started with the next fully completed ring and this ring was considered as the one of 2014. The treering width of the cores was then measured with the help of Rinntech TSAP-Win software. The computer was connected to a Rinntech LINTAB table, which could be moved with a crank. The samples
were placed on this movable table consecutively (see Figure 17).

Figure 17: Rinntech TSAP-Win user interface on the computer screen with microscope, linked movable Rinntech LINTAB
table and sample on the table (left). Magnified view on the sample surface IH01 for the tree rings of 1940-1910 (right).

Afterwards, the tree cores were examined from above with a magnified view through a microscope,
which had a crosshair at its focus. Whenever the crank was turned, the table moved, and the crosshair
was shifted from one tree ring to the next tree ring within the core. When the crosshair reached the end
of a tree ring, the new ring border was registered with a mouse click. At the same time, the movement
of the table was detected by the software and converted into a ring width (10-2 mm). The measurements were conducted from bark to pith, and the edge of the latewood was defined as the ring border.
When the pith was reached, the age of the sample was calculated automatically.
The next step was to crossdate the measured tree-ring width curves within this samples size. The
crossdating procedure aims to assign the individual tree rings of a sample to the exact calendar year
when the rings were formed by matching variations in tree-ring width. Certain years within a geographic location are known to have a pronounced growth of tree rings (e. g. really narrow or broad
rings). Therefore, such so-called marker years are used to better match common patterns in tree-ring
widths (Douglass, 1941; Kaennel and Schweingruber, 1995). To practically crossdate the samples, the
curves of the measured tree-ring widths are displayed on the computer screen with the Rinntech
TSAP-Win software. The curves of the different cores were then visually compared, looking for similar patterns of broad and narrow rings. On the basis of common tree-ring width patterns, the curves
could be temporarily shifted. The plausibility of such temporal shifts was then checked by assessing
the rings of the samples under the microscope again. This procedure is necessary so that any false and
missing rings could be identified and be corrected by inserting, deleting a ring or measuring parts
again.
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5.4 Laser ablation
The direct method of Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS)
was selected to analyze the chemical composition of the tree rings. It is particularly applied within
geological, biological or medical studies for the direct analysis of solid samples. This method can also
be used for dendrochronological purposes as it is a non-destructive approach and is highly suitable for
narrow tree rings (Loader et al., 2017). The tree cores were analyzed by using LA-ICP-MS at the laboratory of the Institute of Geochemistry and Petrology at the ETH Zurich.
The procedure within this coupled three parts technique is straightforward. In the first part, a laser
beam is focused into the surface of the sample and an aerosol of the constituents is produced through
the ablation process. The aerosol is then transferred by a gas stream, to the second part, the highenergy Inductively Coupled Plasma. As it passes there through the ion source of the instrument, it is
atomized and ionized. The resulting ions are then transferred through interface cones and primary
beam optics to the third part, the Mass Spectrometer. The intensity of the elements of interest are
measured and these signal intensities correspond then to the abundance of the investigated elements in
the initially ablated sample (Fernández et al., 2007; Tofwerk AG, 2017).
Within this approach, the focus lies on the trace elements that constitute main components of sea-salt,
in particular sodium (Na+) and chloride (Cl-) as well as some minor components like magnesium
(Mg2+), calcium (Ca2+) and potassium (K+). Given that the available laser shots are limited to 500 for a
single measuring run, the measurements were carried out on the four tree cores that have suited each
other the best during the crossdating process. The four samples had to be prepared and fixed with
springs and screws together with a standard reference material of common trace elements on a plate.
The laser beam is stationary and the sample on the plate can be moved in x, y, and z directions with
installed high-precision motors in the sample stage (see Figure 18).

Figure 18: The fixed four tree core samples IH01, IH03, IH04 and IH05 together with a standard reference material on the
measuring plate viewed from above.

The analysis was performed in each tree ring starting from 1900 until the last tree ring of 2014/2015
for the four tree cores. The laser was operated a pulse rate of 5 Hz with a laser energy of 2 J/cm2.
Backgrounds were measured for 20 seconds prior to each ablation. The ablation time was 40 seconds
followed by a wash out of 20 seconds. A circular spot with a beam diameter of 74 μm and a depth of
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around 1 mm was chosen to ablate within the tree rings. The size of the laser spot was determined by
the smallest tree ring with a width of 80 μm. Each spot was placed in the middle of the tree ring in the
earlywood, since it was not clear where within the year the sea-salt signal was to be expected. The
location of the signal within the tree rings is dependent on the yet unknown predominant uptake mechanism through roots, leaves or bark. The allocation of the spots was manually performed on a screen
and programmed with a computer (see Figure 19).

Figure 19: The screens to select the location of the laser spots within the tree rings of the samples (left) and the sample stage
with the incoming laser beams from above (right).

Given that sodium (Na) is everywhere available a high intensity is expected. For chloride a low intensity is expected due to its high Ionization energy. For data reduction, Sills software developed by Guillong et al. (2008) was used to remove spikes, select integral intervals and calculate net count rates for
the measured elements. This count rates were normalized to 13C in order to correct for differences in
ablation yield. A normalization procedure applied by Perone et al. (2018) was used to make the different intensities of the elements comparable. This normalization is based on common temporal levels for
the different elements independently of each other in the tree rings of the four samples. An index value
between 0 and 1 was assigned for each year for a specific element by using the subsequent equation:
(Ix) = (levelx – levellowest) / (levelhighest – levellowest)
where levelx refers to the measured intensity of a specific year, levellowest and levelhighest refer to the
lowest and highest intensities measured for the specific element within the tree rings of four samples.

5.5 Isotope analysis
The indirect method of isotope analysis was applied to derive possible wind relevant data from the tree
core samples. The focus relies on the carbon and oxygen stable isotopes. Six of the seven tree cores
were used for this analysis. Sample IH02 was not used since it only provides a short time record. First,
the six tree cores were split in blocks of five years with a scalpel under the microscope (see Figure 20).
This block approach was chosen because a yearly ring splitting was not possible due to the narrow
rings of the samples, resulting in a total of 154 block samples. Subsequently, each of these split block
samples was separately ground with a centrifugal mill. The resulting powdery material was then individually packed in Teflon bags to conduct a cellulose extraction. For this isotopic analysis, particularly
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the cellulose components of the wood are of interest since in these components generally the better
climate signal can be found. This applies especially to time series that are longer than 50 years as the
wood composition (amount of cellulose/lignin) can considerably change over time (Gray and
Thompson, 1977). In order to extract the cellulose components from the wood, the Teflon bags were
placed together with two solutions (first sodium hydroxide, then sodium chlorite) in Erlenmeyer flasks
and held in a 60°C warm water bath for 17 hours. As a last preparation step, the extracted cellulose
material, yielding around 35-45 % of the former mass, was individually weighed (1± 0.05 mg) and
packed in silver capsules. For the isotope analysis an Isotope-Ratio Mass Spectrometer (IRMS) was
used. The measuring principle comprises that the silver capsules with the cellulose material are combusted and ionized. The resulting gas is then accelerated over a potential that separates the stream of
ions according to their masses. Heavier ions are deflected at a bigger radius and lighter ions at a smaller radius. Based on this principle and using a measuring detector, the percentage share of the lighter
and heavier carbon and oxygen stable isotopes can ultimately be determined (Rodrigues et al., 2013).

Figure 20: The different preparation steps for the isotope analysis (from left to right): splitting the tree cores in blocks of five
years with a scalpel under the microscope, milling the block material with the centrifugal mill, packing of the powdered
wood material in Teflon bags, the cellulose extraction process in the warm water bath and the final packing of the extracted
cellulose material in silver capsules.

5.6 Meteorological and reconstruction data
The wind relevant meteorological data was obtained from different sources. The SAM index data
stems from long-term station-based measurements (Marshall, 2003). Wind speed measurements of
Ushuaia are based on an operated weather station and the data was accessed through personal communication with Bianca Perren from the British Antarctic Survey. The reanalyzed wind speed measurements of Isla Hermite were retrieved from the KNMI Climate explorer that collects and provides climate data analysis tools. An average box of 1-2° around Isla Hermite was used to retrieve zonal winds
from reanalysis data (KNMI, 2020). Altogether, these wind relevant data was chosen since there is a
lack of data for this remote region but it was aimed to cover global data (SAM index), regional data
from a regularly operated weather station (wind speed measurements of Ushuaia) and local data from
the study site (Reanalysis wind speed measurements around Isla Hermite). The ice core based SWW
reconstruction is obtained from Koffman et al. (2014) and the raw data of this study was given by the
author for the purpose of this thesis.
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6.1 Tree-ring width measurement
The tree-ring widths of the seven samples and their middle curve are depicted in Figure 21. The treering width measurements of the individual tree cores can be seen in the appendix (see 10.2 Tree-ring
width measurements of the samples).

Figure 21: Overview of the measured tree-ring widths of the samples IH01-IH07 and their middle curve.

In general, the tree-ring widths of the Isla Hermite tree cores are comparably small, disregarding a few
outliers. The narrowest tree ring has a width of 80 μm, whereas the broadest ring measures 3.07 mm.
The tree ring of 1933 is broadly pronounced in almost all samples and was mainly used as a reference
to cross date the individual tree cores within this sample size. There are periods of more narrow rings
and periods of broader rings. Since 1955 the middle curve indicates a decreasing trend in the tree-ring
widths. The average age of these trees amounts to 117.7 years (see Table 1). To not overrate decreasing tree-ring widths with a trees’ lifetime, a tree-ring series should be corrected for the age trend with a
detrending approach. The age trend describes more narrow tree rings, formed by the tree with an advancing age as the same amount of biomass is yearly created over a larger surface area due to an increasing tree radius.
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Table 1: Overview of the determined ages of the tree core samples IH01-IH07.
Sample

First tree ring

Last tree ring

Age [y]

IH01

1881

2015

134

IH02

1949

2015

66

IH03

1878

2015

137

IH04

1875

2015

140

IH05

1896

2014

118

IH06

1902

2014

112

IH07

1897

2014

117

Ø Average age: 117.7 years

For the detrending of this tree-ring series a 30-years spline method was applied (Bunn, 2008). The
detrended series is shown in Figure 22 and the detrended individual tree cores samples can be seen in
the appendix (see 10.2 Tree-ring width measurements of the samples.

Figure 22: Overview of the detrended tree-ring width series of the samples IH01-IH07 and their middle curve.
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6.2 Chemical analysis
6.2.1

Direct method: Laser ablation

The chemical composition of the four tree cores (IH01, IH03, IH04, IH05) was analyzed using laser
ablation with focus on the sea salts main components sodium and chloride (see Figure 23 and 24).

Figure 23: Detected sodium (Na), chloride (Cl) and detrended tree-ring width for samples IH01 and IH03.
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Figure 24: Detected sodium (Na), chloride (Cl) and detrended tree-ring width for samples IH04 and IH05.

In all samples, the sodium (Na) and chloride (Cl) signals behave similarly. In all samples there is an
increase in sodium and chloride visible over the years. The samples IH04 and IH05 show only a slight
increase, whereas IH01 and IH03 have a greater increase since the years between 1940 and 1950. For
both, this general increasing trend is characterized by short term fluctuations. Other minor sea salt
relevant components could also be detected in the tree cores (see 10.3 Laser ablation measurements).
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6.2.2

Indirect method: Isotope analysis

The chemical composition of the six tree cores (IH01, IH03, IH04, IH05, IH06, IH07) was indirectly
analyzed by investigating their oxygen and carbon stable isotopes. The measurement of the oxygen
isotopes together with their tree-ring width is illustrated in Figure 25 and 26.

Figure 25: Oxygen isotopes with the individual mean (dashed) and the detrend ring width for samples IH01, IH03 and IH04.
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Figure 26: Oxygen isotopes with the individual mean (dashed) and the detrend ring width for samples IH05, IH06 and IH07.

Overall the oxygen isotopes in the samples do not show a general pattern or a trend over the years. In
some samples (IH01, IH05) there is a short-term increase respectively decrease in the δ18O value.
Generally, the oxygen curves are characterized by large fluctuations of the δ18O signal compared to
their individual mean signal over the years.
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The measurement of the carbon isotopes together with their tree-ring width is illustrated in Figure 27
and 28. For the carbon isotopes, the Suess-effect which describes the atmospheric change in heavy
carbon isotopes attributed to the burning of fossil fuels was corrected for (Francey et al., 1999).

Figure 27: Carbon isotopes with the individual mean (dashed) and the detrend ring width for samples IH01, IH03 and IH04.
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Figure 28: Carbon isotopes with the individual mean (dashed) and the detrend ring width for samples IH05, IH06 and IH07.

Overall the carbon isotopes present only small fluctuations of the δ13C signal in comparison to the
individual mean signal. There are no short-term changes in the δ13C value. More recently around 1995,
five of six samples show an increasing signal respetively less negative δ13C values.
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For a better understanding, the oxygen isotopes of all samples are depicted in a single figure together
with their isotope middle curve and the middle tree-ring width (see Figure 29).

Figure 29: All tree core samples with the measured oxygen isotopes, their middle curve, the mean signal (dashed) and the
detrended middle tree-ring width.

The oxygen isotopes of the different samples show a noisy signal as there is no clear pattern or trend
visible over the years. Only in the beginning there is a general small increase and from 1925-1930 a
short-term increase compared to the mean signal. Overall, the δ18O signal of the different samples is
characterized by a big heterogeneity. Further, the carbon isotopes of all samples are depicted in a single figure together with their isotope middle curve and the middle tree-ring width for a better understanding (see Figure 30).
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Figure 30: All tree core samples with the measured carbon isotopes, their middle curve, the mean signal (dashed) and the
detrended middle tree-ring width.

The carbon isotope signal shows a comparable pattern for the different samples over the years. The
individual δ13C signals do not vary much from each other and it is characterized by a small overall
heterogeneity. Since 1995, the increase respectively the less negative δ13C values are noticeable.

6.3 The analytical methods and wind relevant data
The direct and indirect analytical methods can be compared with the SAM index, wind speed measurements from Ushuaia and reanalyzed wind speed measurements from Isla Hermite (see Figure 31).
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a)

b)

c)

d)

e)

f)

Figure 31: Comparison of the results from the direct laser ablation and indirect isotope analysis of the Isla Hermite tree cores
with wind relevant data: a) middle tree-ring width of the cores b) middle Na (green) and Cl (orange) signal of the tree cores c)
middle oxygen and d) carbon isotopes of the tree cores e) SAM-index, where positive values imply stronger westerlies (red)
and negative values weaker westerlies (blue) (Data source: Marshall, 2003) and f) wind speed measurements of Ushuaia
(black) and reanalysis of zonal wind speed measurements around Isla Hermite (purple) (Data source: BAS, personal communication; KNMI, 2020). For each curve the dashed line is the mean of that record over the time interval shown.
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Graphically, the analytical methods with the sodium/chloride signal and the carbon isotopes have similarities with the SAM index and both wind speed measurements. Especially between 1995 and 2000 an
increase respectively a clear peak can be identified in all the above-mentioned data curves. The treering width and the oxygen isotopes approach do not show patterns comparable to the wind relevant
data. Aside from a visual evaluation, the results of the analytical methods can be quantitively compared with the SAM index (see Figure 32) and the wind speed measurements (see Figure 33 and 34).

Figure 32: Pearson correlation coefficients between the applied analytical methods (Na/Cl, oxygen/carbon isotopes) and the SAM
index. Significant moderate correlation is marked with *, significant good correlation with ** and significant high correlation with
***. The significance level is α < 0.05.

Figure 33: Pearson correlation coefficients between the applied analytical methods (Na/Cl, oxygen/carbon isotopes) and wind speed
measurements from the BAS weather station in Ushuaia. Significant moderate correlation is marked with *, significant good correlation with ** and significant high correlation with ***. The significance level is α < 0.05.

Figure 34: Pearson correlation coefficients between the applied analytical methods (Na/Cl, oxygen/carbon isotopes) and reanalysis
wind speed measurements around Isla Hermite. Significant moderate correlation is marked with *, significant good correlation with
** and significant high correlation with ***. The significance level is α < 0.05.
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The highest correlations of the analytical methods with the wind relevant data exist for the reanalysis
wind speed measurements around Isla Hermite. Especially the sodium (Na) and chloride (Cl) signal
show good positive correlations (r = 0.73 respectively r = 0.71). A moderate positive correlation exists
for the carbon isotopes and a moderate negative correlation for the oxygen isotopes. The wind speed
measurements from Ushuaia significantly correlate with the carbon isotopes (r = 0.63). The sodium
(Na) signal further shows a moderate positive correlation. There are no significant correlations for the
chloride (Cl) signal and the oxygen isotopes. Evaluating the correlations for the SAM index, a positive
moderate correlation can be found for the sodium (Na) signal and the carbon isotopes. No significant
correlations exist for the chloride (Cl) signal and the oxygen isotopes. The tree-ring width presents no
significant correlations with any of the wind relevant data. See the scatterplots in the appendix for
more detailed information about the individual correlations of the direct and indirect methods with the
wind relevant data (see 10.3 Correlations with wind relevant data and other SWW reconstructions).
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6.4 Tree-ring based SWW reconstruction and other reconstructions
The results of tree-rings based reconstruction of the Southern westerly winds can be further compared
with an ice core based reconstruction, where coarse particles were studied (see Figure 35).

a)

b)

c)

d)

d)

e)

e)

Figure 35: Comparison of the Isla Hermite tree cores based Southern westerly winds’ reconstruction approaches with another SWW reconstruction method: a) middle tree-ring width of the cores b) middle Na (green) and Cl (orange) signal of the tree
cores c) Ice core based SWW reconstruction with percentage of coarse particles, where more coarse particles imply stronger
westerlies (red) and less coarse particles weaker westerlies (blue) (Data source: Koffman et al., 2014) d) middle oxygen and
e) carbon isotopes of the tree cores. For each curve the dashed line is the mean of that record over the time interval shown.
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Visually, the curves of the sodium (Na) and chloride (Cl) signal behave very similarly to the ice core
record. In both records the beginning (1900-1935) is characterized by a low signal with one exception
around 1920. The elements of sodium (Na) and chloride (Cl) show an increase around 1922/1923 and
the ice cores present a pronounced peak in 1919. The next 20 years (1920-1940) is in both records
dominated by a continuous low signal. Subsequently, both records show high signals with comparable
peaks, notably in 1940, 1947, 1951 and 1953. Lower signals then reappear between 1955-1970 in both
records. During this period, the ice core record reveals some increases what the sodium (Na) and chloride (Cl) signals do not explicitly show. Nevertheless, both show an increase of their signal around
1966/67. These high signals continue during the next decade (1970-1980), before dropping notably in
1982 for the ice cores and in 1985 for the sodium (Na) and chloride (Cl) signals. The end of both records is mainly characterized by a high signal and a pronounced peak can be observed around 1998 for
both. The isotopes-based reconstruction approaches show in general less similarities with the ice corebased reconstruction. The carbon isotopes show a continuous increase since 1990 with a peak signal
for 2000-2005. This behavior is comparable with the high signal of the ice cores during this time. The
low signal period of the ice core record (1870-1920) can also be observed in the carbon isotopes
(1870-1915). For the oxygen isotopes no similar patterns can be found. The oxygen isotopes show a
pronounced peak for the time between 1925-1930 and could be comparable to the ice core record peak
of 1919. In the past 25 years, where the carbon isotopes and the ice core record show an increase, the
oxygen isotopes reveal an opposite behavior with a general low signal. Aside from this visual comparison, the direct and indirect methods of a tree-ring based Southern westerly winds reconstruction can
be quantitatively compared to the ice core based SWW reconstruction (see Figure 36)

Figure 36: Pearson correlation coefficients between tree-ring based SWW reconstructions (Na/Cl, oxygen/carbon isotopes) and the
West Antarctic Ice Sheet (WAIS) ice cores based SWW reconstruction. Significant moderate correlation is marked with *, significant good correlation with ** and significant high correlation with ***. The significance level is α < 0.05.

The direct reconstruction method with the sodium (Na) and chloride (Cl) signal shows the strongest
correlation with the ice core-based reconstruction (r = 0.49 and r = 0.52). A moderate positive correlation exists for the indirect reconstruction method with the carbon isotopes. There are no significant
correlations for the tree-ring width and the oxygen isotopes. For further information about the correlations of the direct and indirect methods of reconstructing the Southern westerly winds with the ice
core-based reconstruction see the scatterplots in the appendix (see 10.3 Correlations with wind relevant data and other SWW reconstructions).
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7.1 Tree-ring width measurement
The results of the ring width measurements show that the Isla Hermite trees generally have narrow
tree-ring widths with some broadly pronounced years. After the correction for the age trend, the
detrended series presents no unusual growth patterns with the exception of some broad tree rings
(1933, 1951, 1975) and some narrow tree rings (1930, 1942, 2012). Considering that these trees grow
in an extreme climate of low temperatures, resulting in a short growing period, the narrow tree rings
are reasonable. Temperature and precipitation are the main factors that influence the growth of the tree
rings. The lack of meteorological long-term records across this remote region complicates the evaluation of the observed growth behavior. A temperature reconstruction from the area of Ushuaia and Tierra del Fuego Island exists (Boninsegna et al. 2009). Nevertheless, no reasonable explanations can be
made for the observed growth patterns of the Isla Hermite trees based on the existing temperature record. To further check the plausibility of the Isla Hermite tree-ring series, it can be set in contrast to
rarely existing tree-rings chronologies from this area. There is a 200-years chronology of Nothofagus
betuloides trees on Navarino Island (Lombardi et al., 2011) and of Nothofagus pumilio trees from
eastern Tierra del Fuego Island in Argentina (Matskovsky et al., 2019). When the Nothofagus antarctica trees-based series from Isla Hermite is put in contrast to these two chronologies, no obvious comparable growth patterns can be elaborated. TOn a bigger spatial scale, two studies showed no major
disruption of tree growth patterns in southern Chile, or even a recent lower tree growth in the Patagonian area (Innes et al., 2000; Villalba et al., 2012). These observations also apply to the Isla Hermite
tree-ring series as no major disruption in the tree -ring growth can be identified. A recent low tree
growth can also hold true for the Isla Hermite trees, but longer measurements of this study site are
missing to fully support and prove this observation. To sum up, the above-mentioned comparisons and
considerations about the tree ring series of Isla Hermite support the existing observation, that based on
the strong geographical and climatic heterogeneity in this whole region, environmental or ecological
factors at the microsite level are supposed to have a bigger influence on the tree-ring growth (Fuentes
et al., 2019).

7.2 Analytical methods for wind relevant data
7.2.1

Direct method: Laser ablation

The laser ablation measurements demonstrate that in all examined tree cores a sodium (Na) and chloride (Cl) signal could be detected with an increase in the signal over the years. Half of the samples
show only a slight increase and the other half presents a great increase since around 1940/1950 with
short term decreases and increases. As sodium (Na) and chloride (Cl) behaves very similar in the samples, these elements can be assumed to be present as the composited sodium chloride (NaCl), which is
the major component of sea salt. Other sea salt relevant elements such as magnesium, calcium and
potassium could also be detected in the tree rings and show comparable behaviors to the two major
components (see 10.3 Laser ablation measurements).
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As all the above-mentioned elements naturally occur in many living organisms, basic amounts of some
elements can also be found in trees (Vaganov et al., 2013). The detected sodium (Na) and chloride (Cl)
signals in the trees cannot be conclusively led back to sea water, unless measurements of wood control
samples for this trees’ species from this region are conducted with no direct wind and ocean influence.
However, the suggested relation is that the detected intensities of sodium (Na) and chloride (Cl) in the
tree rings mirror the behavior of the winds. Stronger westerly winds lead to enhanced transport and
uptake of sea salt components by the trees. On the contrary, the transport and uptake of the sea salt
components is decreased with weaker westerlies. The leaves and roots seem both possible ways for the
uptake of this signal. In other studies, enhanced chloride concentrations could be detected in trees that
took chloride up mainly through the roots from a chloride-enriched wetland or sodium and chloride
cations could be determined in cotton leaves that were exposed to simulated salt dust (Yanosky and
Kappel, 1997; Abuduwaili et al., 2015). Another study showed that in plants the transport of liquid
water or solutes from aerosols across activated stomata can occur as an adaption process of nutrient
uptake in nutrient poor soils (Burkhardt, 2010). Transferred to the Isla Hermite trees, wind-driven sea
salt components are possibly taken up by the trees through the stomata from deposition on their leaves.
The other possibility is that the winds deposit sea salt components on the ground and the trees then
take up soil- or groundwater diluted with sea salt through their roots. A study revealed that silver nanoparticles entered the tree stem faster through the leaves than through the roots (Cocozza et al.,
2019). The penetration of the bark as way of sea salt components entering the Isla Hermite trees appears unlikely. The westerly winds are strong but for an uptake through the bark, extensive mechanical
pressure would be needed. In another study only increased concentrations of airborne particles were
incorporated in the bark of trees and not in the tree rings (Chiarantini et al., 2016).
In conclusion, increasing sodium (Na) and chloride (Cl) signals, which are main components of sea
salt could be detected in the tree rings. A mechanism that westerly winds transport sea salt relevant
components, which are taken up by the trees and archived in their rings, appears reasonable. An uptake
of the signal seems possible through the roots or the stomata of the leaves. The detected sodium (Na)
and chloride (Cl) signals in the tree rings are likely to yield wind relevant data.

7.2.2

Indirect method: Isotope analysis

The results of the isotope analysis reveal that the measured oxygen isotopes in the different tree core
samples show a noisy δ18O signal with a big heterogeneity and no clear patterns or trends over the
years. The heterogenous oxygen signal can be explained by the fact that the δ18O signal in tree rings is
controlled by the stomatal conductance but mainly resembles the isotopic oxygen signal of the source
water, taken up by the trees. It makes a difference for a tree whether its water uptake stems from precipitation, from the seawater or the soil water. Generally, sea water has a δ18O signal around 0‰, soil
water around -3‰ to -10‰ and precipitation around -5‰ to -20‰ dependent on the geographical
location (Van Meerveld, 2019). The existing isotopic signal of the water source influences the δ18O
signal in the tree rings. Therefore, the isotopic oxygen signal mainly resembles the source water and
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the westerly winds play only a limited or no role in a trees’ water uptake process. The winds indirectly
influence the precipitation patterns as they can direct saturated clouds with rainfall over the island and
to the trees. The lack of precipitation measurements for this remote location of Isla Hermite, complicates the identification of wind spatiotemporal patterns. However, it is important to remember that on
these islands, the microclimate (e.g. windward or leeward side of small mountains) plays likely the
dominant role and influences how much rainfall is deposited.
In the area of southernmost South America, a δ18O tree-ring chronology from the foothills of the
northwestern Patagonian Andes in Argentina exists (Roig et al., 2006). The Argentinean chronology
presents a noisy δ18O signal with a different course over the years and denotes a mean signal of δ18O =
24‰ compared to δ18O = 27.7‰ of this study. A verification of the results of this study based on a
comparison with the Argentinean chronology is difficult as the locations are different. The δ18O signal
of deposited rainfall is generally influenced by the Latitude-, Elevation- and Continental effect. With
an increase of these effects, the δ18O value of the deposited rainfall water decreases (Van Meerveld,
2019). The averaged δ18O precipitation signal for the Argentinean and the Isla Hermite study site is for
both around -10‰ (Araguás‐Araguás et al., 2000). However, the lower mean δ18O signal in the
Andean foothill trees can be attributed to the rainwater that is more enriched with the lighter oxygen
isotopes (low δ18O signal) when these particluar trees mainly take up rainwater. As the clouds have
already moved over the Andes, they mostly rained out, resulting in lower δ18O higher values in the
rainwater and subsequently in the tree rings.
To sum up, the oxygen isotope signal in trees is mainly influencd by the water source and the role of
the winds in the water uptake process is only minor. The winds influence precipitation patterns by
directing saturated clouds over islands, but the isoptic oxygen signal of rainfall is further dependent on
other factors which include the Latitude-, Elevation- or Continental effect. Long term meteological
data from this remote island is required to make reliable statements about precipitation spatiotemporal
patterns and to understand the minor role of winds on the oxygen signal in trees. The oxygen isotopes
in the Isla Hermite trees yield no wind relevant data.
On the other hand, the measured carbon isotopes show small δ13C fluctuations in the different tree core
samples over the observed time span with a recent trend of less negative δ13C values. The carbon isotopes in tree rings are influenced by the rates of stomatal conductance and photosynthesis (McCarroll
and Loader, 2014). The indirect role of winds on these physiological processes is still disputed and not
fully understood. Higher wind speeds are argued to induce greater transpiration rates that lead to a
greater water stress for a tree. As a consequence, the trees’ stomata are closed and the tree rings are
enriched with the heavier carbon isotopes, leading to less negative δ13C values (Bidwell, 1979). The
observed trend of the less negative δ13C values in the Isla Hermite tree cores during 1995-2005 could
therefore indicate stronger winds: The westerly winds strengthened, enhanced transpiration rates
followed, which led to a water stress for the trees resulting in closing of their stomata. Winds are also
supposed to have a more mechanical influence on the stomata: In response to the physical shock of
wind, the stomata may shut, or stomatal damage is caused (Caldwell, 1970; Wilson, 1979). Damaged
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stomata lead to greater water loss, which is aimed to be reduced by the tree with the closure of the
stomata. As a result, the heavier carbon isotope is enriched, leading to less negative δ13C values. Conversely, the shock of wind is also proposed to open the stomata even more widely which results in
more negative δ13C values (Grace, 1974). Another explanation for less negative δ13C values could be
wind-driven salt that constitutes a further stress factor for the tree. It could be shown that salt respectively root immersion in saltwater caused higher δ13C values in tree rings which were likely triggered
by the osmotic stress from saltwater (Kubota et al., 2017). Therefore, stronger winds could bring more
sea salt, causing an additional stress factor for the tree and prompts a further closure of the stomata.
In summary, the general role of winds on the carbon isotopes in trees is yet not fully clear but the explanations of closed or damaged stomata, due to water and salt stress from stronger westerly winds
seem plausible. The carbon isotopes in trees possibly yield some wind relevant data.

7.2.3

Application of the direct and indirect method

Aside from yielding wind relevant data, the application of the direct laser ablation and the indirect
isotopes analysis can be compared. Laser ablation is a non-destructive approach that allows to measure
a range of elements in tree rings with a high spatial resolution. The method is simple to apply with the
corresponding instruments, but exclusive and expensive instruments are needed. A limit of laser shots
is available per measuring run, that allows only a few tree cores to be simultaneously measured. Given
that the method is able to measure in the μm range, it is highly suitable for narrow tree rings like the
examined Isla Hermite tree cores. Laser ablation constitutes a new approach in dendrochronology with
yet only little data for comparisons. On the other hand, the indirect method of isotope analysis is a
well-known and established approach in dendrochronology. It is a destructive approach that enables to
measure changes in the per mill range of oxygen and carbon isotopes in tree rings. A high-resolution
can be achieved as year to year changes are examined by splitting single tree rings. A yearly splitting
was mechanically not possible with the Isla Hermite samples since the individual rings were too narrow. The sample preparation for the isotope analysis is time consuming and the measurements are
costly. A lot of data about isotopes in trees is available and the mechanisms are known, but the role of
winds on isotopes in trees is not fully understood.

7.3 Comparison of wind signal from tree-ring record with meteorological data
Figure 31 and the corresponding correlation analysis show that some analytical methods, namely the
sodium (Na) and chloride (Cl) signal and the carbon isotopes, present good similarities with wind relevant regional meteorological records. The highest correlations (r = 0.73 and r = 0.71) could be elaborated for the sodium (Na) and chloride (Cl) signal with the wind speed measurements from Isla Hermite. These elements also present good correlations with wind speed measurements from Ushuaia and
the SAM index, suggesting stronger winds go along with higher intensities of sodium (Na) and chloride (Cl) in the tree rings. It is likely that these detected signals in the Isla Hermite trees are induced by
the westerly winds. The assumed underlying mechanism of stirred up sea-salt that is transported onto
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the island by the winds and is then taken up by the trees seems reasonable, as sodium (Na) and chloride (Cl) constitute the main components of sea salt. This apparent direct connection between the element signals and the wind speed measurements, makes it more likely that sodium (Na) and chloride
(Cl) is taken up by the trees through the stomata of the leaves. An indirect way over the roots from sea
salt diluted rain- or soil water appears less likely as in this case a more diffuse signal would be expected. Stronger westerly winds lead to enhanced transport and uptake of sea salt components by the
trees and consequently results in higher intensities of the elements in the tree rings. It is likely, that the
detected odium (Na) and chloride (Cl) signals in the tree rings constitute a wind relevant signal.
Furthermore, the carbon isotopes show good correlations with wind speed measurements from
Ushuaia (r = 0.63) and moderate correlations with the Isla Hermite wind speed measurements and the
SAM index. Especially the peaks of SAM and the increases in wind speed during the period of 19952000 appears to be retrieved in the oxygen isotopes with a trend of less negative δ13C values during the
same period. When the Isla Hermite wind speed measurements indicate weaker westerly winds from
around 2005, the carbon isotopes show more negative δ13C values. At the same time, the exact role of
the winds on the carbon isotopes in trees and the underlying mechanisms are yet to be established.
Nonetheless, the explanations of closed or damaged stomata through water and salt stress induced by
stronger winds seem plausible. A wind relevant signal in the carbon isotopes of tree rings is possible.
In contrast, the oxygen isotopes show only low negative correlations with wind relevant data. The role
of winds on the oxygen isotopes in tree rings can be denoted as minor as other factors including the
type of water source, the geographical effects on precipitation seem to be more prominent. A wind
relevant signal in the oxygen isotopes of tree rings is unlikely based on the Isla Hermite trees.
The tree-ring width shows no significant correlations with the wind relevant data. The winds appear to
have no significant influence on the growth of the tree rings. The constantly blowing westerly winds
constitute probably more a long-lasting constraint and the trees are very likely accustomed to these
strong windy conditions. For the trees, the winds do not constitute a sudden extreme event that could
more likely be visible as disturbed growth behaviour in the tree rings. A wind induced signal in the
growth of the tree rings cannot be observed. Overall, a wind relevant signal can be retrieved from the
Isla Hermite tree cores as some approaches show good correlations with wind relevant regional meteorological data. Retrieving a wind relevant signal is likely from detected sodium (Na) and chloride
(Cl) signals and potentially also from the carbon isotopes in tree rings. No wind relevant signal can be
derived from the oxygen isotopes in tree rings and from the tree-ring width.

7.4 Comparison of the tree-ring based SWW reconstruction with other reconstructions
Figure 35 and the corresponding correlation analysis demonstrates that some tree-ring based SWW
reconstruction approaches, namely the sodium (Na), chloride (Cl) signal and the carbon isotopes present some close similarities to the ice core based SWW reconstruction. The highest correlations (r =
0.49 and r = 0.52) could be reached for the sodium (Na) and chloride (Cl) signal approach. As these
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signals already show the best correlations with wind relevant data, it makes sense that they are also
best capable of reconstructing the behavior of westerly winds. The timing of the peaks of the signals
that signify stronger westerlies, fits well with the peaks of the coarse particles in the ice-core based
approach. Although the peaks are well depicted in the two records, a shift of the peaks around two to
three years can sometimes be identified. Lows in the chemical signals, which correspond to weaker
westerlies, are less pronounced compared to the ice-core based reconstruction. An explanation could
be that in tree rings already a basic amount of naturally occurring sodium (Na) and chloride (Cl) exists
which cannot be even more negative in times of weaker westerlies. Consequently, no such pronounced
low signals can be developed in this record. In contrast, the ice cores make use of a different approach
as strong and weak westerlies are determined based on the coarse particles’ sizes in the ice cores. In
addition, the tree-ring based method does not yet have longer records which would allow to build a
more robust long-term mean based on which low and high signals can be clearer distinguished.
The carbon isotope based SWW reconstruction presents some similarities with the ice core-based reconstruction. It depicts an analogous period of a low carbon signal with weak westerlies during 18701915 and a recent carbon signals’ increase with stronger westerlies from 1995. Apart from that, the
carbon isotope approach is not able to reconstruct the short-term dynamics of the westerlies since it is
also based on five year means and not on annual values. As previously mentioned in the discussion
with wind relevant data, the role of winds on carbon isotopes in tree rings and the underlying mechanism are not fully understood. This aggravates the use of carbon isotopes to reconstruct the westerlies
based on an only indirect approach. Besides this, the approach of using the oxygen isotopes in tree
rings or the tree-ring width are not able to reconstruct the Southern westerly winds. This makes sense
since they presented no significant correlations with wind relevant data.
Aside from this ice core based SWW reconstruction, more approaches, focused on the more recent
behaviour, are lacking for a quantitative comparison. Nevertheless, this tree-ring based SWW reconstruction can be qualitatively compared with approaches focusing more on the whole Holocene. For
instance, the iron concentration in marine sediments, biogenic carbonate accumulation rates in lake
sediments or the type of pollen records were used (Lamy et al., 2001; Lamy et al., 2010; Strother et al.,
2015). Such proxy records allow to reconstruct the Southern westerly winds over a link with a climate
variable (e.g. precipitation, temperature) and the modern relationship between the climate variable and
the winds. In contrast to these more conventional approaches, a tree-ring based reconstruction has an
annual resolution, as one specific signal can be assigned to an exact year respectively an annual ring of
the tree. The focus lies more on the recent wind behavior and the decadal changes with possible implications for the future climate system. The detected sodium (Na) or chloride (Cl) signals directly reflect
the behavior respectively the strength of the westerlies and is not indirectly derived over a climate
variable. Unfavourable is that this tree-ring based reconstruction is not able to cover the suggested
250-year periodicity of the westerlies since the examined trees are on average 118 years old (Turney et
al., 2016). The uptake mechanism behind the reconstruction approach of a wind induced sea salt signal
which is taken up by the trees appears reasonable but could not yet been conclusively proven. The
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proxy of tree respectively its occurrence is limited in such high latitudes within the core wind belt due
to the prevailing extreme climate.
Finally, the tree-ring based method using sodium (Na) and chloride (Cl) signals, correlates well with
an ice core based SWW reconstruction. It presents some advantages compared to the conventional
reconstruction methods, but also several disadvantages, which can be improved with further work and
research. Altogether, it constitutes a promising alternative approach to reconstruct the Southern westerly winds with a focus on their recent behaviour and decadal changes for future climate implications.

7.5 Future trends of the Southern westerly winds in the climate system
The applied methods within this thesis confirm the observed strengthening trend of the Southern westerly winds in recent decades. Sodium (Na), chloride (Cl) and carbon isotopes show increasing signals
over the observed years with a recent stronger increase from around 1995. They provide signs that
there could also be a recent short-term weakening of the westerlies within the long-term intensification
trend. The wind speed measurements from Ushuaia support this speculation. At this point, it cannot be
confidently stated whether this is only a short-term decrease in the long-term westerlies’ intensification trend or not, but the long-term strengthening trend is apparent.
The underlying mechanisms for the recent strengthening and southward shift of the westerlies are still
controversially debated. It is not clear whether the southward shift and strengthening is a response to
elevated carbon dioxide in the atmosphere or intensified westerlies themselves cause an increase of
atmospheric carbon dioxide (Toggweiler, 2009). The solar irradiance is proposed to modulate the
westerlies in the long-term and the recent shift and the intensification is also attributed to stratospheric
ozone depletion in the Antarctic region with a smaller effect of greenhouse gas forcing (Turney et al.,
2016; Lee and Feldstein, 2013). In the past, shifted and strengthened westerlies are suggested to have
substantially increased the ventilation of carbon-rich deep water in the Southern Ocean at the end of
the last Ice Age and triggered CO2-induced warming (Anderson et al., 2009). Given the strong link
between the Southern westerly winds and the Southern Ocean, where enormous quantities of carbon
are stored and heat is taken up, further research about the exact underlying mechanism and resulting
consequences are essential. It is decisive whether the expected intensification of the westerlies, leading
to enhanced carbon-rich deep-water upwelling, will transform the Southern Ocean from a current carbon sink into a carbon source or whether an enhanced upwelling can be covered by the Southern
Ocean with a more extensive carbon uptake. In times of a rapidly changing climate and increasing
atmospheric carbon dioxide, we learn that the westerlies will probably be more intensified and play a
central role how the future climate looks given they interplay with the Southern Ocean in the global
carbon cycle. Lastly, we can learn that more research about the westerly winds is extremely helpful to
better estimate future consequences in the global climate system.
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Conclusion

A better understanding of the Southern westerly winds, which are a major driver of the global climate
is crucial to assess future consequences in our climate system. This thesis indicates that the applied
methods of chemical analysis, namely laser ablation and carbon isotope analysis allow to retrieve a
wind relevant signal in tree rings from southernmost South America. Laser ablated sodium (Na) and
chloride (Cl) signals in the tree rings present strong positive correlations with regional wind speed
measurements (r = 0.73 and r = 0.71). The detection and existing correlations of these main components of sea salt support the idea that the Isla Hermite trees are likely to take up sea salt components
induced by the westerly winds. An uptake of the trees appears possible through their leaves or roots.
The apparent direct connection between the detected element’s signals and the wind speed measurements makes it more likely that sea salt components are taken up through the stomata of their leaves
compared to the roots with an expected more diffuse and long-term signal. Higher intensities of sodium (Na) and chloride (Cl) in the tree rings signify stronger westerly winds as more sea salt is transported by the winds and taken up by the trees. Besides this, the carbon isotope analysis correlates
moderately with wind speed measurements and possibly constitutes a wind relevant signal. The exact
role of winds on carbon isotopes in trees with the underlying mechanisms are not yet fully understood.
Closed or damaged stomata, due to water and salt stress from stronger winds seem plausible.
The findings of these approaches demonstrate the potential of a tree-ring based reconstruction of the
Southern westerly winds. It creates interesting possibilities to develop a high-resolved reconstruction
of the Southern westerly winds with a focus on their recent behavior and decadal to centennial-scale
shifts with future implications for the climate. A SWW reconstruction based on the laser ablated sodium (Na) and chloride (Cl) signals in the tree rings correlates significantly with an ice core based SWW
reconstruction (r = 0.49 and r = 0.52). The non-destructive method of laser ablation is characterized by
high spatial and temporal resolution for narrow rings and is simple to apply with the required instruments. A SWW reconstruction using carbon isotope analysis is less promising as only moderate correlations could be found. The method has a lower temporal resolution, is more time consuming and the
winds’ role on carbon isotopes in trees yet more unclear.
In the future, more work is required to improve this approach and to further exploit the existing potential of a tree-ring based SWW reconstruction. Sampling of more tree cores from this remote region
would be highly beneficial to verify these results, improve the spatial representation and build more
robust tree-ring series. The availability of living trees in such high latitudes is limited. A future sampling approach could be more systematic in terms of the location of the trees and taking necessary
control samples, including the leaves of the trees. Open questions could be conclusively answered
about the prevailing way of sodium (Na) and chloride (Cl) uptake by the trees, the detailed influence
of the winds on the trees and possible wind induced damages of the stomata. This thesis showed that
dendrochronology with a chemical analysis of tree rings can help to better understand the Southern
westerly winds by investigating sodium (Na) and chloride (Cl) signals in the tree rings.
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10 Appendix
10.1 Sampling details of the BAS-expedition in 2015
Table 2: Overview of the sampling details of the tree cores IH01-IH07 during the BAS-expedition in 2015
Sample

Species

Latitude

Longitude

Altitude

Aspect

Observations

IH01

Nothofagus
antarctica

55°49.840’S

67°52.271’W

34 m

S

It presents signs of red lichens

IH02

Nothofagus
antarctica

55°49.796’S

67°52.309’W

15 m

NE

Similar but it seems healthier

IH03

Nothofagus
antarctica

55°49.843’S

67°52.289’W

28 m

SSE

Similar but it seems healthier

IH04

Nothofagus
antarctica

55°49.845’S

67°52.296’W

31 m

SW

Similar with dead branches

IH05

Nothofagus
antarctica

55°49.847’S

67°52.293’W

30 m

N

Similar but it seems health, with a lot of
branches

IH06

Nothofagus
antarctica

55°49.849’S

67°52.891’W

24 m

SE

Similar and main trunk is bended

IH07

Nothofagus
antarctica

55°49.793’S

67°52.285’W

19 m

E

almost dead, just some leaves in the upper
branches
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Figure 37: Pictures of the individual tree core samples IH01-IH07.
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10.2 Tree-ring width measurements of the samples

Figure 38: Individual measurements of the tree-ring width for the samples IH01-IH07.
51

Appendix

Figure 39: Detrended tree-ring width measurements for the samples IH01-IH07.
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10.3 Laser ablation measurements

Figure 40: Detected sea seal relevant elements sodium (Na), chloride (Cl), magnesium (M), potassium (K) and calcium (Ca)
for the samples IH01 and IH03 using laser ablation.
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Figure 41: Detected sea seal relevant elements sodium (Na), chloride (Cl), magnesium (M), potassium (K) and calcium (Ca)
for the samples IH04 and IH05 using laser ablation.
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10.4 Correlations with wind relevant data and other SWW reconstructions
Analytical methods and SAM index
r = -0.06

r = 0.35*

r = -0.15

p = 0.007

p = 0.263

p = 0.653

r = 0.17

r = 0.3*

p = 0.193

p = 0.021

Figure 42: Scatterplots of the applied analytical methods (Na/Cl, oxygen/carbon isotopes) and SAM index. Significant moderate
correlation is marked with * (0.2 ≤ |r| ≤ 0.5), significant good correlation with ** (0.5 ≤ |r| ≤ 0.8 and significant high correlation with
*** (0.8 ≤ |r| ≤ 1). The significance level is α < 0.05.
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Analytical methods and wind speed of Ushuaia
r = 0.02

r = 0.44*

r = -0.24

p = 0.005

p = 0.14

p = 0.899

r = 0.05

r = 0.63**

p = 0.77

p = 1.114*10-5

Figure 43: Scatterplots of the applied analytical methods (Na/Cl, oxygen/carbon isotopes) and wind speed measurements from the
weather station in Ushuaia. Significant moderate correlation is marked with * (0.2 ≤ |r| ≤ 0.5), significant good correlation with **
(0.5 ≤ |r| ≤ 0.8 and significant high correlation with *** (0.8 ≤ |r| ≤ 1). The significance level is α < 0.05.
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Analytical methods and wind speed of Isla Hermite
r = -0.02

r = 0.73**

r = -0.32*

p < 2.2*10-16

p = 0.001

p = 0.808

r = 0.71**

r = 0.27*

p < 2.2*10-16

p = 0.004

Figure 44: Scatterplots of the applied analytical methods (Na/Cl, oxygen/carbon isotopes) and reanalysis wind speed measurements
around Isla Hermite. Significant moderate correlation is marked with * (0.2 ≤ |r| ≤ 0.5), significant good correlation with ** (0.5 ≤ |r|
≤ 0.8 and significant high correlation with *** (0.8 ≤ |r| ≤ 1). The significance level is α < 0.05.
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Tree-ring based SWW reconstructions with ice core based SWW reconstructions
r = -0.01

r = 0.49*

r = 0.03

p = 0.944

p = 2.068*10-5

r = 0.52**

p = 0.77

r = 0.28*

p = 7.212*10-6

p = 0.001

Figure 45: Scatterplots of the tree-ring based SWW reconstructions (Na/Cl, oxygen/carbon isotopes) and the WAIS ice cores-based
Southern westerly winds reconstruction. For the isotopic data, also five year mean values were calculated for the coarse particles in
the ice cores. Significant moderate correlation is marked with * (0.2 ≤ |r| ≤ 0.5), significant good correlation with ** (0.5 ≤ |r| ≤ 0.8
and significant high correlation with *** (0.8 ≤ |r| ≤ 1). The significance level is α < 0.05.
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