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Abstract
Proxy climate records, such as those derived from tree rings, are necessary to extend relatively short instrumental meteoro-
logical observations into the past. Tierra del Fuego is the most austral territory with forests in the world, situated close to the 
Antarctic Peninsula, which makes this region especially interesting for paleoclimatic research. However, high-quality, high-
resolution summer temperature reconstruction are lacking in the region. In this study we used 63 tree-ring width chronologies 
of Nothofagus pumilio and Nothofagus betuloides and partial least squares regression (PLSR) to produce annually resolved 
December-to-February temperature reconstruction. The resulting reconstruction extends back to AD 1765 and explains 
37–50% of instrumental temperature variability. We found that observed summer temperature variability in Tierra del Fuego 
is primarily driven by the fluctuations of atmospheric pressure systems both in the South Atlantic and South Pacific, while it 
is insignificantly correlated to major hemispheric modes: El Niño–Southern Oscillation and Southern Annular Mode. This 
fact makes our reconstruction important for climate modelling experiments, as it represents specific regional variability. 
Our reconstruction can be used for direct comparison with model outputs to better understand model limitations or to tune a 
model. The reconstruction can contribute to larger scale reconstructions based on paleoclimatic data assimilation. Moreover, 
we showed that PLSR has improved performance over principal component regression (PCR) in the case of multiple tree-
ring predictors. According to these results, PLSR may be a preferable method over PCR for the use in automated tree-ring 
based reconstruction approaches, akin widely used point-by-point regression.

Keywords Southern Hemisphere · Nothofagus pumilio · Nothofagus betuloides · Dendroclimatology · Southern Atlantic · 
Partial least squares regression · Principal component regression

1 Introduction

For the last decades, there are indications that many areas 
of South America have experienced climatic and ecologi-
cal changes driven by regional, hemispheric-scale, and 
global ocean–atmosphere processes (Parmesan 2006; Moy 
et al. 2009). These changes are projected to intensify in the 
future (Marengo et al. 2009). Long-term, robust climate 
proxy records provide a baseline against which recent cli-
mate variability can be compared, and climate models evalu-
ated to refine their predictive skill. To identify temporal and 
spatial patterns of climate change, an extensive land proxy 
network is required. This is problematic for the Southern 
Hemisphere given low fraction of land and the paucity of 
sites surveyed at present in various continental sectors. 
Among different locations in the Southern Hemisphere, the 
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archipelago of Tierra del Fuego (hereafter TdF), situated at 
the southern tip of South America, has a privileged position 
to carry out paleoclimatological studies (Boninsegna et al. 
2009; Roig et al. 1996). TdF is the most austral territory 
with forests in the World, situated close to the Antarctic 
Peninsula. Besides its unique location, TdF has vast oppor-
tunities for paleoclimate studies, as many proxy archives 
are represented in the region, including peat bogs, lakes, 
glaciers and trees (Rabassa et al. 1989; Roig et al. 1996). 
The most detailed (i.e. high resolution) information about 
the climatic and environmental changes of the last millen-
nia can be obtained from tree-ring records. Robust tree-ring 
reconstructions of TdF climate can provide information on 
pre-industrial climate variability in the region, as well as on 
the atmospheric and oceanic processes behind those. This 
information is crucial for the advancement of paleoclima-
tology of the Southern Hemisphere, including paleoclimate 
modelling. Dendrochronological studies for TdF region 
were focused on two species: lenga (Nothofagus pumilio) 
and coihue de Magallanes (N. betuloides). Another Nothof-
agus species ñire (N. antarctica), which is widespread in 
TdF, have not attracted significant attention of dendrochro-
nologists so far. Research questions of dendrochronologi-
cal studies in TdF, besides dendroclimatic reconstructions 
that were described in a review by Boninsegna et al. (2009), 
included climatic response of tree-ring width chronologies 
(Massaccesi et al. 2008; Llancabure 2011; Soto-Rogel, Ara-
vena 2017; Matskovsky et al. 2019; Fuentes et al. 2019), 
potential for development of millennia-long chronologies 
(Roig et al. 1996), potential application of dendrochronol-
ogy in silvicultural management (Franco et al. 2019; Mundo 
et al. 2020), and even a reconstruction of earthquakes of the 
last 150 years (Pedrera et al. 2014). Still, many questions 
remain open. One of the important open questions is: are the 
trees growing in TdF sensitive enough to be used for climate 
reconstructions?

Another important question that arises when working on 
a reconstruction is the following: given one climatic param-
eter reconstructed, what can we say about the regional and/
or hemispheric climate variability in the past? Since the 
climate of TdF is strongly influenced by large-scale atmos-
pheric circulation systems, we may expect a significant con-
nection of regional air temperature with the main Southern 
Hemispheric atmospheric and ocean-atmospheric modes: 
the Southern Annular Mode (SAM, also known as the Ant-
arctic Oscillation, AAO) and the El Niño-Southern Oscil-
lation (ENSO). Nevertheless, several studies revealed that 
linear correlation of summer temperature anomalies with 
the main atmospheric circulation indices does not confirm 
this connection. Jacques-Coper and Bronnimann (2014) 
showed that the correlation coefficients of interannual sum-
mer temperature anomalies in Southern South America with 
ENSO 3.4 and SAM indices for 1907–2001 strongly depend 

on the time period. In particular, significant positive cor-
relation was found for several periods in the middle of the 
twentieth century, but negative correlation with ENSO 3.4 
(− 0.23) and almost zero with SAM (0.09) was found for the 
period 1980–2001. According to Marshall et al. (2006), cor-
relation coefficient of summer temperature at Punta Arenas 
with SAM index was equal to 0.16. It should be noted that 
atmospheric circulation indices are simple proxies of large-
scale circulation patterns, and they may not be representative 
for a certain region due to regional variability.

In accordance with the two questions raised, we address 
two research topics in this study, namely: (i) the suitability 
of tree-ring data from TdF for summer temperature recon-
structions and (ii) the additional information that summer 
temperature reconstruction from the region may bring to 
palaeoclimatic research. With this aim in mind, we compiled 
a set of tree-ring chronologies from TdF, including 44 lenga 
(Nothofagus pumilio) and 19 coihue de Magallanes (N. betu-
loides) chronologies (Boninsegna et al. 1989; Massaccesi 
et al. 2008; Roig et al. 2010; Llancabure 2011; Soto-Rogel, 
Aravena 2017; Matskovsky et al. 2019; Fuentes et al. 2019). 
From these 63 tree-ring width predictors, we developed a 
nested reconstruction of summer (December through Febru-
ary, DJF) temperature based on partial least squares regres-
sion (PLSR). To underscore the efficacy of our approach 
we provide a comparison with results from the more con-
ventional principal components regression (PCR) approach 
(e.g., Briffa et al. 1983). To better understand regional sum-
mer temperature drivers, and to put our reconstruction into 
a broader palaeoclimatic context, we analyzed pressure pat-
terns that are responsible for summer temperature variations 
in the region. Finally, we discussed the new reconstruction, 
its possible advantages, and its usefulness for the palaeocli-
mate community.

2  Materials and methods

2.1  Climate of Tierra del Fuego

The climate of most of Patagonia is significantly affected 
by subtropical anticyclones over the Atlantic and Pacific 
oceans, whereas the thermal regime in TdF during the whole 
year is influenced by the Circum-Polar Current and subpolar 
westerly winds (Jacques-Coper and Bronnimann 2014; Gar-
reaud et al. 2009, 2013). The climate of TdF is of the sub-
polar oceanic type according to Köppen classification, with 
cold summer (average temperature (T) around 9 °C) and 
mild winter (average T around 0 °C). The southern islands 
of the archipelago have tundra climate with the mean annual 
T about 3 °C, winter T below 0 °C and annual amplitude 
of about 5 °C (Paruelo et al. 1998). The amount of precipi-
tation reaches a maximum on the south-west coast (above 
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1000 mm/year) due to the orographic enhancement by the 
Andes and reduces to 500–700 mm/year in the south-eastern 
part and to 300 mm/year in the northern part of the island 
(Garreaud et al. 2013). Precipitation in TdF falls almost uni-
formly throughout the year.

2.2  Climate data sets

Climatic data from CRU TS 4.01 archive (Harris et al. 2020; 
0.5° resolution) was extracted and averaged for 49 non-
empty grid points that cover the study area (73.75°–66.75° 
W, 53.75°–55.75° S), defined to include the locations of the 
available chronologies. Monthly values of mean tempera-
ture for the whole period 1901–2016 were used, however 
the longest meteorological record that is situated inside 
the selected region and contribute to CRU TS starts in 
1931 (Ushuaia weather station). Punta Arenas and Punta 
Dúngenes stations, which both cover the whole period, are 
situated to the north of this region. However, they contribute 
to the extracted CRU data due to the interpolation methods 
used to create the archive based on sparse station locations. 
A small number of stations may be a problem for reliability 
of climatic time series in the region, especially for the first 
third of the twentieth century.

We used geopotential height and wind speed data for 
1000 mb, 850 mb, and 500 mb levels from the twentieth 
Century Reanalysis V3 (Slivinski et al. 2019; 1.0° resolu-
tion). Summer (DJF) averages of the SAM were acquired 
from the reconstruction of Viesbeck (2009), and monthly 
values based on the methodology of Marshall (2003) were 
acquired from the British Antarctic Survey (https:// legacy. 
bas. ac. uk/ met/ gjma/ sam. html). Monthly values of the Niño 
3.4 index (Trenberth and Stepaniak 2001) for the period 
1870–2020 based on HadISST (Rayner et al. 2003) that rep-
resent ENSO were acquired from the National Oceanic and 
Atmospheric Administration (NOAA): https:// psl. noaa. gov/ 
gcos_ wgsp/ Times eries/ Data/ nino34. long. data.

2.3  Tree‑ring data and chronology development

The present study is based on 63 tree-ring width chronolo-
gies derived from Nothofagus pumilio and N. betuloides for-
ests, mainly distributed in the Argentinean sector of Tierra 
del Fuego, except for  seven N. betuloides chronologies 
from the Chilean sector (Fig. 1). The chronologies from the 
Argentinean sector are the result of several contributions 
during the last 30 years (Boninsegna et al. 1989; Roig et al. 
1996; Roig and Villalba 2008; Massaccesi et al. 2008; Mat-
skovsky et al. 2019). All the 44 chronologies of N. pumilio 

Fig. 1  Map of tree-ring locations used in this study. Colour indicates 
the length of chronologies. Spatial extent of CRU TS data averaged 
to get the target variable is marked by red rectangle. Meteorological 

stations with the longest records in the region are indicated by stars. 
Topography is shown in grayscale

https://legacy.bas.ac.uk/met/gjma/sam.html
https://legacy.bas.ac.uk/met/gjma/sam.html
https://psl.noaa.gov/gcos_wgsp/Timeseries/Data/nino34.long.data
https://psl.noaa.gov/gcos_wgsp/Timeseries/Data/nino34.long.data
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used in this study were previously analysed by Matskovsky 
et al. (2019) for the presence of non-climatically induced 
seven-year cycles, and these cycles were removed for an 
enhancement of climatic signal recorded in tree-ring widths. 
Six chronologies of N. betuloides from Chile were described 
in Fuentes et al. (2019). The longest N. betuloides chronol-
ogy (LRB, 1492–2002, see Table S1, Electronic supple-
mentary material) has been described in Llancabure (2011) 
and Soto-Rogel and Aravena (2017). The remaining 12 N. 
betuloides chronologies from Argentina were described in 
Boninsegna et al. (1989) and Roig et al. (2010). Basic sta-
tistics on all the chronologies used in the study are shown 
in Table S1. A kml file with coordinates of all the chronolo-
gies is provided in Electronic supplementary material for the 
possibility of rigorous investigation of their locations. All 
ring-width measurements were quality checked using the 
program COFECHA (Holmes 1983; Grissino-Mayer 2001). 
Tree-ring chronologies were computed using the program 
ARSTAN (Cook 1985; Cook et al. 2017) by visually con-
trolled application of multiple detrending functions: Huger-
shof function, negative exponential, negative or zero-slope 
straight lines. Indices were computed as the ratios between 
the original measurements and the fitted curves. Then, for 
each calendar year, a mean value was computed using a 
bi-weight robust estimate. No variance stabilization was 
used. The expressed population signal (EPS), computed in 
a 30-year moving window with a 29-year overlap, was used 
to assess how well a finite-sample chronology compares with 
the theoretical population chronology based on an infinite 
number of trees (Wigley et al. 1984). For the reconstruction 
purposes, the commonly used EPS value of 0.85 was used 
as a threshold to cut the earlier, poorly replicated parts of 
the chronologies.

2.4  Reconstruction method

2.4.1  Partial least squares regression and principal 
component regression

To underscore the efficacy of PLSR approach we used for 
the reconstruction, we provide a comparison with the results 
from a more conventional PCR approach. We reconstructed 
summer temperature (dependent variable) from multiple 
tree-ring chronologies (independent variables) using both 
methods. Although the physical logic of the process is 
reversed (the growth of trees depends on the climate param-
eter, and not vice versa), the problem statement for solving 
it using data-driven methods uses exactly this formulation—
from data to process (Reichstein et al. 2019). PCR is com-
monly used in dendroclimatology, so we do not describe 
it in detail. PCR is the base of the Point-by-Point Regres-
sion method (PPR, Cook et al. 1999), which is widely used 
for spatial drought reconstructions based on tree-ring data 

(Cook et al. 2015, 2020; Morales et al. 2020). PLSR origi-
nated from social sciences but found its broad application 
mainly in chemometrics (Abdi, 2010). It has also been used 
in some dendroclimatological studies (e.g. Kalela-Brundin 
1999; Timilsena and Piechota 2008; Bauwe et al. 2016), 
but has not received wide recognition. Both methods help 
to deal with the problems connected to multicollinearity, 
which is inevitable in case of highly correlated tree-ring 
data. Both methods use latent variables, i.e. variables that 
are inferred from the observed variables through a math-
ematical model, in this case it is a linear model. A principal 
difference between PLSR and PCR is that when construct-
ing latent variables (which in the case of PCR are called 
principal components, PCs) from the initial predictors, 
the latter method maximizes the explained variance in the 
set of the predictors, while the former method maximizes 
the explained variance in the dependent variable. In other 
words, PCR decomposes X in order to obtain components 
which best explains X. By contrast, PLS regression finds 
components from X that best predict Y, where X and Y are 
the matrices of independent and dependent variables cor-
respondingly. For a detailed mathematical description of 
PLSR please refer to Abdi (2010) and references therein.

We tested how the performance of the PLSR and PCR 
methods changes depending on the number of predictors 
and latent variables. We used the coefficient of determi-
nation  (R2) on cross-validation to evaluate the methods’ 
performance and to overcome possible overfitting. The 
cross-validation workflow consisted of multiple iterations 
where k-fold cross-validation with k running from 2 to 6 
was repeated 10 times each. The data withheld from the 
calibration were used for calculation of  R2. To address per-
formance of the methods with different number of predic-
tors and different number of latent variables, we randomly 
selected specified number of predictors from the full data 
set and calculated  R2 for different numbers of latent vari-
ables from 1 to the number of selected predictors. To reduce 
dependence of the results from specific sets of good or bad 
predictors, we made 50 repetitions with random subsets of 
predictors for each number of predictors and each number of 
selected latent variables. The workflow is described in detail 
in the Electronic supplementary materials Sect. 1.

When using methods which utilize latent variables, such 
as PCR and PLSR, a question of selection of the appropri-
ate number of latent variables emerges. In contrast to PCR, 
in PLSR latent variables are sorted in the order of decreas-
ing explained variance of the dependent variable. Hence, in 
PLSR the cumulative explained variance increases steadily 
with the addition of latent variables. In PCR it increases 
irregularly, with significant spikes on adding a principal 
component (PC) which explains a significant amount of 
variance of the dependent variable. At the same time, when 
using PLSR it is especially important to use cross-validation, 
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as it is strongly subjected to overfitting due to its ability 
to adjust to the target variable (Geladi and Kowalski 1986; 
Abdi 2010). In our study we used cross-validation to select 
the appropriate number of latent variables. This experiment 
as a whole may be considered as a theoretical example of 
one step of point-by-point regression (PPR), tested with real 
data for TdF archipelago.

2.4.2  Nested reconstruction approach

To get advantages of both the number of chronologies and 
the lengths of the longest ones, we used a nested recon-
struction approach (Meko 1997). In this approach, differ-
ent parts of the reconstruction are produced using different 
sets of chronologies. Thus, each part of the reconstruction 
has different calibration and validation statistics, with the 
quality usually decreasing back in time. In this way we, 
on the one hand, provide the maximum reasonable length 
of the reconstruction, and, on the other hand, provide the 
maximum reconstruction skill for each period. Statistics 
r,  R2 on calibration and  R2 on cross-validation were used 
to describe the skill of each part of the reconstruction (see 
Electronic supplementary materials Sect. 1 for details). In 
the paper by the term “variance explained by the reconstruc-
tion” we mean the values of  R2 on cross-validation over the 
instrumental period.

To select the target variable for the reconstruction we 
were guided by a set of considerations. First, it was previ-
ously demonstrated, that air temperature for different sum-
mer months is the main driver of tree growth in the region, 
with the highest correlations in December for N. pumilio 
chronologies and in January for N. betuloides chronologies 
(Massacessi et al. 2008; Matskovsky et al. 2019; Fuentes 
et al. 2019). Second, DJF temperatures has been widely used 
in multiple climatological and paleoclimatological studies, 
including modelling. Hence, this target variable was pre-
ferred for compatibility with other studies. Third, in our 
experiments with different target variables we found that 
mean DJF temperature was one of the best performing tar-
gets for our data set.

To select the predictors, different sets of tree-ring chro-
nologies were tested. We used a manual analogue of step-
wise regression, adding and removing predictors to find the 
best subset.

To quantify the uncertainties associated with the recon-
struction, we produced multiple reconstructions based on 
reduced the number of chronologies in each nest and reduced 
length of the calibration period. We removed 0 to 2 chro-
nologies from each nest and reduced the length of the cali-
bration period to 50–90% of the full length. These changes 
were randomly generated and iterated, all together 35,650 
times. Each time a reconstruction has been produced. The 
estimated uncertainties are hence attributed to the amount 

of available proxy data (exclusion of the chronologies) and 
to the availability and reliability of the instrumental data 
(reduction of the calibration period).

We used ‘Extreme Value Capture’ (EVC) test (McCarrol 
et al. 2015) to measure how well our reconstruction cap-
tures the extreme values of the instrumental data. EVC test 
is a statistical test based on the binomial distribution. We 
used the following parameters of the binomial distribution: 
n = 10 (the number of selected extreme years) and p = 0.098 
(p = 10/102 is the probability for each of 102 years of the 
common period AD 1901–2002 to be one of 10 extreme 
years). Ten maxima and ten minima were tested separately.

3  Results

3.1  Summer temperature reconstruction in Tierra 
del Fuego since CE 1765

The final reconstruction (Fig. 2) was derived for the target 
variable of summer (DJF) air temperatures using PLSR and 
a nested reconstruction approach. The advantage of PLSR 
over PCR is demonstrated in the Electronic supplementary 
materials Sect. 2. In Fig. 3, all individual PLSR reconstruc-
tions (nests) are shown, and their performance is described 
in Table 1. In each nest a cutoff of four latent variables has 
been finally used. With a reduced number of available and 
well-replicated chronologies, the skill of the reconstruction 
reduces back in time. Almost 50% of variance is explained 
for the best-replicated part (1889–2002), and 37% of the 
variance is explained by the nest representing the oldest part 
of the reconstruction (1765–1853). Nevertheless, the whole 
reconstruction evidence positive skill, providing valuable 
information about summer temperature variations in the 
past.

The recent part of the reconstruction agrees with the 
instrumental data very well, including high- and low-fre-
quency variations (Fig. 2a, b). The most prominent agree-
ment is seen for the first half of the twentieth century, while 
in the second half we see a divergence, including the cold 
peak of 1970–1971 which is not adequately reproduced by 
the reconstruction. This divergence is in line with the find-
ing of decreased temperature signal in tree-ring widths of N. 
pumilio in TdF since 1970s (Matskovsky et al. 2019). Using 
EVC we assessed the probabilities that 10 minimum and 10 
maximum years of our reconstruction for the instrumental 
period correspond to those of the instrumental data. For the 
maxima we have coincidence in 5 of 10 years (1902, 1903, 
1904, 1918, 1919; p = 0.0014, highly significant). For the 
minima we have coincidence in 3 of 10 years (1934, 1955, 
1960; p = 0.055, insignificant). Two additional minima do 
not coincide but are close (1908 and 1947 in the recon-
struction and 1909 and 1946 in the instrumental data). The 
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reconstruction follows the instrumental data very well, with 
all the warm peaks represented and having comparable val-
ues. Minima are represented worse. Low-frequency varia-
tions of the instrumental temperature are well preserved by 
the reconstruction (Fig. 2a), despite different autocorrelation 
structure of the two time series: for the instrumental data, 
lag-one autocorrelation coefficient (AC1) is 0.31, while for 
the reconstruction AC1 is 0.55. Good correspondence of 
instrumental and reconstructed time series in the first third 
of the twentieth century increase our confidence in the reli-
ability of the instrumental data for this period. Large spatial 
extent of the tree-ring data and relative spatial homogeneity 
of summer temperature in TdF may be the reasons for such 
correspondence.

The reconstruction indicates more than a century-long 
warm period between 1765 and 1905, with short cold inter-
ruptions in 1800s, 1850s-beginning of 1860s, and 1880s. 
The ten-year period 1853–1862 was unprecedentedly cold 
over more than 250 years of the reconstruction, but the 
period 1932–1976 covered by the instrumental data was a 
longer period with the temperatures below average.

Figure 3 gives an opportunity to explore the similarities 
and differences of the individual reconstructions (nests), as 

well as uncertainties of the reconstruction. Even those parts 
that include chronologies with EPS values lower than 0.85, 
and therefore were excluded from the final reconstruction, 
are in a good agreement, especially throughout the nine-
teenth century. This fact increases our confidence in the 
reconstruction for this period. The spread among the recon-
structions is higher during the transition from the 18th to 
nineteenth century (1780–1840). For this period, the recon-
structions that demonstrate higher explained variance over 
the instrumental period, indicate lower temperatures. How-
ever, these ‘colder’ reconstructions are of less confidence 
because of low sample replication and low EPS values. At 
the same time, the longest nest (and the less skilful one) 
shows rather good agreement with the other nests, especially 
at lower frequencies. Altogether, the intercomparison of the 
individual reconstruction nests reaffirms credibility of the 
nested reconstruction approach used in this study.

3.2  Observed summer temperature variations 
in Tierra del Fuego and its drivers

Having the new reconstruction in hand, we want to under-
stand the drivers of summer temperature variations in the 

Fig. 2  Comparison of the instrumental (red) and reconstructed (blue) DJF temperatures in Tierra del Fuego. a Full period. b Instrumental 
period. Series smoothed with 50-yr spline are shown with thick lines
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region. If the regional summer temperature variations are 
strongly connected to the major Southern Hemisphere indi-
ces, we may use the reconstruction for some inferences about 
hemispheric processes. If they are driven by other modes 
of atmospheric variability, we may take advantage of the 
discrepancies between our reconstruction and reconstruc-
tions from the nearby and remote regions to study intrinsic 

regional variability. The analysis provided below is aimed 
to address this bifurcation.

Although climate in southern South America is strongly 
influenced by large-scale atmospheric systems in the South-
ern Hemisphere (Garreaud et al. 2009, 2013), we found 
that observed summer temperature in TdF was weakly 
connected to major Southern Hemisphere indices. There 

Fig. 3  a. Individual recon-
structions that were joined 
to produce the final nested 
reconstruction. The instrumen-
tal data is shown in black. Each 
reconstruction is shown with 
the colour corresponding to 
the explained variance of the 
instrumental data (see colour 
bar). Before the EPS > 0.85 
cut off the reconstructions are 
shown semi-transparent. The 
fourth reconstruction (green, 
based on BRI, VAL, LRB, DP, 
and DF2 chronologies) has 
not been included into final 
reconstruction, as it increases its 
length only for 10 years, while 
has significant reduction in skill 
(28% of variance explained 
compared to the next nest with 
37% of variance explained). 
It is shown to demonstrate the 
degree of covariance of the 
reconstructions based on differ-
ent subsets of chronologies. b. 
Uncertainties associated with 
the reconstruction. The final 
reconstruction is shown in red; 
uncertainties are shown as grey 
shading

Table 1  Description of the reconstruction nests

Bold text shows the chronology and the year which limit each reconstruction nest based on EPS > 0.85 criterium. The  R2 statistics are calculated 
for the maximum period of overlap between each nest and instrumental period

Common period of 
the chronologies 
used

Chronologies used 
(number)

Correlation with 
the target variable

R2 on calibration R2 on 
cross-vali-
dation

MIN EPS > 0.85 Period covered by 
each nest in the final 
reconstruction

1803–2002 CUC, GUA, KRS, 
KR4, KR8, MBR, 
PAR, PG, VAH, 
LRB (10)

0.790 0.624 0.498 1776, 1796, 1760, 
1839, 1889, 1759, 
1854, 1766, 1844, 
1600

1889–2002

1782–2002 CUC, GUA, KRS, 
KR4, MBR, PAR, 
PG, VAH, LRB (9)

0.771 0.595 0.482 1776, 1796, 1760, 
1839, 1759, 1854, 
1766, 1844, 1600

1854–1888

1723–1985 BRI, ESJ, OBS, 
VAL, LRB, DP, 
DF2 (7)

0.706 0.498 0.373 1727, 1765, 1716, 
1751, 1600, 1754, 
1755

1765–1853
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were no significant correlations neither with summer 
SAM (r = − 0.10, p = 0.3, 1901–2005; r = 0.01, p = 0.94 
1957–2016), nor with summer ENSO 3.4 (r = 0.08, p = 0.39, 
1901–2016). Hence, we expected other modes of atmos-
pheric circulation variability to be responsible for summer 
temperature oscillations in TdF.

We explored specific patterns of atmospheric circula-
tion related to positive and negative monthly temperature 
anomalies in austral summer (Fig. 4). Circulation pattern 
for positive temperature anomalies larger than 1 °C (Fig. 4a, 
b, red isolines) shows dominance of an active low-pressure 
centre to the west of Antarctic Peninsula (mostly pronounced 
in December) and a high-pressure ridge near the east coast 
of Patagonia (which is stretched to Antarctic Peninsula in 

February). This system enhances the meridional circulation 
and promotes the advection of warm northern air masses 
into TdF. For the years with negative summer temperature 
anomalies with absolute values greater than 1 °C (Fig. 4a, 
b, blue isolines), the atmospheric circulation pattern shows 
dominance of a cyclonic activity near the Weddell Sea, 
which probably strengthens the westerlies and produces the 
south-west cold air advection into TdF. These two patterns 
of pressure systems for positive and negative summer tem-
peratures in Southern South America were also discussed in 
Alessandro (2008).

According to the average wind speed data for the 
1901–2015 period, during summer (DJF) the climate of 
TdF is affected by the westerly winds (Fig. 4a–c). However, 

Fig. 4  Meteorological processes affecting summer temperature in 
Tierra del Fuego for the period of 1901–2015. a Average circulation 
patterns for positive (reddish colour) and negative (bluish colour) 
summer temperature anomalies in Tierra del Fuego for the period 
between 1901 and 2015 (from 20th Century Reanalysis V3). Contour 
lines show geopotential height at 1000 mb level. Arrows show wind 

speed at 1000 mb level. b are the a panels zoomed in. c Grey contour 
lines show average geopotential height at 1000 mb level. Coloured 
contour lines show geopotential differences for the years with positive 
and negative temperature anomalies. Blue arrows show wind speed at 
1000 mb level



Summer temperature changes in Tierra del Fuego since AD 1765: atmospheric drivers and tree‑ring…

1 3

there is a difference in geopotential heights between years 
with positive and negative temperature anomalies (Fig. 4c). 
These anomalies represent an anticyclone in the Southern 
Atlantic with the centre between Malvinas and South Geor-
gia Island. Another anomaly forms a cyclone in the Southern 
Pacific with the centre migrating from north to south at the 
longitude of approximately 100°W. These processes are not 
actual synoptic processes but rather an average of pressure 
anomalies for many years. However, this atmospheric dipole 
explains rather well the variability of summer temperatures 
in TdF. Correlations of regional monthly temperatures with 
850 mb geopotential heights reach r = 0.73 (p < 0.001) in the 
centre of this anticyclone and have significant negative val-
ues (up to r = -0.4, p < 0.001) in the cyclone (Fig. 5c). Wind 
vectors show that during warm temperature anomalies the 
intensity and frequency of northern winds in TdF increase 
(Fig. 5a, c). The described dipole system was found to be 
more intensive in December and February, than in January, 
and there is a difference in the positions of negative pressure 
anomalies for different months (Fig. 5).

The geopotential height and wind anomaly composite 
fields for temperature anomalies greater than 1 °C (Fig. 5a) 

confirm that in December and January the pressure centre 
that drives positive temperature anomalies is a part of the 
quasi-stationary wave train with a quasi-barotropic struc-
ture extending from Australia across the South Pacific 
and ending with a cyclonic circulation centre in the South 
Atlantic Convergence Zone (SACZ). In February, the wave 
train appears to extend less westward, spreading over the 
adjacencies of southern South America and the Antarctic 
Peninsula. Conversely, negative temperature anomalies in 
TdF are associated with geopotential height anomalies of 
inverse sign to those of the positive temperature anomalies 
(Fig. 5b). An anomalous low-pressure centre is located over 
the Southern Atlantic ocean affecting the TdF region with 
enhanced southern circulation. This centre is also a part of 
the wave train that extends along the Pacific ending in the 
SACZ. For all the summer months it is extended in a more 
zonal form towards the Indian Ocean.

Based on these results, we argue that regional oscilla-
tions of large-scale pressure systems forming on the way of 
Southern Hemisphere subpolar westerly winds affect sum-
mer temperature variability in TdF. The sign and intensity 
of summer temperature anomalies depend on the existence 

Fig. 5  a Composite fields of geopotential height and wind anoma-
lies for years with temperature anomalies > 1 °C in Tierra del Fuego, 
corresponding to December (top), January (centre) and February 
(bottom), at the 500 hPa level. The shaded areas correspond to sig-
nificant anomaly values at (p < 0.1) (light) and (p < 0.05) (dark) levels 
(positive in red, negative in blue). Only wind vectors when at least 
one component, u or v, is significant at the (p < 0.05) level are plot-

ted. b Idem a but for temperature anomalies < –1  °C in Tierra del 
Fuego. c Correlation coefficients between temperature in Tierra del 
Fuego and geopotential height at 850 mb level. Only significant val-
ues are shown (p < 0.05). Blue arrows show wind speed differences 
at 850 mb level for the years with positive and negative temperature 
anomalies
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and intensity of the atmospheric dipole and the storm tracks 
in the South Atlantic and South Pacific. We discuss these 
results in the following section to provide a broader context 
for interpretations of our new reconstruction.

4  Discussion

4.1  Local vs hemispheric drivers of summer 
temperature variations in Tierra del Fuego

According to our results, the direct influence of large-
scale atmospheric patterns (SAM and ENSO) on the vari-
ations of summer temperature in TdF is limited. These 
results are in agreement with previous works (Soto-Rogel 
and Aravena 2017; Fuentes et al. 2019) and highlight the 
importance of mesoscale and synoptic scale atmospheric 
processes in the region. It is unclear at this stage whether 
concomitant effects of ENSO and SAM (Fogt and Brom-
wich 2006) in the study area can be detected for surface 
summer temperatures within longer time scales as pointed 
out by Dätwyler et al. (2020). It is known that geopotential 
hight at centres of action such as the area of the Ross and 
Bellingshausen seas and the Weddell sea are of importance 
for the modulation of the advection over Southern South 
America.

Jacques-Coper et al. (2016) have indicated that summer 
heatwaves in Patagonia (46–52°S, 201 cases were analysed) 
usually form when an anticyclone exists in the Atlantic 
Ocean near the east coast of Patagonia, which causes the 
northern warm advection. The authors showed that this anti-
cyclone begins to form near the west coast of TdF and moves 
further to the north-east. Analysing 500 mb geopotential 
heights composites fields the authors have observed that this 
high-pressure centre forms within the large-scale baroclinic 
wave system over the South Pacific. This process begins 
from the formation of a low-pressure anomaly near the 
south-east coast of Australia and develops over a period of 
21 days throughout the South Pacific. Here we showed that 
the pressure dipole that is associated with summer tempera-
ture anomalies in TdF (Fig. 4c) is a part of a similar large-
scale pressure wave pattern (Fig. 5a, b).

Garreaud et al. (2013) highlighted that the stronger 
westerlies cause cooler summers at the southern part of 
South America. Besides, Alessandro (2008) showed that 
cold summer T anomalies occur in TdF when the trough 
at 500 mb level is situated over the Antarctic Peninsula 
or moves to the east and is centred over the Weddell Sea, 
producing the south-western cold advection. Thus, the 
positive summer T anomalies in TdF apparently are con-
sequences of high-pressure anomaly to the east of Patago-
nia, which corresponds to a ridge in the region at high 
altitudes. As T anomalies in TdF relate to the variations 

in storm tracks in South Pacific and South Atlantic, nega-
tive T anomalies occur when the storm tracks move to the 
north, enhancing the cyclonic activity southeast of TdF.

Several works (Jacques-Coper and Bronnimann 2014; 
Jacques-Coper and Garreaud 2015) disclosed the shift in 
South American climate since the end of 1970s, when 
the intensification of the Atlantic subtropical anticyclone 
occurred, and the westerlies zone moved south. These 
processes probably caused divergent trends in winter and 
summer temperatures in Southern Patagonia after the year 
1980, which are clear in the observed data (Fig. S4a, b, 
Electronic supplementary material). Negative temperature 
trend in TdF summer temperature since early 1980s also 
diverges from positive trend in South America and South-
ern Hemisphere summer temperature throughout the same 
period. This shift is also obvious in the instrumental DJF 
temperature as a significant rise from 1976 to 1977. Our 
reconstruction represents well this shift; however, it is not 
so good in representing subsequent declining trend until 
2000. Reduced quality of the reconstruction since 1970s 
is probably caused by reduced climatic sensitivity of the 
trees during this period (Matskovsky et al., 2019). One of 
the possible reasons for the reduced climatic sensitivity of 
the trees is the discussed climatic shift of the late 1970s.

4.2  PLSR as a substitute to PCR in tree‑ring‑based 
climate reconstructions

Our data set includes chronologies derived from two tree 
species (N. pumilio and N. betuloides) growing in sites with 
different conditions, including altitude, exposition, soils, 
etc. According to previous studies (Massaccesi et al. 2008; 
Matskovsky et al. 2019; Fuentes et al. 2019) there are differ-
ent patterns of climatic response of the two studied species 
in the region: N. pumilio has temperature response shifted 
to the end of spring—beginning of summer (November, 
December), while the temperature response of N. betuloides 
is shifted towards the end of summer—beginning of autumn 
(January, February, March). The best reconstruction results 
we acquired for the sets of predictors that included both spe-
cies, hence pointing on the potential ability of the recon-
struction method to extract information about different peri-
ods of the summer season from the chronologies of different 
species. Remarkably, the values of  R2 on cross-validation as 
high as 0.5 were acquired from a set of predictors none of 
which has correlation with the target variable higher than 
r = 0.38, and some having negative correlations.

Stability of climate-to-proxy relationships is another con-
cern when reconstructing past climates, and especially when 
complex dependencies including many predictors are con-
sidered. In our case, similarity of different reconstructions 
based on different sets of chronologies (Fig. 3), including 
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low-frequency variability, is an indirect confirmation of the 
stability of discovered relationships. Another confirmation 
is that all the reconstruction nests passed cross-validation 
tests and showed positive  R2 values on the data withheld 
from calibration (Table 1).

Concerning the methods for the extraction of climatic 
information from tree rings, here we considered two of 
them—PCR and PLSR. The difference between PLSR and 
PCR is that the former method constructs components to 
maximize the explained variance in the target variable, while 
the latter maximizes it in the matrix of predictors. Such a 
modeling approach implemented in PLSR seems reasonable 
in case of dendroclimatic reconstructions based on multiple 
chronologies, since it allows to extract common information 
related to the target climatic variable from the set of chronol-
ogies, and not to extract common signal first, as is the case 
when using the PCR method. Hence, PLSR usually needs 
less latent variables to reach the same amount of explained 
variance. Speaking in common dendroclimatic terms, we 
can consider PLSR to be a better filter that separates signal 
from noise. By the term “signal” here we consider the target 
climate variable, differently to a common dendroclimatic 
understanding of signal as a common variance of tree-ring 
chronologies. In the case of PLSR, the signal is kept in the 
first few latent variables, and the noise is distributed with 
the others. Better separation of signal from noise by PLSR is 
confirmed by higher cross-validation statistics in comparison 
with PCR (Fig. S1, Electronic supplementary material).

As we have seen in the results (Sect. 3.2, Fig. S3 of 
the Electronic supplementary material), in the case of PCR 
some important information was contained in the principal 
components of lower order. Conversely, in the case of PLSR 
explained variance increased rapidly for the first latent vari-
ables, and then the increase decelerates. Such a property of 
PLSR makes it easy to fix the necessary number of latent 

variables to keep, which is especially important for an auto-
mated processing of large data sets, for instance in the PPR 
method.

In our case, PLSR extracted climatic information from 
a set of tree-ring predictors better than PCR. The explana-
tion of this result may be the following: some of the trees 
growing in specific conditions provide useful information 
that is different from the information from other locations. 
PCR which extracts common information from tree-ring 
predictors will leave important but individual information 
about climatic signal from certain sites in the components 
of lower order. The reconstruction consequently loses this 
information if those components are omitted. Hence, differ-
ent screening procedures aimed at the reduction of quantity 
of predictors may lead to the loss of important climatic sig-
nal in the final reconstruction. In an automated setting where 
rigorous selection of predictors is impossible, PLSR may 
show improvement over PCR, using less latent variables at 
the same time. To sum it up, our results show advantages for 
substitution of PCR for PLSR in an automated setting like 
PPR. However, our experiments were performed for a spe-
cific region and one data set, and additional tests from other 
different environments are required to confirm this finding.

4.3  Comparison with other regional temperature 
reconstructions

We compared our summer temperature reconstruction for 
TdF with other temperature reconstructions for TdF and 
Southern Patagonia. Such a comparison is necessary to 
place the new reconstruction into the paleoclimatic con-
text of the region and to define its most reliable periods and 
timescales. In this work we have updated and incorporated 
many of the existing tree-ring chronologies in the area. 
Thus, certain similarities among the data sets used in this 

Fig. 6  Comparison of various 
temperature reconstructions for 
Tierra del Fuego and Southern 
Patagonia. All the reconstruc-
tions are standardized to have 
the same mean and standard 
deviation for the period AD 
1901–1983. Thin lines are 
annual values, thick lines are 
50-year smoothing splines
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and previous studies are unavoidable. The reconstructions 
used for the comparison include a NDJF reconstruction of 
Ushuaia temperature (Boninsegna et al. 1989), a DJF tem-
perature reconstruction for Southern Patagonia (Neukom 
et al. 2011), a mean annual temperature reconstruction for 
the southern sector of the southern Andes (Villalba et al. 
2003), and a reconstruction of minimum annual temperature 
of Punta Arenas (Aravena et al. 2002), hereafter referred to 
as B89, N11, V03 and A02 respectively (Fig. 6, Table 2). All 
but N11 are based solely on tree-ring data, while N11 is a 
multi-proxy reconstruction. All reconstructions except B89 
are produced for different regions, while B89 tree-ring data 
are acquired from the same region as our reconstruction, and 
have many sites in common. All reconstructions except N11 
have different target seasons compared to our reconstruc-
tion. To explore the differences in target variables, the dif-
ferent temperature targets for different regions are plotted for 
the instrumental period (Fig. S4, Electronic supplementary 
material). Some of the differences between the reconstruc-
tions are due to different target seasons or regions, however 
certain similarities of the reconstructions are also obvious. 
These similarities indicate the most prominent and reliable 
paleoclimatic shifts in TdF and Southern Patagonia. One of 
the most obvious similarities is the pronounced cold period 
lasting almost a decade in the 1850s. Other common features 
include relatively warm periods in 1760s–90s (except B89), 
1820s–30s, and 1910s.

To assess quantitative measure of similarity for the com-
pared reconstructions, we calculated correlation coeffi-
cients between these reconstructions for the common period 
1830–1983 (Table 2). Our reconstruction has the strongest cor-
relation with A02 (r = 0.38). To compare the reconstructions 
at higher frequencies and to eliminate the effect of long-term 
trends, which may arise from data treatment, we also con-
sidered correlations between the detrended (subtracted linear 
trend) reconstructions. Correlations with detrended recon-
structions increase, reaching the highest values of r = 0.58 and 
r = 0.42 for A02 and V03 respectively. We consider detrended 
data because some reconstructions based on tree-ring data may 

have spurious trends connected to detrending procedures and 
sampling biases (Briffa and Melvin 2011). For example, V03 
reconstruction may contain a trend arising from ‘Modern-sam-
ple’ bias (Briffa and Melvin 2011, their Fig. 5.6) due to appli-
cation of the Regional Curve Standardization (RCS) method 
to a sample consisting of living trees solely, without inclusion 
of any subfossil trees. Without this trend, which is probably 
artificial, V03 would align much better with our reconstruc-
tion. However, the question of actual low-frequency tempera-
ture variations, including trends for the last 250 years, remains 
open. Our reconstruction is limited in its ability to reproduce 
climatic trends on the timescales approaching the mean age 
of the trees due to the individual detrending approach we used 
to standardize the tree-ring series (Cook et al. 1995). At the 
same time, reconstructed temperature variations at periods up 
to 150–200 years long should be reliable due to mean length 
of tree-ring series used for the reconstruction. Improvement 
in reconstruction of low-frequency climatic variations using 
chronologies based on living trees only may be achieved by 
application of signal-free standardization (Melvin and Briffa 
2008) in combination with single-series detrending (Supple-
mentary materials for Cook et al. 2015).

The reconstructions N11, V03 and A02 showed high val-
ues of pairwise correlation coefficients (ranging from 0.48 
to 0.53, Table 2) first due to common trends (correlation 
coefficients for detrended reconstructions are lower, ranging 
from 0.32 to 0.34) and second because of the presence of 
common predictors, since N11 includes tree-ring data used 
in V03 and A02.

The differences between our and the other reconstruc-
tions (N11 and V03) are especially evident for the earlier 
part, particularly for the period between 1765 and 1850. 
Exceptionally high reconstructed values that are repre-
sented in our reconstruction in the 1770s and 1791 are not 
present in the other considered reconstructions. These dis-
crepancies might be due to regional differences, as N11 and 
V03 represent continental part of the Southern Patagonia. 
Hence, our new reconstruction provides new paleoclimatic 

Table 2  Correlation coefficients of various temperature reconstructions for Tierra del Fuego and Southern Patagonia for the common period AD 
1830–1983

Values above the main diagonal were calculated for the initial reconstructions, values below the diagonal were calculated for detrended recon-
structions

This study, TdF 
DJF temp

B89, Ushuaia 
NDJF temp

N11 South patagonia 
DJF temp

V03 Southern sector of Southern 
andes, mean annual temp

A02 Punta arenas 
minimum annual 
temp

This study 1 0.33 0.10 0.21 0.38
B89 0.36 1 0.12 0.21 0.21
N11 0.20 0.08 1 0.49 0.48
V03 0.42 0.18 0.33 1 0.53
A02 0.58 0.18 0.34 0.32 1
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evidence for TdF which was not previously available from 
other reconstructions.

5  Conclusions

• We developed a new summer temperature reconstruction 
for Tierra del Fuego covering the period 1765–2002. It 
explains 37–50% of instrumental temperature variability. 
The reconstruction provides a new paleoclimatic record 
for the region with sparse high-resolution temperature 
archives. It has a remarkably high reconstruction skill, 
especially given the generally moderate climatic signal 
contained in tree-ring widths in the region.

• Summer temperature variability in Tierra del Fuego is 
primarily driven by the fluctuations of atmospheric pres-
sure systems both in the South Atlantic and South Pacific 
near the coast of Tierra del Fuego. At the same time, 
it is insignificantly correlated to the major hemispheric 
modes: ENSO and SAM. Hence, the new reconstruction 
reveals intrinsic regional variability, the fact that makes it 
especially important for climate modelling experiments. 
Our reconstruction can be used for direct comparison 
with model outputs to better understand model limita-
tions or to tune a model. It can also contribute to larger 
scale reconstructions based on paleoclimatic data assimi-
lation.

• The pressure system that drives summer temperature 
variability in TdF is a part of quasi-stationary wave train 
with a quasi-barotropic structure extending across the 
South Pacific.

• PLSR showed improved performance over PCR in the 
case of multiple tree-ring predictors without pre-screen-
ing. According to these results, PLSR may be a prefer-
able method over PCR for the use in automated tree-ring 
based reconstruction approaches, akin widely used point-
by-point regression. However, the performance of PLSR 
should be additionally tested on multiple data sets from 
different environments.

• Due to its location in a remote and poorly studied region, 
common target variable, high explained variance, and 
described relationship of the target variable with the 
regional atmospheric processes, the new reconstruction 
is a unique and especially valuable source for the pale-
oclimatic community, including climate modellers.
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