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The network of long-term meteorological observations in Southernmost Patagonia is
still sparse but crucial to improve our understanding of climatic variability, in particular
in the more elevated and partially glaciated Southernmost Andes. Here we present a
unique 17-year meteorological record (2000-2016) of four automatic weather stations
(AWS) across the Gran Campo Nevado Ice Cap (53°S) in the Southernmost Andes
(Chile) and the conventional weather station Jorge Schythe of the Instituto de la
Patagonia in Punta Arenas for comparison. We revisit the relationship between in situ
observations and large-scale climate models as well as mesoscale weather patterns.
For this purpose, a 37-year record of ERA Interim Reanalysis data has been used to
compute a weather type classification based on a hierarchical correlation-based leader
algorithm. The orographic perturbation on the predominantly westerly airflow determines
the hydroclimatic response across the mountain range, leading to significant west-east
gradients of precipitation, air temperature and humidity. Annual precipitation sums heavily
drop within only tens of kilometers from ~7,500 mma~" to less than 800 mma~". The
occurrence of high precipitation events of up to 620 mm in 5 days and wet spells of up
to 61 consecutive days underscore the year-around wet conditions in the Southernmost
Andes. Given the strong link between large-scale circulation and orographically controlled
precipitation, the synoptic-scale weather conditions largely determine the precipitation
and temperature variability on all time scales. Major synoptic weather types with distinct
low-pressure cells in the Weddell Sea or Bellingshausen Sea, causing a prevailing
southwesterly, northwesterly or westerly airflow, determine the weather conditions in
Southernmost Patagonia during 68% of the year. At Gran Campo Nevado, more than
80% of extreme precipitation events occur during the persistence of these weather
types. The evolution of the ElI Nifo Southern Oscillation and Antarctic Oscillation

Frontiers in Earth Science | www.frontiersin.org 1

May 2018 | Volume 6 | Article 53


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2018.00053
http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2018.00053&domain=pdf&date_stamp=2018-05-08
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:s.weidemann@geo.rwth-aachen.de
https://doi.org/10.3389/feart.2018.00053
https://www.frontiersin.org/articles/10.3389/feart.2018.00053/full
http://loop.frontiersin.org/people/468066/overview
http://loop.frontiersin.org/people/407745/overview
http://loop.frontiersin.org/people/512555/overview
http://loop.frontiersin.org/people/514333/overview
http://loop.frontiersin.org/people/241629/overview

Weidemann et al.

Meteorological Observations in Southernmost Patagonia

impose intra- and inter-annual precipitation and temperature variations. Positive Antarctic
Oscillation phases on average are linked to an intensified westerly airflow and warmer
conditions in Southernmost Patagonia. Circulation patterns with high-pressure influence
leading to colder and dryer conditions in Southernmost Patagonia are more frequent
during negative Antarctic Oscillation phases.

Keywords: Southern Patagonia, Chile, meteorological observations, Gran Campo Nevado Ice Cap, weather type
classification, ENSO, Mann-Kendall trend test

1. INTRODUCTION

The climate of Southernmost Patagonia is dominated by
impinging westerlies coming from the Pacific Ocean, which are
strongly perturbed by the north-south striking Southern Andes.
The strong orographic induced uplift results in hyperhumid
conditions at the windward side of the Southernmost Andes
while downslope subsidence leads to strong arid conditions
within a belt of a few hundred kilometers on the eastern side
(Carrasco et al., 2002; Schneider et al., 2003; Garreaud et al.,
2013). Due to the prevailing westerlies and the vicinity of
the Pacific Ocean, temperatures are moderate in Southernmost
Patagonia with low daily and seasonal temperature amplitudes
(Paruelo et al., 1998; Schneider et al., 2003; Villalba et al., 2003).

Moderate summer temperatures and high accumulation
amounts constrain the equilibrium altitude line (ELA) at around
700 m elevation and thus enabled the formation of glaciated areas
south of the Southern Patagonian Icefield. One of these is the
Gran Campo Nevado (GCN) Ice Cap which extends to about
200km? in the south of the Mufioz Gamero peninsula at about
53°S (Figure 1) (Schneider et al., 2007). The GCN Ice Cap is
made up of the main glacier plateau with highest elevations
of ~1,630 m a.s.l. and several individual outlet glaciers, some
reaching sea level. The predominant westerlies cause overall
strong winds and sharp local west-east gradients in precipitation
and air temperature. Schneider et al. (2003) estimated the
maximal annual precipitation amount of up to 10,000 mma~!
at the highest elevations causing a high mass turnover with
steep specific mass-balance gradients of the GCN outlet glaciers
(Moller et al., 2007; Weidemann et al., 2013).

Large-scale modes of climate variability like the El Nifo
Southern Oscillation (ENSO) and Antarctic Oscillation (AAO),
also known as the Southern Hemisphere Annular Mode (SAM),
significantly influence precipitation and air temperature in
southern South America (e.g., Thompson and Solomon, 2002;
Marshall, 2003; Schneider and Gies, 2004; Fogt and Bromwich,
2006; Gillett et al., 2006). ENSO influences the interannual
climate variations in the subtropical parts of South America, and
weakens toward the southern tip of South America (Aceituno,
1988; Schneider and Gies, 2004; Gillett et al., 2006; Aravena and
Luckman, 2009; Garreaud et al., 2009). Intensified positive AAO
phases lead to a strong temperature and precipitation response
(Gillett et al., 2006; Aravena and Luckman, 2009; Garreaud et al.,
2009).

Climate variability in Southern Patagonia is the key driver of
local changes in the cryosphere (e.g., Moller et al., 2007; Davies

and Glasser, 2012). A variety of environmental paleorecords offer
the possibility to study climate changes and short term climate
variability (e.g., storm events) in Southern Patagonia from the
late Holocene to the Last Glacial Maximum and beyond (e.g.,
Villalba et al., 2003; Lamy et al., 2010; Kilian and Lamy, 2012).
However, the network of long-term meteorological observations
which is needed to calibrate paleoclimate proxies for example
from dendro-climatology (Aravena et al., 2002), sediment (Kilian
et al., 2007) or peat cores (Kilian et al., 2003, 2007) as well as
recent (Schneider et al., 2007) and Holocene (Koch and Kilian,
2005; Kilian et al., 2013) glacier fluctuations in the Southern
Andes is still sparse in Southernmost Patagonia. The mass
balance modeling study of Moller and Schneider (2008) indicate
a pronounced mass-balance sensitivity of the GCN Ice Cap to
temperature. The presented meteorological time series provide
the opportunity to study the climate forcing on recent changes of
the ice cap. The quality of future surface mass balance modeling
studies benefits significantly from such unique long-term time
series.

Here, we revise and extend former climate studies at the
GCN Ice Cap (Schneider et al., 2003; Schneider and Gies, 2004)
by analyzing the main climate features and their variability.
Meteorological observations since 2000 provide more robust
estimates of the observed annual and seasonal means, anomalies,
extremes and trends. The characteristics are related to mesoscale
weather patterns, classified by a hierarchical correlation-based
leader algorithm. Annual and seasonal trends in air temperature
are investigated by applying the non-parametric Mann-Kendall
and Sen slope estimator trend test (Mann, 1945; Kendall, 1975;
Yue et al., 2002). Furthermore, we focus on how ENSO and AAO
impact the regional climate.

2. DATA

2.1. Observations
We analyze meteorological time series of four AWS located
close to the GCN Ice Cap and one conventional weather station
(WS) at Punta Arenas in Chile (Figure 1). An overview of the
pertinent data is given in Table 1. Detailed information about
the geographical setting of AWS Paso Galeria (PG), AWS Puerto
Bahamondes (BH) and AWS Estancia Skyring (SR) is given in
Schneider et al. (2003). In addition, a fourth AWS named Arévalo
(AR) has operated since September 2007 and is located at the
northwestern side of the ice cap at about 58 m a.s.L..

The AWS are manufactured by Campbell Scientific Ltd.
(United Kingdom). The similarly designed stations are equipped
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FIGURE 1 | Location of automatic weather stations (AWS) at the Gran Campo Nevado Ice Cap and the weather station (WS) at Punta Arenas. Glacier outlines are

TABLE 1 | Pertinent data to the weather station and automatic weather stations used in this study.

Name Acronym Latitude/Longitude Altitude Operating since Variable

Arévalo AR 52°41'S/73°16'W 58m September 2007 T, rH, P, SW, v, dir
Paso Galeria PG 52°45'S/73°01'W 383m October 1999 T, rH, B, SW, v, dir
Puerto Bahamondes BH 52°48'S/72°56'W 26m October 1999 T, rH, B, SW, v, dir, sp
Skyring SR 52°33’S/71°58'W 8m March 2001 T, rH, P, SW, v, dir
Punta Arenas (J.S.) PA 53°08’S/70°53'W 6m Approx. 1970 T, rH, B, v, dir

Meteorological variables are air temperature (T), relative humidity (rH), precipitation (P), incoming shortwave radiation (SW), wind speed (v), wind direction (dir) and surface pressure (sp).

with sensors of air temperature, air humidity, precipitation, solar
radiation, wind speed and wind direction (Table 2, Figure S1).
All meteorological variables but precipitation are measured at 2
m above the surface. Precipitation is measured at 1 m above the
ground using unshielded tipping-bucket rain gauges. This type
of measurement underestimates precipitation by up to 30% at
wind speeds of 1.5ms~! and even up to 50% at wind speeds of
3.0ms™! (Rasmussen et al., 2012; Buisan et al., 2017). Wind-
speed induced deviations increase during snowfall due to an
intensified drifting of snow (Rasmussen et al., 2012; Buisén et al.,
2017). Substantial deviations are further suspected during high
precipitation events, since strong precipitation events are often
accompanied with strong wind gusts. During periods with very
strong winds, the tipping bucket tends to shake which leads to
an overestimation of precipitation. Correction factors for this
kind of inaccuracy are not available. According to Schneider et al.
(2003), the precision of the precipitation measurement at AWS
BH and AWS PG is estimated to be about £20%. We used this
number as estimate of uncertainty for all AWS in this study.
Wind-speed induced deviations have been minimized due to an
additional fixation of the rain gauges in 2010 at AWS PG and

in 2016 at AWS BH to avoid the shaking of the tipping bucket.
Overall, precipitation data must be interpreted with care bearing
in mind that these data are subject to considerable uncertainty
in the order of potentially several tens of percent. Meteorological
observations at the conventional WS Punta Arenas (PA) hold the
longest and most complete time series. These observations (2000-
2016) are measured according to the World Meteorological
Organization standards. Data are provided by the Laboratory
of Climatology, Instituto de la Patagonia, Universidad de
Magallanes. Yearly records are published in Anales del Instituto
de la Patagonia, Chile (e.g., Butorovic, 2016).

The quality of the time series is assured by performing some
basic quality integrity and outlier checks (Durre et al., 2010).
In case of unrealistic values, such as relative humidity larger
than 100%, identical values for maximum and minimum air
temperature, or a repetition of data records within a month,
data are excluded. Furthermore, records are checked for daily
outliers (Durre et al., 2010) and missing values within a month.
Months with missing values of daily observations are not further
considered. In case of precipitation, this leads to an exclusion
of daily precipitation observations at AWS BH in 2000/01 and
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TABLE 2 | Instrumentation at AWS Paso Galeria, AWS Puerto Bahamondes, AWS Arévalo, and AWS Skyring as used in this study.

Variable Sensor Type Nominal accuracy

Air temperature Thermistor Campbell HMP-35-AC, Campbell CS215 < 0.1 K, £0.9°C (-40° to 70°C)
Relative humidity Capacitor Campbell HMP-35-AC, Campbell CS215 +3%, £4% (0 to 100%)
Precipitation Unheated tipping bucket rain gauges Campbell AGR100, Young RM52203 +20% (assumption)

Wind direction Wind vane, combined wind monitor Campbell W200P, Young 05103 +2°, +3°

Wind speed Anemometer Campbell A100R, Young 05103 1% +01ms~ 1, 1% +0.3ms™"

Incoming shortwave radiation Silicon pyranometer

Campbell SP1110, Campbell CS300 +3%,+5% (daily totals)

2000 | 2001 | 2002 2003 2004 | 2005 | 2006

2007 | 2008

2009 2010 2011‘2012 2013 | 2014 2015‘2016

= ==

sw

(dlin.

FIGURE 2 | Available observation periods at AWS Arévalo (AR), AWS Paso Galeria (PG), AWS Puerto Bahamondes (BH), AWS Skyring (SR), and WS Punta Arenas
(PA). Shown are measurement periods of air temperature (T), relative humidity (rH), precipitation (P), incoming shortwave radiation (SW), wind speed (v), and direction

v I dir

at AWS PG in 2008/09. In addition, failures of power supply
or sensors due to harsh weather conditions cause substantial
data gaps in addition. Figure 2 shows the available observation
periods for each station on a monthly basis as used in this study.

2.2. Reanalysis Data

For mesoscale weather type classification, daily mean sea level
pressure (MSLP) reanalysis data are obtained from the ERA-
Interim dataset provided by the European Centre for Medium-
Range Weather Forecasts (ECMWEF) (Dee et al, 2011). The
data sets are downloaded with a spatial resolution of 0.75°
x 0.75° grids and 12-hourly temporal resolution (0 a.m., 12
p.m. UTC) between 1979 and 2016 for the area 10°S —80°S
and 40°W —110°W covering most of South America and the
Antarctic Peninsula. The selected area as well as the choice of
MSLP as weather classification variable followed the weather
type classification as used by Frank (2002) and Schneider et al.
(2003).

2.3. Indices of Large-Scale Modes of

Climate Variability

To reveal the impact of ENSO and the AAO on climate variability
in Southernmost Patagonia, we compare the monthly anomalies
of observations with the Oceanic Nifio Index (ONI) and the
Antarctic Oscillation Index (AAOI). Both indices are provided
by the U.S. National Oceanic and Atmospheric Administration
(NOAA) - Climate Prediction Center.

ONI identifies El Nifio and La Nifa events in the tropical
Pacific by using a 3-month running mean of ERSST.v5 sea
surface temperature anomalies in the Nifo 3.4 region (5°N-5°S,
120°-170°W) (Barnston et al., 1997; Huang et al., 2017). Events
are defined as five consecutive overlapping 3-month periods
with anomalies >+0.5°C for El Nifilo and <-0.5°C for La Nifia
events. Data is available from http://www.cpc.ncep.noaa.gov/
data/indices/oni.ascii.txt.

The monthly AAOI is constructed by projecting the monthly
mean 700 hPa height anomalies poleward of 20°S onto the first
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empirical orthogonal function mode of monthly mean height
anomalies at 700 hPa (Thompson and Solomon, 2002). Positive
phases are characterized by a strengthening and poleward shift of
the westerlies with decreased surface pressure and geopotential
height over the fringe of Antarctica. During negative phases,
opposite conditions prevail. Monthly data of AAOI can be
obtained from http://www.cpc.ncep.noaa.gov/products/precip/
CWIink/daily_ao_index/aao/aao_index.html.

3. METHODS

3.1. Indices of Climate Extremes

Climate extremes of air temperature and precipitation (Table 3)
are described using selected indices of extremes (Tank et al,
2009). In case of air temperatures extremes, time series of
maximum (TX) and minimum (TN) air temperature are
analyzed regarding the number of days with ice (TX < 0°C) (ID)
and frost (TN < 0°C) (FD). Percentiles are calculated based on
the available observations period (Figure 2) to define the number
of days with TX < 10th percentile (P1TX), TN < 10th percentile
(PITN), TX > 90th percentile (P9TX) and TN > 90th percentile
(P9TN). Furthermore, we are interested in the maximum length
of a cold spell (CS) with consecutive days of TN < 10th percentile,
and the maximum length of a warm spell (TWS) with consecutive
days of TX > 90th percentile per year.

Precipitation extremes are described by the absolute
maximum of 1-Day (PDX) and 5-Day (P5DX) precipitation
(mm) as well as the annual amount of daily precipitation larger
than the 95th percentile (P95P) and the 99th percentile (P99P).
The maximum number of days with daily precipitation higher
than 20 mm (HP) and below 1 mm (DD), and the maximum

length of wet spells (PWS) and dry spells (DS) per year are also
examined.

3.2. Weather Type Classification
Weather types are classified by applying the automated
classification map-pattern scheme by Lund (1963) based on
MSLP. The LUND-algorithm is based on so-called leader
patterns. It constitutes a low computational cost predecessor
of other cluster algorithms (Hartigan, 1975; Murtagh, 1985).
Within the LUND-algorithm, in a first run a leader is defined as
the one observation showing most similar cases (observations)
of correlations higher than a given threshold with all other
observations (Lund, 1963; Philipp et al., 2014a). After removal
of the leader and its matching cases, e.g., all observations that
correlate with the identified leader above the set threshold
Pearson correlation coefficient, the remaining class leaders are
called in similar iterative processes (Lund, 1963; Philipp et al.,
2014a). After the determination of all leaders, single days are
assigned to a specific weather type by returning all observations
to the data pool and assigning each one to the nearest leader
based on linear correlation (Lund, 1963; Philipp et al., 2014a).
The threshold Pearson correlation coefficient for finding leader
weather types in this study is set to 0.85. The Lund classification
scheme accentuates the dominance of few weather types with
westerly air flow. Subsequently, it finds further weather types that
occur only rarely but are important and significantly different
patterns. In contrast, k-mean leader algorithms tend to locate
centroids in such that all classes become equally large (Philipp
etal., 2014b). The latter would have resulted in many undesirably
similar weather types of principally westerly airflow.

Weather type classifications are calculated from the ERA-
Interim MSLP reanalysis data for the period 1979-2016.

TABLE 3 | Indices of air temperature extremes based on daily maximum (TX) and minimum (TN) air temperatures.

AR PG BH SR PA

Value Year Value Year Value Year Value Year Value Year
Max TX 23.6 2008 20.4 2004 24.5 2008 25.8 2004 29 2013
Max TN -5.4 2011 -8.9 2002 -8.1 2005 -11.3 2001 —5.1 2002
Max range 15.1 2008 15.3 2002 16.1 2005 21.0 2006 19.2 2004
Max ID 8 2012 39 2012 6 2005 7 2014 4 2002
Max FD 49 2011 130 2009 66 2001/02 112 2005 100 2002
Max P1TX 69 2012 58 2012 63 2014 64 2014 58 2002
Max P1TN 61 2011 50 2003 60 2002 61 2002 68 2002
Max P9TX 56 2008 54 2001 58 2004 61 2008 53 2008
Max P9TN 51 2016 83 2013 75 2015 70 2014 50 2004
Max CS 16 2012 i 2012 19 2005 16 2001/14 13 2001
Max TWS 9 2008 14 2004 13 2005/08 13 2005 12 2008
Mean TX 7.4 07-16 5.1 00-16 8.9 00-16 9.7 01-16 10.2 00-16
Mean TN 4.5 07-16 2.3 00-16 4.0 00-16 3.2 01-16 2.6 00-16
Mean range 2.8 07-16 2.8 00-16 4.9 00-16 6.5 01-16 7.6 00-16

Listed are the absolute maximum of daily TX and TN, of daily air temperature range, of days with ice (TX<0°C) (ID) and with frost (TN<0°C) (FD), maximum of days with TX< 10th
percentile (P1TX), TN < 10th percentile (P1TN), TX> 90th percentile (P9TX) and TN> 90th percentile (P9TN), maximum length of a cold spell (CS) with consecutive days of TN < 10th
percentile, and the maximum length of a warm spell (TWS) with consecutive days of TX > 90th percentile. Percentiles are calculated based on the observations period of each station
(Figure 2).
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We apply the cost733class-1.2 software (http://cost733.geo.uni-
augsburg.de/cost733class-1.2) originally designed for circulation
type classifications in Europe (Philipp et al., 2014b). We checked
for the optimal number of classes using a k-means leader
algorithm by evaluating the increase of explained cluster variance
with increasing numbers of cluster. The number of 10 weather
types was found to be optimal which is in accordance with the
weather type classification of Frank (2002), used by Schneider
et al. (2003). Earlier weather type classifications document only
six weather types (Endlicher, 1991; Compagnucci and Salles,
1997). Figure 7 shows the resulting 10 MSLP centroids obtained
from the classification procedure after Lund (1963) as used in this
study.

3.3. Trend Detection

Annual and seasonal trends in air temperature based on the 17-
year record of AWS PG, AWS BH, AWS SR, and WS PA are
analyzed. Air temperature changes over the given time period can
further be related to observed recent changes of the GCN Ice Cap
outlet glaciers.

Trends are detected using the non-parametric Mann-Kendall
(MK) and Sen slope estimator (SSE) trend test. The combined
MK and SSE test has been frequently used to quantify the
significance and magnitude of trends in climatological and
hydrological time series (e.g., Hamed, 2008; Gocic and Trajkovic,
2013; Kisi and Ay, 2014; Onyutha et al,, 2016). The MK test is
a non-parametric test to identify linear and non-linear trends in
time series (Mann, 1945; Kendall, 1975). The test does not require
normally-distributed input data and has a low sensitivity to
abrupt breaks due to inhomogeneous time series. The magnitude
of the trend in terms of slope is the robust estimate of the median
following the approach by Sen (1968) and Theil (1950).

The elimination of autocorrelation in time series analysis
is essential because otherwise autocorrelation increases the
chances of detecting a significant trend even in case trends
are absent. Therefore, Yue et al. (2002) proposed the Trend-
Free Pre-Whitening (TP) method in case both trend and lag-1
autocorrelation exist in the data record.

To detect trends in the time series we followed the described
steps below:

e testing the significance of the lag-1 autocorrelation (AC) in
each time series (step 1)

e in case of significant AC, TP is applied (step 2) and the MK
and SSE tests are applied subsequently

e in case of insignificant AC, the MK and SSE tests are
performed directly on the original time series (step 3)

The Trend-Free Pre-Whitening procedure (step 2) includes the
following steps. First, the apparent linear trend of the time series
X; is removed. Afterward, the lag-1 correlation coefficient r,. of
the detrended time series Xpg; is determined. The lag-1 AC is
then eliminated from Xpg; by:

XpEA,i = XDE,i — Tac - XDE,i—1- (1)

The removed linear trend is then added to Xpgpa,; to obtain
the final blended time series to which the MK and SSE trend
detection test is applied.

4. RESULTS AND DISCUSSION

4.1. Time Series and Extremes

Time series of air temperature, relative humidity, precipitation,
wind speed and wind direction are analyzed regarding
their daily, monthly and annual means, and anomalies.
Mean annual and monthly values of the meteorological
variables for each station are listed in Table S1 in
the supplement. Annual means are averaged based on
monthly mean values. The study period of each time
series relates to the available observation period shown in
Figure 2.

4.1.1. Air Temperature

Mean annual air temperatures for the individual measurement
period of each station (Figure 2) along the west-east transect are
5.8°Cat AWS AR, 3.8°C at AWS PG, 6.0°C at AWS BH, 6.6°C at
AWS SR, and 6.6°C at WS PA.

The air temperature distribution in mountain areas with
strong orographic effects can also be detected in the spatial
distribution of mean daily maximum and minimum air
temperature and air temperature range (Table 3). The absolute
extremes of daily air temperatures range from —8.9°C and
+20.4°C at AWS PG, from —8.1°C and +24.5°C at AWS BH,
and —11.3°C and +25.8°C at AWS SR during the observation
period 2000 to 2016.

The coldest temperature regime with the lowest mean of daily
maximum temperature of +5.1°C and minimum temperature
of 2.3°C is found at AWS PG. The numbers of frost and ice
days are larger than at the other stations due to the altitude
and contiguity to the ice cap (Table3). In 2009, minimum
temperature dropped below 0°C in 36% of the days. The lower
amplitudes of the annual temperature cycle of AWS AR and
AWS BH are a result of more maritime conditions compared to

——PA —=—SR —¥—BH PG AR

Z
N\

JAN 'FEB'MAR'APR'MAY "JUN' JUL 'AUG SEP OCT NOV' DEC

air temperature (°C)
(2]

FIGURE 3 | Mean monthly air temperature at AWS Arévalo (AR), AWS Paso
Galeria (PG), AWS Puerto Bahamondes (BH), AWS Skyring (SR), and WS
Punta Arenas (PA) averaged over the individual observation period (Figure 2).
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2000 2001 2002 2003 ' 2004 ' 2005 ' 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 ' 2016

FIGURE 4 | Monthly air temperature and monthly anomalies at AWS Arévalo (AR), AWS Paso Galeria (PG), AWS Puerto Bahamondes (BH), AWS Skyring (SR), and

AWS SR and WS PA (Figure 3, Table S1). The influence of the
Pacific Ocean also leads to less days with frost and ice. Toward the
east the mean annual temperatures and the number of days with
daily maximum air temperature exceeding the 90th percentile
and daily minimum air temperature dropping below the 10th
percentile increase.

Figure 4 illustrates the monthly means of air temperature
and anomalies since 2000, showing a high correlation of r
= 0.94-0.99 in temperature variability between all stations.
Above average cold months were observed in spring 2000,
winter 2002 and 2005, spring 2009 and summer 2011/12 at
all stations. The longest cold spell and the largest numbers
of days where the maximum temperature drops below the
10th percentile for AWS AR and AWS PG are found in
2012 (Table 3). Positive anomalies occurred during winter
2003, the summer months 2003/04 and during winter
2016.

The annual anomalies of mean, maximum and minimum
temperatures suggest in general milder climate conditions with
less extremes since 2012 at GCN (Tables S2, S3). This observation
is supported by lower annual means of daily temperature ranges
and a decreasing number of days with frost per year at all stations.
Furthermore, the percentage of days per year with extreme warm
(P9X) or cold conditions (P1N) are decreasing as well (Table
S3). Annual changes in the duration of cold or warm spells,
however, are not significant. We hypothesize that the warmer
conditions are caused by the strengthening of the westerlies
during the enhanced positive AAO in recent years (Marshall,
2003).

4.1.2. Wind Speed and Direction

The prevailing westerlies dominate the wind patterns year-
around at GCN with mean annual wind speeds ranging from
3.1 ms~! (AWS BH) to 5.1 m s~! (AWS PG) (Figure 5). The
highest mean of daily mean and maximum wind speeds of 5.1
m s~! and 13.4 m s™! are observed at AWS PG along with
prevailing north-west winds. Mean wind speeds of 3.1 m s~! at
AWS BH are lower than at AWS SR and WS PA with values
of 3.7 m s™! and 4.5 m s71, respectively. The mean maximum
wind speed of 9.7 m s~! at AWS BH, however, is higher than
at AWS SR (8.0 m s~1). Schneider et al. (2003) pointed out
that this underscores the occurrence of strong gusty winds in
morphologically structured landscapes. In general, mean and
maximum wind speeds decrease during the winter months at
all stations but AWS AR. The characteristic southerly winds at
AWS AR are caused by the topographic situation channeling the
airflow.

4.1.3. Precipitation

A sharp gradient of precipitation can be found across the
GCN Ice Cap within only tens of kilometers. Mean annual
precipitation (2008-2016) increases from ~3,800 mm at the
west side of GCN at AWS AR to ~6,100 mm at AWS PG
while it decreases again on the lee-side to ~4,000 mm at AWS
BH. Within a distance of about 80 km, precipitation sharply
drops to ~790 mm at AWS SR. Mean annual amounts of
570 mm are observed at WS PA for the same study period.
Considering the observations at AWS PG since 2002, the
annual mean accounts for ~7,500 mm with the highest annual
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FIGURE 6 | Mean monthly precipitation AWS Arévalo (AR) (2008-2016), AWS Paso Galeria (PG), AWS Puerto Bahamondes (BH), AWS Skyring (SR), and WS Punta

amount of ~9,500 mm measured in 2003. Higher measurement
inaccuracies in the first years of precipitation observations
must be assumed due to the less firm installation of the rain
gauge. Therefore, the estimated mean annual values of AWS
PG (10,900 mm =£20%) and AWS BH (6,600 mm =+20%)
as provided by Schneider et al. (2003) are resulting from
measurement errors during episodes of strong winds, leading to
an overestimation of annual precipitation sums between 2000
and 2003.

The intra-annual variability of precipitation at AWS AR,
AWS PG, and AWS BH correlates well with the highest
amounts occuring during the austral summer. The drop in
monthly precipitation in February is revealed at all three stations
(Figure 6). The annual course at AWS SR is more similar to the
ones at GCN, but with much lower precipitation, while the intra-
annual variability at WS PA is opposite. Precipitation during the
winter is slightly higher than during the austral summer. Inter-
annual variations of precipitation between AWS SR and AWS
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PA show opposite patterns. In years with positive precipitation
anomalies at AWS SR, precipitation mostly decreases at AWS PA
(Table S2). In principal, the same holds true for AWS BH and
AWS PA for the few full years of available precipitation data.
The occurrence of high precipitation events of up to 620
mm in 5-days in 2004 and wet spells of up to 61 days in 2006
underscore the year-around wet conditions at GCN (Table 4).
Individual events of extreme precipitation (P5DX, P95P, P99P)
are most frequent at AWS PG. Between 2002 and 2006, 26%
of the annual amount of precipitation fell during days where
the daily precipitation exceeds the 95th percentile (Table S4).
This ratio changes to a mean of 8% in 2010, 2011, 2016. The
amounts of precipitation during extreme precipitation events and
days with daily precipitation larger than 20 mm (HP) are similar
between the western (AWS AR) and eastern side (AWS BH) of
GCN with a high year-to-year variability between 2011 and 2016.

The percentage of HP is negligible for AWS SR and WS PA.
Nevertheless, daily extreme events of up to 124 mm can occur
at AWS SR as observed in 2010. The lengths of wet spells are
subsequently smaller while the lengths of dry spells are much
larger compared to the three stations at GCN (Table 4).

4.2. Trends

Annual and seasonal trends in mean (T), minimum (TN) and
maximum (TX) air temperature are analyzed for AWS PG, AWS
BH, AWS SR, and WS PA as described in section 3.3. Significant
lag-1 autocorrelation was only detected for TN of AWS BH which
was corrected following the TP procedure before trend detection.
An overview of the trend analysis results is given in Table 5.
Trends in annual mean air temperature for AWS PG and
AWS PA are significant at the 90% level with a trend magnitude
(Sen Slope) of 40.05°C a—! and +0.02°C a~!'. An increasing

TABLE 4 | Indices of precipitation extremes.

AR PG BH SR PA
Value Year Value Year Value Year Value Year Value Year
Max 1-Day 125 2011 284 2004 213 2006 124 2010 51 2012
Max 5-Day 256 2011 620 2004 341 2004 201 2001 94 2012
Max P95P 1258 2014 2693 2003 1517 2007 524 2001 254 2015
Max P99P 441 2012 979 2006 620 2007 370 2001 85 2012
Max HP 79 2012 159 2003 80 2007 9 2001 7 2015
Max DD 90 2016 83 2005 128 2002 259 2006 284 2016
Max PWS 47 2016 61 2006 45 2010 15 2001 12 2006
Max DS 9 2012 14 2005 21 2006/16 50 2006 33 2005

Listed are the absolute maximum of 1-Day and 5-Day precipitation (mm), of the total annual amount of daily precipitation larger than the 95th percentile (P95FP), of the total annual
amount of daily precipitation larger than the 99th percentile (P99P), the maximum number of days with daily precipitation higher than 20 mm (HP), the maximum number of days with
daily precipitation below 1 mm (DD), and the maximum length of wet spells (PWS) and dry spells (DS). Percentiles are calculated based on the observations period of each station
(Figure 2).

TABLE 5 | Statistical results of the trend analysis for annual and seasonal mean (T), maximum (TX), and minimum (TN) air temperature in °C a~1 for AWS Paso Galeria
(PG), AWS Puerto Bahamondes (BH), AWS Skyring (SR), and WS Punta Arenas (PA).

PG BH SR PA
T TX TN T X TN T TX TN T TX TN

Annual Sen Slope 0.05 —0.15 0.31 0.08 —0.08 0.09 —0.02 —0.05 0.11 0.038 0.08 0.03

p-value 0.04 0.48 <0.01 0.46 0.06 0.31 0.74 0.55 0.25 0.04 0.23 0.30
DJF Sen slope 0.01 -0.24 0.16 0.01 -0.15 0.11 -0.11 -0.22 0.14 -0.01 —0.01 —0.02

p-value 1.00 0.02 0.11 1.00 0.02* 0.04* 0.06 0.03 0.38 0.65 0.90 0.65
MAM Sen slope 0.04 -0.03 0.22 0.04 -0.07 0.14 0.09 0.01 0.24 0.02 0.038 0.02

p-value 0.51 0.84 0.0 0.45 0.44 . 0.25 0.95 <0.01 0.13 0.30 0.65
JJA Sen slope 0.04 —0.12 0.15 0.09 -0.03 0.14 0.02 —0.05 0.10 0.05 0.04 0.03

p-value 0.46 0.04 0.01" 0.08 0.64 0.09 0.84 0.64 0.20 0.08 0.11 0.23
SON Sen slope 0.02 -0.08 0.19 0.05 -0.11 0.18 0.00 —-0.17 0.10 0.04 0.08 0.06

p-value 0.65 0.01 0.01 0.14 0.08 0.02 0.95 0.16 0.25 0.17 0.48 0.11

Significant values at the 90% level are shown in bold. Trends significant at the 95% level are bold and underlined. P-values denoted with * are obtained after TP procedure from time
series with significant lag-1 autocorrelation. In case of annual trend calculation, years with less than 250 days per year with data were not considered.
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FIGURE 7 | Ten major weather types classified by means of ERA-Interim MSLP reanalysis data for the period 1979 to 2016.

trend of seasonal mean air temperature is only apparent during
winter (JJA) at AWS BH and WS PA. A significant upward
trend is detected in the annual TN at AWS PG of +0.31°C
a~! between 2000 and 2016. This upward trend is also reflected
in different seasons as well. TN increases significantly during
spring (SON), winter and fall (MAM) at AWS PG, and during
summer (DJF), spring and fall at AWS BH. Three of four stations
show upwards trends of TN during spring and fall. In contrast,
significant downward trends of TX during the summer season
are determined for AWS PG, AWS BH and AWS SR. The largest
trend of —0.24°C a~! (2000 and 2016) was found at AWS PG.
No significant trend has been detected in annual and seasonal TX
time series for WS PA.

4.3. Types of Synoptic Weather Patterns

Ten major types of synoptic weather patterns have been classified
for Southernmost Patagonia (Figure?7). Weather type 1 is
characterized by a strong north-south pressure gradient resulting
from a distinct high-pressure cell over the Pacific and low-
pressure trough over the Bellingshausen Sea, which leads to
intensified westerlies. During weather type 2, the high-pressure
cell is weaker and shifted toward the south, while the low-
pressure cell is located south of Tierra del Fuego in the Weddell
Sea. Cold and humid air masses from the south-west are advected
to Southernmost Patagonia (Frank, 2002). A similar circulation
pattern to type 2, but with a distinct low-pressure cell located
south of Tierra del Fuego in the Drake Passage occurs during

weather type 5. A north-westerly advection of humid and warm
air occurs when both, the Pacific anticyclone and the low-
pressure cell, are shifted toward the north-west of southern South
America compared to type 1. Pressure gradients become weaker
during weather type 9 while the principal synoptic configuration
is mostly the same.

The atmospheric circulation of weather type 4 is dominated
by an intensified high-pressure cell in the southern Pacific
reaching far toward the eastern side of the Southern Andes.
The persistence of this situation leads to warmer and dryer
conditions. A southward shift of the Pacific anticyclone with
the advection of colder air masses from south-west, is present
during weather type 7. A strong high-pressure cell in the southern
Atlantic accompanied with low pressure in the southern Pacific
is present during weather type 6. The Atlantic anticyclone is
stronger and shifted toward the north in case of type 8. Both
weather patterns imply a northerly or westerly airflow with
increased air temperatures. The circulation pattern of weather
type 10 is dominated by a strong high-pressure cell located far
toward the south in the Pacific leading to a cold and humid
airflow from the south over Southernmost Patagonia.

Major synoptic weather types with distinct low-pressure cells
in the Weddell Sea (types 2 and 5) or Bellingshausen Sea (types
1, 3, and 9), causing a prevailing southwesterly, northwesterly or
westerly airflow, account for 68% of all days in Southernmost
Patagonia. In 32% of all situations, high pressure cells over the
southern Pacific (types 4, 7, and 10) and southern Atlantic (types
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6 and 8) determine the weather of Southernmost Patagonia.
Circulation pattern type 1 with a strong zonal westerly air flow
is the most common type of all weather patterns, occurring 30%
of the year (Figure 8, Table 6). During the austral summer the
frequency of weather patterns with westerly air flow increases
to 76% compared to high-pressure influenced weather types
(24%). During the austral winter anticyclonic circulation patterns
account for 40% of all situations, while low-pressure weather
types occur less. This is in accordance with the generally lower
wind speeds found in winter at all weather stations in this study.

Anomalies of observed air temperature, precipitation, wind
speed, solar radiation, and relative humidity are analyzed
according to the major synoptic types of weather patterns for
all five stations (Figure9). Similar types of weather patterns
are grouped into classes as listed in Table 6. Large positive air

temperature anomalies are accompanied with strong westerlies
(class 1) at all five stations. Air temperature anomalies at AWS
BH, AWS AR, and AWS PG however are smaller compared
to AWS SR and WS PA due to the influence of the nearby
GCN Ice Cap and proximity to the Pacific Ocean. The impact
of strong westerlies on air temperature anomalies is largest in
the austral fall. On days with southwesterly airflow (class 2 and
5), air temperatures slightly drop at the stations located close
to GCN Ice Cap, while air temperatures tend to rise during
northwesterly airflow (class 3 and 9). The advection of colder air
masses from the southwest (class 2 and 5) largely determines the
air temperature variability during the summer and fall season.
The impact of circulation patterns with intensified high-
pressure cells in southern Pacific and Atlantic (classes 4 and 7, 6
and 8 and 10) on air temperature variability is in general low, but
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TABLE 6 | Frequency of synoptic weather types and classes (%) between 1979 and 2016 and 2000 and 2016.

Frequency of synoptic types (%)

Frequency of synoptic classes (%)

1979-2016 1 2 3 4 5 6 7 8 9 10 1 2and5 3and9 4and7 6and 8 10
Mean 30 13 11 9 9 7 7 5 4 4 30 22 16 16 12 4
DJF 38 15 8 7 11 3 10 1 4 2 38 26 12 17 4 2
MAM 26 12 14 7 10 9 7 5 6 5 26 22 19 14 14 5
JJA 20 12 13 10 9 8 5 9 5 8 20 21 19 15 17 8
SON 34 14 10 12 6 9 6 4 3 3 34 20 13 18 12 3
2000-2016 1 2 3 4 5 6 7 8 9 10 1 2and5 3and9 4and7 6and 8 10
Mean 31 13 11 9 9 7 7 4 4 4 31 23 15 16 12 4
DJF 40 16 6 8 11 4 10 1 2 2 40 27 8 18 5 2
MAM 27 il 15 7 12 9 7 4 5 4 27 23 19 14 13 4
JUA 21 12 14 10 9 8 6 8 6 7 21 20 21 15 16 7
SON 34 15 9 I 6 9 5 4 3 3 34 21 12 17 13 3

Frequencies are given as annual means and seasonal means for summer (DJF), fall (MAM), winter (JJA) and spring (SON).

highest for AWS SR and WS PA. The advection of air masses from
the north and northwest under high-pressure influence (class 6
and 8) cause warmer conditions at all stations in SON and DJE,
while temperatures decrease during the austral winter except for
AWS AR which is the only station located clearly west of the
Cordillera. The advection of cold air masses from the south (class
10) causes a significant decrease of daily air temperature at all
stations with the largest negative anomalies for WS PA and AWS
SR. During fall and spring, air temperatures drop significantly
below the specific means (class 10).

Circulation patterns highly impact the precipitation variability
at the GCN Ice Cap during all seasons. The orographic induced
uplift of the humid air masses from west and southwest (classes 1
and 2 and 5) comes along with year-around positive precipitation
anomalies at the GCN Ice Cap. Precipitation amounts decrease
significantly during high-pressure influences, in case of classes 6
and 8 and 10. The stations located at GCN (AWS AR, AWS BH,
AWS PG) obtain more than 80% of daily precipitation during
westerly airflow. East of the GCN Ice Cap at AWS SR and WS PA,
mean daily precipitation amounts are similar during all weather
types. Precipitation increases slightly on days with southwesterly
air flow at AWS SR, while at WS PA daily precipitation increases
on days with north to northwesterly wind directions (classes
3 and 9 and 6 and 8). The annual precipitation amounts at
AWS SR and WS PA are still mainly determined by the airflow
from west (class 1) and south west (class 2 and 5) despite the
fact that these stations are clearly located on the leeward of the
Cordillera during westerly air flow but extreme precipitation
rates are rare. Of all daily precipitation extremes (higher than the
90th percentile) 80% can be associated with classes 1 and 2 and
5 at the GCN stations, while the percentage decreases to 70% at
AWS SR and 51% at WS PA. High precipitation events at WS
PA are also present during the class 3 and 8 with 20 and 13%
of the days, respectively. This finding indicates that precipitable
water in the air column is carried across the Cordillera by strong
upper air westerly winds. During classes 1 and 2 and 5, both

stations experience often foehn-type weather conditions with
cloud dispersal due to the subsidence of air masses on the lee-side
of the Cordillera. High incoming solar radiation can therefore
be observed at AWS SR during these types of weather patterns.
Since the westerly air flow is also accompanied by higher air
temperatures, relative humidity decreases at all stations, but
strongest at AWS SR and WS PA.

Wind speed is highest during westerly (class 1) and
southwesterly (class 2 and 5) airflow for all stations. AWS
AR shows negative wind speed anomalies on days with strong
westerlies which are caused by the location of the AWS and local
effects due to the surrounding topography as described in section
4.1.2. Wind from north-northwest (classes 3 and 9 and 6 and 8)
is in general weaker on days with high-pressure influence (class 6
and 8).

4.4. Teleconnection to El Nino-Southern

Oscillation and Antarctic Oscillation

4.4.1. Time Series

Most of the monthly anomaly records show significant lag-1
autocorrelations at the 95% level which were eliminated before
removing the trend as described in section 3.3. Time series are
then correlated to ONI and AAOI also considering time lags of up
to 43 months. Correlations between monthly anomalies of mean
(T), maximum (TX), and minimum (TN) air temperature, rel.
humidity (rH), precipitation (P) and wind speed (v), and monthly
ONI and AAOI are listed in Table 7.

Correlations between monthly anomalies and ONI are weak
(Table 7, Figure 10), which is consistent with previous studies
(Schneider and Gies, 2004; Garreaud et al., 2009). Since 2000
seven cold (ONI<-0.5) and five warm (ONI> +-0.5) periods have
been observed. A significant negative correlation of —0.26 can
be identified for precipitation anomalies at AWS BH. Monthly
precipitation decreases by —9% (—32 mm) during El Nifio events
(ONI> +40.5) at AWS BH compared to the monthly mean
(2000-2016) while it increases by +9% during La Nina events
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FIGURE 9 | Daily anomalies of air temperature, precipitation, relative humidity, solar radiation, and wind speed for each class of synoptic weather patterns between
2000 and 2016 and for summer (DJF), fall (MAM), winter (JJA), and spring (SON) between 2000 and 2016.
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TABLE 7 | Correlation between ONI and AAOI and monthly anomalies of mean (T), maximum (TX), and minimum (TN) air temperature, relative humidity (rH), precipitation
(P) and wind speed (v) at AWS Paso Galeria (PG), AWS Puerto Bahamondes (BH), AWS Skyring (SR), and WS Punta Arenas (PA) for different time lags (TO to T4+3 months).

ONI AAOI
PG BH SR PA PG BH SR PA
T T0 —0.01 0.03 —-0.13 -0.12 0.34 0.49 0.36 0.42
T+1 0.05 0.03 -0.13 —0.10 -0.12 0.04 —0.07 —0.03
T+2 0.05 0.05 —0.10 —0.08 —0.10 0.02 —0.04 —0.03
T+3 0.11 0.09 —0.06 —0.04 0.05 0.07 —0.04 0.12
1R T0 —0.02 —0.12 -0.14 —0.08 0.38 0.39 0.38 0.43
T+1 0.03 —0.10 —0.11 —0.05 —0.08 -0.11 -0.15 —0.01
T+2 0.03 —0.06 —0.08 —0.02 —0.04 —0.01 —0.03 —0.06
T+3 0.09 —0.02 —0.04 0.02 0.23 0.12 0.13 0.1
N T0 —0.05 0.12 0.05 —0.11 0.27 0.39 0.22 0.32
T+1 —0.01 0.10 0.01 —0.11 -0.21 -0.14 -0.18 —0.06
T+2 —0.02 0.12 0.03 -0.12 -0.13 -0.02 —0.02 -0.03
T+3 0.02 0.17 0.05 -0.10 0.01 -0.02 —0.07 0.09
rH T0 —0.29 0.05 0.21 0.05 —0.06 -0.21 -0.18 —0.02
T+1 —-0.29 0.01 0.17 0.08 —0.06 -0.12 0.25 -0.07
T+2 —0.32 —0.04 0.18 0.08 -0.10 -0.14 0.10 —0.11
T+3 —0.33 —0.06 0.19 0.05 —0.01 0.02 0.09 0.06
P T0 —0.03 —0.26 —-0.11 0.02 0.22 0.19 0.11 —0.05
T+1 0.01 —0.23 —0.10 0.00 -0.10 —0.07 0.07 —0.06
T+2 —0.05 —0.22 —0.09 —0.038 0.10 0.10 0.09 0.00
T+3 —0.08 -0.19 —0.10 —0.05 —0.11 0.08 0.02 —0.08
v T0 0.08 -0.17 -0.14 0.01 0.20 0.31 0.05 0.12
T+1 0.08 -0.14 -0.19 —0.02 -0.13 —0.02 —0.06 0.12
T+2 0.00 -0.14 -0.20 —0.07 0.05 0.12 0.07 0.17
T+3 0.01 -0.15 -0.21 —0.06 -0.11 —0.09 —0.18 —0.09

Significant values at the 90% level are shown in bold,
trends were removed before correlation analysis.

(ONI<-0.5) (Table 8). The influence of ENSO on precipitation
variability diminishes further to the east of the Southernmost
Andes (Table 7). These findings are similar to Schneider and Gies
(2004). However, only for AWS BH there is an indication that
ENSO events may influence precipitation at GCN in the way as it
is argued by Schneider and Gies (2004). Significant correlations
between precipitation and ONI for any other AWS at GCN are
not evident.

The link between AAO and the climate conditions at GCN
and Punta Arenas is evident (Table7, Figure 10). Positive
correlations are significant for T, TX, TN at time-lag T0 for all
four stations. Correlations range from +0.34 to +0.49 for T,
+0.38 to +0.43 for TX and +0.22 to +0.39 for TN. Highest
correlation values are found at AWS BH and WS PA. Anomalies
of relative humidity (r = —0.21), wind speed (r = 40.31) and
precipitation (r = +0.19) of AWS BH are also linked to AAO.

It is known that positive phases of AAQO are associated with
dryer and warmer conditions in southern South America (Gillett
et al.,, 2006) which becomes evident in this study as well. The

correlations significant at 95% are bold and underlined. Times series were tested for lag-1 autocorrelation and apparent linear

strengthening of the westerlies during positive AAO phases come
along with an increase of mean monthly air temperatures by
+20% (40.6°C) at AWS PG, +16% (+1.1°C) at AWS BH, +14%
(+1.0°C) at AWS SR and 13% (+0.9°C) at WS PA compared
to the monthly average (2000-2016) (Table 8). Colder conditions
with up to 23% (—1.0°C) below the average (AWS PG) occur
during negative phases of AAO in Southernmost Patagonia.
Deviations of TN between the monthly mean during negative
and positive AAO phases compared to the overall mean varies
between —45% (—1.2°C) to +33% (+0.6°C) at AWS PG, —26%
(—1.0°C) to +22% (+0.9°C) at AWS BH, -26% (—0.8°C) to
+26% (+0.8°C) at AWS SR, and —20% (—0.6°C) to +21%
(40.6°C) at WS PA. Air temperature increase during positive
AAOQ phases is accompanied by positive precipitation and wind
speed anomalies at the GCN stations. Deviations in monthly
precipitation between negative and positive AAOI and the overall
mean range from —16% (—96 mm) to 8% (+48 mm) at AWS PG,
—9% (—32 mm) to +10% (434 mm) at AWS BH and —6% (—4
mm) to +10% (+7 mm) at AWS SR (Table 8).
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FIGURE 10 | Standardized monthly anomalies of precipitation, mean air temperature and wind speed at AWS Paso Galeria (PG), AWS Puerto Bahamondes (BH),
AWS Skyring (SR), and WS Punta Arenas (PA) and monthly ONI and AAOI values. El Nifio events based on a threshold of +0.5°C for ONI are highlighted by the gray
shading. Standardized monthly anomalies of climate variables are illustrated as a 3-month running mean.

4.4.2. Types of Synoptic Weather Patterns

We further analyze how the frequency of the major types of
synoptic weather patterns changes during positive and negative
phases of AAO and ENSO between 2000 and 2016 (Table9).
The impact of AAO on the synoptic situation in Southernmost
Patagonia is largest for the synoptic classes 1,2 and 5 and 10 since
the AAO implies a weakening or strengthening of the westerly air
flow. In case of negative AAO phases, days with strong westerly
airflow (class 1) decrease by about one third compared to the
average, while southwesterly air flow (class 2 and 5) increases
by about 41% compared to average (2000-2016). On contrary,
during positive AAO phases the westerly airflow dominates
the climate at GCN. The high-pressure influence accompanied
by cold winds from the south (class 10) is intensified during
negative AAO and weakened during positive AAO. This is

in good agreement with the observation of air temperature
increase in Southernmost Patagonia during positive AAO
phases.

During La Nifia events, north-westerly advection of humid
air masses (class 3 and 9) is more frequent, while the frequency
for circulation patterns with high-pressure influence decreases
(classes 6 and 8 and 10). During El Nifo events, the frequency
of north-westerly airflow decreases while weather classes with
high-pressure influence are more present (classes 4 and 7 and
10). Strong La Nifa events (ONI< —1.0°C) can be associated
with enhanced westerlies (+27%) (Table 9), which is consistent
with higher precipitation sums at AWS BH (Schneider and Gies,
2004). An intensified low-pressure cell over the Weddell Sea
causing southwesterly air flow (class 2 and 5) is enhanced during
stronger El Nifio events (ONI> +1.0°C), while northwesterly
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TABLE 8 | Deviations (%) of monthly mean (T), maximum (TX), and minimum (TN) air temperature, relative humidity (rH), precipitation (P) and wind speed (v) from the

monthly means (2000-2016) during positive and negative ENSO and AAO phases.

PG BH SR PA PG BH SR PA
O+ O- O+ O- O+ O- O+ O- A+ A- A+ A- A+ A- A+ A-
T TO —4 8 12 10 11 7 13 20 —-23 16 —-17 14 —-13 13 —-10
T+1 6 20 21 12 14 13 6 10 -2 -1 2
T+2 5 1 22 26 9 15 9 3 15 4 1 1 1 9
T+3 -6 18 -1 24 1 11 3 -1 13 3 3 2 -2 10
1R 70 -5 20 6 8 7 12 6 9 11 —11 8 -9 11 -10 -7
T+1 1 19 12 11 16 12 11 9 2 12 3 0 —1 2
T+2 3 14 13 11 20 9 12 6 0 14 2 3 0 1 6
T+3 1 9 10 6 19 3 9 1 0 11 1 3 1 -2 7
N TO 7 1 21 20 12 9 22 33 —45 22 —26 26 —26 21 -20
T+1 18 2 33 37 16 21 24 11 3 12 -5 16 -3 8 3
T+2 18 —4 34 46 11 24 19 6 16 8 0 13 -1 3 15
T+3 12 —-12 29 -2 40 -3 17 9 1 17 7 2 4 2 -3 17
rH TO -1 -2 0 0 5 0 -2 -1 -1 0 -4 2 -2 3 -1 0
T+1 -1 -1 -1 0 6 -2 -2 -1 0 —1 -3 2 -1 -1
T+2 -2 -1 -2 0 8 -3 -2 0 0 0 -3 3 -2 -1 -1
T+3 -2 -1 -1 2 9 —4 -1 1 0 0 -1 2 -3 1 -2
P TO 7 -13 -9 9 -6 -10 —4 -9 8 -16 10 -9 10 —6 -8 1
T+1 11 -5 -5 15 -4 11 -4 -9 -7 18 -1 8 0 0 -2 -7
T+2 14 0 1 21 -2 4 -2 2 —6 3 9 0 —4 5 11
T+3 8 -1 1 14 0 6 8 1 —22 14 —4 -5 -1 -3 -2 -8
\Y TO -3 0 2 3 4 4 7 -5 11 —-13 11 —-10 3 -1 3 -1
T+1 0 0 3 4 4 6 5 -3 6 -1 -3 1 2 5 2
T+2 1 3 5 4 6 3 -2 9 -7 3 -1 2 -1 5 5
T+3 0 1 4 1 4 1 —4 3 -2 -2 3 -2 3 2 7

Results are listed for ONI >-0.5 (O+), ONI <-0.5 (O-), AAOI >0.5 (A+), and AAOI <-0.5 (A-) at different time lags (TO to T+3 months) for AWS Paso Galeria (PG), AWS Puerto Bahamondes

(BH), AWS Skyring (SR), and WS Punta Arenas (PA).

TABLE 9 | Relative changes (%) of synoptic types and classes during positive and negative AAO and ENSO events between 2000 and 2016.

Relative changes of synoptic types (%)

Relative changes of synoptic classes (%)

1 2 3 4 5 6 7 8 9 10 1 2and5 3and9 4and7 6and8 10

AAOI —0.5 —37 30 -19 -39 74 —36 51 1 96 64 —37 41 11 0 —29 64

AAQI +0.5 36 27 -2 20 —40 21 —-16 —21 —63 —43 36 -35 -19 4 -3 —43
ONI -0.5 4 -9 17 —6 3 8 8 -39 11 —-18 4 -9 16 0 —16 -18
ONI 4+0.5 1 23 —23 12 —6 —-13 2 35 —34 12 1 7 —26 8 —4 12

ONI -1.0 27 —22 18 4 —-13 23 —-10 —73 —33 —61 27 —22 4 -2 —-19 —61
ONI+1.0 -5 49 —32 20 10 —51 5 60 —37 —-18 -5 27 —33 13 —18 —-18
airflow (class 3 and 9) occurs less frequently. The frequencies of 5. CONCLUSION

high-pressure weather classes (classes 6 and 8 and 10) are below
the average during both strong El Nifio and La Nifa events. The
impact of ENSO on the variability of synoptic weather patterns
generally is rather weak as already identified with respect to
the meteorological observations other than precipitation at AWS
BH.

We analyzed the main features of climate and climate
variability in Southernmost Patagonia using a unique 17-year
meteorological record (2000-2016) of four AWS in the vicinity of
the GCN Ice Cap (53°S). Special attention was given to the link
between observed mean, extremes and trends of the AWS records
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as well as the impact of synoptic weather types and leading modes
of global atmospheric variability (ENSO and AAO).

Annual and seasonal trends in air temperature were
investigated by applying the non-parametric Mann-Kendall and
Sen slope estimator trend test. A weather type classification
based on the hierarchical correlations-based leader LUND-
algorithm was computed using a 37-year record of ERA Interim
Reanalysis data. Major synoptic weather types with distinct low-
pressure cells in the Weddell Sea or Bellingshausen Sea causing
a prevailing southwesterly, northwesterly or westerly airflow,
determine the weather conditions in Southernmost Patagonia
during 68% of the time. Circulation patterns with high-pressure
cells over the Southern Pacific and Atlantic are present on 32%
of all days between 2000 and 2016. The predominance of weather
types with humid westerly airflow leads to significant west-east
gradients of precipitation and relative humidity across the GCN
Ice Cap. Mean annual precipitation (2008 to 2016) increases from
~3,800 mm at the west side of GCN at AWS AR to ~6,100 mm at
AWS PG while it decreases again on the lee-side to ~4,000 mm
at AWS BH. Within a distance of tens of kilometers precipitation
sharply drops to below 800 mm further to the east. More than
80% of extreme precipitation events (>90th percentile) at GCN
appears during synoptic types with strong westerly air flow. The
occurrence of high precipitation events of up to 620 mm in 5
days and wet spells of up to 61 consecutive days underscore the
year-around wet conditions at GCN. High precipitation events
and long wet spells become less frequent toward the east of
GCN.

We further identify extremes of daily maximum and
minimum air temperatures of up to +25.8°C and -11.3°C along
with the largest daily temperature range being located on the east
side of GCN. Days with daily maximum temperatures exceeding
the 90th percentile and days with daily minimum temperature
falling below 0°C are less frequent since 2012 indicating a
stronger maritime influence in the study region in recent years
which might be attributable to increased positive AAO in recent
years (Marshall, 2003). Mean annual air temperature increases
by +0.05°C a~! at GCN and +0.02°C a~! at AWS Punta Arenas
during the study period (2000-2016).

The influence of ENSO on intra-annual precipitation and
temperature variations is not evident for all investigated stations.
At AWS BH precipitation decreases by -9% compared to the
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