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Abstract: The Southern Hemisphere Westerly Winds (SWW) control the amount and latitudinal
distribution of rainfall in southwestern Patagonia. Recent studies have shown that SWW has inten-
sified in the last decades, but their past behavior is not yet well understood. To understand this
behavior, it is necessary to analyze climatic data from meteorological stations and reconstruct their
variability through paleoclimatic evidence, such as lake cores. Nevertheless, Patagonia is an austral
region characterized by its complex topography and quasi lack of a meteorological network. In this
work, three reanalyses are studied (MERRA-2, ERA5, and GLDAS) and compared with the Cerro
Castillo and Teniente Gallardo stations (~51◦S), with the aim of simulating the winds in the past.
The results indicate that ERA5 and MERRA-2 simulate well the wind variability in the study region,
while GLDAS is less reliable. Therefore, the first two reanalyses could be used to extend the time
series of the meteorological station and calibrate a new wind proxy based on the abundance and
size of the aeolian particles, reconstructing in a direct way the intensity of the SWW in the past over
southwestern Patagonia.

Keywords: SWW; ERA5; MERRA-2; southwestern Patagonia

1. Introduction

Southern Westerly Winds (SWW) are a belt of winds that blow from west to east
at mid-latitudes due to global atmospheric circulation. Several studies have shown that
these winds have recently changed in intensity and latitudinal position (e.g., [1–3]) thereby
significantly impacting the climate of southern Patagonia. Indeed, the SWW control precip-
itations and climate [1,4], thus important variations in these winds generate environmental,
social, and economic consequences over this part of the Southern Hemisphere (SH).

The behavior of SWW is currently well understood [4], but this is not case for its past
variations. Due to the influence exerted by the SWW on the climate, it is fundamental to
understand what controls their changes and how these winds have changed over time
based on paleoclimatic evidence. Also, if you want to understand future global climate
patterns, past behavior of SWW is also required, for example, to evaluate the consequences
of these winds in the future atmospheric CO2 [5]. In this sense, it is important to know the
behavior of the SWW in the past, and Chile presents a unique location for reconstruction
because it is the only continental mass that covers the entire latitudinal range of the SWW.

For the reconstruction of the temporal variability of the SWW, an indirect source of
climate information comes from lakes cores, which have been shown to provide valuable
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climate information in this region through the use of proxy records [6]. Among these,
the mineral particles eroded by the wind, transported and deposited into water (lakes
or sea) constitute an ideal tool for the reconstruction of past winds (e.g., [7–9]). Indeed,
the characteristics (quantity, size distribution) of the particles retrieved in the laminated
sediments depend directly on the frequency and strength of the winds above the threshold
(u*t) of erosion, since the strongest winds are capable of transport these sediments on
the surface [10].

However, before being exploitable quantitatively any proxy record must be cali-
brated against accurate environmental data. In a region with very few and quite recently-
established meteorological stations, continuous long-term direct measurements are lacking
for this calibration. Provided their quality has first been evaluated by comparison with the
existing measurements, the products of different reanalyses could provide these missing
calibration tools.

Indeed, of the different data sources available (e.g., meteorological stations, reanalyses,
or models), reanalysis is one of the most widely used methods for studying climate variables.
Reanalysis is the process whereby an unchanging data assimilation system is used to
provide a consistent reprocessing of meteorological observations, typically spanning an
extended segment of the historical data record. The products from a reanalysis include
many variables such as wind speeds, temperature, atmospheric pressure, among others,
and have not only become a staple of the atmospheric research community but are used
increasingly for climate monitoring as well as for business applications in, for example,
energy and agriculture [11].

An important advantage of the reanalysis is that their products are generally open-
access, globally available, and continuously updated over the decades, increasing their
temporal and spatial resolution [12], reducing biases, and improving possible system
limitations. Examples of these updates are the replacement of the MERRA reanalysis
by MERRA-2 of the Global Modelling and Assimilation Office (GMAO) [11] and the
replacement of the popular ERA-Interim reanalysis by ERA5 produced by European Centre
for Medium-Range Weather Forecast Reanalysis (ECMWF) [13].

In this work, the ability of three reanalyses (MERRA-2, ERA5, and GLDAS) to represent
the surface wind in southern Patagonia is studied. The main objective is to analyze the
variability over the last decades of the strong winds in the present-day core of the SWW
(51◦S). To this, the degree of agreement between the surface winds of the reanalyses and
direct measurements of the few meteorological stations available in the area of study
is first evaluated. In a second step, the reanalyses that best fit the data will be used to
extend the time series of meteorological data in the past beyond the implementation of
the meteorological stations, which will make it possible to analyze the wind variability on
wider (monthly to interdecadal) timescale.

This paper is organized as follows. The next section (Section 2) describes the SWW
and the area of study, the methodology, and the datasets used. Section 3 shows the time
series of meteorological stations and reanalysis data. It also shows the results of the
temporal variability of strong winds determined from statistical analysis. This information
is used in Section 4 to discuss the consistency of the different reanalyses and to analyze the
variability of the wind. Finally, the last section summarizes the results and presents the
main conclusions of this work.

2. Materials and Methods
2.1. Present Day SWW over Southern Patagonia

Patagonia is a large and diverse region in southern South America that extends
from ~40◦S down to the southern tip of the continent (55◦S). Western Patagonia features
a temperate, hyper humid climate, a modest seasonal cycle, and annual mean precipitation
ranging between 5000 and 10,000 mm [3]. This region faces the strong SWW, which are
the prevailing winds at the mid-latitudes of the SH. These winds roughly cover the region
between 30◦ and 70◦S, and currently present a core of stronger winds centered at ~51◦S [14].
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These winds are responsible for the heat transport from the mid-latitudes towards the
poles following undulating stationary paths [5]. Because of the topography of southern
Patagonia, SWWs control the cloud cover and rainfall on the leeside of the Andes, which
means that the cloud cover is strongly correlated wind speed (supplementary materials
Figure S1) on the western side of the Andes [15,16].

Present day, SWW behavior is very well understood. This belt is characterized by
a remarkable seasonality mainly driven by changes in sea surface temperature (SST) and
atmospheric temperature gradients [17]. In austral summer (DJF), the SWW are more
intense and move towards the pole reaching a maximum over ~50◦S [1,18]. Conversely,
in austral winter (JJA) the intensity in the core of the SWW weaken and this belt moves
towards the equator expanding as far as central Chile (33–40◦S) [18].

During the past few decades, the SWW belt has shown a southward shift together
with an increase in the core strength (e.g., [2–4,18–21]) related to the shift to an increasingly
positive phase of the Southern Annular Mode (SAM) [1,22–24] as response to changes in
stratospheric ozone and greenhouse forcing [23,25,26].

This trend has been also observed in several model projections for the 21st century,
which highlight the tendency to a poleward shift and an intensification of the SWW related
to the current scenario of global warming (e.g., [26–28]).

Due to the behavioral changes observed in the SWW belt in recent times and its crucial
influence on the climate of southern Patagonia, it is necessary to expand our knowledge
about the variability of this wind belt over time.

Motivated by this, we have selected for this work three meteorological stations located
in the core of the SWW (~51◦S) at southwestern Patagonia, and three reanalyses (Figure 1),
in order to analyze wind speed variability at different (monthly, seasonal and annual)
timescales. The meteorological stations are Torres del Paine, Teniente Gallardo, and Cerro
Castillo, and reanalyses chosen are MERRA-2, ERA5 and GLDAS.
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2.2. Available Data
2.2.1. Direct Observations

In the study area there are only three meteorological stations with open access records
of near-surface wind speed: Teniente Gallardo, Cerro Castillo, and Torres del Paine. In-
formation on these stations and limits of their periods of measurements is provided in
Table 1 and Figure 2. The data of the first station were obtained from the Dirección Meteo-
rológica de Chile (DMC) (https://www.meteochile.cl/, accessed on 20 April 2021). The
data for the second station were obtained from Instituto de Investigaciones Agropecuar-
ias (INIA) (https://agrometeorologia.cl/, accessed on 20 April 2021). Finally, the data
from the Torres del Paine station were facilitated by Dirección General de Aguas (DGA)
(https://dga.mop.gob.cl/, accessed on 20 April 2021). At the latter station, the measure-
ments were performed manually for a short duration and are not continued. Therefore,
they will not be used in this work. The datasets of the other two stations become more
complete after the hourly measurements were automated in 2016. Thus, five years of
hourly measurements at the Cerro Castillo and Teniente Gallardo stations are available for
validating the wind from reanalyses.

Table 1. Information and details of the meteorological station datasets.

Meteorological
Station Lat. (◦) Long. (◦) Altitude

(m.a.s.l)
Temporal

Resolution Source

Teniente
Gallardo −51.66 −72.52 69 Hourly (12:00–20:00

before 2016) DMC

Cerro Castillo −51.17 −72.43 115 Hourly INIA
Torres del Paine −51.18 −72.98 25 Hourly DGA
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Figure 2. Periods of measurements at different meteorological stations. The data obtained from DMC
is presented in green, the data obtained from DGA in blue, and the data facilitated by INIA in red.

Although short, these historical records are important as they serve to validate the
data series of the reanalysis used in this work.

2.2.2. Reanalysis Data

The behavior of large-scale winds was studied through three atmospheric reanalyses:
(1) the European Centre for Medium-Range Weather Forecast Reanalysis (ERA5) [13],
(2) Version 2 of the Modern-Era Retrospective analysis for Research and Applications
(MERRA-2) [11], and (3) the Global Land Data Assimilation System (GLDAS) [29].

ERA5 is the fifth generation of atmospheric reanalysis produced by European Centre
for Medium-Range Weather Forecast Reanalysis (ECMWF). It replaces the very popular
ERA-Interim reanalysis, which was progressively becoming outdated and was stopped at
the end of August 2019. ERA5 provides hourly data and time series extending from the year
1950 to present time with a high horizontal resolution of 0.25◦ x 0.25◦ (Table 2) [13]. How-
ever, the data from 1950 to 1979 were not used because the corresponded to a preliminary
version of ERA5 when we carried out this study (the final version is expected to become

https://www.meteochile.cl/
https://agrometeorologia.cl/
https://dga.mop.gob.cl/
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available towards the end of 2021 [30]). Data were downloaded from the Copernicus
Climate Data Store (https://cds.climate.copernicus.eu/, accessed on 30 April 2021).

Table 2. Summary of the reanalysis datasets used in this work.

Reanalysis Period Covered Temporal
Resolution

Spatial
Resolution Reference

ERA5 1979–2020 Hourly 0.25◦ × 0.25◦ Hersbach et al. (2020)
MERRA-2 1980–2020 Hourly 0.5◦ × 0.625◦ Gelaro et al. (2017)

GLDAS 1948–2014 Daily 1.0◦ × 1.0◦ Rodell et al. (2004)

MERRA-2 of the Global Modelling and Assimilation Office (GMAO 2015) is an up-
to-date reanalysis for the satellite era (from 1980 onward). The spatial resolution of the
model is 0.5◦ latitude x 0.625◦ longitude [11] and provides data series with hourly temporal
resolution (Table 2). The datasets, corresponding to near-surface (10 m above ground), wind
speed were extracted using the Giovanni NASA interface (https://giovanni.gsfc.nasa.gov/,
accessed on 20 April 2021).

GLDAS is a system jointly developed by scientists at the National Aeronautics and
Space Administration (NASA), Goddard Space Flight Center (GSFC) and the National
Oceanic and Atmospheric Administration (NOAA). The system aims to ingest satellite
and ground-based observational data products and generate optimal fields of land-surface
states and flows [29]. The spatial resolution is 1.0◦ x 1.0◦ with daily data for the 1948–2014
period (Table 2). These datasets are available at the NASA Goddard Earth Sciences Data and
Information Services Center (GES DISC) as well as via Giovanni NASA (https://giovanni.
gsfc.nasa.gov/, accessed on 20 April 2021).

2.3. Analysis of Wind Time Series

First, the coherence between the reanalyses data and the in-situ wind measurements is
analyzed because possible discrepancies were expected due to the complex topography of
Patagonia. High (hourly) and medium (daily) resolution data were used for the study and
statistical indicators such as the frequency of occurrence of strong winds in a given month
or year were calculated to quantify the high-resolution temporal variability of the regional
winds. The focus was set on the strongest winds because they are those responsible for the
transport of particles on the surface [10].

For evaluating the performance of the reanalysis in the study area the following time
series of the grids closest to the meteorological station were chosen: (−73.125, −51.5,
−72.5, −51) for MERRA-2, (−72.25, −51.25, −72.5, −51) for ERA5, and (−73.375, −51.875,
−72.375, −50.875) for GLDAS (Figure 1). Observation wind time series were then compared
with data measured at hourly (for MERRA-2 and ERA5) and daily (for GLDAS, MERRA-2,
and ERA5) resolution. Because the GLDAS period (1948–2014) does not overlap the period
recorded at the Cerro Castillo and Teniente Gallardo stations (2016–2020; Figure 2) but
presents an interestingly long time series of data, its consistency with ERA5 and MERRA-2
was evaluated. To do this, statistical parameters such as the bias, root mean squared
error (RMSE) and correlation coefficient (R) were used to quantify the differences between
reanalyses data and in-situ wind measurements.

Finally, as indicated above, the occurrence of strong winds in the study area was
studied considering that only winds above the saltation threshold (u*t) can effectively mo-
bilize sediments (aeolian particles) over the surface [10] and are of interest for paleoclimate
reconstructions. The saltation threshold depends on the size of the erodible grains [10], on
the humidity of the soil [31,32], and on the roughness of the surface, itself being sensitive
to the presence of non-erodible elements such as stones or vegetation [33,34]. Because the
exact value of u*t is unknown for the area of study, it was arbitrarily assumed that the
strong winds above an elevated percentile (e.g., 90th percentile (V90)) of the statistical
distribution of the hourly and daily winds were responsible for the most significant erosion
events. Then the monthly and yearly numbers of hours/days that exceeded this thresh-

https://cds.climate.copernicus.eu/
https://giovanni.gsfc.nasa.gov/
https://giovanni.gsfc.nasa.gov/
https://giovanni.gsfc.nasa.gov/
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old were counted and subsequently analyzed to study the variability of the wind at the
meteorological stations and in the reanalyses.

3. Results
3.1. Local Wind Variability

The synchronicity of the measurements performed after 2016 at Cerro Castillo and
Teniente Gallardo allows checking the consistency of the data collected at the two stations.
In spite of the distance (ca. 55 km.) separating them, the time series of daily averaged
winds (Figure 3a) are quite strongly correlated (R = 0.87, Figure 3b). This shows that the
measurements performed at any which one of the two stations are not of purely local
interest but are representative of a much larger area including the region of study. The main
differences between Cerro Castillo and Teniente Gallardo are observed in the direction
of the wind (Figure 3c). Even though both stations have fundamentally winds from the
west, the Teniente Gallardo station has a significant north component in its measurements
(Figure 3(c1)).
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In the following, it was arbitrarily chosen to adopt the measurements of the Cerro
Castillo station as a reference for the regional situation. The analysis of these data shows
that maximum wind speed (6– >12 ms−1) are mainly from the west whereas minimum
speeds (0–4 ms−1) come mainly from the northwest (Figure 3(c2)).

At the annual timescale, the measurements reveal a significant seasonality in wind
speed characterized by strong winds during the austral summer months (December-
January-February; DJF), and weak winds in the austral winter (June-July-August; JJA)
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(Figure 3a). Seasonality is also observed in wind direction (Figure 4). During the austral
summer and spring, the strongest winds come from the west (Figure 4a,d), whereas they
come from the west and northwest during the austral fall and winter (Figure 4b,c).
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The statistical distribution of hourly winds speeds for the period 2016–2020 shows
an asymmetric distribution with data shifted towards weaker winds (Figure 5a). Most of
the data are concentrated between 0 and 2 ms−1, while winds between 2 and 8 ms−1 are
distributed in two main modes, one between 2 and 4 ms−1, and the other between 6 and
8 ms−1 Finally, winds greater than 8 ms−1 present lower frequencies (<3%).
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Figure 5. (a) Statistical distribution of the hourly winds measured between 2016 and 2020 at the Cerro
Castillo station. (b) Hourly variation of the monthly averaged (daily cycle) of the wind speed at the
Cerro Castillo station in 2016. Blue lines represent summer months (DJF), red lines correspond to fall
months (MAM), green lines indicate winter months (JJA), and black lines are spring months (SON).

On a daily scale, it can be observed that winds are generally more intense during the
afternoon, mainly between 12.00 a.m and 18.00 p.m, while at night, the intensity of the
winds decreases (Figure 5b). This diurnal cycle was observed most of the year (except
in June and July which have their maximum after 18.00 h). During the austral summer
(DJF), the daily cycle is much more marked than in austral winter (JJA), when the winds
are weaker and less variable (Figure 5b).

3.2. Reanalysis Validation

As indicated in Section 2.2, the validation was carried out in two steps: first, the data
of the Cerro Castillo meteorological station were used to assess the quality of the MERRA-2
and ERA5 wind products, then GLDAS was compared with the other reanalyses to assess
the possibility of extending the time series towards a more distant past (i.e., before 1980).
Table 3 summarizes the error metrics related to the comparison between the daily wind of
Cerro Castillo station and those of ERA5 and MERRA-2. Table 4 shows the parameters for
the comparison between GLDAS and the other two reanalyses.
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Table 3. Results of the comparison of the MERRA-2 and ERA5 daily winds with the measurements
performed for 5 years (2016–2020) at the Cerro Castillo meteorological station.

Annual DJF MAM JJA SON

R RMSE Bias R RMSE Bias R RMSE Bias R RMSE Bias R RMSE Bias

MERRA-2 0.87 2.67 2.26 0.79 2.76 2.36 0.86 2.59 2.24 0.83 2.68 2.24 0.88 2.67 2.21
ERA 5 0.88 1.87 −1.28 0.88 1.98 −1.66 0.88 1.51 −0.88 0.81 1.73 −0.89 0.89 2.20 −1.70

Table 4. Same as Table 3, but for the comparison of GLDAS with MERRA-2 and ERA5 and the
1980–2014 period.

Annual DJF MAM JJA SON

R RMSE Bias R RMSE Bias R RMSE Bias R RMSE Bias R RMSE Bias

MERRA-2 0.47 2.62 −0.43 0.41 2.39 −0.03 0.46 2.57 −0.64 0.48 2.71 −0.93 0.44 2.77 −0.10
ERA5 0.36 4.41 −3.96 0.31 4.25 −3.81 0.3 4.40 −3.93 0.34 4.54 −4.11 0.35 4.47 −4.01
Mean 0.42 3.52 −2.20 0.36 3.32 −1.92 0.38 3.49 −2.29 0.41 3.63 −2.52 0.40 3.62 −2.06

The annual R ranging between 0.86 and 0.88, and the low associated error indicate
a high level of agreement between the temporal variations of the daily wind data of both
MERRA-2 and ERA5 and those of the measurements. Slightly higher correlations were
observed during austral spring than in austral winter (Table 3).

Values of bias indicate that MERRA-2 tends to overestimate the in-situ wind measure-
ment (BiasANN = 2.26 ms−1, Table 3), whereas ERA5 tends to slightly underestimate them
(BiasANN = −1.28 ms−1, Table 3). As expected, the bias is slightly larger during austral
summer, when the wind intensity is stronger, than during austral winter, when the intensity
of the wind is lower.

The level of agreement between GLDAS and the other two reanalyses is much less
satisfying (Table 4) with a mean annual R value of 0.42 and higher values of RMSE (mean
RMSEANN = 3.52 ms−1).

In summary, these preliminary results suggest that (1) the performance of GLDAS does
not compare to that of the other two reanalyses, and (2) despite the systematic negative and
positive biases observed in ERA5 and MERRA-2, respectively, both reanalyses are able to
represent adequately the wind variability in the region of study. In order to confirm these
findings, a more detailed evaluation of the MERRA-2, and ERA5 products is proposed in
the following subsections.

3.2.1. MERRA-2 vs. Cerro Castillo

Figure 6 provides an example of the comparison of the wind speed measured at the
Cerro Castillo station and the MERRA-2 reanalysis. At the hourly temporal resolution
(Figure 6a), the daily cycle is well represented by the reanalysis. However, the higher wind
speeds fit better than the minimums, since generally the lower values are overestimated.
Therefore, the positive bias of MERRA.2 (BiasANN = 2.26 ms−1, Table 3) can be in large part
explained by this overestimation of the lower wind speeds.

At the daily resolution, the consistency of the reanalyses with the measurements
appears clearly (Figure 6b). This high correlation (R = 0.87) is also observed for the
entire period (Figure 7b). However, the level of agreement between the reanalysis and
measurement decreases when hourly temporal resolution is considered (R = 0.73, Figure 7a).

3.2.2. ERA5 vs. Cerro Castillo

The daily covariation between the measurements and data yielded by the reanalysis
are shown in Figure 8. In general, it can be observed that the reanalysis presents the same
variability of wind speed as that measured at the Cerro Castillo station but with a lower
amplitude, underestimating in-situ measurements most of the year (BiasANN = −1.28 ms−1,
Table 3). During the austral summer (DJF) and spring (SON) months this difference
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increases (−1.66 and −1.7 ms−1, respectively, Table 3) while in fall (MAM) and austral
winter (JJA) the underestimation decreases (−0.88 and −0.89 ms−1, respectively, Table 3).
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Figure 8. Daily average covariations of the wind speed measured at the Cerro Castillo station and
the ERA5 data series for year 2016. The blue and black lines correspond to in-situ measurements and
the reanalyzed products, respectively.

At daily time scale, the reanalysis presents a strong correlation (RANN = 0.88 and
RMSEANN = 1.87, Table 3) with the data measured at Cerro Castillo. This indicates that in
spite of a tendency to underestimate the magnitude of the observed wind speed (slope =
0.47), its temporal variations are correctly simulated by the ERA5 reanalysis at the daily
temporal resolution (Figure 9). As was already observed with MERRA-2, the agreement is
less satisfying at hourly scale (data not shown).
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Figure 9. Daily correlation of wind speed between the Cerro Castillo station and the ERA5 reanalysis
for the period 2016–2020. The dash line represents the linear trend of the data.

Summarizing, at the daily resolution wind speeds from MERRA-2 and ERA5, present
similar levels of agreement (RANN = 0.86 and RANN = 0.88 respectively, Table 3) with the
reference data of the Cerro Castillo station.

3.3. Ability of the Reanalyses to Simulate the Frequency of Strong Hourly Winds

As detailed in Section 2.2, strong hourly winds play an important role in wind erosion.
These strong winds were arbitrarily defined as being above the 90th percentile (V90) of the
statistical distribution of the hourly winds in a period of reference (2016–2020, in this study).
Because of the tendency of the reanalyses to overestimate (MERRA-2) or underestimate
(ERA5) the measured wind, V90 is not expected to have the same value when calculated
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from the observations or from the two reanalyses. This is indeed the case (Table 5): V90 is
8.31, 4.89, and 10.6 ms−1 for Cerro Castillo, Era5 and MERRA-2, respectively.

Table 5. Values of V90 for the Cerro Castillo station and three reanalyses studied.

Meteorological
Station/Reanalysis Period Analyzed Temporal Resolution V90 (ms−1)

Cerro Castillo 2016–2020 Hourly 8.31
ERA5 2016–2020 Hourly 4.93

MERRA-2 2016–2020 Hourly 10.66

The monthly occurrence of strong hourly winds in MERRA-2 is similar to those
observed at the meteorological station (Figure 10a). In both time series, an important
seasonality characterized by strong winds during the austral summer (DJF) and weak
winds in the austral winter (JJA), is observed. Data show a strong linear correlation (R
= 0.883) (Figure 10b), indicating that the reanalysis simulates well the number of strong
monthly winds measured at the station, despite having a higher V90 than the Cerro Castillo
station (see Table 5).
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Figure 10. (a) Monthly number of strong hourly winds at the Cerro Castillo station and MERRA-2
between 2016 and 2020. (b) Correlation between the monthly number of strong winds of MERRA-2
and those observed in the period 2016–2020. (c) Monthly number of strong winds at hourly resolution
for the Cerro Castillo station and the ERA5 between 2016 and 2020. (d) Correlation between the
monthly numbers of strong winds at hourly resolution of ERA5 with those observed in the period
2016–2020.

Similarly, the monthly occurrences of strong hourly winds at Cerro Castillo and in
the ERA5 reanalysis are in good agreement (Figure 10c). The temporal variability is the
same, being characterized by intense winds occurring fundamentally in the austral summer
(December and January), while during austral winter strong winds decrease to only a few
hours per month. For ERA5, the level of agreement with the measurements (R = 0.882,
Figure 10d) compares to that of MERRA-2 (R = 0.883, Figure 10b), indicating that the two
reanalyses simulate equally well the monthly number of strong hourly winds.

Figure 11 displays for ERA5 and MERRA-2 the proportion of strong hourly winds in
each year of their periods of availability. For comparison, the shorter period (2016–2020) of
the Cerro Castillo measurements is also reported.
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Figure 11. Yearly number of strong hourly winds from the ERA5, MERRA-2 and Cerro Castillo
station for the period 1979–2020.

The data of MERRA-2 and ERA5 are consistent. The number of hours of strong winds
varies between 5 and 15% (Figure 11). Interestingly, the interannual variability of the
strong winds is characterized by the alternation of several years of frequent strong winds
(e.g., 1986–1990; 1995–2002; 2008–2015) with calmer periods (e.g., 1992–1994; 2002–2005;
2017–2019) whose return period seems to be of the order of 10 years. Finally, both ERA5
and MERRA-2 concur on the fact that the number of yearly strong wind hours has tended
to increase in the last 40 years (Figure 11).

3.4. Comparison of ‘Calm’ and ‘Strong Winds’ Years

The previous results showed that the yearly number of hours exceeding the threshold
(V90) corresponding to the definition of the strong winds can vary two-fold from one year
to the next. This suggests a shift of the frequency distribution of the speed of the hourly
winds towards larger values during strong winds years. In other words, not only should the
frequency of winds above V90 increase in some years, but their maximum velocity should
also be larger in those years. This is confirmed by the excellent correlation (RERA5 = 0.94 and
RMERRA-2 = 0.99) between the 95th percentile (V95) of the wind speeds in a given year and
the proportion of strong winds in this year (Figure 12). V95 is only 7% larger than V90 during
the calm years of the 1980–2020 period, but more than 20% above in the strong wind years.
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Figure 12. Evolution of the 95th percentile (V95) of the distribution of the hourly wind speeds in
a year with the proportion of winds (%V90) exceeding the threshold (V90) used for defining ‘strong
winds’, V95 was normalized by V90 to facilitate the comparison of the two reanalyses (ERA5 and
MERRA-2) with the observation made at the Cerro Castillo station. The dashed lines represent the
linear trend of the data.
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4. Concluding Remarks

The reanalyses and the measurements have facilitated the understanding of the recent
wind variability in southwestern Patagonia (51◦S). The first important result is that despite
the complex topography of the region of study the winds measured at the Cerro Castillo
and Teniente Gallardo meteorological stations are strongly correlated. This commonality of
behavior indicates that the measurements made at the stations are representative of a much
larger area that their immediate vicinity.

In general, the surface winds come mainly from the west and show important seasonal
variations characterized by intense winds in austral summer (DJF) and weaker winds
during austral winter (JJA). This seasonality together with the predominant wind direction
is consistent with previous research of the SWW in Patagonia (e.g., [1,18,35]). Measurements
from meteorological stations indicate diurnal variability with strong winds occurring
during the afternoon, mainly between 12.00 and 18.00 h, and weaker winds at night between
0.00 and 5.00 h, increasing these differences in the austral summer months (DJF). This
pattern had already been observed previously in the area, particularly in the Patagonian
steppe ~52◦S (e.g., [36]). The authors of the latter study chose arbitrarily year 2008 for their
analysis, and noticed that, in the daily distribution of the wind speed, the speeds were
lower at night and early morning, while the highest values occurred at noon.

Regarding the ability of the three tested reanalyses to simulate the temporal variability
of the daily averaged wind, two of them (ERA5 and MERRA-2) perform quite well (correla-
tion coefficient of 0.88 and 0.87 with the observations, respectively). With R = 0.42, the third
reanalysis (GLDAS) appeared as less reliable and was not retained for the rest of the study.

In terms of magnitude, the reanalyses are not expected to do as good a job as with the
temporal variations. Indeed, the grid values in a reanalysis represent an average within a
cell of hundreds of square kilometers, which smoothes the modeled variability [37].

This tendency towards underestimation had already been mentioned in different
studies focusing on the SH. For instance, [38] reported an average wind speed underesti-
mation of 1.18 ms−1 at the Southern Antarctic Peninsula, while [39] observed that ERA5
underestimates the magnitude of the wind and its standard deviation along the austral
Pacific Ocean between 40◦ and 56◦S.

For MERRA-2, the analysis showed that it adjusts well to maximum speeds but tends
to overestimate the minimum speed on an hourly scale as well as the monthly average wind
speed. This has been previously stated by [40] in their study carried out in the southeastern
Patagonia, where they observed an overestimation of the wind speed, particularly in
periods of lower speeds.

In summary, the evaluation of the consistency of the reanalyzed winds with the data of
the meteorological stations on the one hand, and of ERA5 with MERRA-2 on the other hand,
showed that interest of the reanalyses lies in their common ability to simulate properly
the variations of the wind velocity rather than its magnitude. Moreover, the reanalysis
products are available at a resolution fine enough (daily) for the long-term reconstruction
of the wind erosion in the region of study.

When applied to the MERRA-2 and ERA5 (not shown) data, a wavelet spectral analysis
not only confirms the importance of the seasonal and annual cycle but also of multi-annual
modes of variabilities (Figure 13). For instance, a 2 to 4-year cycle clearly stands out
between 1981 and 1985, or between 1992 and 2002. This periodicity could be related to the
(1) influence of atmospheric event such as the Southern Annular Mode (SAM) that presents
a variability on scales of 2 to 3 years [41] or (2) El Niño-Southern Oscillation (ENSO, [42])
that has variations from around 2 to 7 years (e.g., [43,44]).

Although ENSO is an atmospheric event that affects low-mid latitudes, several au-
thors have shown that it can have an indirect effect on the climate in much of southern
South America, interacting with other atmospheric events, such as the SAM (e.g., [1,14]),
also known as Antarctic Oscillation (AAO, [45]). SAM develops at high latitudes, being
characterized by pressure anomalies of one sign centered in the Antarctic and anomalies
of the opposite sign on a circum-global band at about 40–50◦S [1]. This event is directly
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related to the changes in intensity and position of the westerly winds in southwestern
Patagonia [1,4]. Therefore, the positive trend of the number of strong winds towards the
present observed in ERA5 or MERRA-2 could be directly related to the general trend of the
SAM towards a positive phase, which would be causing the increase in the speed of the
winds in Patagonia (e.g., [1,4,22–24,46]).
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At inter-decadal scale, 16-year frequency is observed to be particularly present be-
tween 1990 and 2006 (Figure 13). This periodicity could be related to the Pacific Decadal
Oscillation (PDO, [47]), an atmospheric phenomenon that presents frequencies between 20
and 30 years [48] and plays a major role in the South American climate. This atmospheric
phenomenon is described as El Niño-like, because its warm (cold) phases are very similar
to El Niño (La Niña) events, although of smaller amplitude [1,49].

The combination of the pluriannual cycles has a detectable effect on the frequency
of strong winds in the period 1980–2020. Periods of 2 to 4 years of reduced winds follow
periods of stronger activity. Having documented precisely the limits of these periods will
be precious for interpreting and calibrating quantitatively the most recent section of the
sediments core recovered from lakes of the area.

Currently, lakes suitable for coring are being identified. They must meet specific
conditions regarding the inputs of sediments or their preservation after deposition. For
example, a closed lake without constant supply of sediment, such as from river o alluvial
sediments, and exposed to wind current could guarantee a record containing a direct wind
proxy that has been accumulated and preserved over time. Once calibrated, this wind proxy
would allow to determine the magnitude and timing of past changes in strength experienced
by SWW belt at its core (51◦S) by reconstructing quantitatively the wind intensity through
the characteristics (size grain and abundance) of the aeolian lithic particles.

This direct reconstruction of paleo-wind intensities from aeolian lithic particles would
be a pioneering work for this region, offering the opportunity to improve substantially the
previous reconstructions of the SWW based on indirect proxies such as terrigenous supply
(e.g., [14,18,50,51]), changes in vegetation (e.g., [52,53]) or glacier advances (e.g., [54]).
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.3390/atmos13020206/s1, Figure S1. (a) Covariation of the wind speed of MERRA-2 and the cloud
cover of the MODIS satellite. (b) Linear correlation of the wind speed of MERRA-2 and the cloud
cover of the MODIS satellite.
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