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Abstract

This study investigated the influence of long-term climatic phenomena on the hydroclimatic
dynamics of the Grey River Basin in Chilean Patagonia. By analyzing hydroclimatological
datasets from the last four decades (1980 to 2020), including precipitation, temperature,
wind speed, potential evapotranspiration, and streamflow, we identified key trends and
correlations with three large-scale climate indices: the Antarctic Oscillation (AAO), El
Ninio—Southern Oscillation (ENSO), and Pacific Decadal Oscillation (PDO). Statistical
methods such as the Mann—-Kendall test, Sen’s slope, PCA, and wavelet coherence were
applied. The results indicate a significant upward trend in streamflow, with Sen’s slope of
0.710 m3/s/ year (p-value = 0.020), particularly since 2002, while other variables showed
limited or no significant trends. AAO exhibited the strongest correlations with streamflow
and wind speed, while ENSO 3.4 was the most influential ENSO index, especially during
the two extreme El Nifio events in 1982, 1997, and 2014. PDO showed weaker relationships
overall. Wavelet analysis revealed coherent periodicities at 1- and 2-year frequencies
between AAO and flow (wavelet coherence = 0.44), and at 2- to 4-year intervals between
ENSO and precipitation (wavelet coherence = 0.63). These findings highlight the sensitivity
of the Grey River basin to climatic variability and reinforce the need for integrated water
resource management in the face of ongoing climate change.

Keywords: hydroclimatology; variability; trends; ENSO; AAO; PDO

1. Introduction

The three interconnected environmental challenges of climate change, biodiversity,
and pollutant emission, collectively referred as the triple planetary crisis, pose severe
threats to human well-being, socioeconomic systems, and the long-term sustainability of
our planet [1]. These challenges are not isolated: they interact synergistically, exacerbat-
ing each other and creating complex issues that require comprehensive and immediate
attention [2-4]. To effectively address these pressing concerns, urgent and coordinated
global action is imperative [5].

In this context, climate change stands out as the most formidable threat to human
health in the 21st century [6]. The relentless increase in greenhouse gas emissions has led
to a significant rise in global temperatures, disrupting weather patterns and endangering
critical ecosystems such as wetlands [7]. The anticipated average global temperature rise of
1.5 °C to 2 °C above pre-industrial levels is projected to have catastrophic consequences for
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life on Earth [8]. Increasing water scarcity affects billions of people, leading to heightened
competition for limited water resources [9]. At the same time, the rising frequency and
intensity of extreme precipitation and flooding are a significant threat to communities,
infrastructure, and economies [10,11]. A tenfold acceleration in the melting of Arctic ice
contributes to rising sea levels and the loss of habitat for polar species [12], which may
cause the near-complete disappearance of coral reefs, vital for marine biodiversity, coastal
protection, and fisheries [12]. A 50% reduction in crop yields threatens global security and
exacerbates hunger and malnutrition [13]. Significant declines in seafood production, plant
species, and insect populations disrupt ecosystems and their services [14].

In Chile, water scarcity has escalated to alarming levels in recent years, becoming a
pressing issue that affects millions of residents and the country’s agricultural productiv-
ity [15]. Since 2010, Chile has been facing a significant and sustained decline in rainfall, with
reductions of up to 25% in the central region over the last few decades [16,17]. This pro-
longed period of diminished precipitation, often referred to as megadrought, has had pro-
found implications for the country’s water resources [18]. The effects of this megadrought
are particularly evident in the substantial decrease in the flow of critical rivers that are vital
for sustaining both human populations and agricultural activities [19,20]. Major rivers,
which historically provided reliable sources of water, have been affected by a drastic de-
crease in their flow, leading to severe water shortages [21]. This situation adversely impacts
the availability of water for human consumption, leading to concerns about public health
and quality of life [22,23]. Furthermore, the reduction in water supply poses significant
challenges for agricultural irrigation, a cornerstone of Chile’s economy [24]. Many farmers
are facing difficulties in accessing sufficient water for their crops, which not only threatens
food security but also jeopardizes the livelihoods of those dependent on agriculture [25].
The economic repercussions of water scarcity extend beyond individual farms, affecting
entire communities and the nation’s food production capabilities [26].

Nonetheless, Chilean Patagonia has also suffered the consequences of climate change,
which have significantly impacted nivo-pluvial basins [27,28] and glacier dynamics [29].
In this tundra environment, rising temperatures cause permafrost to thaw, destabiliz-
ing the ground, releasing stored carbon dioxide and methane into the atmosphere, and
accelerating global warming [30]. This thawing alters local hydrology, increasing soil
moisture variability, changing river flow patterns, and affecting the availability of fresh-
water for both ecosystems and human needs [31]. Additionally, this zone is influenced by
long-term climate variability, such as the westerly wind [32,33]. While most studies have
focused on watersheds in the Northern Hemisphere, research in the Southern Hemisphere
remains limited [34]. Studies in the Northern Hemisphere have not found significant
relationships between a wide range of climate variables and various large-scale climate
phenomena [35-38]. In addition to the above, most of the studies carried out in Patagonia
focus on glacier dynamics, but not at the basin level [39-41], while studies that include the
evaluation of various hydrological processes are scarce [42].

As Chile faces mounting water-related challenges, the urgency to address the root
causes of water scarcity and to implement effective management strategies grows increas-
ingly clear and is essential to secure a sustainable water supply for future generations [34].
In this context, the objective of this work was to analyze the hydroclimatic variables of the
Grey River Basin in Chilean Patagonia, aiming to innovate in assessing how large-scale
climatic phenomena affect this watershed. Unlike traditional approaches, our results not
only detect correlations across different timescales but also identify specific periods of high
climatic significance.
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2. Materials and Methods
2.1. Study Area

The study area corresponds to the Grey River basin, up to the fluviometric station
Rio Grey Antes Junta Rio Serrano (Figure 1b). The Grey River basin is in the Magal-
lanes y la Antdrtica Chilena region in southern Chile between —50.7° and —51.3° lat-
itude and —73.1° and —73.4° longitude, as shown in Figure 1la. The basin originates
from the Grey Glacier, covering an approximate area of 856 km? with altitudes between
43 and 2352 m.a.s.1 (Figure 1b), and is characterized by a tundra climate [43]. In addition,
it is within the Torres del Paine National Park (UNESCO Biosphere Reserve [44]), which
covers an area of approximately 8700 km? [45].
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Figure 1. (a) Location of Chile (red) and study area (white box) in South America, and (b) Lake Grey
basin elevations and the location of meteorological (cyan dots) and fluviometric (red dot) stations.

The monthly temperature varies between —4 °C and 5 °C, while annual precipitation
reaches 1200 mm. In wet and dry years, the highest flows occur between November and
April because of snowmelt from headwater snowdrifts, while the lowest runoff is observed
between June and September [46]. Runoff from the basin is linked to the melting of the
Grey Glacier, representing a glacial regime [42], as shown in Figure 2.

The main channel of the Grey River is 20 km long and originates at the southern end
of Lake Grey. This lake resembles an inland fjord due to its shape and dimensions, with a
main axis of 16 km long and an average width of 2 km. Lake Grey is fed by a snowdrift
located at its northern head [40], the thaw front of which is more than 20 m high and
descends into the lake’s waters. The snowdrift is one of the numerous tributaries of the
Southern Patagonian Ice Field. The surface area of the lake is about 38.6 km? [39], and its
waters are turbid due to glacial silt. At its southern end, it receives the Avutardas River,
which drains from Lake Pingo, also fed by snowdrift [47].
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Figure 2. Grey River seasonal variation curve.

2.2. Hydroclimatic Data

This study analyzed climatic and hydrological variables for the Grey River basin,
including precipitation, mean temperature, potential evapotranspiration (PET, calculated
according to the method of Hargreaves and Samani [48]) over 1979-2020, and flow over
1981-2020. These datasets originate from the CAMELS-CL database [49,50] and they are
complemented with information from the Direccién General de Aguas (DGA) database
(https:/ /dga.mop.gob.cl/, accessed on 10 January 2025). Additionally, the wind speed at
5m elevation in the zone was analyzed using the database of the Explorador Eélico from the
Ministerio de Energifa of Chile, which offers gridded information with a spatial resolution
of 1 km (https://eolico.minenergia.cl/inicio, accessed on 10 January 2025). The evaluation
period varied between 1980 and 2024, and the data were interpolated and weighted across
the basin. The database of the Explorador Eélico has been validated in previous studies [51].
Table 1 shows the details of each gauging station used.

Table 1. Information from Lake Grey basin’s meteorological and fluviometric stations.

ID Station Type Latitude Longitude
M1 Lago Pehoe Meteorological —51.07° —73.09°
M2 Glaciar Tindall en Campamento Zapata  Meteorological —51.12° —73.28°
M3 Fiordo Amalia Meteorological —50.96° —73.77°
M4 Lago Dickson Meteorological —50.82° —73.11°
F1 Rio Grey Antes Junta Serrano Fluviometric —51.18° —73.02°

2.3. Climate Indices
2.3.1. Antarctic Oscillation Index (AAO)

The Southern Annular Mode (SAM), which is often referred to as the Antarctic Oscil-
lation (AAO) [52], has strong effects on the climate systems at high and middle latitudes
of the Southern Hemisphere [53]. The AAOQ is a leading mode of midlatitude circulation
variability, representing a seesaw-like mass change between mid- and high latitudes. The
positive phase of the SAM is characterized by lower anomalous air pressures over the
Antarctic along with abnormal pressure over the middle latitudes. With changes in air
pressure distribution, changes in the strength and position of the westerly winds can occur.
In the positive SAM phase, the westerly winds are stronger and move poleward, while the
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westerly winds weaken in the negative phase and move toward the equator. The leading
mode of sea-level pressure variability in the extratropics statistically defines the AAO
index [54], which is the normalized zonal mean sea level pressure (SLP) difference between
—40° and —70° [55].

2.3.2. El Ninio—Southern Oscillation Index (ENSO)

The El Nifio—Southern Oscillation (ENSO) is an ocean—atmosphere phenomenon in
which the cooler equatorial eastern Pacific Ocean warms once every 2 to 7 years [56,57]. This
phenomenon is the dominant interannual mode of variability in tropical meteorology [58].
The increase in equatorial eastern Pacific sea surface temperature (SST) is attributed to
the weakening of the easterly trade winds that result in warm water from the western
Pacific moving to the east [59]. This phenomenon has two phases: El Nifio, characterized by
increased SST (warm phase), higher rainfall, and weaker winds, and La Nifia, characterized
by decreased SST (cold phase), reduced rainfall, and stronger winds [60,61]. ENSO oceanic
indices are determined using SST anomalies averaged over the east-central equatorial
region. Indices that are commonly used to classify ENSO events include regional SST
indices (i.e., El Nifio 4, El Nino 3.4, El Nifio 3, and El Nifio 1 + 2) [57].

El Nifio 1 + 2 Sea Surface Temperature Index (ENSO)

According to the NOAA, this index monitors ENSO conditions in the far eastern
tropical Pacific. The El Nifio 1 + 2 Index region is between —80° and —90° and 0° to
—10° [62]. It is especially relevant for South American countries such as Ecuador, Peru,
and Chile [63], where it influences fishing, agriculture, and rainfall patterns and has a
strong connection with fire weather conditions in central Chile [64]. The data for this index
are available at https:/ /www.ncei.noaa.gov/access/monitoring/enso/sst (accessed on
31 October 2024).

El Nifio 3 Sea Surface Temperature Index (ENSO)

The El Nifio 3 region is broader than El Nifio 1 + 2, extending further westward into
the Pacific. The El Nifio 3 Index has been used to study the long-term behavior of ENSO
and its impacts. It covers the area between latitudes 5° and —5°, and between longitudes
—150° and —90° [62]. The data for this index are available at https://www.ncei.noaa.gov/
access/monitoring/enso/sst (accessed on 31 October 2024).

El Nifio 3.4 Sea Surface Temperature Index

The El Nifio 3.4 Index, which is calculated over an area in the eastern Pacific between
—120° and —170° longitude and 5° to —5° latitude [65-67], provides monthly data be-
ginning in January 1950. This index is significant for understanding the effects of ENSO
in Chile, especially regarding changes in precipitation patterns. The data for this index
are available at https://www.ncei.noaa.gov/access/monitoring/enso/sst (accessed on
31 October 2024).

El Nifio 4 Sea Surface Temperature Index

The El Nifio 4 index covers the region between 160° and —150° latitudes and 5° and
—5° longitudes [58]. It is key to assessing how ocean temperatures affect rainfall and trade
wind patterns in this area. The data for this index is available at https:/ /www.ncei.noaa.
gov/access/monitoring/enso/sst (accessed on 31 October 2024).

2.3.3. Pacific Decadal Oscillation Index (PDO)

The Pacific Decadal Oscillation Index (PDO) is defined as the principal component of
monthly SST variability in the North Pacific poleward 20° [68]. The PDO predominantly
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varies on decadal-to-multidecadal timescales [69]. Extreme PDO patterns are marked by
widespread variations in the Pacific Basin and North American climates. The extreme
phases of the PDO have been classified as being warm or cool, as defined by the ocean
temperature in the northeast and the tropical Pacific Ocean [70,71].

2.4. Statistical Analysis

Statistical analysis of flow, temperature, potential evapotranspiration, and wind
speed variables was performed at various temporal scales: monthly, seasonal, and pluri-
annual aggregations (3-year, 7-year, and 10-year). For each aggregation, trends in the
time series were evaluated, along with the magnitude of observed changes. Additionally,
their correlations with large-scale climatic phenomena, including AAO, ENSO, and PDO,
were analyzed.

2.4.1. Trend Analysis

The Mann-Kendall test (MK) [72,73] was applied to each time series of each variable,
determining the direction of the trend for an increase, decrease, or neutrality [74]. This
is a non-parametric test to detect monotonic trends within a time series. Since most of
the hydrodynamic data present bias, it is convenient to use a non-parametric test for
evaluation [75]. This type of test has been used for the evaluation of different variables
such as flow, temperature, and potential evapotranspiration, among others [76,77]. The
Mann-Kendall test statistic (S) is computed according to Equations (1) and (2):

1;if X > Xj
sign(xj —x;) = ¢ 0;if Xj = X (1)
—1;if X; < Xj
N-1 N
S=Y ) sign(x—x) )

i=1 j=i+1

where N is the length of the dataset and x; and x; denote the data values at time
iand j, respectively. While the negative value of S indicates a decreasing trend, the positive
value indicates an increasing trend [78]. The hydrometeorological time series trend slope
magnitude is obtained by Sen’s slope estimation [79], which is a robust and non-parametric
slope estimation accepted as an alternative to the least squares method [74]. One of the
assumptions of the MK test is that the observations are independent of each other, meaning
there is no serial correlation [80]. However, hydrological time series frequently infringe
this assumption in practice. To address this issue, we first evaluate all series for serial
correlation using the Ljung—Box test [81]. When significant autocorrelation was detected
(p < 0.05), we applied the Hamed-Rao modified MK test, which incorporates a variance
correction to account for persistent data structures [82].

In addition, the Pettitt test [83] was applied as a complement to MK test. This non-
parametric test does not assume any distribution of the input data [84] and identifies the
time mark or shift point where the change in the time series occurs [78,85]. The statistics
are given as follows in Equations (3) and (4):

N
YN = YN + Zsign(xt — xj)fort =23,...,N 3)
=1

Max
—TN—
Zn=1<t<N[Yu| ()
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Pettitt’s (Zy) test statistics are commonly applied to determine how many times the
first segment of the time series exceeds the second data segment. Mathematically, the
series is non-homogeneous when the calculated values exceed the test statistic (Zy) [84].

2.4.2. Correlation Analysis

Spearman’s rank-order correlation (r;) analysis is a non-parametric method that does
not require any assumptions about data distribution [86]. This method measures the
strength and direction of monotonic association between two variables [87]. It assesses how
satisfactory the relationship between two variables can be described using a monotonic
function [88]. It has been used in several hydrological studies, such as the relationship
between precipitation and ENSO phenomena [89] and the correlation between erosion
in saline rangelands and precipitation [90]. The Spearman correlation coefficient is the
Pearson correlation coefficient between ranked variables and is given by Equation (5):

L6 =X)(y; —¥)

(N —1)oxoy ©)

rs =

where r; denotes the Spearman’s rank correlation applied to the variables x; and y;, X and
¥; are covariances of the ranked variables, N is the sample size, and 0,0y, are the standard
deviations of the ranked variables. The statistics vary between —1 and 1, and a value of
1 or —1 means the paired data have a perfect monotonic relationship [91].

2.5. Principal Component Analysis (PCA)

Principal component analysis (PCA) is a classical statistical method that can reduce
the high dimensionality of analyzed data while retaining most of the variation in the
dataset through the orthogonal linear transformation of the correlated variables into a
small number of uncorrelated variables called principal components [92]. This method
has been applied in several hydrological studies, especially in groundwater [93], water
quality [94-96], and precipitation analysis [97,98]. For more details about the application of
the method, we recommend reviewing [99].

A principal component analysis was included to assess the most significant relation-
ships between hydroclimatic variables and AAO, ENSO, and PDO phenomena. All climatic
phenomena, including all ENSO regions (i.e., ENSO 1 + 2, 3, 3.4, and 4) were considered to
determine which has the greatest influence on the analyzed climatic variables, following
the methodology outlined in [97]. The analysis was performed using FactoMineR package
(v2.8) in R. The climate indices and target variables (i.e., flow, wind, and precipitation) were
standardized (z-scores) to account for unit differences, and the missing data were removed
via listwise deletion.

2.6. Time-Varying Correlation

A sliding window analysis was employed to assess the correlation between each vari-
able and the climatic phenomenon considered in this study using the Pearson correlation
coefficient (r). For this purpose, the hydRopclim tool [100] was used, specifically, the in-
dexcorrl function, which generates seasonal indices based on monthly hydroclimatological
data and compares them with the AAO, ENSO, and PDO indices. The objective of this
tool is to check predictions and find spatiotemporal patterns [97]. Based on the literature,
we selected a 3-year window for AAQO [101], 7-year window for ENSO [102], and 10-year
window for PDO [103].
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2.7. Wavelet and Coherence Analysis

To analyze the periodicity of the AAO, ENSO, and PDO indices with hydroclimatic
variables, we employed wavelet analysis. For a comprehensive overview of wavelet
theory and application, readers are directed to [104-108]. A wavelet transformation is
a strong mathematical signal processing tool like the Fourier transformation, with the
ability to analyze both stationary and nonstationary data and to produce both time and
frequency information with a higher resolution, which is not available from traditional
transformations [109]. Wavelet analysis aims to determine the frequency content of a signal
and to assess and determine the temporal variation of this frequency content [110].

Each climatic phenomenon considered in this study was analyzed using the wavelet
transform (WT), a method that examines frequency and phase variations over time across
multiple scales simultaneously [111]. Additionally, cross-wavelet transform (XWT) and
wavelet coherence (XWC) analyses were employed to detect significant variations in the
relationships between hydrometeorological time series and large-scale phenomena. The
XWT identifies shared periodicities between two time series and assesses temporal lags
between their oscillation peaks, while the XWC quantifies the strength of these associations
through correlation coefficients and significance testing [112]. In all cases, the significance
level used is 0.05.

3. Results
3.1. Analysis of Hydroclimatic Variables

The time series of all the hydroclimatic variables analyzed in this study can be seen in
Figure 3. A visual inspection suggests that there are no significant trends, except for the
flow (Figure 3e). Additionally, it is possible to note a reduction in extreme values in the
series of mean temperature (Figure 3c) and potential evapotranspiration (Figure 3d), in
contrast to wind, which has shown an increase in extreme events (Figure 3a).

In addition to the series in Figure 3, Table 2 shows the statistics for each of the variables
analyzed. Both flow and precipitation (Prec) exhibit significant dispersion, as indicated by
the comparison of their mean values, standard deviations, and extreme values. Likewise,
the positive skewness coefficient suggests that the data generally tend to cluster around
higher values. This pattern is also observed, although to a lesser degree, in potential
evapotranspiration (PET) and wind speed. In contrast, the mean temperature (Mean
Temp) shows an opposite trend. It exhibits narrower ranges of variation and a negative
skewness coefficient, indicating that its values are more concentrated at the lower end of
their distributions.

Table 2. Reference statistics of precipitation (Prec), mean temperature (Mean Temp), potential
evapotranspiration (PET), wind speed, and flow. Max represents the maximum, Min the minimum,
STD the standard deviation, SC the skewness coefficient, and # the number of data.

Variable Unit Max Min Mean STD SC #
Flow m3/s 410.35 7.92 123.49 84.93 0.79 448
Prec mm 393.95 2.89 153.12 73.53 0.71 496

Mean Temp °C 9.71 —4.69 3.43 3.04 -0.27 496
PET mm 101.68 5.30 38.83 24.75 0.26 496
Wind Speed m/s 12.40 5.37 8.32 1.20 0.53 538
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Figure 3. Analyzed time series of (a) wind speed, (b) precipitation, (c) mean temperature, (d) potential
evapotranspiration, and (e) flow.

When analyzing Table 2, it is possible to note that both flow and precipitation show
high variability when reviewing their range and standard deviation (flow shows an aver-
age of 123.49 m3/s and a standard deviation of 83.93 m3/s, and precipitation shows an
average of 153.12 mm and a standard deviation of 73.53 mm). In addition, both present
a positive asymmetry, indicating that both variables are affected by extreme events. In
the case of temperature, there are slight asymmetries (skewness coefficient of —0.27) and
low dispersion (standard deviation of 3.04 °C). With the extreme values, a cold climate with
moderate fluctuations is observed. The wind speed shows moderate variation (standard
deviation of 1.20 m/s) in a consistently windy environment (maximum of 12.40 m/s).

3.2. Trends in Hydroclimatic Variables

The result varies when analyzing the trends of each variable considered in this study.
Considering the complete time series, the flow series exhibits an increasing trend (MK test,
p-value = 0.02), with a shift point detected in November 2002. However, no trends were
identified when analyzing the rest of the variables. To assess changes in each variable,
the Mann—Kendall test was supplemented with Sen’s slope on an annual basis, as shown
in Table 3. This analysis reveals that only the flow, precipitation, and wind speed exhibit
significant changes. All other variables have Sen’s slopes close to 0. The rest of the trend
results and p-values are presented in Table S1.
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Table 3. Sen’s slope values for each hydroclimatic variable.

Variable Sen’s Slope Unit
Flow 0.710 m?/s/year
Prec 0.370 mm/year
Mean Temp 0.006 °C/year
PET 0.010 mm/year
Wind Speed —0.077 m/s/year

To obtain a more detailed analysis, the time series are grouped by season, consid-
ering summer (January to March), autumn (April to June), winter (July to September),
and spring (October to December), according to the seasons in the study area. The sea-
sonal trend analysis reveals similar results to those previously mentioned, as shown
in Figure 4. The flow shows increasing trends in summer (p-value = 0.005), autumn
(p-value = 0.001), and winter (p-value = 0.019), while the rest of the time, it does not change.
On the other hand, wind speed shows a decreasing trend in autumn (p-value = 0.003)
and winter (p-value = 0.020). As was the case when analyzing the trends of the complete
series, the rest of the variables show no changes. The p-values for each of the considered
variables are shown in Tables S2-56 for flow, precipitation, mean temperature, potential
evapotranspiration, and wind speed, respectively.

Increasing

Variables
Flow
Precipitation
Mean Temperature
PET
Wind Speed

No trend q

Trend

Decreasing -

Summer Autumn Winter Spring
Season

Figure 4. Trends for each season for the variables precipitation (cyan), mean temperature (red),
potential evapotranspiration (orange), wind speed (green), and flow (blue).

A monthly analysis of each variable yields similar results to those described above.
The flow rate shows an increasing trend in April (p-value = 0.010), May (p-value = 0.008),
June (p-value = 0.008), July (p-value = 0.019), August (p-value = 0.041), September
(p-value = 0.012), and December (p-value = 0.019), with a strong influence from the win-
ter months, as illustrated in Figure 5. Additionally, the potential evapotranspiration
(PET) shows an increasing trend only in February (p-value = 0.013). In contrast, the wind
speed shows a decreasing trend in June (p-value = 0.002) and an increasing trend in Jan-
uary (p-value = 0.030). In all other cases, the result was “no trend,” which implies that
the hydroclimatic variables are only increasing when performing a monthly discretiza-
tion of the time series. The p-values for each of the variables considered are shown in
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Tables S7-511 for flow, precipitation, mean temperature, potential evapotranspiration, and
wind speed, respectively.

Increasing

Variables
Flow
Precipitation
Mean Temperature
PET
Wind Speed

No trend

Trend

Decreasing

Month

Figure 5. Trends for each month for the variables precipitation (cyan), mean temperature (red),
potential evapotranspiration (green), wind speed (green), and flow (blue).

3.3. Relationship Between Hydroclimatic Variables and Major Climate Phenomena
3.3.1. Correlation Analysis

Spearman’s rank correlation testing was performed to analyze the relationship be-
tween hydroclimatic variables and major climate phenomena. This analysis assessed the
association between the variables studied and three key climatic drivers: AAO, ENSO, and
PDO. Figure 6 shows the results of this procedure. When analyzing the results globally,
the highest correlation values consistently align with the AAO phenomenon (r = 0.1497 for
flow, p-value = 0.0014). On the other hand, the variables show a neutral correlation with
the El Nifio 1 + 2 Index, being the least representative for this zone (maximum r = 0.0521
for PET, p-value = 0.0136). Upon examining the variables individually, precipitation and
potential evapotranspiration show the lowest correlation values among all the analyzed
variables, while the flow rate and mean temperature show the strongest positive correlation
with AAO. Finally, all variables show weak correlations with PDO, the highest being the
relationship with wind speed (r = 0.0871, p-value = 0.0437). The results of Spearman’s
correlation and p-value between each climate variable and large-scale climatic phenomenon
are shown in Table S12.
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Figure 6. Correlation between ENSO, AAO, and PDO phenomena with flow, precipitation (Prec),
mean temperature (Mean Temp), potential evapotranspiration (PET), and wind speed.
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3.3.2. Principal Component Analysis (PCA)

The results of the PCA between the climatic variables and the analyzed phenomena
are presented in Figure 7. It can be observed that for flow (Figure 7a), precipitation
(Figure 7b), and wind speed (Figure 7c), ENSO 3.4 is the most representative index within
the El Nifio phenomenon. Because of this, in subsequent analyses, only this ENSO region
was considered. Additionally, in all cases, the PDO appears to be the least influential
long-term phenomenon on climate variables. In this context, the AAO exhibits the highest
correlations, with direct correlations for flow (Figure 7a) and wind speed (Figure 7c) and
an inverse relationship for precipitation (Figure 7b). Additionally, mean temperature and
potential evapotranspiration exhibited a similar clustering pattern to that of flow.
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Figure 7. Projection of Antarctic Oscillation (AAO), El Nifio—Southern Oscillation (ENSO), and
Pacific Decadal Oscillation (PDO) indices into (a) flow, (b) precipitation, and (c) wind speed.

3.3.3. Time-Varying Correlation Between Climate Indices

An evaluation of the Pearson correlations between climatic phenomena and various
climatic variables, such as flow, precipitation, average temperature, and potential evapo-
transpiration, was conducted using a moving window. For AAO, the analysis utilized a
3-year time window. Similarly, a 7-year was applied for ENSO (i.e., El Nifio 3.4), while a
10-year window was used for PDO, given its classification as a large-scale phenomenon.
The analysis results are presented in Figures 8-10, corresponding to the AAO, ENSO, and
PDO phenomena, respectively. For the AAOQ, it is possible to note a positive relationship of
the phenomenon with the variables of flow, mean temperature, and potential evapotran-
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spiration in the period around 2002, where the shift point was identified. In this period,
positive Pearson correlations that exceeded the value of 0.5 were reached.

Flow.

Prec

05

Mean Temp
00

Wind Speed

Linear trend slope

Figure 8. Three-year moving correlation (Pearson) between AAO and flow, precipitation (Prec), mean
temperature (Mean Temp), potential evapotranspiration (PET), and wind speed over 1980-2020.

-0.02 -0.01 000 001
Linear trend slope

Figure 9. Seven-year moving correlation (Pearson) between ENSO 3.4 and flow, precipitation (Prec),
mean temperature (Mean Temp), potential evapotranspiration (PET), and wind speed over 1980-2020.

In the case of the relationship between climatic variables and ENSO 3.4 (Figure 9),
with an analysis window of 7 years, it is possible to note that precipitation has the highest
correlation (r > 0.4). Conversely, both temperature and potential evapotranspiration show
correlations close to zero with this large-scale phenomenon.

Finally, for the case of the PDQO, it is potential evapotranspiration and wind speed
that present the highest correlations (r > 0.4), coinciding with the period of 1997 and
2014, respectively. When analyzing the relationship between the variables and the AAO
(Figure 8), similarities can be seen in the variability of the mean temperature (Mean Temp)
and PET, as these variables are strongly interconnected. This relationship also holds for
large-scale phenomena, such as ENSO and PDO, which occur over larger timescales, as
shown in Figures 9 and 10, respectively. Additionally, a similarity between flow and mean
temperature can be observed, as evidenced by the Spearman’s correlations (Figure 6) and
the analyzed windows in Figures 8-10 for AAO, ENSO 3.4, and PDO.
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Figure 10. Ten-year moving correlation (Pearson) between PDO and flow, precipitation (Prec), mean
temperature (Mean Temp), potential evapotranspiration (PET), and wind speed over 1980-2020.

3.3.4. Wavelet Analysis

Figure 11 shows the cross-wavelet, wavelet coherence, and the mean coherence peaks
analysis between the flow data and the AAO phenomenon. A significant power correlation
is observed for phenomena with a 1-year frequency (Figure 11a). In most cases, the arrows
point to the left, indicating a lag associated with the coincidence of flow peaks with the
negative phase of the AAO. However, the phase correlation extends to phenomena with
frequencies of up to 2 years, with 2000-2005 being the most relevant and to a lesser extent
the periods 1990-1995 and 2010-2015 (Figure 11b), indicating a consistent phase relationship
over longer timescales. This coincides with that shown in Figure 7c, where the coherence
peaks are in 1-year and 2-year events. In addition, and to a lesser extent, there is consistency
between 1995 and 2000 between the flow and AAO (Figure 11b).
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Figure 11. (a) Cross-wavelet transform, (b) coherence wavelet, and (c) mean coherence peaks for
wavelet coherence between flow and AAO.
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Figure 12 shows the relationship between precipitation and the ENSO 3.4 index.
Power correlations are observed around the 1997 and 2014 periods (Figure 12a). This power
correlation is also reflected in the coherence (Figure 12b), revealing additional regions of
importance at 3- and 4-year frequencies. When analyzing Figure 12¢, it is possible to notice
that the coherence peaks occur at 2- and 4-year frequencies, coinciding with the ENSO of
1982 and 1997.
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Figure 12. (a) Cross-wavelet transform, (b) coherence wavelet, and (c) mean coherence peaks for
wavelet coherence between precipitation and ENSO 3.4.

4. Discussion

In this study, we analyzed the trends of long-term climatic variables, such as pre-
cipitation, potential evapotranspiration, mean temperature, wind speed, and streamflow,
of the Grey River basin in Chilean Patagonia. Additionally, we assessed the relation of
these variables with large-scale phenomena, including AAO, ENSO, and PDO. Trend as-
sessments were performed for the full time series, as well as disaggregated by month
and season, to capture both long-term and intra-annual patterns. The influence of large-
scale climate modes on local climatic variability was explored using wavelet analysis
and moving window correlation techniques, allowing the evaluation of the temporal and
frequency-dependent relationships.

The results in Table 2 reveal a marked variability in streamflow and precipitation,
suggesting a hydrological regime strongly influenced by extreme events. This high vari-
ability, evidenced by the large standard deviations and positive skewness, is characteristic
of systems where intense events can affect the hydrological response. In contrast, temper-
ature shows low dispersion and a slight negative skewness, indicating relatively stable
thermal conditions and a predominantly cold climate, with a few occurrences of extreme
temperature values. This reflects the geography of the study area. Additionally, wind
speed values indicate a consistently windy environment with moderate variability. The
presence of steady winds, occasionally reaching higher intensities (up to 12.40 m/s), may
significantly influence processes such as evaporation and atmospheric mass transport.
Additionally, precipitation records (Figure 3b) exhibit a similar temporal pattern to that pre-
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sented by Garreaud [33], who identified the 2016 rainfall deficit as the most severe drought
on record in western Patagonia (between —40° and —48° latitude and —71° and —76°
longitude). Furthermore, it is possible to note that the series shares a common period from
1980 to 2020.

In analyzing the trends in the complete series, we found changes only in flow. It
exhibits a positive trend, as determined by the MK test, with a shift point identified
in November 2002. This shift has been detected by several studies, like Douglass and
Knox [113], who identified a global change in ocean heat content (OHC) during 2001 and
2002, Bode et al. [114], who reported a change in plankton to the north of Spain due to
the combined effects of hydrography and nutrient availability, and Rahman et al. [115],
who identified changes in 2001 in the abundance of Pacific cod and chub mackerel in
Asia, as well as in the temperatures in the northern and eastern Japan Sea. Additionally,
he observed similar changes in the East China Sea in 2002. However, this had not been
identified in climatic variables within glacial basins in the southern hemisphere. The
remaining variables display no significant trends. For flow, 2003 stands out as the year with
the highest temperatures recorded since 1990, coupled with extreme wind events during
these months [116]. These conditions contributed to ice melting in the region, resulting in
a gradual increase in the flow of the Grey River. Furthermore, as highlighted in Table 3
and Figure 3, the increase in flow is approximately 0.710 m3/s, representing 10% of the
minimum flow (Table 2) recorded in the Grey River during the period analyzed.

A seasonal analysis of the climatic variables (Figure 4) reveals that only flow and wind
speed show changes in their trends. Flow shows variations during summer, autumn, and
winter, corresponding to the glacial hydrological regime of the basin (Figure 2), where the
highest values are recorded during periods of low water availability. In contrast, wind
speed tends to decrease in autumn and winter, the seasons with the toughest climatic
conditions in the study area. The observed changes persist when trends are analyzed
monthly. However, some months show variations in additional variables. For instance,
potential evapotranspiration increases in February, and wind speed decreases in June.
Notably, even when the variables are temporally disaggregated, flow and wind speed
remain the ones with the most significant changes. Knowing the trends of these variables
can provide valuable information to decision-makers and stakeholders [117].

Figure 6 shows that when analyzing the complete series of hydroclimatic variables,
stronger correlations are observed with the AAQO. Similarly, the ENSO 3.4 index exhibits a
notable association with the data, consistent with findings from previous studies on the
Chilean region [118]. Conversely, the analysis indicates no significant correlation with the
PDO. This lack of association may be attributed to the need for analyzing such phenomena
over timeframes of at least a decade [103].

After analyzing the relationships between climatic variables and long-term phenom-
ena, it was identified that flow, precipitation, and wind speed are the most representative
variables for the study area. This selection considers that the behavior of mean temperature
and potential evapotranspiration closely follows that of flow. In this context, through PCA,
it was observed that in all cases, ENSO 3.4 was the most influential El Nifio index in the
study area (Figure 7). These results coincide with the findings on the trends in the climatic
variables, the ones with the greatest variation being the flow rate and wind speed. Addi-
tionally, the AAO is the most relevant phenomenon, showing a direct relationship with
flow (Figure 7a) and wind speed (Figure 7c) and an inverse relationship with precipitation
(Figure 7b). Finally, in all cases, the PDO is the least relevant phenomenon in analyzing
climatic variables. However, it should be noted that this study is limited by the 40-year data
record, which may be insufficient/inadequate to establish conclusions about the influence
of PDO in the study area.
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Figures 8-10 illustrate the relationships between AAO, ENSO 3.4, and PDO with
various climatic variables, highlighting notable differences over time. Firstly, the AAO
(Figure 8) shows periods of moderate and negative correlation, around 0.5. However, this
pattern does not extend to precipitation, which shows only a moderate negative correlation
of —0.5. This relationship aligns with atmospheric dynamics, as during the positive phase
of the AAQ, the westerly wind belt shifts southward, reducing the influence of frontal
systems in the region and consequently decreasing precipitation. Additionally, it is possible
to note that flow, mean temperature, and PET present a high positive correlation (r > 0.5) in
the period between 1995 and 2000, coinciding with one of the most extreme climatic events
of recent times [115,119].

Conversely, in the negative phase of the AAO, the westerly wind belt moves to more
northerly latitudes, enhancing the likelihood of rainfall in Magallanes y la Antértica Chilena,
due to an increase in cold fronts and low-pressure systems. ENSO phenomenon (Figure 9)
exhibits varying behaviors depending on the variable analyzed. For instance, in the case
of precipitation, negative Pearson correlations nearing —0.8 were observed in the early
1990s, transitioning to positive correlations until approximately 0.4 during the period from
1994 to 1998, coinciding with the 1997 ENSO phenomenon [120,121]. When evaluating
the correlation between hydroclimatic variables and the PDO (Figure 10) using a 10-year
moving window, stronger correlations are observed with the flow and precipitation. These
periods were identified in previous studies as ENSO events of great relevance, and an
overlap in the effects of large-scale phenomena can be found [97,122].

A strong relationship is observed between the analyzed climatic variables and the phe-
nomena considered in this study (Figures 11 and 12). Notably, there is a precise alignment
with major events, particularly El Nifio in 1997 [120,123], 2009 [124], and 2014 [122], as well
as an overlapping relationship between the effects of AAO, ENSO, and PDO. Additionally,
despite the varying frequencies of large-scale phenomena, stronger power relationships are
observed at a 1-year frequency (Figures 11a and 12a). In contrast, the coherence analysis
reveals a consistent relationship for higher-frequency events (Figures 11b and 12b). These
results coincide with those presented by Mendes and Cavalcanti [119], where they related
the persistent anticyclones (blocking events) in South America with the AAO, identifying
the same periods described in this study. Additionally, Rahman et al. [115] identified breaks
in the AAO in the years 1987, 1995, and 2014, coinciding with what is shown in Figure 11b.

In general, an out-of-phase relationship can be observed with the phases of the
AAOQO, ENSO, and PDO phenomena, as indicated by the direction of the arrows in
Figures 11 and 12. This occurs because the warm phases of the analyzed phenomena lead
to a decrease in precipitation and streamflow in Patagonia, contrary to what happens at
lower latitudes [125].

5. Conclusions

This study provides an evaluation of the relationships between major climatic phe-
nomena and hydroclimatic variables in the Grey River basin, a glacially fed watershed
located in Chilean Patagonia. Through a combination of statistical techniques, including
trend analysis, correlation tests, principal component analysis, and wavelet coherence
analysis, this research reveals that the basin’s hydrology is significantly influenced by
large-scale climate variability, particularly the AAO and ENSO. The streamflow trend
shows a statistically significant increase, especially during winter and spring, likely driven
by increased glacial melt in response to rising temperatures and extreme wind events ob-
served in 2002. The AAO emerged as the dominant climatic driver in the region, showing
strong associations with streamflow and wind patterns, while ENSO 3.4 demonstrated a
notable influence over precipitation variability, especially during major El Nifio episodes
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(e.g., 1997, 2009, and 2014). In contrast, PDO had a relatively minor effect on the basin’s
hydroclimatic behavior. These findings suggest that the interplay between local glacial
dynamics and global atmospheric phenomena governs the temporal variability in wa-
ter availability in this basin. As climate change continues to alter the behavior of these
large-scale phenomena, understanding their impact becomes essential for anticipating
future water resource scenarios in Patagonia. This study is a preliminary contribution to
Chile’s Water Framework Law (Law No. 21455), which creates a legal framework for the
country to address climate change mitigation and adaptation in the long term and thus
comply with its international commitments. To better understand the effects of hydrological
processes on the melting of Grey Glacier, the use of glacio-hydrological modeling in the
basin is proposed for future work, along with improved spatial and temporal resolution of
hydroclimatological information.
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