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ABSTRACT

Multiple regressions, wavelet spectra, and Fourier spectra were employed to analyze fluctuations in
the surface areas of 2 Patagonian lakes during 1998-2015 and relate these to fluctuations in
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precipitation, evaporation, river discharge, and 2 southern climate modes, the Antarctic

Oscillation (AAO) and El Nifo Southern Oscillation, expressed in terms of the Southern
Oscillation Index (SOI). Multiple regression analysis suggested that discharge was the primary
driver of interannual lake area variations. Cross-spectrum analysis demonstrated a maximum
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significant correlation between river discharge and both AAO and SOl indices at annual and
interannual timescales (2-3 yr). During 1998-2015, the annual discharge signal was related to
both the AAO annual and every 2 year signals. When a strong La Nifa (positive SOI) event
occurred, however, river discharge was significantly reduced, resulting in a decrease in lake

surface area.

Introduction

Climatic variability affects temperature, precipitation,
wind, and hydrological processes, resulting in variable
runoff patterns (Milly et al. 2005, Park et al. 2010, Benis-
ton and Stoffel 2014). The response of hydrological sys-
tems can change significantly, generating a threat to arid
and semiarid regions (Williamson et al. 2009), as in the
case of Argentine Patagonia.

Lakes and reservoirs are highly sensitive to climate
variability and change (Williamson et al. 2008, 2009,
Park et al. 2010, Shimoda et al. 2011), but their responses
can vary depending on the physical characteristics of the
lakes. Shallow lakes are especially sensitive to climate-
related effects such as variations in temperature, wind
intensity, precipitation, and flow regimes (George et al.
2007, Whitehead et al. 2009, Williamson et al. 2009,
Woolway et al. 2017).

Numerous studies have demonstrated how lake size
influences other lake characteristics. For example, lake
size affects the relative contributions of wind and convec-
tive mixing to the gas transfer coefficient (Read et al.
2012). Small lakes are often well sheltered from the
wind and consequently experience lower wind speeds
than larger lakes with a greater fetch (Hondzo and Stefan
1993), and thus the amount of mixing in a lake varies
with surface area changes. Lake size can also influence

the magnitude of diurnal heating and cooling in lakes
(Woolway et al. 2016), which in turn influences the gas
transfer coeflicient (Holgerson et al. 2017). Moreover,
the surface water temperature of the smaller lakes in
the northeastern United States has been increasing
more rapidly than that of larger lakes in recent decades
(Torbick et al. 2016). A comprehensive review of the
influence of lake size on lake ecology has been provided
by Downing (2010). Understanding why lake surface
area varies is crucial, especially in an era of climate
change. A strong relationship exists between lake surface
area variations and climatic and hydrological variables
such as temperature, precipitation, and evaporation (Ye
et al. 2008, Yan and Zheng 2015). Thus, changes in
lake surface area can be viewed as indicators of climate
variability (Shi and Ren 1990, Ye et al. 2008, Yan and
Zheng 2015).

The Argentine Patagonia region (located in the
southern part of South America) is a semiarid zone of
considerable interest because of its high sensitivity to cli-
mate variability. Patagonian lakes are the largest and dee-
pest waterbodies in South America (Quirés and Drago
1999), and water resources in this region are critically
affected by climate variability (Dore 2005, Compagnucci
and Araneo 2007, Araneo and Compagnucci 2008).
During the 20th century, the increase in temperature
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and decrease in snowfall have resulted in glacier reces-
sion and regional hydrological changes (Masiokas et al.
2008, Pasquini et al. 2008). These changes illustrate
how climate variability has become a significant threat
to both the quantity and quality of freshwater resources
in the region.

Studies on the influence of climatic factors and
regional climatic modes, such as El Nifio Southern Oscil-
lation (ENSQO) and the Antarctic Oscillation (AAO), on
the hydrology of Argentine Patagonian rivers and lakes
between 45°S and 50°S have yielded contradictory
results. For example, Pasquini and Depetris (2007)
demonstrated that the discharge of Patagonian rivers
between 45°S and 50°S fluctuates at a frequency similar
to that of El Nifio (2-7 yr), and river discharge in this
area maintains a simultaneous relationship with sea sur-
face temperature in the El Nifio 3 + 4 area (Compagnucci
and Araneo 2007). Moreover, during strong El Nifio
events, the mean zonal wind speed over the Pacific
Ocean from 50°S to 55°S decreases, reducing precipi-
tation on the west coast of Chile between 45°S and
55°S by 10-20% (Schneider and Gies 2004). From
other studies, river discharge fluctuations in this area
are related to the Southern Annular Mode, with little
influence of ENSO events (Lara et al. 2015), whereas
lakes in this area are probably more dependent on
local forcing factors (Pasquini et al. 2008). Thus the
Argentine Patagonia region, located on the eastern side
of the Andes between 45°S and 50°S, seems to be a tran-
sitional zone where both ENSO, expressed in terms of
the Southern Oscillation Index (SOI), and AAO likely
play a major role in lake and river hydrology.

Musters Lake (45°26'S, 69°11'W) and Colhué Huapi
Lake (45°32'S, 68°45'W) form the terminal stage of the
Senguer River basin in Argentine Patagonia. Despite
being separated by <15 km, the physical characteristics
of the 2 lakes vary broadly. Musters is a relatively deep
lake, whereas Colhué Huapi is shallow (Quirés et al.
1983). In 1998-2002, marked fluctuations were observed
in the size of Colhué Huapi Lake, which reached its smal-
lest area (105 km?) in 2001. Some studies projected that
the lake could disappear, mostly because water used for
crop irrigation has intensified during drought seasons
(Coronato 2003, Tejedo 2003).

The most productive austral valley of the world (Sar-
miento Valley) is located south of Musters and Colhué
Huapi lakes, occupying 20% of the area surrounding
the lakes. Crops (primarily lucerne), fruits, and veg-
etables are grown there. Oil drilling facilities and cherry
orchards located near the lakes use large quantities of
water. These 2 lakes, particularly Musters Lake, are stra-
tegically important as a water source for the local and
regional communities. An aqueduct from Musters Lake

supplies 150 000 m*/d of water to 350 000 inhabitants
(Valladares 2004).

We investigated the interannual fluctuations in the
surface areas of Musters and Colhué Huapi lakes as
related to precipitation, evaporation, river discharge,
and southern climate modes (AAO and SOI) during
1998-2015. The lack of detailed physical monitoring of
these lakes did not allow variations in lake volume to
be analyzed, but changes in lake surface area could be
studied with satellite imagery. We hypothesized that
these lakes are subject to natural interannual fluctuations
in their surface area resulting from variations in river dis-
charge and climate, which in turn are related to both
ENSO and AAO climate modes.

Study site

Musters Lake and Colhué Huapi Lake (Fig. 1), the largest
natural extra-Andean waterbodies in Chubut province
(Gonzélez Diaz and Di Tomasso 2014), are situated to
the east of the Andes in the Patagonian plains, separated
by a north-south ridge that reaches an elevation of
600 m a.sl. Musters is a narrow (width 12 km, length
40 km), deep (maximum depth 38.5 m) lake with a
north-south orientation (Quirds et al. 1983). It is of tec-
tonic origin and is surrounded by land of high elevation
(1200 m a.sl.) on its western, northern, and central-
eastern coasts. The southern shore is part of a former
delta of the Senguer River. Colhué Huapi is a large
(width 23 km, length 50 km) shallow (maximum depth
5.5 m) lake (Quir6s 1988) that, although also created
by tectonic processes, was reshaped by eolian and
fluvial activity (Gonzélez Diaz and Di Tomasso 2014).
Except for the northern coast (500 m), most of the
lake has flat shores, and its western and southern coasts
also form part of the Senguer River delta. The physical
differences between the 2 lakes are important during
periods of water shortage because the shallower lake is
more affected by the wind and increased evaporation
(Tejedo 2003).

The Senguer River originates in the Andes, with most
of its tributaries at its headwaters. The river flows 350 km
before finally discharging into Musters and Colhué
Huapi lakes on the Patagonian plains (Fig. 1). The Sen-
guer River has a maximum flow rate in October and
November from snowmelt in its upper basin (Bruniard
1992).

The Senguer River basin is endorheic and flows into
Musters Lake on its southern coast. Part of the river
diverges to the east 50 m toward the Falso Senguer
River before reaching Musters Lake. The Falso Senguer
River discharges into Colhué Huapi Lake on its west
coast (Fig. 1). Currently, Musters and Coluhé Huapi
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Figure 1. General description of the study site. (a) Senguer River
basin; (b) Musters Lake, Colhué Huapi Lake, and the hydrological
(LM, BP) and meteorological (AS) monitoring stations within the
Senguer River basin. The terrain on the western, northern, and
east-central coasts of Musters Lake is elevated (up to 1200 m
a.s.l.) but low and smooth around the shores of Colhué Huapi
Lake.

lakes have no natural outflow and lose water only through
evaporation. Colhué Huapi Lake used to have a natural
outflow on its east coast, the Chico River, once a tributary
of the Chubut River, which ends in the Atlantic Ocean.
Changes in climatic conditions have modified the geo-
morphology around Colhué Huapi Lake, however, and
since the 1950s the Chico River has been a dry channel
only partly fed by local rainfall (Tejedo 2003, Valladares
2004, Scordo et al. 2017).
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A strong precipitation gradient exists across the basin,
from the Andes in the west (nearly 1200 mm/yr) to the
lakes in the east (100-200 mm/yr). Precipitation has 2
effects on the lake water inflows. In the upper basin, rain-
fall is the source of the Senguer River discharge, while
precipitation over the lakes is a direct inflow at the
lower basin. The low (local) rainfall in the lower basin
does not influence the Senguer River discharge because
the surrounding lake area is dry and the precipitation
quickly infiltrates. Mean annual temperature is 8 °C
with large thermal amplitudes. The wind is a significant
meteorological factor because of its intensity and persist-
ence. The prevailing wind direction is from the west and
southwest, with high speeds (30 km/h) and gusts of
100 km/h (Valladares 2004). Evaporation in this region
is high (1800 mm/yr).

Although some regional studies have analyzed the
effect of southern climate modes on Patagonian rivers,
the joint effect of SOI and AAO in the region where Mus-
ters and Colhué Huapi lakes are located has not yet been
well studied. According to recent studies (Aravena and
Luckman 2009), south of 40°S the rainfall and snow
deposition in the Andes region is affected mostly by
AAO variations, whereas the SOI is highly correlated
with the rainfall in the Patagonian plains region, with
3- to 7-year oscillation modes (Aceituno 1988, Aravena
and Luckman 2009). Fluctuations in the Senguer River
discharge have been associated with variations in the
ENSO cycle (Compagnucci and Araneo 2007).

Methods
Lake surface area delineation

Landsat (5 TM, 7 ETM+, and 8 OLI) images were used to
analyze interannual fluctuations in lake surface area but
could not be used to study intraannual fluctuations.
Although the Landsat images have a temporal resolution
of 16 d, not all the available images were useful because
of a high percentage of cloud cover and the Scan Line
Error of Landsat 7 images (since 2003). These images
are freely available, however, and have a reasonably
high spatial resolution (30 x 30 m), a critical consider-
ation for this study because high spatial resolution is
needed to analyze the low areal variation common in
deep lakes.

One satellite image per year was processed to ana-
lyze the interannual lake area fluctuations. We ana-
lyzed 18 Landsat images for 1998-2015, using mostly
summer images from December and January. The
highest river discharge occurred during spring (Oct
and Nov), and its effects on lake area extension can

be best observed during summer. Additionally,
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summer images contained less cloud cover and were
the only ones available for each year analyzed in this
study. The images corresponded to Landsat Higher
Level products (Path 229 and Row 92), downloaded
from US Geological Survey (http://earthexplorer.usgs.

gov). Each image included surface reflectance data.
Specific details about how the Landsat Level 1 pro-
ducts are corrected and converted into surface reflec-
tance data can be found at https://landsat.usgs.gov/
landsat-surface-reflectance-high-level-data-products.
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Figure 2. Time series of the surface areas of Musters (MU) and Colhué Huapi (CH) lakes (1998-2015), along with the discharge, pre-
cipitation, and evaporation as proportions of the total water flow for (a) Musters and (b) Colhué Huapi lakes. Three different periods of
lake area changes can be defined for Colhué Huapi Lake. From 1998 to 2001 the lake area decreased from 651 to 105 km?, from 2001 to
2007 it increased to 797 km?, and from 2007 to 2015 it decreased again to 271 km? (b). Precipitation = annual precipitation multiplied
by lake area. Evaporation = annual evaporation multiplied by lake area.


http://earthexplorer.usgs.gov
http://earthexplorer.usgs.gov
https://landsat.usgs.gov/landsat-surface-reflectance-high-level-data-products
https://landsat.usgs.gov/landsat-surface-reflectance-high-level-data-products

To differentiate water from other types of land cover,
a red-green-blue (RGB) band combination (near infra-
red, short wave infrared, red) was applied to the Landsat
images (Landsat 5 and 7: bands 4-5-3; Landsat 8: bands
5-6-4), a band combination that has accurately distin-
guished water from other types of land cover (NASA
1999, Horning 2004, Chuvieco 2010). Lake areas were
obtained by a supervised classification (maximum likeli-
hood), based on a defined region of interest (ROI), and
vectorization made with ENVI 4.7 software (ENVI
2010). A raster calculator tool from ArcGIS 10.0 (ArcGIS
2010) was employed to calculate lake surface area
(Fig. 2). A comparison of the summer images showed
the degree of lake surface change over time.

Annual time series of hydrological and
meteorological variables

Time series of mean monthly data (averages of daily
data) were provided by Subsecretaria de Recursos Hidri-
cos de la Nacion (SSRH 2016; http://www.
hidricosargentina.gov.ar/acceso_bd.php) from Los Moli-
nos (LM; 45°59'24”S, 69°30'0"W) and Puente Camino
Buen Pasto (BP; 45°33'36"S, 69°3/36”"W) discharge
stations and from Aeroclub Sarmiento (AS; 45°34'12S,
69°4'48.9”W) meteorological station (Fig. 1). The data
from the LM discharge station, located before the Sen-
guer River reaches Musters Lake, were employed in the
Musters area analysis. The BP station is located in the
Falso Senguer River before Colhué Huapi Lake; the
data from this station were used in the Colhué Huapi
area analysis. The data from meteorological station AS,
situated between the 2 lakes, were employed in the
study of both lakes (Fig. 1).

Total annual discharge (m’/yr), total annual evapor-
ation (mm/yr), and total annual precipitation (mm/yr)
were calculated. The descriptive statistics of each time
series of discharge, precipitation, and evaporation were
calculated and briefly described to better understand
the natural conditions of the area.

Multiple linear regression between lake surface
area and discharge, precipitation and
evaporation

Total annual lake water inflows and outflows were calcu-
lated for Musters and Colhué Huapi lakes. Inflows are
the annual river discharge (m’/yr) into each lake and
annual (local) precipitation (m®/yr) over each lake
(annual precipitation multiplied by lake area). Local pre-
cipitation does not influence the discharge because the
surrounding area is dry and the precipitation is low;
thus, it quickly infiltrates, and the volume reaching the
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lakes is negligible. The only outflow from both lakes is
the annual evaporation (m3/yr) from the lake surfaces
(annual evaporation multiplied by lake surface area).
The proportion of these flows (discharge, local precipi-
tation over the lake and lake evaporation) was calculated
with respect to total flow to understand their relative
importance (Fig. 2). Musters Lake also has an artificial
outflow from an aqueduct active since 1965. Although
no official data are available, the estimated outflow
from the aqueduct is 1.7 m>/s, equivalent to 47.3 x 10°
m’/yr.

The annual series for each variable was used to calcu-
late a multiple regression between lake surface area and
discharge, precipitation, and evaporation. Each variable
has a seasonal component that was not analyzed in this
study because it is only relevant to intraannual fluctu-
ations; analysis of intraannual fluctuations was not poss-
ible because Landsat satellite images were unavailable.

To study the complexity of the interannual lake area
fluctuations, standard multiple regressions were calcu-
lated between the annual series of lake area (Ay) in a
given year as the dependent variable, and the series of
total annual discharge (Q;), annual precipitation
(Ppt..;) over the lake, and annual lake evaporation
(ET¢) in the year immediately previous to that year as
independent variables (Table 1). The outflow from Mus-
ters Lake through the aqueduct was not included because
it was assumed to be constant over the study period and
thus yields no information relevant to variations in lake
surface area.

Each independent variable in the multiple regressions
has an associated beta coeflicient (f) indicating how
much the standard deviation of the dependent variable
increases when the independent variable is increased
by 1 standard deviation (SD), assuming other variables
in the model are unchanged. The net values of p are a
measure of the total effect of the independent variables,
so the independent variable with the highest net value

Table 1. Description of the variables used in the multiple
regressions calculated between annual series of lake area (Ay)
as dependent variable, and series of total annual discharge
(Qt.1), annual precipitation (Ppt.¢) over the lake, and annual
lake evaporation (ET.;) from the year immediately preceding
the current lake area, as independent variables.

Variables  Units Description

Aw km?  Lake area at time t=0

Qs m3/s  Total annual discharge in the year immediately preceding
A

Ppteq m3/s  Total annual precipitation (m) in the year immediately
preceding A multiplied by the lake area (m?) in the
year immediately preceding Ay

ETi4 m/s  Total annual evaporation (m) in the year immediately

preceding Ay multiplied by the lake area (m?) in the
year immediately preceding Ay
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of B is the one with the greatest total effect over the
dependent variable. Thus, in this study, the analysis of
net values of p showed the relative importance of dis-
charge, precipitation, and evaporation for the variability
of lake surface area.

Standard multiple regressions were calculated using
10-year data from 1999 to 2008.

The model fit for the lake surface area was evaluated
using the Nash-Sutcliffe model efficiency index (NSE;
Nash and Sutcliffe 1970), calculated by comparing the
observed lake surface area data from satellite images
between 2009 and 2015 against the model predictions
for the same years. The modeled surface area was calcu-
lated using the coefficients of the multiple regression
analysis for 1999-2008 for each variable (discharge,
evaporation, and precipitation). All the statistical ana-
lyses were performed with a confidence level of 95%.

Spectral procedures

Spectral procedures were applied to study the effect of
the AAO and SOI on river discharge and lake surface
area. Monthly data of AAO and SOI anomalies were
downloaded from the National Oceanic and Atmos-
pheric Administration (http://www.cpc.ncep.noaa.gov/
data/indices). We focused on the correlation between
the discharge at station BP and the AAO, and the dis-
charge at station BP and the SOI. River discharge and
the AAO and SOI periodicities were analyzed by apply-
ing 2 spectral procedures to the mean monthly data
series: wavelet analysis (Morlet wavelet method) and
the fast Fourier transform (FFT; Welch method with a
Hamming window). Although analyzing the individual
spectrum of each variable was useful, we were also inter-
ested in the relationship between river discharge and the
2 climate modes. Thus, the cross-spectra of the time
series were calculated with both spectral procedures.
Deseasonalized monthly mean series were used, obtained
by subtracting the overall monthly historical means from
the individual monthly means.

Wavelet analysis (employing the Wavelet Toolbox in
the MATLAB 9.0 environment; MATLAB 2016) was
applied to the time series (Torrence and Compo 1998,
Grinsted et al. 2004) The time series used were 228
months long, from 1996 to 2014, allowing us to identify
the most important periodicities of the spectrum and
when they occurred. We also calculated cross-wavelet
transforms, which allowed identification of regions in
time-frequency space where the time series show high
common power.

Wavelet analysis offers several advantages over tra-
ditional Fourier analysis (Lau and Weng 1995, Pasquini
and Depetris 2007, Bhon et al. 2016). It allows the use of

long time intervals, where precise low-frequency infor-
mation is required, and shorter regions where high-fre-
quency information is required, making it suitable for
signals with both low-frequency/long-duration com-
ponents and high-frequency/short-duration
ponents, as found in some environmental time series.
Another important distinction between wavelet analysis
and traditional spectral analysis is that wavelet analysis is
not limited to using sinusoidal analyzing functions.
Rather, a large selection of localized waveforms, known
as wavelet functions, can be used. For that reason,
among others, wavelet analysis has become increasingly
popular in a range of scientific disciplines, particularly
in atmospheric and oceanic sciences, and more recently
in limnology (Woolway et al. 2014, Bruesewitz et al.
2015, Carey et al. 2016). Because our interest was in cap-
turing the oscillatory behavior of a time series consisting
of unknown frequencies, and because we expected the
wavelet spectra at adjacent times to be highly correlated,
a Morlet wavelet was employed, which yields more
robust results compared to other mother wavelets (Cho-
pra and Marfurt 2015).

We were also particularly interested in analyzing the
phase shift (time lag) between discharge and both
southern climate modes (AAO and SOI). Thus, despite
the advantages of wavelet analysis, the FFT cross-spectra
were also analyzed. The FFT cross-spectra allowed the
phase shift between time series to be calculated for
periodicities with high cross-coherence. Phase shifts
between discharge and both southern climate modes
were analyzed for periodicities at which the squared
coherency of the time series exceeded 0.75. Data for
204 months were available between 1998 and 2015. To
increase confidence levels for the FFT analysis, the
monthly series used were therefore 1987-2014 (336
months). All FFT analyses were performed using the
software Statistica 7 (Statistica 2002).

com-

Results
Time series of annual values

Lake surface area

During the study period, the interannual fluctuation in
lake surface area (summer values) was clear, and most
evident for Colhué Huapi Lake because of its shallow
depth. The mean surface area (mean [SD]) of Colhué
Huapi Lake was 534 (207) km?; its minimum was 105
km? (reached during 2001), and its maximum was 797
km? (reached during 2007). The mean surface area of
Musters Lake was 437 (10) km?; its minimum was 417
km? (reached during 2000), and its maximum was 454
km?® (reached during 2003). For Colhué Huapi, 3
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Table 2. Mean, standard deviation (SD), minimum and maximum of total annual precipitation, total annual evaporation, mean annual
discharge at Los Molinos (LM) and Puente Camino Buen Pasto (BP) stations, and the surface areas of Colhué Huapi (CH) and Musters

(MU) lakes.
Precipitation mm/yr Evaporation mm/yr Discharge BP m®/yr Discharge LM m?/yr CH area (km?) MU area (km?)
Mean 160 1756 22 51 534 437
SD 57 155 14 16 207 10
Min 71 1527 1 28 105 417
Max 315 2087 46 79 797 454

different periods of lake surface area change could be
defined. From 1998 to 2001 the lake surface area
decreased from 651 km? to its minimum (105 km?);
from 2001 to 2007 it increased to its maximum (797
km?); and from 2007 to 2015 it decreased again to 271
km? (Fig. 2, Table 2). During the same period, the surface
area of Musters fluctuated by <10% around its long-term
mean (Fig. 2, Table 2).

Total annual evaporation

Total annual evaporation varied between a minimum of
1527 mm and a maximum of 2087 mm, with a mean
value of 1756 (155) mm (Table 2). The highest evapor-
ation occurred before or during a period of lake area
decrease (1998 and 2009 [2087 and 1909 mm, respect-
ively]) and the lowest before or during a period of lake
area increase (2003 [1527 mm]).

Total annual precipitation

Total annual precipitation varied between a minimum of
71 mm and a maximum of 315 mm, with a mean value
of 160 (57) mm (Table 2). The highest precipitation
occurred before or during a period of lake area increase
(1997 and 2005 [314 and 280 mm, respectively]) and the
lowest before or during a period of lake area decrease
(2007 and 2012 [71 and 103 mm, respectively]).

Mean annual discharge

Mean discharge values measured at the BP hydrological
station were lower than those measured at the LM station
because most of the Senguer River water that passes
through the LM station flows into Musters Lake (or is
used for agricultural activities), and only part of this dis-
charge reaches the BP station via the Falso Senguer River
(Fig. 1). Despite the difference in mean discharge (LM:
51 m*/s; BP: 22 m/s), the discharge fluctuation patterns
at both stations were similar. The lowest discharge values
(LM: 28 m’/s; BP: 1 m’/s) occurred before or during a
period of lake area decrease and the highest values
(LM: 79 m’/s; BP: 43 m’/s) during a period of lake
area increase (Table 2).

Components of net flow

Discharge, precipitation, and evaporation represented
different contributions to the net water flow (discharge
+ precipitation - evaporation) for each lake. The annual
precipitation over the lake (m*/year; annual precipitation
in m/yr multiplied by lake area) made the lowest contri-
bution to the net flow for both lakes (<0.1%). For Colhué
Huapi, the proportion of the net flow accounted for by
precipitation reached higher values (0.07) than for Mus-
ters (0.03), and these higher values occurred during
periods of increasing lake area.

The proportion of the net water flow accounted for by
annual evaporation from the lake (annual evaporation in
m/yr multiplied by lake area) was between 0.4 and 0.6
m’/yr for Musters and between 0.15 and 0.9 m’/yr for
Colhué Huapi. The fluctuation was greater for Colhué
Huapi. Evaporation from Colhué Huapi represented
the highest proportion of the net flow during periods
of decreasing lake surface area and the lowest proportion
during periods of increasing lake surface area.

Annual discharge findings were opposite those for
evaporation in both lakes, varying between 0.3 and 0.6
m?*/yr for Musters and between 0.18 and 0.84 m*/yr for
Colhué Huapi. The fluctuation was greater for Colhué
Huapi. Annual discharge represented the highest pro-
portion of the net flow during periods of lake area
increase and the lowest proportion during periods of
lake area decrease.

Summarizing, the annual discharge and annual pre-
cipitation (inflows) accounted for the highest proportion
of the net flow during periods of lake area increase and
the lowest proportion during periods of lake area
decrease, whereas the opposite was true for the annual
evaporation (outflow). The variability of these flows
seems to correspond with the variability of lake surface
area.

Multiple regression analysis for lake surface area

Standard multiple regressions of the annual time series of
lake surface area (A) as the dependent variable, and
time-series of the total annual discharge (Q,.;), annual
precipitation (Ppt, ;) over the lake, and annual lake evap-
oration (ET ;) measured 1 year previous to the lake
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Figure 3. (a) Observed and modeled surface area of Colhué Huapi Lake (CH) for 2009-2015; (b) observed and modeled area of Musters
Lake (MU) for the same period. The model fit for both lake areas was tested using the Nash-Sutcliffe model efficiency index (NSE). The
modeled area was calculated from the coefficients of the multiple regression analysis for 1999-2008.

surface area as independent variables, were calculated
based on 10 years of data from 1999 to 2008. For both
lakes, a highly significant relationship was found. For
Musters, the regression indicated that ~74% (adjusted
R*=0.74; p <0.001) of the variance of the lake surface
area could be accounted for by a linear combination of
the independent variables. For Colhué Huapi, the equiv-
alent figure was 86% (adjusted R” = 0.86; p < 0.001). The
model fit for lake surface area was evaluated using the
NSE by comparing observed lake surface area data
from satellite images between 2009 and 2015 with
model predictions for the same years. For both lakes,
the coefficients of the multiple regression well-predicted
their area: for Colhué Huapi the NSE was 0.92 and for
Musters NSE was 0.99 (Fig. 3).

Net values of the beta coefficient () show the impor-
tance of the variables in a linear multiple regression. The
variable that best described surface area fluctuations for
both lakes was river discharge (3 = 1.1 for Colhué
Huapi and = 0.80 for Musters). Evaporation and pre-
cipitation were also highly significant for Colhué Huapi
(B=0.97; p<0.001; B=058 p<0.05) but not for
Musters.

Although the model predicted the surface area vari-
ations of both lakes well, the correlation coefficient for
Colhué Huapi was higher than the correlation coeflicient
for Musters. The lake surface area variation not
explained by the multiple regression might be associated
with the effect of groundwater and water reaching the
lakes through other surface channels, which were not
included in this regression due to lack of data. Also,
the uncertainty associated with the pixel definition of
the Landsat image (30 x 30 m) likely has a more signifi-
cant effect in the case of Musters because of its geomor-
phology. Moreover, ~1.5 m’/s of water from Musters is
pumped into an aqueduct, an effect not included in the
analysis based on the assumption that the outflow from
the lake toward the aqueduct would be relatively

constant and would therefore not affect the variability
of the lake surface area.

Relationship of fluctuations in lake surface area
to fluctuations in discharge and in the AAO and
SOl indexes

For both lakes, changes in the surface area were mostly
due to changes in discharge. Therefore, we hypothesized
that regional or global events that affect the discharge
would also affect lake surface area. We focused attention
on Colhué Huapi Lake because its surface area under-
went pronounced changes during the study period.
Two spectral procedures (wavelet analysis and FFT)
were applied to analyze the correlation between the dis-
charge at the BP hydrological station and both the AAO
and SOL

Wavelet analysis

For the discharge series, wavelet analysis revealed a
maximum energy in the annual periodicity, but this
peak did not cover the entire study period; between
1998 and 2000 and between 2010 and 2013, the annual
discharge signal disappeared. These periods (1998-
2000 and 2010-2013) preceded 2001 and 2015, respect-
ively, when the lake surface area reached its minimum
sizes (Fig. 4a).

Cross-wavelets between the discharge at BP and the
AAOQ series showed a significant correlation maximum
at the annual periodicity. This signal was strong during
most of the timeframe covered by this study. During
1999-2000 and 2006-2012, however, the correlation at
the annual periodicity disappeared, and during 2006—
2012 a significant correlation at a periodicity of about
2-3 yr appeared (Fig. 4b). Cross-wavelets between the
discharge at BP and the SOI series presented a different
behavior. Although the cross-wavelets also revealed a sig-
nificant correlation maximum at the annual periodicity,
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Figure 4. Wavelet analysis of the river discharge measured at the Buen Paso (BP) station, the AAQ, and the SOI, during the study period
(1996-2014). (a) Wavelets for discharge series showed maximum energy at annual periodicity. Between 1998 and 2000 and between
2010 and 2014 the annual discharge signal disappeared. (b) Cross-wavelets for the river discharge and the AAO series; (c) cross-wavelets
for the river discharge and the SOI series. The thick black line designates the 5% significance level compared to red noise, and the
shaded area denotes the cone of influence where edge effects may distort the interpretation of that region of time and frequency.
The wavelet graphics show how the strength of the periodicities changed over time; colors reflect the squared power of the period-
icities (dark red indicates high power; dark blue indicates low power). Cross-wavelet analysis revealed a correlation between river dis-
charge in this region and the AAO at annual and biannual timescales and with the SOI at an annual timescale. During most of the study
period, the correlation between river discharge and AAO was strong. The cross-correlation between river discharge and SOI at the
annual periodicity was not as consistent as that between discharge and AAO. However, river discharge and SOI were significantly cor-
related at an annual periodicity between 1999 and 2000 and between 2010 and 2012. These 2 periods coincide with a strong La Nifa
event (positive SOI) and the disappearance of the annual discharge signal. Thus, the annual discharge seems to have been highly
influenced by the AAO. When a strong La Nifia event occurred, however, the river discharge was strongly affected.

this correlation practically disappeared after 2001. Dis-  but between 2006 and 2010 they showed a significant cor-
charge and SOI showed a significant correlation at an  relation maximum at a period of about 2-3 yr (Fig. 4c).
annual periodicity between 1999 and 2000 and between

2010 and 2012, which coincided with the disappearance =~ FFT cross-spectra

of the annual discharge signal. The discharge and SOI =~ The existence of a relationship between the river dis-
were essentially uncorrelated between 2001 and 2005,  charge and the SOI and AAO was also supported by
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the results of an FFT cross-spectral analysis (Fig. 5). In
the squared coherency spectrum, the river discharge
and AAO showed significant peaks (>0.75) at intraann-
ual (4-7 months), quasi-annual (13 months), and every
2 year periodicities (Fig. 5a). The same was true of
river discharge and SOI at intraannual (4-6 months)
and quasi-annual (14 months) periodicities (Fig. 5b).
We also analyzed the phase shift between discharge
and both climate indexes. For intraannual periodicities,
the discharge lagged the AAO by 1 month and the SOI
by slightly <1 month. AAO is the main precipitation dri-
ver in the Andes south of 40°, whereas precipitation in
the Patagonian plains region is more highly correlated
with the SOI than with the AAO (Aravena and Luckman
2009). Precipitation in the upper Andes takes at least a
month to be reflected in the river discharge in the
lower basin, whereas flow within the lower basin
responds almost immediately to precipitation in the
Patagonian plains. For the quasi-annual period, the dis-
charge lagged the AAO and SOI by 5-6 months, a time
lag that agrees with the basin hydrological regime; snow
that falls in the Andes during winter melts during the

following spring and summer. Regarding the every 2
year period, the river discharge lagged the AAO by 6
months, possibly associated with the time required for
the melting of accumulated snow, which can exceed a
year.

Other studies have also shown that the discharge of
Patagonian rivers between 30°S and 40°S correlate with
ENSO events at decadal, quasi-biennial and interannual
frequencies (Compagnucci and Araneo 2007, Pasquini
and Depetris 2007, Araneo and Compagnucci 2008).
The results presented here are the first, however, to
show a relationship between river discharge east of the
Andes in the transitional area of 45-50°S and SOI and
AAOQ.

Both climate modes are important and seem to be
interacting with the river discharge in this region. The
annual river discharge signal was associated with both
the annual and every 2 year AAO signals; however, a
decrease in the energy of the annual discharge signal
was observed during some specific periods (1998-2000
and 2010-2014) that coincided with periods of strong
cross-correlation between river discharge and the SOL



Those periods in which the annual discharge signal dis-
appeared corresponded with periods of low discharge,
which finally produced a decrease in the lake surface
area.

Relationships between lake surface area and
discharge, AAO, and SOI

In both the Musters and Colhué Huapi areas, the river
discharge increased (decreased) when it was preceded
by negative (positive) AAO and SOI anomalies (Fig. 6).
Periods of increasing lake surface area (2001-2007)
were preceded by negative AAO and SOI anomalies,
whereas periods of decreasing lake surface area (1998-
2001 and 2007-2014) were preceded by positive AAO
and SOI anomalies (Fig. 6).

Three years of positive AAO and SOI anomalies, with
almost no interruption, preceded 2001, when the lake
surface area of Colhué Huapi reached its smallest size
(Fig. 6). River discharge was affected during those
years. The lowest records in the series of both hydrologi-
cal stations occurred before 2001 (mean annual values:
LM =28.6 m’/s and BP=0.6 m’/s). In 2007 Colhué
Huapi Lake reached its largest surface area (797 km?),
preceded by 6 years of mostly positive AAO and SOI
anomalies. River discharge records during those 6 years
were the highest in the series of both stations (mean
annual values: LM =794 m’/s and BP=42 m’/s).
During 2007-2015, AAO and SOI anomalies were posi-
tive in most years, and the lake surface area decreased.

Discussion

During the study period, interannual fluctuations in lake
surface area were more evident in Colhué Huapi Lake
than in Musters Lake. Musters is a narrow, deep lake
with a tectonic origin and steep sides. Therefore, only
notably large variations in lake volume have an appreci-
able effect on lake surface area. Colhué Huapi, however,
is a large, shallow lake, so changes in lake volume are
reflected much more strongly in lake surface area.

Both lakes lie at the lowest level of the Senguer River
basin, a large and complex hydrological system. Thus,
the water balance of the lakes involves discharge from
the upper basin but also local factors such as evaporation
and precipitation in the lower basin.

The interannual variations in the surface areas of the 2
lakes in a given year can be explained by the joint effect
of total annual discharge, total annual precipitation over
the lakes, and total annual evaporation from the lakes
during the previous year (adjusted R* Colhué Huapi =
86% and Musters = 74%). The variation in lake surface
area not explained by the multiple regression may be
associated with those water fluxes that could not be
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included in the study due to lack of data (e.g., ground-
water flow and water reaching the lakes through return
channels after being used for crop irrigation). Further,
uncertainty associated with the pixel size of the Landsat
images can especially affect the calculation of the surface
area of Musters Lake because of its geomorphology. The
variation in the surface area of deep lakes is sometimes
small and can be difficult to detect with a 30 x 30 m
pixel size.

The correlation coefficient associated with the mul-
tiple regression for the surface area of Colhué Huapi
Lake was higher than that for Musters Lake, explained
by a series of anthropogenic impacts that affect Musters
Lake more directly than Colhué Huapi Lake. One of
these impacts is the effect of agriculture. Before reaching
Musters Lake, water must pass through fertile crop land
(Sarmiento Valley) located between the 2 lakes, an area
with a large number of irrigation channels (Tejedo
2003). About 10 m*/s of water is used for agricultural
activities during the irrigation season (Jul-Dec). Cur-
rently, no accurate measurement is available for the per-
centage of water that remains in the fields; thus, the water
discharge into Musters Lake may deviate from the value
measured at the LM station because river discharge
might be affected by extraction for agricultural use.
The BP station, however, is located near Colhué Huapi
Lake, an area with few anthropogenic activities.

We observed that local forcing factors, such as pre-
cipitation and evaporation, are important in determining
interannual variations in the surface areas of the 2 lakes,
but river discharge, which is not a local forcing factor,
was the most significant determinant. Although dis-
charge levels into the 2 lakes differed with regard to mag-
nitude, their variations were similar. Interannual changes
in discharge were driven mostly by snowmelt and pre-
cipitation in the Andes and the Patagonian plains. Our
results differ from those of other studies, which have
emphasized the importance of local forcing factors for
lakes in this region (Pasquini et al. 2008).

The literature reports some contradictory results
regarding which of the major southern climate modes
(AAO or ENSO) is actually driving precipitation in the
Andes and, consequently, river discharge, between 45°S
and 50°S. Previous studies concluded that river discharge
in this area is strongly related to sea surface temperature
in the El Niflo 3 +4 area (Compagnucci and Araneo
2007). The Southern Annular Mode, however, is the
main climate forcing factor (with a minor influence of
ENSO events) on the discharge of the Baker River in Chi-
lean Patagonia (46-48°S; Lara et al. 2015). Other studies
discovered that precipitation is reduced by 10-20%
during El Nifio events on the west coast of Chile between
45°S and 55°S (Schneider and Gies 2004).
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Figure 6. Relationships between 2 southern climate modes (AAO and SOI) and the surface areas of 2 Patagonian lakes, Colhué Huapi
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(positive) SOI values also immediately precede years with the largest (smallest) lake surface areas. The SOI affects discharge in the Pata-
gonian plains by increasing or decreasing local precipitation in the lower basin.



We found that variations in both the AAO and the
SOI affect river discharge in the Senguer River basin,
which eventually affects Musters and Colhué Huapi
lakes. Periods of increasing lake surface area were pre-
ceded by negative anomalies in both AAO and SOI,
which were associated with notably high river discharge
rates, whereas periods of decreasing lake surface area
were preceded by positive anomalies in both AAO and
SOI, which were associated with notably low river dis-
charge rates.

During the study period, river discharge in this region
was strongly influenced by the AAO. Strong La Nifa
events also highly affected the river discharge, however,
resulting in a decrease in lake surface area. The wavelet
analysis for the discharge showed a strong annual signal
over most of the time period analyzed, but during some
years (1998-2000 and 2010-2014) this signal disap-
peared. The existence of a significant correlation maxi-
mum at an annual periodicity in the cross-wavelet
spectrum supports the hypothesis of a relationship
between river discharge and the SOI and AAO. For
river discharge and AAO, this relationship was strong
during most of the study period. During 1999-2000
and 2006-2012, however, no significant correlation was
found at an annual periodicity; instead, an interannual
(2-3 yr) signal appeared. The cross-correlation between
river discharge and the SOI at an annual periodicity
was not as consistent as that between river discharge
and the AAO; however, a significant correlation was
found between river discharge and SOI at an annual
periodicity between 1999 and 2000 and between 2010
and 2012. These 2 periods coincide with a strong La
Nifia (positive SOI) event and the disappearance of the
annual discharge signal.

FFT squared coherency spectra between river dis-
charge and the 2 climate mode indices showed signifi-
cant peaks at intraannual (4-6 months), quasi-annual,
and every 2 year periodicities. Also, the time lag between
discharge and both climate indexes agrees with the time
lag expected based on the hydrological regime of the
basin.

This analysis is the first to focus on the relationship
between river discharge east of the Andes in the transi-
tional area of 45-50°S and both the AAO and SOL
Our results agree with those of other regional studies,
which found that both AAO and SOI affect the hydrol-
ogy of Patagonia (Aravena and Luckman 2009). Whereas
rainfall in the Patagonian plain is strongly related to the
SOJ, rainfall and snow accumulation in the Andes are
related to the AAO. In a large and complex basin like
that of the Senguer River, the effect of both these
southern climate modes on the variability of river dis-
charge can be observed.
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Although variations in precipitation and evaporation
also seem to be significant determinants of fluctuations
in the surface area of Colhué Huapi Lake, these factors
are much less important for Musters Lake. This differ-
ence between the 2 lakes is due mainly to differences in
their physical characteristics such as depth, surface
area, and geomorphology, but differences in the effect
of the wind on the 2 lakes must also be considered. Evap-
oration from Colhué Huapi Lake, which is shallow and
exposed to the predominantly westerly winds, is likely
higher than that from Musters Lake, which is sheltered
from the wind by elevated terrain (1200 m) on its wes-
tern, northern, and central-east coasts. Moreover, direct
precipitation on to the lake surface is also likely more
important for Colhué Huapi Lake, which has a much
smaller volume than Musters Lake.

In 2001, the surface area of Colhué Huapi Lake had
contracted to the smallest value ever recorded (105
km?), and some studies predicted that the joint effect
of the hydrological deficit in the region and anthropo-
genic impact would lead to the disappearance of the
lake (Coronato 2003, Tejedo 2003). That this has not
occurred implies the situation is more complex than
assumed. On a global scale, climate change and human
activity have affected the location and persistence of
many surface waters, which in some cases have disap-
peared altogether as a result of these factors (Pekel
et al. 2016). Our study shows that Colhué Huapi Lake
is subject to large fluctuations in surface area, mostly
caused by fluctuations in natural variables, especially
river discharge. These fluctuations can be traced back
at least partially to regional climate variability as rep-
resented by climate modes such as the AAO and the
SOL. Further research is required to understand comple-
tely the impact of human activities on the variability of
the surface areas of these lakes.

Conclusions

Interannual variations in the surface areas of 2 Patago-
nian lakes were analyzed. Multiple regressions, using
river discharge, precipitation over the lakes, and evapor-
ation from the lakes as independent variables, were cal-
culated and validated. These multiple regressions
allowed us to analyze statistically which of those vari-
ables significantly affects the surface areas of the lakes.
The statistical analysis showed that river discharge was
the main driver of interannual variations in the surface
areas of both lakes. Cross-wavelet analysis and FFT
cross-spectral analysis revealed that river discharge in
this region was especially correlated with the AAO at
annual and every 2 year periodicities; however, the pres-
ence of strong signals from La Nifia events (positive SOI:
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1996-2002 and 2007-2014) corresponded with a low
discharge, which finally resulted in a decrease in lake sur-
face area.

These results are the first showing the effect of both
AAO and SOI on river discharge and lake surface area
east of the Andes between 45°S and 50°S. The study pro-
vides basic information for understanding how climatic
variability affects extra-Andean Patagonian lakes.
Additionally, these results are likely to be useful for
designing a water resource management plan for the
Senguer River basin, an important consideration because
Musters Lake (located within the basin) is the source of
water for 350000 inhabitants of the region. Future
studies will focus on how to predict variations in lake
surface area using the information obtained here on
the relationship between river discharge and the AAO
and SOL
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