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RESUMEN

Las sequias son un fenbmeno natural que se produce debido a la variabilidad
natural del clima. Estos eventos poseen una baja frecuencia de ocurrencia, sin
embargo, esto se ha visto modificado debido al actual cambio climético
antropogénico. Chile es un pais particularmente vulnerable al cambio climatico
debido a su geomorfologia, riqueza ecoldgica y dependencia econémica a los
recursos hidricos. El objetivo de este trabajo consistié en evaluar el impacto del
cambio climatico en los eventos de sequia meteoroldgica e hidrologica en la zona
centro-sur de Chile a través de la aplicacion de indices estandarizados,
comparando las condiciones de sequia historicas y futuras. Para esto, se
evaluaron las cuencas de los rios Maule, Itata y Biobio considerando las sequias
meteoroldgicas e hidrolégicas considerando el escenario de forzamiento radiativo
RCP 8.5 segun las trayectorias de concentracion representativa propuestas por
el Panel Intergubernamental de cambio climéatico (IPCC), utilizando cuatro
modelos climaticos globales (GCM) escalados. Se implement6 el modelo SWAT
para determinar los cambios en los caudales. Los resultados se evaluaron
mediante los indices SPI y SSI, comparando los eventos de sequia en dos
periodos de tiempo (1993-2019 y 2034-2060). Se proyecta un aumento en la
magnitud y duracion de las sequias meteorolégicas, especialmente en la
cordillera de las cuencas de Maule y Biobio. En cuanto a la sequia hidroldgica,
se prevén aumentos mayores en magnitud y duracion. En ambos tipos de sequias

se espera un aumento en la frecuencia de los eventos futuros.
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ABSTRACT

Droughts are a normal phenomenon that happens with climate natural variability.
These events have a low frequency of occurrence, however, this has been
modified due to the current anthropogenic climate change. Chile is a country
particularly vulnerable to climate change due to its geomorphology, ecological
wealth, and economic dependence to water resources. The objective of this work
was to evaluate the impact of climate change on meteorological and hydrological
drought events in south-central Chile through the application of standardized
indices, comparing historical and future drought conditions. For this purpose, the
Maule, Itata and Biobio river basins were evaluated considering meteorological
and hydrological droughts considering the RCP 8.5 radiative forcing scenario
according to the Representative Concentration Pathways proposed by the
Intergovernmental Panel on Climate Change (IPCC) using four downscaled GCM
models. The SWAT model was implemented to determine the changes in
streamflow. Results were evaluated using SPI and SSI indexes comparing
drought events in two periods of time (1993-2019 and 2034-2060). An increase in
magnitude and duration of meteorological droughts is projected, especially in the
mountain range of the Maule and Biobio River basins. Regarding hydrological
drought, greater increases in magnitude and duration are anticipated. In both

types of droughts, an increase in the frequency of future events is expected.
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CHAPTER 1: INTRODUCTION

1.1. Motivation

Water is fundamental for human development, but unfortunately it is not evenly
distributed worldwide, depending in many areas on seasonal and annual
variations in precipitation (Trenberth et al., 2014; Naumann et al., 2021). The
United Nations (UN) in its UN-Water program has determined that water scarcity
is a problem that affects more than 40% of the world's population and is expected
to increase (Guppy & Anderson, 2017). It is estimated that 2.3 billion people live
in water-stressed countries, of which 733 million live in high and critically water-
stressed countries (UN-Water, 2021). In Chile the scenario is no different from
the rest of the world. According to the Meteorological Directorate of Chile (DMC),
2019 was the driest year in the history of the country and currently 226 communes
in the country have been declared in a state of agricultural emergency by the
Ministry of Agriculture, mainly affecting the regions of Coquimbo, Valparaiso,
O"Higgins and Maule, between parallel 29°54' and 35°07’. (MINAGRI, 2021).

In the face of these unfavorable conditions in recent times, climate change has
become evident. The latest IPCC report (IPCC, 2021) indicates that “Human-
induced climate change is already affecting many weather and climate extremes
in every region across the globe. Evidence of observed changes in extremes such
as heatwaves, heavy precipitation, droughts, and tropical cyclones, and their
attribution to human influence, has strengthened since AR5”. Given the above
mentioned, the quantification of losses and damages derived from extreme
weather events, such as droughts, has become important for the implementation

of policies related to climate change, the Sendai Framework for Disaster Risk
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Reduction 2015-2030 and the Sustainable Development Goals (Trenberth et al.,
2014; Svoboda & Fuchs, 2017; Naumann et al., 2021).

Droughts are periods of abnormally dry weather conditions with warmer
temperatures and a deficit of precipitations, sufficiently prolonged to cause a
serious hydrological imbalance (Trenberth et al., 2014; Huang et al., 2016;
Svoboda & Fuchs, 2017). It is the natural phenomenon that affects the largest
number of people in the world. According to the United Nations Development
Program (UNDP) 220 million people in the world are affected by drought situations
and by 2050, 52% of the world’s population is projected to be exposed to severe
water scarcity without significant intervention in response to global warming
(Orlowsky & Seneviratne, 2013; Zhao et al., 2019; Wang et al., 2020)

There is no one classification of drought but some definitions are universal to
explain the nature of these events. Wilhite & Glantz (1985) completed a thorough
review of dozens of definitions of drought where they identified four categories:
meteorological, hydrological, agricultural, and socioeconomic. The first two are
the ones considered in this thesis. Meteorological drought is defined as a rainfall
deficit, or deviation of precipitation, in respect to the long term mean while
hydrological drought is defined as a period during which the flows of a basin are
insufficient to satisfy the uses established under a given water management

system and low water supply becomes evident in the water system.

When talking about drought, it is understood that it has a regional scope, and each
region has specific climatic characteristics. Droughts can be studied and
guantified using indices (WMO, 2006; Svoboda & Fuchs, 2017) where the indices
are numerical representations of drought severity, determined by climatological
or hydrometeorological data, such as precipitation, temperature, river flows,

groundwater levels, etc. The indices provide options for determining the severity,
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location, duration, occurrence, and cessation of drought conditions, and have
been used in many studies in different parts of the world (Vicente-Serrano,
Begueria, et al., 2012; Vicente-Serrano, Lépez-Moreno, et al., 2012; Huang et al.,
2016; Yuan et al., 2016; Zhao et al., 2019; Danandeh Mehr et al., 2020; Li et al.,
2021). Due to its the simplicity of calculation and easy interpretation of the results,
the Standarized Precipitation Index (SPI) is used to quantify meteorological
drought and the Standarized Streamflow Index (SSI) is used to quantify
hydrological drought in the following study.

Considering the increasing trend in global temperatures and the impact on local
climate, an intensification in the frequency and severity of extreme phenomena
such as droughts is expected by the end of the 21st century (IPCC, 2021). This is
reflected in the results obtained by different authors in different regions worldwide,
all agreeing on an increase in the severity of drought events (Seneviratne, 2013;
Huang et al., 2016; Yuan et al., 2016; Zou et al., 2018; Zhao et al., 2019;
Danandeh Mehr et al., 2020; Orlowsky &; Shen et al., 2020; Li et al., 2021; Omer
et al., 2020).

Given the above and considering the climate change projections for Chile (DGA,
2017; Bozkurt et al., 2018) this study aims to propose an effective framework to
evaluate the historical drought conditions (1993 - 2019 as reference period) and
to project the hydrological properties of drought in the future (2034 - 2060 as
climate change period) in the central-southern zone of Chile, considering different
global circulation models, which will act as forcing agents of a previously
calibrated and validated hydrological model, in this case the Soil and Water
Assessment Tool (SWAT).
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1.2. Hypothesis

The research hypothesis is that climate change will strengthen meteorological and
hydrological droughts with increases in the magnitude, duration and frequency of

events in South-Central Chile.

1.3. General objective

The objective of this study is to evaluate the impact of climate change on
meteorological and hydrological drought events in the Maule, Biobio and Nuble
river basins through the application of standardized indices, comparing historical

and future drought conditions.

1.4. Specific objectives

a) Generate a fluviometric and meteorological information database for the
Maule, Itata and Biobio river basins to assess the baseline situation of the
area under study.

b) Estimate future flow projections through hydrological modeling using the
baseline meteorological data under the effect of climate change.

c) Characterize through standardized indicators the drought events that have
occurred in the past and are projected for the future in the study area based
on baseline and future meteorological and hydrological situation.

d) Analyze the temporal and spatial behavior of drought events under the

impact of climate change through the application of indices.
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1.5. Methodology

This study was carried out in 4 stages. The first stage consisted of generating a
database of the study area with climatic information to assess the baseline
situation of the area and initiate the hydrological modeling of each watershed
under study. The second stage consisted of ensuring the representativeness of
the SWAT model through calibration and validation. In the third stage, the
precipitation and temperature database were analyzed to simulate future flows.
Finally, based on the estimated flows and precipitation projections, standardized
indexes were calculated to analyze the effects of climate variations on droughts

due to climate change.

1.6. Structure of the thesis

This work is organized in 5 main chapters. It begins with a brief introduction in
which the problem is presented contextualizing it to the current situation of the
country and the objectives of its realization are given. Subsequently, the state of
art is shown, where the basis for the complete understanding of the work is
presented. Then, the methods used to obtain the drought indexes are explained,
and finally, the results of the analysis of these extreme events are presented,

ending with conclusions of the results obtained.
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CHAPTER 2: WATER SCARCITY AND CLIMATE CHANGE

Although climate change is a current reality, many meteorological phenomena are
normal and occur with a certain frequency over time due to natural climate
variability. In the case of droughts, these occur often in certain regions, however,
those that escape from natural occurrence should be identified through their

characterization.

2.1. Water availability and climate change projections

Water scarcity is a reality that has been known for some time, but efforts to
address it as a real threat have only recently emerged (UNCC, 2019). Water use
has been increasing worldwide by about 1% per year since 1980, driven by a
combination of population growth, socio-economic development and changing
consumption patterns putting unprecedented pressure on renewable, but finite
water resources and is expected to continue increasing at a similar rate until 2050
mainly due to rising demand in the industrial and domestic sectors (WWAP
UNESCO World Water Assessment Programme, 2019). The economic growth of
recent years has brought with it an increase in industrialization and large amounts
of water are being used in production processes and large-scale agricultural
production (Boretti & Rosa, 2019). It is estimated that industrial and domestic
demand for water will increase much faster than agricultural demand, although

agriculture will remain the largest overall user (WWAP/UN-Water, 2018).

Water scarcity can mean insufficiency in availability due to physical lack of water
to satisfy demand, or scarcity in access due to the failure of institutions to ensure

a regular supply and distribution of water resources (FAO, 2012). Although
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climate has a natural variability over time, the current threat of anthropogenic
climate change has clear evidence in being the effect of human activity,
specifically, in the emissions of greenhouse gases as Carbon Dioxide (CO2)
mainly caused by fossil fuel combustion and industrial processes (IPCC, 2014).
In addition, water management in many parts of the world is a great challenge,
where there are no water prioritizations, there is no correct legislation and there
Is insufficient baseline information to be able to make decisions regarding water
resource management in the face of this new scenario of water scarcity due to

climate change (Kumuu et al., 2010).

The effects of climate change are caused by the increase in atmospheric
temperature. Global warming causes changes in several climate variables, such
as precipitation, humidity, and wind speed, which lead to more frequent extreme
events. (Oyounalsoud et al., 2022). These changes can produce diverse effects
depending on the region, by intensifying the water cycle. This can lead to more
intense rainfall and associated flooding in some places, as well as more intense
droughts in other parts of the world. Globally it is proposed that precipitation will
tend to increase (IPCC, 2018; Rashid et al., 2022), unlike countries like Chile,
which is a particular vulnerable country where precipitation is projected to
decrease considerably (The World Bank Group, 2021). In this context, the reality
of each place of the globe may differ completely from another, since
consequences of climate change can be different, and one basin does not behave
the same as another to same conditions. Therefore, climate change projections
must be worked out locally, based on a global and regional models. Current
climate projections are made through Global Circulation Models (GCM) that
simulate the atmosphere under conditions of high concentrations of greenhouse
gases. These models themselves have uncertainties, but they are the most widely
used tool for projecting future climate. The scale of these models is usually very

coarse, so they must be scaled down to a regional or local scale for their use
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(Siabi et al., 2021). Once a global model is downscaled to a local climate model,
estimates of climate variables such as precipitation, temperature,
evapotranspiration, among others, can be obtained. Finally, these outputs are
used to force hydrological models to obtain predictions on rivers flows under

climate change conditions.

In order to work on the same basis to estimate the conditions of the atmosphere
due to climate change, in 2014 the Intergovernmental Panel on Climate Change
(IPCC) in their Fifth Assessment Report, presented the Representative
Concentration Pathways (RCPs). These represent future scenarios of
greenhouse gas emissions under different socioeconomic, climate and climate
change mitigation conditions. Their names (RCP 2.6, 4.5, 6 and 8.5) indicate the
radiative forcing of each under different combinations of emissions over a time
horizon up to the year 2100. The development of the RCPs considers both climate
variables and changes in land use and pollution (Van Vuuren et al., 2011). In the
last decade, the use of RCPs has expanded for climate change assessment.
Since the most favorable scenario (RCP 2.6) assumes that emissions decrease
from 2020, some recent studies do not incorporate it due to its low probability of
occurrence, continuing with the following RCP 4.5 or assessing only the most
pessimistic scenario RCP 8.5 where emissions do not decrease over the entire
time projection (Kim et al., 2019). In 2021, in the Sixth Assessment Report, these
scenarios were complemented by the Shared Socioeconomic Pathways (SSPs)
that, in addition to greenhouse gas emissions, consider different climate policies

that could be followed throughout the century.
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2.2. Hydrologic modeling

Climate change impact studies use observed climate data in a hydrological model
that has been perturbed by the climate change signal from the future climate data
projected by Global Circulation Models (GCMs) (Du Plessis & Kalima, 2021). As
mentioned before, to estimate flows in the face of environmental variations, it is
necessary to understand the hydrological system prevailing in the basin under
study. Given the complexity of these systems, it is necessary to have tools that
facilitate their understanding. This is done through models that simplify the
hydrological cycle. A hydrological model aims to represent the processes that
make up the hydrological cycle and the interrelationship between the variables
that influence it (Blade et al., 2014). There are different types, and their choice is
mainly based on the availability of data and modeling purpose such as streamflow
and flood forecasting, water resource management, evaluation of water quality,

erosion, nutrient and pesticide circulation, etc (Siad et al., 2019).

They work at different levels of spatial discretization (lumped, distributed, semi-
distributed) and their selection depends on the intended use of the results.
Lumped models are useful when results are needed more than understanding the
processes, as they treat the watershed as a unit, where the spatial variability of
input variables, parameters and outputs are disregarded. Examples of these are
the GR4J (Perrin et al., 2003) and HBV (Bergstrom, 1992) models. On the other
hand, distributed models work at the level of the pixel or grid size in which the
information is found, therefore they are more detailed, however they require
greater computational capacity and calculation times can be high. Among them
are the SHE (Abbott et al., 1986 a,b) and IDHM (Beven et al., 1987) models that

use finite differences for their calculation.
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In between these two are the semi-distributed models, which divide the basin into
sub-basins or smaller units where the water balance is calculated. Three
recognized models of this type are the VIC model (Variable Infiltration Capacity)
(Liang et al., 1994; Hamman et al., 2018), (which was used for the development
of the update of the Chilean National Water Balance in 2017), the WEAP model
(Water Evaluation and Planning) (Yates et al., 2005) and the SWAT model. The
SWAT model (Soil and water assessment tool) (Arnold et al., 1998) is a semi-
distributed model that allows obtaining flows from a water balance carried out at
the level of HRU (Hydrologic Response Unit) which are homogeneous in slope,
use and soil type. Once the balance is obtained in these units, it is aggregated
into sub-basins generated by the same model where the results are studied.
Control points, such as fluviometric stations or at a specific point of interest, can
be added to the model by taking flow rates at a place of special interest. The
SWAT model is widely used around the world and its uses can range from climate
change studies, such as changes in flow rates (Malik et al., 2021), changes in
land uses (Sharannya et al., 2021), changes in water quality (Nazari-Sharabian
et al., 2019) and analysis of extreme events such as droughts (Mengistu et al.,
2021) or floods , where the selection of this model allows both spatial and
temporal analysis. This model has also been previously used in Chile, with good
performance and results (Stehr et al., 2008; Aguayo et al., 2016; Penedo-Julien
et al., 2018; Martinez-Retureta et al., 2021, 2020; Galleguillos et al., 2021).

2.3. Drought characterization

Drought is a difficult phenomenon to study since it develops over time and is
evident when its consequences are inevitable. Drought propagation processes
are influenced by climate but also by catchment properties and human activities

such as deforestation, construction, and agriculture negatively impact the water



Chapter 2: Water scarcity and climate change 11

cycle and cause droughts (Wang et al., 2021). To study this phenomenon, drought
indexes are used, which work from an input variable, such as precipitation, flow,
evapotranspiration, land use and see its accumulated effect in different periods of
time, such as 1 month to 12 months. Among the most used to evaluate
meteorological droughts is undoubtedly the Standardized precipitation Index (SPI)
(Mckee et al., 1993) which despite having a long trajectory, is still the most used
index for drought analysis. An advantage from the point of view of input data is
that it uses only precipitation, which can also be considered a disadvantage since
it omits other processes that also influence a drought. Another index used for
meteorological droughts that additionally includes the effect of evapotranspiration
is the SPEI (Vicente-Serrano et al., 2010).

Hydrological drought develops slowly, as the water that is generally stored in
rivers, lakes, or groundwater begins to run out and the prevailing hydrological
system in the area is unable to replenish it (Van Loon et al., 2010). In the case of
hydrological drought, there are also indexes created exclusively for their analysis
such as the Standardized Drought Index (SDI) (Nalbantis & Tsikaris, 2008), the
Palmer Hydrological Drought Index (PHDI) (Palmer, 1965) and the Standardized
Streamflow Index (SSI) (Vicente-Serrano et al., 2012). These three indices differ
in the required input data and simplicity of calculation. The Standardized
Streamflow Index uses almost the same calculations as the SPI but with
streamflow instead of precipitation data. In this way they share their advantages
and disadvantages. In addition to those previously mentioned, there are indices

to evaluate economic and agricultural droughts.

From the calculated index values, droughts can be characterized through their
duration, magnitude, and frequency of events. In this way, a quantitative analysis

can be made, where each characteristic can be studied through its behavior both
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in time and space, being possible to analyze the behavior of droughts, estimated

on the basis of precipitation and flow projections.

In general, the popular approach to study and project droughts under the climate
change impact is a modeling approach including a combination of GCM
simulations, downscaling techniques, hydrological models, and drought indices
(Khoi et al., 2021). Results may vary depending on the projection data, the model
used, and the index evaluated, but they will provide a guide to future behavior,
which, although not a prediction, is a trend and serves as a basis for decision

making in the face of the current threat of climate change.

2.4. Conclusions

This chapter presented a contextualization of the scenario in which this study is
proposed, explaining the importance of addressing the severity of the current
water situation in the context of climate change, the methods used to assess the
impact of climate change on water resources, and how to perform a drought

analysis for this new scenario.
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CHAPTER 3: MATERIALS AND METHODS

3.1. Study area

The study area is located in South - Central Chile and comprises three important
basins, Maule, Itata and Biobio River basins (from north to south), which are
located between parallels 35°07’ — 38°91°. According to the territorial division of
Chile, these basins are in Maule, Nuble and Biobio regions, covering a total area
of 55.803 km? (Figure 3.1). The Biobio basin has an area of 24.264 km?, being
the third largest watershed in Chile, followed by the Maule basin with 20.245 km?
and the Itata basin with 11.294 km?.

The main channel of the Maule basin, the Maule River, originates in the Andes
mountains and has a length of 240 km to the outlet to the Pacific Ocean, near to
the city of Constitucion. The largest city in this basin is Talca, with a population of
220.357 inhabitants, which is supplied by the Claro River, an important tributary
to the north of the Maule River. In the case of the Itata river basin, the Itata river
is born at the confluence of the Cholguan and Huépil rivers, and then joins its
main tributary, the Nuble river, 34 km west from the city of Chillan, the most
important city in the basin. When it flows into the ocean, the Itata River reaches a
total length of 140 km. Finally, the Biobio River, Chile's widest and second longest
river, originates from the Galletué and Icalma Lakes, and discharges in the sea
next to the metropolitan area of Concepcion, the largest urban core in the study
area with 1.037.170 inhabitants (DGA, 2004a; DGA, 2004b; DGA, 2004c).
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Figure 3.1: Study area
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The three rivers have a similar behavior with a mixed regime due to snowmelt in

the highest areas and rainfall contribution predominant in the valley and next to

the sea level.

The water resources in the study area are mainly used for

agriculture, forestry activities and hydropower (DGA, 2016). The Colbun power

plant and reservoir, located in the Maule river valley, have the largest volume
capacity in the country with 1500 Mm? and a capacity of 400 MW (CNE, 2021).

Due to its magnitude, the area of influence upstream of this reservoir was not
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considered in the hydrological modeling. Due to the agricultural use, interventions
are present in almost all the channels of the watershed, with reservoirs and
artificial channels, altering the natural regime of the rivers. According to Diaz et
al. (2019), the basins with the highest number of barriers in their river systems in
Chile are Maule (24) followed by Biobio (19).

The 4 main units of Chile's geomorphology are perceptible in the central-southern
zone, and they are key to evaluate the spatial distribution of droughts and
interpreting their behavior. The Andes Mountain range is the unit with the highest
elevations found to the east in the entire study area. Along the Pacific coast and
parallel to the Andes Mountains is the Chilean Coastal Range, a smaller mountain
range that runs from north to south. The Chilean Central Valley is the depression
between the Coastal Range and the Andes Mountains where elevations decrease
significantly and where cities, economic activity and especially agriculture are
concentrated. Finally, the coastal zone is called the litoral plain (Armesto et al.,
2007).

The predominant climate in the zone is Mediterranean, characterized by warm
and dry summers and cool, wet winters where most of the rainfall occurs. Average
annual temperatures (minimum and maximum) fluctuate between 7.6°C and 21°C
for the Maule River basin, between 8°C and 23°C for the Itata River basin.
Average annual precipitation is 735 mm in Maule, 1025 mm in Itata and 1300 mm
in Biobio (DGA, 2004a; DGA, 2004b; DGA, 2004c).

Figure 3.2 outlines the methodology used for the development of this study,
showing 3 main stages 1) hydrological modeling, SWAT model and its application
(Calibration and Validation); 2) Selection and analysis of climate change
scenarios (precipitation and temperature) and estimation of future flows

considering climate change; and 3) Calculation of current and future drought
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indices, and spatial analysis of changes (magnitude, duration, frequency). Each

of these stages is described in detail below.

1) ‘ DEM ‘ | Soil type | l Land use | Water uses
Location of weather
stations SWAT
Daily Rainfall and
extreme temperature
data from historic
(2000-2017)
Calibration
Recorded Streamflow (2000-2009)
(2000-2017)
Validation
(2010-2017)
2) 4 downscaled GCM ‘ Subbasins from
data for Future climate Calibrated SWAT model
Daily rainfall and
extreme temperature SWAT Model ¥
(1979-2060) 4 Downscaled GCM data
daily rainfall
(1979-2060)
3) ¥ ¥ h 2 ¥
Baseline streamflow Projected streamflow Baseline rainfall Projected rainfall
1993-2019 2034-2060 1993-2019 2034-2060
| Standarized Streamflow Index (SSlI) ‘ ’ Standarized Precipitation Index (SPI) ‘
| Hydrological Drought evaluation and analysis ‘ | Meteorological Drought evaluation and analysis ‘

Figure 3.2: Methodology of the present study

3.2. Hydrological model

The SWAT model (Soil and Water Assessment tool) (Arnold et al., 1998) was
selected for modelling the hydrological behavior of each of the three basins.
SWAT is a physically based, continuous time and semi-distributed model
developed by the United States Department of Agriculture. The model was
developed to predict the impact of land management practices on water, sediment

and agricultural chemical yields in large complex watersheds with varying soils,
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land use and management conditions over long periods of time (Neitsch et al.,
2002). It calculates water balances by discretizing the basin according to stream
network and topography into subbasins which are further divided into Hydrological
Response Units (HRU) that are obtained by integrating the soil type, land use and
slope from data inputs. Water balance is computed within each HRU by linking
four components (snow, soil, shallow aquifer, deep aquifer) through hydrological
processes such as infiltration, surface runoff, subsurface runoff,
evapotranspiration, and percolation calculated in a daily time step (Grusson et al.,
2021). The equation that rules the model is shown,

t
SWt = SWO + Z(Rday - qurf - Ea - Wseep - ng) (31)

i=1

Where, SW, =final soil water content (mm H20), SW,=initial soil water content (mm
H20), t =time (days), Rgay=amount of precipitation on day i (mm H20),
Qsurs=amount of surface runoff on day i (mm H20), E,=amount of
evapotranspiration on day i (mm H20), W, = amount of percolation and bypass
flow exiting the soil profile bottom on day i (mm H20), and Qg4,,=amount of return

flow on day i (mm H20).

SWAT model has been successfully used to assess the impact of climate change
in discharge, evapotranspiration and percolation (Hao et al., 2018; Petpongpan et
al., 2020; Bariamis & Baltas, 2021). Also, it has been used previously in Chile to
assess climate and land use change effect (Stehr et al., 2008; Aguayo et al., 2016;
Penedo-Julien et al., 2018; Martinez-Retureta et al., 2021, 2020; Galleguillos et
al., 2021). In this study, three models, one for each basin, were developed to

evaluate changes in drought due to climate change. The source, dataset and
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description of model inputs used for Maule, Itata and Biobio basins are shown in
Table 3.1.

Table 3.1: Source of SWAT model datasets

Data Source Description
Elevation 12.5x12.5m (ltata
DEM DEM ALOS-PALSAR and Biobio) - 30x30m (Maule)
Land Cover SIT-CONAF Land uses
Soil tvoe CIREN (Chile) and Layer and Data from each soll
yp FAO type in the zone.

Meteorological data
(precipitation and | DGA- DMC-CR2MET
extreme temperatures)

Daily precipitation and
extremes temperatures

Consumptive and non-
Water uses DGA consumptive (Maule) water
users

CIREN : Natural Resources Information Center - Ministry of Agriculture, Chile
CONAF: Chilean National Forestry Corporation
DGA: Chilean General Directorate of Water

Meteorological information was obtained from two sources. In the case of the
Biobio basin, it was obtained from the CR2MET gridded product (CR2, 2018),
while for the Maule and Itata basins, it was obtained from stations whose details
can be found in Appendix 3.1. Soil type information was obtained from the
agrological studies of the VILVIII and IX Region performed by the Natural
Resources Information Center (CIREN) in 1997, 1999 and 2002 for the Biobio,
Maule and Araucania regions respectively. These studies provide information
about the physical-chemical properties of soil types present in the study area.
Some areas do not have smaller scale information on Chilean soils, mainly in the
mountainous zone. This zone was filled with information from the World Soil Map
of the Food and Agriculture Organization of the United Nations (FAO & UNESCO,
1971). All this information was included in the SWAT database. Land uses were

obtained from land register for the regions of Maule and Biobio available in the
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territorial information system of the National Forestry Corporation of Chile. These
were homologated to the land uses of the SWAT database.

In this study, surface runoff was estimated using the SCS Curve Number method
(USDA-SCS, 1972), due to available data. To estimate potential
evapotranspiration, Hargreaves & Samani (Hargreaves & Samani, 1985) was

used in the models due to the lower data requirement for its calculation.

3.3. Model performance

Calibration and validation were performed at monthly level, using monthly mean
streamflow measured at gauge stations distributed in each basin. The period
2000-2002 was used as “warm-up” period (NYSKIP), then, 7 years of calibration
(8 in Biobio river basin) were used to estimate the model parameters values and

10 years for validation (Table 3.2).

Table 3.2: Calibration and validation periods

Basin Calibration (+ 3 years NYSKIP) Validation
Maule 2000-2009 2010-2017
Itata 2000-2009 2010-2017
Biobio 2000-2010 2011-2018

Calibration was performed using SWAT-CUP (Abbaspour, 2014) using the
Sequential Uncertainty Fitting (SUFI-2) algorithm incorporated in this tool. The
most sensitive parameters for modeling were identified using this software by a T
- Test. Calibration and validation were performed at monthly time steps. Table 3.3
shows the hydrological parameters that were taken into account for the sensitivity
analysis. These parameters and their ranges were selected based on SWAT

model documentation (Arnold et al., 2012; Abbaspour et al., 2015), previous
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studies (Cibin et al., 2010) and the experience of the authors with the SWAT

model in other watersheds in the same area (Stehr et al., 2010).

Table 3.3: Sensitive parameters used for model calibration

Parameter Units Description
CN2 - Initial SCS CN Il value
ALPHA BF - Baseflow alpha factor
GW_DELAY days Groundwater delay
GWQMN mm Thrgshold dgpth of water in the shallow
aquifer required for return flow to occur
SOL_K mm/hr Saturated hydraulic conductivity
SOL_AWC mm I—;i?l)/mm Available water capacity in the soil layer
GW_REVAP - Groundwater "revap" coefficient
RCHRG_DP - Deep aquifer percolation fraction
REVAPMN mm Threshold water depth in the shallow aquifer
for revap
CANMX mm Maximum canopy storage
ESCO - Soil evaporation compensation factor
SURLAG days Surface runoff lag coefficient
ESCO - Soil evaporation compensation factor
EPCO - Plant uptake compensation factor
SMTMP °C Snow melt base temperature
SFTMP °C Snowfall temperature

To assess the performance of the model, four statistical indicators proposed by

Moriasi et al. (2007) were used and evaluated for the calibration and validation

periods. The indicators used are shown below and the performance range of

goodness-of-fit indicators are shown in Table 3.4:

- Ratio of standard deviation of the mean square error of the observations

(RSR): It is obtained as the ratio between the mean square error and the

standard deviation of the measured observations. It varies from its optimum

value 0, which indicates a perfect simulation of the model, to a high positive

value. The lower the RSR, the better the model performance. It is obtained as,
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\/Z?zl(Yi obs ™ Yi sim)2

\[Z?zl(Yi obs T Yavg)2

RSR =
(3.2)

- Nash-Sutcliffe efficiency (NSE): This is a statistic that represents the level of
fit of the graph of observed versus simulated values to a 1:1 line. Thus, it
measures the variance of the simulated data compared to the observed data.

It is determined as,
Y1 (Yiobs — Yisim)?
2
?:1(Yi obs — Yavg)

NSE=1- [ (3.3)

- Percent Bias (PBIAS): Measures the average tendency of the simulated data
to be greater or less than the observed data. Its optimum value is 0, expressed
as a percentage, where positive values indicate an underestimation of the

model and negative values an overestimation. It is calculated as,

ZP:l(Yi obs — Yj sim) * 100
PBIAS =
2t 1(Yiobs) (3.4)

- Coefficient of determination (R?): Describes the proportion of collinearity of the
observations that are explained by the model. It varies between 0 and 1, where
a value close to unity indicates greater correlation. Generally, an R2 value

greater than 0.5 is considered acceptable. It is calculated as,

3 Y (Yiobs = Yi sim)?

R2 =1 .
Z(Yi obs T Yavg)

(3.5)
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Table 3.4: Performance range of goodness-of-fit indicators

Performance RSR NSE PBIAS (%)
Very good 0=<RSR=0.5 0.75 <NSE <1 PBIAS <+ 10
Good 0.50 <RSR=0.60|{0.65<NSE=<0.75/+10<PBIAS <+ 15
Satisfactory |0.60 <RSR =0.70(0.50 <NSE <0.65|+ 15 <PBIAS <+ 25

Unsatisfactory RSR >0.70 NSE< 0.50 PBIAS = + 25
Moriasi et al. (2007)

As soon as the model was calibrated and validated, the SWAT model was
considered suitable to reflect the hydrological processes in each studied basin. It
was then used to simulate future water balance under projected climate change
conditions. Monthly streamflow outputs of the future simulations were used to

evaluate hydrological drought.

3.4. Climate change projections

To evaluate future condition of weather, climate projections from Global
Circulation Models (GCM) were used. A GCM is a complex mathematical
representation of the major climate system components (atmosphere, land
surface, ocean, and sea ice), and their interactions (Geophysical Fluid Dynamics
Laboratory, n.d.). These are used to project climate data according to a specific
condition of the atmosphere or in greenhouse gas concentration which is why they
have been considered a suitable model for simulating climate change and predict
its impact (Kim et al., 2021) .The meteorological forcing data was obtained from
downscaled and bias-corrected daily climate model outputs of four GCMs
(CCSM4, CSIRO-Mk3-6-0, IPSL-CM5A-LR y MIROC-ESC) produced in the
framework of the Updating of the Chilean National Water Balance project (DGA,
2017). During project development these were selected and downscaled using
the Quantile Delta Method (QDM) to a spatial resolution of 0.5° x 0.5° under high
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emission scenario RCP8.5 (IPCC, 2014) to forecast the future climate in all
Chilean territory. The climate information is on a daily time scale from 1979 to
2060. For details of this methodology, the reader is directed to the Updating of the
Chilean National Water Balance (DGA, 2017). For simplicity, these models will be
referred in this article as CCSM4, IPLS, CSIRO and MIROC from now on.

3.5. Climate variability -Trend Analysis

To evaluate the significance of changes in precipitation and streamflow between
the past and future periods, a trend analysis was performed. While trend analysis
of a time series consists of the magnitude of trend and its statistical significance,
statistically trend is a significant change over time which is detectable by
parametric and non-parametric procedures (Hussain et al., 2015). In this study,
statistical significance trend analysis was done by using Mann- Kendall test (MK)
(Mann 1945, Kendall 1975) while the magnitude of trend was determined by Test-
t method. The tool MAKESENS 1.0 (Salmi et al., 2002) was used to estimate Z
test, significance values and sen’s slope from MK test. MK test was applied to the
entire data series of mean annual precipitation and streamflow while T test was
applied by comparing past and future period of projections, both with a

significance level of 0.05.
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3.6. Drought indexes: SPI and SSI

To identify, evaluate and contrast drought events in a large territory, its necessary
to use standardized indexes that allows to compare different condition with the
same scale of values. For this study, due to the information available in the area,
the extension of the study area, the simplicity of calculation and easy
interpretation of the results, two widely used standardized indexes were selected,
the Standardized Precipitation Index (SPI) and the Standardized Streamflow
Index (SSI).

3.6.1. Standarized precipitation Index (SPI)

Globally, the most used index is the Standarized Precipitation Index (SPI) (Mckee
et al., 1993) because its simplicity to identify meteorological drought using only
precipitation data as input. This can also be considered a disadvantage since it
does not consider other variables, such as evapotranspiration, which can
influence drought events. The calculation of the index consists of adjusting
precipitation data to a gamma distribution, then normalize it to get an average of
0 and standard deviation of 1. Although it's been almost 30 years since its
publication, it is still recommended as the standard index worldwide by the World

Meteorological Organization (WMO).

The standardized precipitation index uses commonly at least 30 consecutive
years of data at different points in the basin, which is analyzed according to
different time periods, ranging from 1 to 24 months. By working with different time
scales, it is possible to assess the impacts of droughts on different systems such
as agriculture (in the short term) and water supplies, for example reservoirs and
groundwater deficits (long term) (WMO, 2012). While the 3- and 6-month SPI
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describe droughts that affect plant life and farming, the 12- and 24-month SPI

influence the way water supplies and reserves are (Caloiero et al., 2018).

According to Mckee (1993), the threshold that defines the beginning of a drought
event is when the SPI value drops to -1 and it ends when it becomes greater than
-1. From that definition it's possible to characterize droughts by their duration and

magnitude as the absolute sum of all SPI values during the event.

The software SPI Generator by the National Drought Mitigation Centre, University
of Nebraska (NDMC, 2018) was used for SPI calculations.

3.6.2. Standardized streamflow Index (SSI)

The Standardized Streamflow Index (SSI) (Vicente-Serrano et al.,, 2012) is a
recent way of evaluating hydrological droughts. This index, like the SPI, has the
ability to compare drought events in regions with different climates, since it is a
standardized index. The time scale can be set from 1 month to 24 months
depending on the approach. Despite being an index that has been in use for less
than 10 years, it has been implemented in several studies with good results
(Lorenzo-Lacruz et al., 2013; Oertel et al., 2018; Bin Luhaim et al., 2021; Giri et
al., 2021). Its calculation is similar to SPI, however it is calculated at the level of
equal months and the initial distribution adjustment is extended to 6 probability
distributions. In this work, the Log- Logistic, Lognormal, General Extreme Values
and Weibull distributions were used to avoid values less than 0 in the probability
distribution, possible error mentioned by Vicente-Serrano in the remaining

distributions.
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Like SPI, the SSI value represents the beginning of a drought event when it drops
to -0.84 (Sutanto & Van Lanen, 2020) and lasts until it becomes greater than
-0.84.

The calculation of the SSI was performed by programming the distribution fits in
the R language using RStudio. The Cramér—von Mises (Cramér, 1928; Von
Mises, 1931) test was used to validate the quality of fit. The calculation of the
SSI-12 was performed also using R platform.

Both indexes were evaluated for a 12-month period. In this way, the long-term
effects of drought, which is the reflection of longer accumulation of precipitation
anomalies, can be evaluated as well as its effect on both groundwater and water
supply (Giri et al.,, 2021). The indices were evaluated using precipitation and
temperature data obtained from the 4 GCMs and in the case of the SSI, the output

flows of the SWAT model previously forced with the GCM data were used.

3.7. Drought Characteristics

Once the SSI and SPI indices have been calculated for the period under study,
droughts were characterized considering magnitude, duration, and frequency. An
index value less than a given threshold is defined as a drought event. The number
of drought events are counted as frequency in this study. The drought duration is
the time between the index passing the threshold and the time of its recovery
(months) and the drought magnitude is the sum of the values of the index from
the time it passes until it exceeds the threshold again. The graphical form of these

characteristics is shown in Figure 3.3 where D represents the duration of an event,
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M magnitude and 1 and 2 represent two individual events (frequency) with a
threshold of -1.
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Figure 3.3: Graphical form of drought characteristics.

To quantify the effect of climate change on drought behavior, two periods were
considered: the past (1993-2019) and the future (2034 - 2060). The beginning of
the past period is a product of hydrological modeling, since by using 3 years of
pre-warming with meteorological data since 1979, results were obtained since
1982, from which 12 cumulative years were used to calculate the SSI-12, that is,
results of the index from 1993 onwards. To evaluate the same periods in both
types of droughts, SPI-12 was calculated over the same period. For analysis
purposes, the indices obtained for each of the GCMs were averaged over each

evaluated time period and used as final result.
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3.8. Conclusions

This chapter presents the methods used to create a baseline of climatic data for
the area, which were used to generate hydrological models to evaluate the future
situation of water resources using results from a global climate model. In addition,
it was shown how drought indices were used to characterize changes in drought
events due to climate change.
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CHAPTER 4: RESULTS

4.1. SWAT performance, calibration, and validation

The basins were divided into 106 (Maule), 60 (Itata) and 348 (Biobio) sub — basins
according to the hydrological network. The SWAT model was run to obtain water
discharge in all sub-basins for the three basins. As shown in Table 4.1, the model
has a good calibration performance in the 3 basins, with most of the indicators
classified as very good and good according to the classification proposed by
Moriasi et al. 2007 (Table 3.4). For the validation period, the model performance
decreased being the most affected indicator PBIAS, showing a tendency to over-
or under -estimate flow rates (Table 4.1). Although the comparative analysis by
indices is essential, the graphical comparison of flow rates was also considered
for calibration and validation. Graphical results from the stations closest to the
outlet of each of the three basins (Figure 4.1) are shown in Figure 4.2, Figure 4.3,
Figure 4.4 and Figure 4.5. As the area influenced by the Colbun reservoir was
discarded from the modeling, two main sectors are considered for the Maule River
basin, Claro and Loncomilla rivers. It is observed that the graphical adjustment for
the station Rio Claro in Rauquén, shown in Figure 4.2 has a good performance
despite having a lower performance of the indicators. The Itata River station in
Coelemu, outlet of the Itata river basin, shown in Figure 4.4 maintained its
behavior with a satisfactory PBIAS in both the calibration and validation periods
with a good graphic adjustment. The basin with the best overall performance, in
terms of validated stations and indicators values, was the Biobio river basin
(Figure 4.5).
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e Validated gauge stations

(1) Rio Claro en Rauquén

(2) Rio Loncomilla en Brisas

(3) Rio Itata en Coelemu

(4) Rio Biobio en Desembocadura

Figure 4.1: Main outlets calibration and validation periods streamflow values

400 Calibration

Validation

Figure 4.2: Observed and simulated streamflow from SWAT model — Rio Claro

in Rauquén
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Figure 4.3: Observed and simulated streamflow from SWAT model — Rio
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Figure 4.4: Observed and simulated streamflow from SWAT model — Rio Itata in
Coelemu

Figure 4.5: Observed and simulated streamflow from SWAT model — Rio biobio
in Desembocadura
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Table 4.1: Model performance in main outlets of the basins (monthly flows)

Rio Claro in Rauquén Rio Loncomilla in Brisas

Calibration| Validation Calibration Validation
NSE 0.90 0.71 0.93 0.86
RSR 0.32 0.54 0.27 0.37
PBIAS (%) 12.38 28.92 6.47 -2.12
R? 0.92 0.90 0.94 0.86

. . Rio Biobio in
Rio Itata in Coelemu
Desembocadura

Calibration| Validation Calibration Validation
NSE 0.79 0.72 0.79 0.76
RSR 0.45 0.53 0.45 0.49
PBIAS (%) 20.94 24.57 12.1 -54
R? 0.84 0.78 0.84 0.77

The detail for all calibrated and validated subbasins is shown in Appendix 4.1.

4.2. Climate projections — Trend Analysis

4.2.1. Precipitation

Once the hydrological model was calibrated and validated for the three basins, it
was run 4 times, for each GCM (CCSM4, CSIRO, IPSL and MIROC) precipitation
and temperature dataset. A trend analysis was performed using the MK test for
precipitation and flow rates for each of the basins. In the case of precipitation, the
average value provided as output by SWAT (period 1982 - 2060) was used, and
for the flow rates, the data from the validated outlet stations of each of the basins

were analyzed.

According to the Z-test values obtained by performing the Mann Kendall test on

the mean annual precipitation per basin, negative values show that there is a
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downward trend for the climatic data of the 4 GCMs studied which is reflected in
the changes according to sen’s slope values (Table 4.2). However, the CSIRO
model does not show a significant downward trend. According to the Chilean
National Water Balance, this can be explained by the low climatic sensitivity of
the CSIRO model, i.e., it shows low modifications to minor variations in

atmospheric conditions.

Table 4.2: Mann Kendall Test Z and sen’s slope values and P values of
Student's t-test for precipitation data.

Test Z — Sen’s slope Test T p values

Time
series
CCSM4 | -2.10 |-3.89| -2.39 | -3.96 | -2.33 | -3.35 | 0.04 | 0.04 | 0.04
IPLS -5.43 [-9.86| -5.55 |-10.06| -5.78 |-10.77| 0.00 | 0.00 | 0.00
CSIRO | -1.24 |-2.13| -1.06 | -1.94 | -1.49 | -2.37 | 0.31 | 0.19 | 0.13
MIROC | -3.51 |-567| -3.67 | -5.78 | -3.52 | -4.82 | 0.01 | 0.01 | 0.01

Maule ltata Biobio Maule | Itata | Biobio

4.2.2. Streamflow

In the case of the streamflow obtained from the SWAT model with each GCM data
set in the same period, there is also a tendency to decrease, as a consequence
of the main influence of precipitation on the flows, added to the changes in
temperature. As the trends were analyzed in the validated stations from the model
(Figure 4.1) the trend and its significance were analyzed at sub-basins level. In
this case, according to the significance of the trend, the CSIRO model presents
p-values that dismiss it, except in Biobio where, although it has better results, it
does not reach a significant value (p>0.05). The CCSM4 model presents a value
of p>0.05 for the Maule and Itata basins and is slightly lower in the Biobio river

basin.
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Regarding the magnitude of the trend, the results obtained with the Mann-Kendall
test are consistent with the T-test. The CSIRO model shows a non-significant
change in mean annual streamflow. For the CCSM4, IPLS and MIROC models,
the magnitude of the flow reduction is significant. Z values and p-values from
validated control points are shown in Appendix 4.2.

4.3. Drought evaluation

The results of the drought analysis are presented as the change in the average of
each characteristic (magnitude, duration, and frequency) between the 4 GCMs
evaluated for each period: Past (1993-2019) and Future (2034- 2060).

4.3.1. Meteorological Drought

Based on the SPI value, there are changes in the three characteristics analyzed
across the entire study area. In the case of meteorological droughts, magnitude,
duration, and frequency have an upward trend in most of the area, except for the
southern zone of the Biobio basin and some areas in the Maule basin (Figure
4.6a). In terms of magnitude, there is a notable increase in the Andes mountains
zone of the Maule basin of up to 50% and a slight decrease in the south, with a
further increase in the Andes mountains zone of the Biobio basin, reaching
increases of more than 60%. In the areas where a decrease in magnitude is
observed, these changes are less than 10% in the Maule and Itata basins and
raise to a 16% decrease in the south of the Biobio basin. In the case of the Maule
basin, the greatest increases in magnitude are found near 2000 m of elevation,

where snow precipitation is present during winter.
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Figure 4.6: Changes in Magnitude (a) and Duration (b) of meteorological
drought.

The duration of meteorological drought events also has important changes in the
study area (Figure 4.6b). In most of the studied area, the duration increases, being
this increase smaller in the valley areas with changes between 10-20%, which is
greater in the western part of the Maule river basin and the Andes mountain range,
reaching up to 60% of variation. There are areas where a decrease in the duration
of droughts is projected, in particular, in the south of the Biobio basin and in
certain areas of the Maule and Itata basins. The valley zone in the Maule basin
shows smaller changes in duration than the west zone and the upper zone. This
same pattern is repeated in the Biobio basin, where at the Andes mountain range,

increases between 30% and 60% in duration can be observed. The situation in



Chapter 4: Results 36

the Itata river basin is slightly different, since the valley is where there are greater
increases in the duration of droughts, reaching its maximum in the southern part

of the basin.

Magnitude and duration changes were also analyzed to determine their
relationship with the frequency of droughts. The frequency of drought has
increased in all the study area (Figure 4.7). The areas with the greatest changes
are the central valley of the Maule basin, which includes the Perquilauquén,
Longavi and Achibueno rivers, and the area close to the mouth of the Biobio river,
where the city of Concepcion is situated. In terms of the relationship between
magnitude-duration and frequency, the areas that show decreases in magnitude
and duration show an increase in frequency. The same happens in the opposite
case in the Biobio at the Andes mountain range, where the greatest changes in
magnitude and duration occur, there is less increase in the frequency of
meteorological drought events, which reflects an equally serious situation. The
variation in the frequency of events should not be analyzed as a future projection
of the exact number of events that will occur, but as the trend of change, since
they can be considered individual events of short duration, which may behave as

one of longer duration if followed over a period of time.
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Figure 4.7: Changes in frequency of meteorological drought.

4.3.2. Hydrological Drought

Based on the SSI values, in the case of hydrological droughts, the changes vary
in spatial distribution differently compared to the variations of meteorological
drought. Although precipitation is the most important factor for surface runoff,
there are other processes involved in the hydrological balance that were not
evaluated in this study, such as changes in evapotranspiration due to increased
temperatures, or changes in soil infiltration that can produce changes in spatial

distribution beyond changes in precipitation.
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The most affected basin with reference to the magnitude of the changes is the
Itata river basin, where increases in the magnitude of droughts are projected
throughout the territory (Figure 4.8a). In particular, in the area that includes the
Diguillin river, the average change in the magnitude of droughts between the past
and future periods is greater than 100%, showing a possible duplication of the
magnitude of the events. Another important tributary of the Itata River, the Nuble
River in the north of the basin also reaches changes close to 100%. The Biobio
basin, as in the case of meteorological droughts, shows an increase in the
magnitude of droughts in the central zone and part of the mountain range.

Hydrological droughts have a substantial increase in duration in almost the entire
area. The Itata river basin shows an increase in duration over its entire territory,
where the Diguillin river subbasin is the area with the greatest changes, following
the behavior of this area with respect to changes in magnitude (Figure 4.8b). This
aggravates the situation by having droughts with increases in magnitude and
duration, since they will have short and long term effects. The northern zone of

the Biobio river basin shows increases in duration greater than 60%.

It is shown that areas that do present an important change in the average duration
of hydrological droughts present smaller changes in magnitude. The severity of

this is due to the cumulative effect of the duration of a mild drought.
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Figure 4.8: Changes in Magnitude (a) and Duration (b) of hydrological drought.

Referring to the relationship between the changes in the 3 characteristics, the

frequency of events increases throughout the territory, unlike what happens with

duration and magnitude (Figure 4.9). This is extremely relevant since, when

working with averages, an average decrease in magnitude together with a

decrease in duration and an increase in frequency, means that this decrease is at

the expense of an increase in the number of short duration events in the future

time period.
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Figure 4.9: Changes in frequency of hydrological drought.

The change in the number of events per period is much greater in hydrological
drought than in meteorological drought. As mentioned previously, the change in
the number of events for a 27-year drought analysis may appear too high (>20
events), however it should be considered that events of short duration can be
reflected as a constant dry condition. Regarding the trend of the changes, these
have a marked increase in occurrence in the basin of the Maule and lItata rivers,

and it is lower in the Biobio Andes mountain range.
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4.4. Discussion

4.4.1. Evaluation of temporal and spatial behaviour of droughts

The previous section showed the results obtained from the comparison of drought
events between a past and a future period through standardized indices. The
spatial distribution of the changes was obtained, identifying the areas that will be
most affected, as well as verifying that there is a variation of drought events

between the past and the future.

Although it was initially expected that the 3 characteristics analyzed would be
strengthened throughout the study area, the results show that the only
characteristic that shows a spatially uniform behavior of increase is the frequency

of drought events.

In terms of spatial evaluation, meteorological droughts have an increase in
magnitude and duration in most of the area studied, except for the southern zone
of Biobio and isolated areas in Itata and Maule. However, these areas do have
an increase in the frequency of events, which may even be greater than areas
with a marked increase in duration and magnitude. The danger in the increased
frequency of drought events, both meteorological and hydrological, lies in the
difficulty of the basin and its water bodies to recover between events, maintaining
a dry condition over time. If the drought is of greater magnitude or of longer
duration, the water stress will be greater and the dry condition will be maintained

longer, aggravating the situation.

On the other hand, in the case of meteorological droughts, it is possible to observe
that the areas with the greatest increases in magnitude and duration are

concentrated in the mountainous zone. This is of great relevance in basins with a
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mixed regime, such as those of this study, where snowmelt contributions,
although less than rainfall, are relevant for water supply during the first dry

months.

Hydrological droughts show greater increases in magnitude, duration and
frequency of events than meteorological droughts. As previously mentioned, this
will be directly reflected in water availability and scarcity. The Itata river basin,
where the largest percentage increases in changes in magnitude and duration are
observed, is a basin whose main economic activity is agriculture, currently having

a complex system of irrigation canals to supply crops.

Regarding the temporal analysis of droughts, it should be taken into account that
the initial period of comparison, i.e. from 1993 to 2019, considers what is called
the "mega-drought”, the most severe and longest drought event in the history of
Chile. This aggravates the results obtained, taking into account that the analysis
was carried out with respect to porcentual changes from present to future. Current
conditions represent a base dry condition, which strengthens over time in most of

the territory studied, both for meteorological and hydrological droughts.

4.4.2. Climate Projections

Climate change is an issue that has been affecting Chile for some time and
therefore, the need to study its effects at local scale has become a priority
(Monsalves-Gavilan et al., 2013). On one hand, there is the need to generate
climatological databases, such as those used in this study, on a regional scale
that can better reflect the future behavior of the climate in the area (Ye et al.,
2021). The use of GCMs as a basis for drought studies has expanded in the world,

but the uncertainties that these incorporate to the results must be taken into
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account. These uncertainties can be related to uncertainty related to the forcing
scenarios, the use of different GCMs or uncertainty related to sub-GCM grid scale
forcing and processes (Sung et al., 2020).

In this study we worked with 4 previously downscaled GCMs that project a trend
of decreasing precipitation until 2060 in the central-southern zone of Chile. As
mentioned earlier, water resources have been threatened for years in Chile by
changes in the climate and is currently in an extremely worrying situation with
respect to water availability. As prior background, Table 4.3 shows the trend of
precipitation and temperature extremes in the study area over the last 30 years,
from information gridded from the CR2MET product (CR2, 2018) based on

observations.

Table 4.3: Mann Kendall Test for historic data from CR2MET product (1982 —

2019)
Tlme Basin Test Z Significance
series
Maule -2.48 Less than 0.05
Pcp Itata -2.39 Less than 0.05
Biobio -2.59 Less than 0.01
Maule 1.22
Tmin Itata 0.80
Biobio 1.00
Maule 1.29
Tmax Itata 1.72 Less than 0.1
Biobio 0.78

According to this information, precipitation has a negative trend in the three
basins, which is more significant in the Maule and Itata basins and has less
significance in the Biobio basin. In other words, the base situation used to
evaluate the changes in magnitude, duration and frequency of drought was an

already unfavorable scenario affected by climate change.
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With respect to the projections of each selected GCM, the mean annual
precipitation is overestimated in simulations. Table 4.4 shows that although
meteorological droughts (which only have precipitation as input data) are
projected to increase in magnitude, duration and frequency in a large part of the
study area (and that this will lead to greater changes in hydrological droughts),
the precipitation used has a slight overestimation in Maule and Itata basins, so
the projected changes could be even more unfavorable with better quality climatic

data.

Table 4.4: Relative differences in mean annual precipitation between historic
data and GCM estimations (1982 — 2019)

Relative difference Mean Annual Rainfall (1982 - 2019)

Subbasin CR2MET (mm) CCSM4 | IPLS | CSIRO | MIROC
Maule 1195.09 16% 13% | 17% 13%
Itata 1270.44 18% 15% | 18% 16%
Biobio 1941.26 -14% | -16% | -14% -16%

In addition, it should be taken into account that the projections do not consider
anomalous events that may increase the effects of droughts such as the La Nifa,
which in Chile generates dry years, or ENSO, which increase extreme
precipitation events and lead to other serious events such as floods. Also, this
study did not include human activities or future land use changes that would also
potentially affect drought characteristics. This study provides an initial point for
further analysis considering that drought analysis needs to include human
influences while population is constantly growing, agricultural activities are

intensified, and more extreme weather events are expected.
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4.4.3. Drought evaluation

In this study, the results are presented in a spatially distributed manner, making it
possible to observe the distribution of changes in the characteristics of droughts
over the territory covering the three basins under study. The spatial distributions
of the drought indices are useful to define the territories (sub-basins, agro-climatic
areas and croplands) that are more affected by drought episodes and could serve
as support to better face its effects, and to focus the resources needed to cope
with this type of meteorological events.(Sarricolea Espinoza & Meseguer-Ruiz,
2015)

Initially, it was predicted that the changes would follow the same trend in the 3
characteristics evaluated, increases in magnitude, duration and frequency, but it
was verified that although the changes are evident, frequency is the only
characteristic that has a clear increase in all the study area with the projected
climate variations. This is in line with the IPCC sixth report (2021), which states
that droughts will increase in frequency and magnitude due to higher

temperatures and lower precipitation.

A decrease in precipitation leads to a strengthening of meteorological droughts.
A meteorological drought in a basin area results in a hydrological drought, due to
the cumulative negative effect over time (Wu et al., 2021; Wang et al., 2021).
Basins have different responses to the lack of precipitation. For example, the
Maipo basin in Central Chile, that has a nival regime, has shown a slow response
where streamflow responds with a delay of four months or more to precipitation
deficit. (Oertel et al., 2018). This study also found that the highest correlation of
SSI with SPI-12 denotes the dependence of the streamflow on the previous year
of precipitation. According to Alvarez-Garreton et al. (2021), in South-Central

Chile (30 - 41°S) single-year extreme droughts induce larger absolute streamflow
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deficits (i.e. less water supply) and moderate but persistent deficits induce a more
intensified propagation of the meteorological drought (larger streamflow deficits
relative to precipitation). When a study is conducted in central Chile, its results
can benefit all Mediterranean areas of the world. Due to the similarity of their
climates, the expected impact of climate change is similar, making these areas
warmer and drier in the future. (Pefia-Guerrero et al., 2020). For example, in the
Jucar River Basin in Spain, a Mediterranean basin, results have shown that the
climate change scenarios lead to a general increase in the severity of both
meteorological and hydrological droughts, due to the combined effects of rainfall

reduction and evapotranspiration increase. (Marcos-Garcia et al., 2017)

When working with SPI - 12 and SSI - 12, the analysis shown reflects the
cumulative effect of 12 months (SPI) and 12 years (SSI) in the area. When
working with this time scale, the effects are not only analyzed at the level of
surface water, such as the supply of reservoirs or the maintenance of ecological
flows in the rivers of the area but would also have important effects on the
reduction of aquifer recharge, threatening another important reserve and source

of water, which is groundwater.

As mentioned above, the origin of the scaled GCMs data evaluated are from the
report “Application of the national water balance updating methodology in the
basins of the northern and central macrozones” (DGA, 2018) in which these data
were used to make the national water balance of Chile. The variations in
precipitation presented in the report show agreement with the results obtained in
this drought analysis. Within the study area, the greatest net changes of
precipitation occur in the mountain range, as shown in the analysis of
meteorological droughts. On the other hand, in this report surface runoff was
obtained from hydrological modeling with the VIC model. The changes presented

in surface runoff show that the greatest decreases are found in the Andes
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Mountain range and towards the valley these changes are smaller. On the coast,

the decrease in runoff increases again.

4.4.4. Long-term effects of droughts

Changes in land use are an important variable not considered in this study. With
the effects of climate change, it is likely that agricultural activity will shift to the
south of the country, increasing the demand for water resources available in less
affected areas. The number of irrigation reservoirs in the study area is significant
in the valley of the Maule and Itata river basin, an area where increases are
expected in all the drought characteristics analyzed. Given that the evaluation is
annual, i.e., accumulated in 12 months, the reservoirs receive special attention
since the possibility of having water reserves in them for the dry season in the

summers is threatened.

Another risk associated with water scarcity and soil moisture is the risk of forest
fires, which have already had a strengthening and changes in their behavior, with
a longer season in the year. Although this study focused on changes in
precipitation, it should be mentioned that with the increase in temperatures, snow
reserves in the mountain range are also threatened and surface water supplies,

such as reservoirs, will be more affected by evaporation.

Drought is not a sudden event and is hard to predict its occurrence, magnitude,
and duration. Drought is a natural disaster which is not apparent until its final stage
(Mahdavi et al., 2021). Climate projections and hydrological modeling are a good
approach to evaluate droughts based on past events, but sometimes these are
difficult to distinguish because drought is a cumulative event, and its effects are

seen over time.
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4.5. Conclusions

In this chapter, the changes obtained in the 3 characteristics analyzed in the
drought events in the central-southern zone of Chile were presented. The results
were presented graphically and in terms of percentage changes between the base
situation and the future. Additionally, the quality of the input data, the baseline

situation and the effect of these results in the study area were discussed.
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CHAPTER 5: CONCLUSIONS

In this study, Standardized Precipitation Index (SPI) and Standardized Streamflow
Index (SSI) were used to assess relative changes in future meteorological and
hydrological drought due to climate change in 3 important basins in South central
Chile. Climate projections from 4 downscaled GCMs (CCSM4, IPLS, CSIRO,
MIROC) for the future IPCC scenario RCP 8.5 were used to estimate SPI values
for meteorological drought. For hydrological drought, SWAT model was the
selected tool to obtain future streamflow from GCMs climate projections to
calculate SSI and evaluate drought characteristics. A model was calibrated and
validated for each basin. Trend analysis was performed to precipitation and
streamflow projections showing a significant downward trend in both for the three

studied basins.

As a result, there was an increase in the frequency of meteorological and
hydrological drought events throughout the territory. The magnitude of
meteorological droughts will be greater in the highlands and with smaller changes
in the southern part of the Biobio river basin. The magnitude of hydrological
droughts will be greater in the Itata river basin, where it will increase the most.
The duration of meteorological droughts has a similar behaviour to the magnitude
but with greater increases on the Maule coast. The increases in the duration of
hydrological drought events are greater, with less impact in the Biobio river basin

and the greatest in the Itata river basin.

Although the results show an alarming and dangerous situation for a country that
is already under water stress, it is important to note that the impact of climate
change goes alongside the increase in demand from different productive sectors

due to the explosive economic growth. In this way, it is important to highlight that
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although this study presents a projection of the relative changes of droughts in
the future, at this point prevention and actions should be reflected in an
improvement in the management of the resources that will be available in the

future.
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Appendix 3.1

Table A.1 Meteorological stations used for precipitation data — Maule River

basin
Code Station Latitude Longitude
7371002 | Agua Fria -35.31 -71.10
7384002 | Constitucion -35.32 -72.41
7381003 | Pencahue -35.37 -71.83
7383001 | Rio Maule En Forel -35.41 -72.21
7370001 | Fundo El Radal -35.42 -71.04
7378002 | Talca U.C. -35.44 -71.62
7379002 | Rio Claro En Rauguen -35.45 -71.73
7374005 | Huapi -35.49 -71.29
7376002 | El Durazno -35.49 -71.32
7341002 | Nirivilo -35.54 -72.09
7374004 | Vilches Alto -35.59 -71.09
7359005 | San Javier -35.60 -71.66
7359001 | Rio Loncomilla En Las Brisas -35.62 -71.77
7358008 | Colbln (Maule Sur) -35.62 -71.40
7378003 | Colorado -35.64 -71.26
7342002 | Huerta Del Maule -35.66 -71.95
7320002 | Armerillo -35.70 -71.08
7321002 | Rio Maule En Armerillo -35.71 -71.11
7357003 | Melozal -35.79 -71.77
7358007 | Linares -35.84 -71.60
7355006 | Hornillo -35.87 -71.12
7337002 | Tutuvén Embalse -35.90 -72.37
7355002 | Rio Ancoa En El Morro -35.91 -71.30
7355007 | Ancoa Embalse -35.91 -71.30
7352003 | Liguay -35.95 -71.68
7373003 | El Guindo -35.26 -71.32
7373004 | San Rafael -35.31 -71.52
7340003 | Los Huinganes En Curipeumo -35.98 -71.91
7335004 | Quella -36.06 -72.09
7353001 | Juan Amigo -36.08 -71.39
7352002 | La Sexta De Longavi -36.11 -71.62
7336003 | EI Alamo -36.11 -72.42
7345001 | Parral -36.19 -71.83
7350001 | Rio Longavi En La Quiriquina -36.23 -71.46
7331002 | Digua Embalse -36.26 -71.55
7350006 | Bullileo Embalse -36.29 -71.41
7332003 | San Manuel En Perquilauguén -36.36 -71.65
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Table A.2 Meteorological stations used for precipitation data — Itata River basin

Code Station Latitude | Longitude
360011 Bernardo O'Higgins Chillan Ad. -36.59 [-72.04
8105005 Caman -36.67 |-71.30
8135004 Cancha Los Litres -36.71 |-72.58
8105004 Caracol -36.65 [-71.40
8117002 Chillan Viejo -36.63 |-72.13
8133003 Chillancito -36.76  |-72.42
8123004 Cholguan -37.15 |-72.07
8141002 Coelemu -36.48 |-72.69
8113001 Coihueco Embalse -36.64 |-71.80
8130006 Diguillin -36.87 |-71.64
8130003 Fundo Atacalco -36.92 |-71.58
8124004 Las Cruces -37.11  |-71.77
8142001 Mangarral -36.24 |-72.34
8124005 Mayulermo -36.82  |-71.89
8118003 Millauguén -36.32 |-72.04
8135003 Nueva Aldea -36.65 |-72.46
8132002 Pemuco -36.98 |-72.10
8106002 Rio Nuble En San Fabian N 2 -36.59 [-71.53
8118004 San Agustin De Puial -36.42 |-72.39
8106003 San Fabian -36.58 |-71.52
8130007 San Lorenzo -36.92 |-71.58
8122002 Trupan -37.28 |-71.82
8122003 Tucapel -37.29 |-71.95

Table A.3 Meteorological stations used for extremes temperature data — Maule

River basin
Code Station Latitude | Longitude
7381003 | Pencahue -35.37 -71.83
7378002 | Talca U.C. -35.44 -71.62
7378003 | Colorado -35.64 -71.26
7355007 | Ancoa Embalse -35.91 -72.30
7345001 | Parral -36.19 -71.83
7331002 | Digua Embalse -36.26 -71.55
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Table A.4 Meteorological stations used for extremes temperature data — Itata

River basin
Code Station Latitude | Longitude
360011 | Bernardo Ohiggins Chillan Ad. -36.59 -72.04
8105004 | Caracol -36.65 -71.40
8113001 | Coihueco Embalse -36.64 -71.80
8130006 | Diguillin -36.87 -71.64
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Appendix 4.1
Table A.5: Calibration and Validation results - Maule River Basin
Code Station Calibration Validation
NS | RSR [PBIAS| R2 | NS [RSR[PBIAS] R2

7372001 |RIOCIAOEN 154 | 53> | 837 |0.91]0.33|0.82| 17.62 |0.48
Camarico

7379002 |RIOCIAOEN | g | 535 | 1238 0.92]0.71]0.54| 28.92 | 0.9
Rauquen
Rio Lircay En

7374001 |Puente Las 0.86| 0.38 | 10.73 [0.87|0.12|0.94| 31.91 |0.26
Rastras

7341001 ﬁ:ﬁ\;’lgrape' En loe6| 058 |11.89(0.67| 05 [0.71] 3.21 |0.53

7359001 |Ri0Loncomilla 1 551 657 | 647 |0.94|0.86|0.37| -2.12 |0.86
En Las Brisas

7343001 |RIOPUrapelEn 1o g1 1 043 | -6.07 |0.82| .2 |1.13|-75.07|0.62
Sauzal 0.27

7357002 |Ri0 Loncomilla 1 66| 059 | 7.24 0.670.86(0.37 | -22.53 | 0.89
En Bodega
Rio Cauquenes

7339001 |En 0.77| 0.48 | -7.53 |0.78(0.09|0.96 | -82.88 [0.46
Desembocadura
Estero

7335002 |Curipeumoenlo|0.92| 0.28 | 6.3 [0.93|0.65/0.59| 6.35 |0.67
Hernandez
Rio

7335001 |Perquilauquén |0.87| 0.35 | 3.16 |0.89| 0.8 |0.45| 1.24 |0.81
En Quella

7336001 |RI0 Cauduenes o 7,1 o051 | 1331 0.79/0.75| 05 | -2.4 |0.78
En El Arrayan
Rio

7332001 |Perquilauquén [0.84| 0.41 |-16.66|0.85| 0.8 [0.44| -2.53 |0.81
En Niquén
Rio

7330001 |Perquilauquén |0.81| 0.44 | 14.17 [0.84|0.57|0.65| 9.73 |0.66
En San Manuel
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Table A.6: Calibration and Validation results - Itata River Basin
i Calibration Validation
Code Station
NS | RSR [PBIAS| R2 | NS [RSR[PBIAS] R2
Rio Itata en
8135002 | Balsa Nueva 0.75| 0.48 | -5.77 |0.81|0.77| 0.5 | 0.06 | 0.75
Aldea
Rio Cato en
8114001 | 5 » =27~ 07| 052 | 836 |0.72/0.73[055| 19.38 | 0.79
Rio Chillan en
8117005 | Camino a 0.81| 047 | 455 |0.82|0.78|0.44|-24.34]| 0.85
Confluencia
8123001 | R0 tata en 0.68| 0.76 | 21.06 |0.78]0.43|0.57| 30.41 | 0.7
Cholguan
8141001 | R0 ltata en 0.79| 053 | 20.94 |0.84|0.72|0.45| 2457 | 0.78
Coelemu
g132001 | Rio Diguilinen 1, 701 5 o1 | 46 [0.79|0.63| 0.5 |-37.94 | 0.66
Longitudinal
g8130002| Rio Diguillinen 1 5 | 5 a9 | 3094 [0.37|0.21| 0.9 | 39.96 | 0.47
San Lorenzo
8124001 | Rl0 ltata en 0.75| 0.49 |-1057|0.81]0.76| 05 | -3.1 |0.78
General Cruz
8134003 | Rl0 Larquien 0.72]| 0.62 | 9.26 |0.72|0.62]|053|-23.02| 0.66
Santa Cruz
8105001 Eﬁi'n‘;’b'ee”'a 0.75| 0.65 | 3.14 |0.76|058| 0.5 | 5.83 | 0.46
8106002 |RIONubleen 1 o1 h63 | 7.73 |0.84|0.61|0.42| 13.37 | 0.58
San Fabian N°2
Rio Sauces
8104001 | Antes Junta con |0.92| 0.58 | -5.65 |0.85(0.66|0.28| 9.43 |0.68
Nuble
8124002 | RI0 ltata en 0.79| 05 | -7.03 |0.81|0.75|0.46| -4.78 | 0.76
Trilaleo
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Table A.7: Calibration and Validation results - Biobio River Basin

Code Station Calibration Validation

NS [RsrR[PBIAS| R2 | NS [RSR[PBIAS] R2

Rio Lonquimay

8304001 | Antes Junta Rio |0.75] 0.5 3.8 |]0.75(0.52(0.69| 14.9 |0.57
Biobio

8307002 |ROBIO-BIOEN 14 0515421 43 |0.82| 079|045 -4 |os8
Llanquén

8323002 |RODUquUecOENly og1 964l 101 063|048 072] 1 |052
Villucura

8323001 |0 Duqueco Enly o5t o5 | 105 [0.76| 0.7 |0.54] -11.8 |0.73
Cerrillos

8362001 | Rlo Nicodahue |, 5510561 22 [0.93|-0.69| 1.3 | -13.9 |0.13
En Pichun
Rio Pangue En

8313000 | cootcion 0.76]0.48| 106 | 0.8 |052|069| 1.2 |0.74

8383001 R0 Laja En 0.76/0.49| 0.1 |0.77|0.34|081| -51.4 |0.79
Puente Perales

g351001 |RioMalleco En 1o ol g 55| 131 |0.77] 07 |054| 64 077
Collipulli

8343001 |ROMinincOEN 140519431 35 [0.85|0.81|0.44] -10.9 |0.82
Longitudinal

8342001 |RORenaICOEN 15 aq1 535! 94 |09 |086|038] 13.1 |0.01
Longitudinal
Rio Rahue En

8356001 | Quebrada 09 |031| -82 |092|076|0.49| -17.7 |0.78
Culen

8358001 .'?i'j‘;r\glergara'z” 095/022| -58 |096|091| 03| -34 |0.92

8317002 |RO LirquenEn 1, act g 38| 106 (091|077 |0.48| 35 |0.79
Cerro El Padre

8312001 |Ri0 Biobio Ante 1y ool g oo | g5 (076|074 051 91 |0.77
Junta Huiri Huiri

8317001 |RIOBIObIOEN 12110531 127 |0.82]0.79 |0.46| 4.9 |o.81
Rucalhue

8334001 |RIOBIObIOEN 10 a11543] 10 |0.87]083|041| 62 086
Coihue

8394001 |RIOBIObIOEN 102915 451 101 |0.84] 076 |049| 54 |0.77
Desembocadura
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Appendix 4.2

Table A.8: Streamflow Test T results - Maule River Basin

Test T p values

pl 0.021 pl 0.222

p2 0.019 p2 0.330

p3 0.012 p3 0.215

p4 0.011 p4 0.218

CCSM4 | p5 0.011| CSIRO |p5 0.260
p6 0.015 p6 0.212

p7 0.003 p7 0.161

p8 0.021 p8 0.228

P9 0.065 p9 0.331

pl 0.000 pl 0.000

p2 0.000 p2 0.001

p3 0.000 p3 0.000

p4 0.000 p4 0.000

IPLS p5 0.000] MIROC |p5 0.000
p6 0.000 p6 0.000

p7 0.000 p7 0.000

p8 0.000 p8 0.001

P9 0.000 p9 0.006
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Table A.9: Streamflow Test T results - Itata River Basin

Test T p values

pl 0.003 pl 0.066
p2 0.010 p2 0.172

p3 0.003 p3 0.050

p4 0.001 p4 0.044

p5 0.001 p5 0.024

ccsma p6 0.001] 5RO p6 0.035
p7 0.018 p7 0.079

P8 0.004 P8 0.106

p9 0.008 p9 0.086

pl0 | 0.010 p10 | 0.095

pl 0.000 pl 0.000

p2 0.000 p2 0.000

p3 0.000 p3 0.000

p4 0.000 p4 0.000

p5 0.000 p5 0.000

PLS o6 0.000| MROC g 0.000
p7 0.000 p7 0.001

ps 0.000 P8 0.000

p9 0.000 p9 0.000

p10 | 0.000 p10 | 0.000
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Table A.10: Streamflow Test T results - Biobio River Basin

Test T p values

pl | 0.002 pl | 0.036
p2 | 0.028 p2 | 0.157

p3 | 0.001 p3 | 0.016

p4 | 0.001 p4 | 0.007

p5 | 0.017 p5 | 0.141

p6 | 0.018 p6 | 0.127

p7 | 0.000 p7 | 0.002

ccsia p8 | 0.009 CSIRO p8 | 0.069
p9 | 0.001 p9 | 0.005

p10 | 0.010 p10 | 0.074

pll | 0.013 pll | 0.297

pl2 | 0.011 p12 | 0.086

p13 | 0.012 p13 | 0.026

pl4 | 0.014 pl4 | 0.049

pl | 0.000 pl | 0.000

p2 | 0.000 p2 | 0.001

p3 | 0.000 p3 | 0.000

p4 | 0.000 p4 | 0.000

p5 | 0.000 p5 | 0.000

p6 | 0.000 p6 | 0.000

p7 | 0.000 p7 | 0.000

PLS ™8 1 0.000 | MROC s T 0.000
p9 | 0.000 p9 | 0.000

p10 | 0.000 p10 | 0.000

pll | 0.000 pl1l | 0.000

pl2 | 0.000 pl2 | 0.000

p13 | 0.000 p13 | 0.000

pl4 | 0.000 pl4 | 0.000




Chapter 7: Appendices 78
Table A.11: Streamflow Mann Kendall test results — Maule River Basin

mMoDEL | | TS| signific. gﬁ)”pz MODEL Tt signific. ?ﬁ)”p:
pl| -2.06 0.05 -0.33 pl| -1.21 -0.19

p2 | -2.39 0.05 -0.02 p2 | -1.16 -0.01

p3| -2.13 0.05 -1.10 p3 | -1.03 -0.51

p4| -2.16 0.05 -0.72 p4 | -1.02 -0.32
CCSM4 |p5| -2.29 0.05 -0.02( CSIRO |p5] -0.83 -0.01
p6| -2.23 0.05 -0.24 p6 | -1.06 -0.11

p7 | -2.40 0.05 -0.06 p7 | -1.07 -0.02

p8 | -2.29 0.05 -0.18 p8 | -1.05 -0.08

p9 | -2.14 0.05 -0.08 p9 | -1.13 -0.04

pl| -5.27 0.001 -0.76 pl| -3.62 0.05| -0.46

p2| -6.14 0.001 -0.05 p2 | -3.86 0.001| -0.03

p3| -5.59 0.001 -2.69 p3 | -3.60 0.001| -1.46

p4 | -5.60 0.001 -1.82 p4 | -3.42 0.001| -0.97

IPLS |[p5]| -5.36 0.001 -0.04| MIROC (p5]| -3.28 0.05| -0.02
p6 | -5.52 0.001 -0.58 p6 | -3.55 0.001| -0.32

p7 | -5.89 0.001 -0.15 p7 | -3.79 0.001| -0.08

p8 | -5.44 0.001 -0.46 p8 | -3.62 0.001| -0.25

p9| -5.36 0.001 -0.21 p9 | -3.60 0.001| -0.12
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Table A.12: Streamflow Mann Kendall test results — Itata River Basin
MODEL TSt | signific. fﬁ)”p: MODEL TSt | signific, ileonpz
pl | -2.37 0.05 -1.21 pl -1.30 -0.68
p2 -2.48 0.05 -0.13 p2 -1.23 -0.06
p3 | -2.40 0.05 -0.50 p3 -1.36 -0.27
p4 -2.47 0.05 -0.32 p4 -1.39 -0.16

cesma [P5_| 255 0.05 0.12| o0 [P -1.33 -0.06
p6 -2.49 0.05 -0.24 p6 -1.36 -0.12
p7 -2.46 0.05 -0.06 p7 -1.98 0.05| -0.04
p8 | -2.16 0.05 -0.09 p8 -1.11 -0.05
p9 | -2.50 0.05 -0.24 p9 -1.35 -0.13
pl0 | -2.45 0.05 -0.17 p10 -1.25 -0.09
pl -5.67 0.001 -3.03 pl -3.42 0.001| -1.56
p2 -5.61 0.001 -0.30 p2 -3.52 0.001| -0.15
p3 -5.77 0.001 -1.30 p3 -3.60 0.001| -0.69
p4 | -5.73| 0.001 -0.76 p4 -3.87| 0.001| -0.44
p5 | -5.77| 0.001 -0.27 p5 -4.02| 0.001| -0.16
IPLS MIROC
p6 -5.79 0.001 -0.58 p6 -3.94 0.001| -0.34
p7 -5.67 0.001 -0.13 p7 -3.26 0.01| -0.07
p8 -5.06 0.001 -0.24 p8 -2.78 0.01| -0.10
p9 -5.76 0.001 -0.64 p9 -3.48 0.001| -0.30
pl0| -5.68 0.001 -0.46 pl0 -3.41 0.001| -0.22
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Table A.13: Streamflow Mann Kendall test results — Biobio River Basin

MODEL TSt signific. gﬁ)”pz MODEL TSt signific, ileonpz
pl | -2.80 0.01| -2.76 pl | -1.85 0.1| -1.67
p2 -2.31 0.05 -0.16 p2 -1.34 -0.09
p3 | -2.95 0.01| -1.43 p3 | -1.83 0.1| -0.98
p4d | -3.12 0.01 -1.00 p4d | -1.95 01| -0.69
pS -2.51 0.05 -0.21 pS -1.31 -0.11
p6 | -2.51 0.05| -0.01 p6 | -1.40 -0.01

CCSM4 p7 -3.28 0.01 -0.02 CSIRO p7 -1.78 0.1] -0.01
p8 | -2.63 0.01| -0.04 p8 | -1.45 -0.02
p9 -3.06 0.01 -0.69 p9 -2.00 0.05| -0.52
pl0| -2.83 0.01| -0.09 pl0| -1.67 0.1| -0.06
pll| -2.18 0.05 -0.03 pll| -0.33 -0.01
pl2| -2.83 0.01 -0.06 pl2| -1.55 -0.04
pl3| -2.89 0.01 -0.41 pl3| -2.02 0.05| -0.35
pla| -2.97 0.01| -0.06 pla| -1.84 0.1| -0.05
pl -6.21 0.001 -7.33 pl -3.59 0.001| -3.42
p2 -5.35 0.001 -0.44 p2 -3.48 0.001( -0.20
p3 -5.88 0.001 -3.70 p3 -3.67 0.001| -1.81
p4 -5.88 0.001 -2.48 p4 -3.64 0.001| -1.21
pS -6.00 0.001 -0.64 p5 -3.06 0.01| -0.24
p6 -5.74 0.001 -0.04 p6 -3.73 0.001| -0.02
p7 -6.19 0.001 -0.06 p7 -4.50 0.001| -0.03

IPLS MIROC

p8 -5.96 0.001 -0.13 p8 -3.07 0.01| -0.05
p9 -5.72 0.001 -1.71 p9 -3.44 0.001| -0.79
pl0O| -5.85 0.001 -0.26 pl0| -3.74 0.001| -0.12
pll| -6.03 0.001 -0.12 pll| -2.58 0.01| -0.04
pl2| -5.68 0.001 -0.17 pl2| -3.49 0.001| -0.08
pl3| -5.49 0.001 -1.09 pl3| -3.38 0.001| -0.48
pl4| -5.58 0.001 -0.17 pl4| -3.44 0.001| -0.07




