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Abstract

In this study, we analyze water availability for allocation of water rights
in the Nuble River Basin, Chile. The methods include evaluation of the
natural regime, determination of current water demand, and calculation
of a water budget. Water availability was calculated using TRMM and
instrumental records from rainfall and discharge gauges. Water demand
was computed from a new inventory of water rights records developed for
this study. Results reveal a hydrological deficit. More specifically, May and
October showed the highest deficit, with 7.8 m3/s for permanent water
rights and 63.7 m3/s for sporadic water rights. In order to reduce this
deficit the method to allocate water right should include better
estimations of hydrological balances by incorporating updated and
validated water rights records and more hydrometeorological
instrumentationin mountain watersheds. Furthermore, we assert that the
government must play a bigger role in efficient water management,

considering the present scenario of more frequent droughts.

Keywords: Waterrights, water availability, hydrological balance.

Resumen

Se analiza la disponibilidad de agua para la constitucion de derechos de
aprovechamiento de la misma en la cuenca del rio Nuble, Chile, utilizando
una metodologia que evalla el recurso en régimen natural, determina la

demanda existente y genera un balance hidrico. Para el calculo de la
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oferta hidrica se utilizaron registros de precipitacion de la misién TRMM
(por sus siglas en inglés, Misidn de Medicion de Precipitaciones
Tropicales), a lo que se suman registros instrumentales de estaciones
fluviométricas y pluviométricas. Para la demanda se realizé un analisisde
la totalidad de los derechos concedidos en el area de estudio. Los
resultados revelan la existencia de déficit hidrico. Especificamente, existe
un sobreotorgamiento de derechos de agua entre los meses de octubre y
mayo, con déficits de hasta 7.8 m3/s para derechos de ejercido
permanente y 63.7 m3/s, sumando los derechos de ejercicio eventual.
Una mejora en el otorgamiento de derechos debiera contemplar
estimaciones mas confiables de balance hidrico, incorporando registros
actualizados y validados de derechos de agua, y mas estaciones
hidrometeoroldgicas en cuencas de gran altitud. Ademas, se propone que
es necesario que el Estado cuente con mayores atribuciones para una
gestion eficiente del agua, en un escenario hidroclimatico con sequias

cada vez mas recurrentes.

Palabras clave: derechos de agua, disponibilidad de agua, balance

hidrico.
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Introduction

Since 2010, an extensive region of central Chile (~30°S to 39°S) has
suffered one of its hottest and driest periods in the last 100 years (CR2,
2015), with a hydrological deficit that has strongly impacted agricultural
and energy activity, and water availability for human consumption
(Garreaud etal., 2017). Althoughiit is known that droughts have regularly
affected this region (Mufoz et al., 2016), there exists a high probability
that a significant part of these droughts are consequence of anthropogenic
climate change (Boisier, Rondanelli, Garreaud, & Mufoz, 2016). This
suggests that in the future, these events may become part of the normal
hydrological regime, exacerbating the deficit through evaporation from

lakes, reservoirs and crops.

What was presented in the previous paragraph directly relates with
the natural hydrological regime in which precipitation (both liquid and
solid) feeds rivers and aquifers and, therefore, determine water supply.
Another component of this problem is the water demand. In Chile, access
to superficial water is dictated by the Water Code of 1981. This legal
framework, in charge of regulating the use of water resources, has
operated as a source of private rights over the territory (Bolados,
Henriquez, Ceruti, & Sanchez, 2017), reinforcing productive use of the

resource, and is guided by the free market theory, assigning a subsidiary
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role to the government (Ugarte, 2003). The Water Code defines Water
Rights as the element that allows exploitation of Water: Water Rights are
given free of charge; are perpetual, can be separated from the land
ownership rights (Budds, 2012; Bolados et al., 2017), and can be traded
within a water market (Vergara, 2015; Costa, 2016). In this sense, the
concept of a consumptive Water Right is particularly relevant; according
to the 13th article of the Chile’s WaterCode (Ministerio de Justicia, 2018):
“are those who allow their holder complete consumption of the allocated

water”.

Today, a reform to this code is being discussed, where prioritization
of water use for human consumption, the protection of areas of
environmental importance, and the strengthening of administrative
attributions are emphasized. However, critical matters in the proposed
reform include effects over the current allocated Water Rights, the
duration of concessions, causes to withdraw Water Rights, and the

difficulty in the application of ecological flows (Gonzalez, 2017).

On the other hand, Vergara (2015) recognizes a notable weakness
in the current Chileansystem, in which there still exists a large proportion
of Water Rights that are recognized, yet not registered or regularized in
the public cadaster. The former indicates that the method of assignation
of the resource is inefficientdue to uncertainty in the data (Bolados et al.,
2017), which can generate errors in the granting of new Water Rights,

directly impacting water availability.

An improvement in the Water Right databases would translate into

a more precise availability analysis. This becomes indispensable in a
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reform context, since the goal is for the government to steward the
existence of sufficient streamflow in natural sources, ensuring scenic,

landscape, environmental and social functions.

This work aims to evaluate, based on information present in the
sources of public entities in Chile, the availability for the assignation of
new consumptive Water Rights in the Nuble River Basin, in South-Central
Chile. This analysis of the Water Rights indicates that some of them are
not in the register of their constitution expedients, and therefore their
existence is uncertain. This work develops a methodology that allows the
inclusion of these possible Water Rights. This research used two flow
scenarios of Water Rights: one in which only the Water Rights that
contained verified flow information, and another in which these Water
Rights were analyzedin conjunction with the WaterRights on which there
is not certainty of their constitution. These two scenarios allow the
evaluation of the sensibility of the Nuble River Basin to an extreme
situation where all the consumptive WaterRights are completely claimed,
considering that an increase in water use while facing incremental

shortages can generate conflicts (Valdés-Pineda et al., 2014).

Materials and methods
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Study area

The study area encompasses the Nuble River Basin, which contains 38.6%
of the total area of the region where it is located. Its main economic
activities are agriculture and silviculture (DGA, 2004b), and it is here
where the 12th most populated city in Chile is found (about 200,000
inhabitants), the city of Chillan (MINVU, 2002). It is located between
coordinates 36.29°S and 37.33°S and between 71°W and 72.46°W, in

the Nuble region, in south-central Chile (Figure 1).
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Figure 1. Study Area Nuble River Basin, sub-basins and control points.
The sub-basins are shown with grey tones and are labelled using the

name of the corresponding river.

The Nuble River, with a length of 155km, has a basin area of 5097
km2 (DGA, 2004b).

The eastern part of the study area is situated in the Andes
mountain, and the western part in the central valley, which is a strip in
the Chilean topography that, due to its extension and as a continuous
relatively flat area, facilitates the settlement of a great part of the

population (Universidad de Chile, n.d.).

This basin, influenced by a Mediterranean climate, presents at least
two consecutive months of summer with hydrological deficit, a period in
which there is higher demand for water resources. In 1991, the basin
presented a total of 1119 canals, which served for the irrigation of 562
km2, equivalent to 11% of its total surface area (DGA, 2004b).

The area of study was divided into seven control points where water
availability was determined: the mouths of the Cato, Chillan, Changaral,
and Nuble rivers (D, E, F y G in Figure 1), in addition to three additional
points of interest in the Nuble River (A, B y C in Figure 1). The points
situated at the outlets were selected because they are the most influential
affluents (DGA, 2004b); the points in the Nuble River were chosen
because they present Water Rights with conceded flows of great

magnitude in its contributing sub-basins.
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Water availability evaluation

For the evaluation, a balance between demand and supply of water must
be conducted, which results in the availability of flow for the constitution
of new Water Rights in the evaluated points (DGA, 2008). This was
evaluated for the Waterrights of permanent use and those of non-regular
use. On the one hand, the article 17th of the Chilean water code (DFL,
2018) statesthat permanent use rights “are those that allow the use of
water in a corresponding amount.” On the other hand, article 18th
mentions Water rights of non-regular use as those that “only allow the
use of water in periods in which the main flow presents a residual after

the permanent use rights are met”.

Water surplus
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To conduct the availability analysis it is necessary to estimate the
superficial resources in a natural regime (DGA, 2004a), meaning that it
must be considered the flow pass through the point assuming there is no

human extraction or intervention.

For this purpose, the method of basin transposition by area and
precipitation was applied, since this procedure is the one recommended
by the manual of norms and procedures for the administration of water
resources of the DGA (Direccién General de Aguas). Although not new,
this method is highly recommended and adequate for the goals of this
work. This is a widely used methodology to determine flows in non-
instrumented basins (Alvarez—SeviIIa, Brown-Manrique, & del Cid-
Colindres, 2017; Duitama, Moreno, & Zamudio, 2015), where other
methods, such as the flow-precipitation correlation or the water balance
are impossible to apply due to lack of data. In effect, this methodology
estimates the flow in a natural regimen that would pass through a point
evaluated using records of reference gauging stations. Reference stations
selected for the present study correspond to those that, due to their
closeness to points in evaluation, present similarities in regime and that
practically do not undergo water extractions in their contributing sub-
basins, allowing calculation of the theoretical flows that would pass
through the evaluated points. This method assumes that the evaluated
point has the same flow regime as the reference station, and that the
relation is established according to the size of the sub-basin that it
conforms and its average annual precipitation. The equation that

describes that calculation is the following:
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Ql‘anX p
AX P

qji = (1)

Where qij: standard monthly flow estimated for a month i and
probability for excedence j; Qij: median monthly flow of the reference
flow for a month i and a PE j; a: drained area of the evaluated catchment;
p: median annual precipitation of the evaluated catchment; A: drained
area of the reference catchment; P: median annual precipitation of the
reference catchment. To estimate the a parameter for each sub-basin of
the Nuble River, the limits of the Nuble River Basin and its sub-basins
were determined using the ArcHydro tools of the ArcGIS software (ESRI,
2011). The topographic database used for this procedure was the digital
elevation model SRTM, with a spatial resolution of 1 arc second. This
model was downloaded from the Earth Explorer web platform of the U.S.
Geological Survey (USGS, 2014). The downloaded product was processed
with the precipitation and flow calculations detailed in the following

sections.

The application of equation 1 yields the water surplus, the average
monthly flows in natural regimen at Q10PE, at Q85PE and at Q95PE, of
each evaluated point, i.e. 10%, 85%, and 95% probability of exceedance

respectively.
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Rainfall processing

Analysis of precipitation of each sub-basin needs instrumental records.
According to Table 1, compiled with records of the Center for Climate and
Resilience Science (CR2, 2017), the study area only contains 24 gauging
stations with a minimum of 80% of records during the interval 1991 to
2016 (see subsection about reference gauging stations) with a spatial

distribution that difficults the study at the sub-basin scale.

Table 1. Rain gauges.

ID Name Coordinates Years observed | Elevatio Rainfall
West South Begin End n (mm/ye
(masl) ar)
Nueva Aldea 72.4561° 36.6544° 1956 2016 32 963
Chillancito 72.4239° 36.7622° 1954 2016 56 1013
Chilldan Viejo 72.1267° 36.6319° 1977 2017 115 941
Ma. Dolores 72.4225° 37.4028° 1951 2017 120 1 009
San Agustin 72.3944° 36.4214° 1993 2016 138 866
Las Achiras 72.3661° 37.3806° 1964 2016 144 933
B. O'Higgins 72.04° 36.5872° 1950 2017 151 891
Millauquén 72.04° 36.3183° 1992 2016 152 861
Pemuco 72.1008° 36.9764° 1971 2016 200 1140

Tecnologia y ciencias del agua,ISSN 2007-2422, 11(5), 225-273. DOI:10.24850/j-tyca-2020-05-06




& 2020, Instituto Mexicano de Tecnologiadel Agua

N

"

&

o

Tecnologiay %=
Ciencias@Agua Open Access bajola licencia CCBY-NC-SA 4.0
(https://creativecommons.org/licenses/by-nc-sa/4.0/)

10 Cholguan 72.0669° 37.1528° 1956 2016 230 1247
11 San Manuel 71.6494° 36.3581° 1956 2017 270 1470
12 Coihueco 71.7989° 36.6408° 1900 2016 314 1392
13 Tucapel 71.9519° 37.2936° 1975 2016 342 1 469
14 Mayulermo 71.8944° 36.8189° 1992 2016 371 1462
15 Digua 71.5481° 36.2558° 1947 2017 390 1 280
16 San Fabian 71.5247° 36.5836° 1956 2016 465 1512
17 Trupan 71.8228° 37.2806° 1963 2016 474 1625
18 Las Cruces 71.765° 37.1114° 1993 2016 476 1782
19 Bullileo 71.4142° 36.285° 1930 2017 600 1 985
20 Caracol 71.395° 36.6511° 1900 2016 610 2 287
21 Caman 71.2989° 36.6731° 1992 2016 670 2131
22 Diguillin 71.6425° 36.8686° 1900 2016 670 2 042
23 Fdo. Atacalco 71.5814° 36.9175° 1930 2016 740 2131
24 Las Trancas 71.4792° 36.9108° 1961 2016 1242 1755

For this reason, a regionalization method of regionalization of the
precipitation based on instrumental and satellite records. The Tropical
Precipitation Measurement Mission (TRMM) provides a product of a spatial
resolution of 0.25° and with monthly periodicity (NASA, 2015). With these
monthly data in raster format, obtained from the NASA web interface,
Giovanni (Goddard Earth Sciences Data and Information Services Center
Interactive Online Visualization and Analysis Infrastructure), that provides

information from various satellites to every region of the world (NASA,
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2017), annual totals were calculated for the 1998-2017 period. These
precipitation values were compared with the records from the gauging
stations presented in Table 1 to determine the bias and compute bias-
corrected TRMM product using a linear regression correction method
(Canavos, 1998).

Finally, the average annual precipitation of each sub-basin was
determined through the precipitation average of each corresponding pixel
of the corrected TRMM product localized in each sub-basin of the Nuble

River. This precipitation was used in the basin transposition formula (1).

Reference gauging stations

Based on the DGA (2004b) study, two stations showing a regime close to
natural one were used forthe analysis, with a regimen close to the natural
one, and were obtained from the National Water Bank (DGA, 2017a): (a)
Sauces station, for mountain sub-basins, with a mixed regime (A, B, Cy
G in Figure 2), and (b) Cholguan station, to determine the availability in
the sub-basins with pluvial regime (D, E, F y G in Figure 2). These cases
were considered to be in natural regime because there are no flow

extractions upstream these stations.
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Figure 2. Stations, points and regimens in the study area.

In the main

panel the localization of the standard basins of the Cholguan and Sauces

creeks in relation to the Nuble River Basin can be seen. The side panels

identify the s

A special case

ub-basins associated with each control point.

occurs in G at the Nuble River mouth, since it has a

pluvial and mixed (pluvio-nival) regime (Table 2 and Figure 2). Due to

this, this point utilized both reference stations. The zone of mixed regimen

of point G was considered as the sub-basin of point C, which used station

Sauces as reference. The rest of the basin was considered a zone of pluvial

regime, using Cholguan station as reference.
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Table 2. Coordinates and regime of gauging stations and locations
evaluated in this study. Source: This study based on data from DGA
(2004) and DGA (2017a).

ID Location Coordinates Elevation Regime
S W (masl)
Sauces Confluence Sauces and Nuble 36.666° 71.274° 700 Mixed
Referenc .
Rivers
e station
Cholguan Rio Itata at Cholguan 37.157° | 72.068° 225 Pluvial
A Upper Nuble 36.664° | 71.322° 655 Mixed
B Mid Nuble 36.483° 71.737° 288 Mixed
Location C Mid Nuble 36.519° 71.902° 191 Mixed
evaluate D Cato River mouth 36.552° 72.086° 114 Pluvial
d E Chillan River mouth 36.601° 72.332° 53 Pluvial
F Changaral River mouth 36.601° 72.344° 49 Pluvial
G Nuble River mouth 36.643° 72.462° 27 Mixed/Pluvial

The time series of the monthly average flows of the last 25 years
were used, from the hydrologic year of 1991-92 until 2016-17. The first
year of the study period was selected because the El Nino phenomenon

was not extreme that year according to data from NOAA (2018).

Probabilities of exceedance (PE) for each month were obtained
using the FRECwin statistical analysis software, which determines PE for

five flow frequency distributions (Weibull, Normal, Log- Normal, Gumbel,
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Gamma) employing the chi square test, to determine the best fit foreach
case, obtaining the monthly Q10PE, Q85PE and Q95PE average flows
(DGA, 2004a).

Water demand

For the calculation of water demand, the water rights in the study area
were analyzed, since the available flow depends on the difference
between the existing flow in the river minus the rights that must be

respected, considering the environmental demand (DGA, 2008).

An analysis of the available water rights records in the public water
cadaster until 2017 was conducted (DGA, 2017b: DGA, 2008), in
conjunction with records from the internal database of the Water
Resource Information Center (CIRH). The records of the CIRH correspond
to requested, but not necessarily constituted or granted, water rights by
the DGA. In otherwords, the flow data of the water rights included in this
database is less trustworthy. In order to determine which of those water
rights were actually constituted, a thorough revision of the water rights

expedients in the CIRH database was conducted.

833 waterrights were found for the study area. 101 were eliminated

for not being constituted in liters per second, and another 88 because it
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was proven through the revision of their expedient, that their constitution
was denegated. As a result, 644 water rights records were utilized for the

analysis.

It was detected that records of some expedients from the CIRH
database do not exist. Due to this, two scenarios were generated with
different flow distributions. The objective of this is to evaluate how the

inaccuracy of a database can affect the water availability.

° Scenario 1: Included the water rights flows from the oficial CPA

database and those validated from the CIRH database.

° Scenario 2: Considered the water right flows of scenario 1, in

addition to those of the CIRH database that had a missing expedient.

Upon obtaining the totality of the flows of the area, the sub-basin
sum was computed, permitting the calculation of the water demand for

each scenario.

Water balance
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The water balance of the evaluated flows was conducted according to the
norm established by the DGA. The permanent available flow corresponds
to the PE flow of 85% minus the ecological flow, minus the already

constituted permanent water right according to the following equation:
Qpermanent = Q85PE - Qecological - Qcp (2)

The ecological flow is considered as 50% of the flow with 95%
exceedance probability, with the restrictions that Decreet N°71 (Ministerio

del Medio Ambiente, 2015) indicates, which are as follows:

° For the months in which the 50Q95PE is less than the determined
flow for 20% of the annual median flow (20Qma), the ecological flow will
be 50Q95PE

° For the months in which the 50Q95PE is more than the determined

flow for the 20Qma, the ecological flow will be the 20Qma.

For the available flows of eventual use, according to Equation (3),
the Q10Pe minus the Q85PE minus the flow of already constituted water
rights of eventual use, minus the possible deficit of permanent water

rights generated by the availability analysis were used (DGA, 2008):

Qeventuar = Q10PE — Q85PE — Q. — de (3)
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Results

Precipitation correction

The bias between TRMM and the instrumental observations reached
differences of up to 91.5%. Given that the spatial distribution for the
stationsis irregular, it was opted to utilize TRMM to produce precipitation
maps. However, the comparison between the TRMM precipitation and the
stationsdelivered a bias of 33.9%. To reduce this bias, a correction of the
amounts of each cell of the TRMM that cover this area of the study was

conducted.

A relation between the altitude of the station and the bias of
precipitations present with respect to the TRMM, since as observed in
Figure 3, the higher the altitude of the station, the more the bias. Due to
this, a correction using a linear regression model was conducted.
Including Las Trancas station in the model gave a low R2, so it was opted

to eliminate it from the calculation. The Las Trancas station is the highest
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in the study area, and it is situated in a narrow valley zone, where a large
part of winter precipitation corresponds to snow, whereas the other
stations are located under the snow line determined for basins of that
region (Stehr & Aguayo, 2017). Since TRMM only estimates liquid
precipitation, it is very likely that the lack of correlation can be explained
by this. In this way, a model that explains a variance of 84% was

obtained.
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Figure 3. Linear regression model.
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The following is the adjustment equation of Figure 3:

y = 1.454x — 108.18,R* = 0.8433 (4)

The bias of each pixel was obtained with the equation (4)
considering the corresponding elevations. These values were added to the
TRMM, reducing the average bias to 14.8%, less than half of the initial
bias. On the other hand, it is worth noting that, even if bias increased in
some lower altitude stations, at higher altitudes the decrease was
remarkable. The distribution in precipitation is shown in Figure 4. The

number corresponds to the station ID (Table 1).
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Figure 4. TRMM precipitation and bias in the weather stations.
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From the corrected model, a calculation of the average precipitation
for the sub-basins and the reference stations was obtained, shown in
Table 3 along with the corresponding area of each one. Point G
corresponds to the pluvial regime zone of the Nuble River, which added

to point C results in the complete area of the basin.

Table 3. Sub-basin area and precipitation.

Reference station Location evaluated

Sauces | Cholguan A B C D E F G*
Area (km2) 607 839 1 257 1879 1929 1015 779 705 2 958
Precipitation 3534 2176 3 667 3 357 3 303 1 838 1739 1 002 1 487
(mnVyear)

Water surplus

Using the basin transposition method, the flows of natural regime present
in Table 4 were obtained. The points located over the Nuble River are
those that present a larger flow, highlighting the river mouth with values
over 150 m3/s at 85PE.
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Table 4. Points evaluated with Q10PE, Q85PE and Q95PE by month. The
distributions of probability that were best adjusted to each place and
month, are represented with tones of gray, with their key included at

the foot of the table.

ID P Flow (m3/s)
May | Jun | Jul Sep | Oct | Nov | Dec Mar
Sauces 74 75 71 11
Cholguan
A
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15 | 14 14

611 | 533 | 520 307 | 207 | 122 97 82

152 | 165 | 153 130 79 53 46 41

95 | 83 82 88 46 44 39 34

pistribution [ FNGSMMENN] Logrormal | Normel | Gumbe

Additionally, from the Qma of the stations, and using equation 1
(basin transposition), the Qma of the evaluated points were calculated
(Table 5). A large difference between the Nuble and the other rivers is
observed; for example, the mouth of the Changaral River is only

approximately 8% the flow of the Nuble River.

Table 5. Average annual flow (Qma) for the evaluated locations.

Reference station Location evaluated

Sauces | Cholguan | A B C D E F| G

Average annual flow (m3/s) 31.8 41.3 68.3 [ 93.4 (94.4 | 42.3 | 30.7 | 16 | 194
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Water demand

The distribution of flows between permanent and eventual water rights
was different. On the one hand, permanent rights have a more
homogeneous distribution during every month of the year. On the other
hand, eventual rights did show larger variability, reaching differences of

up to 134 m3/s (Table 6) between the winter and summer months, with

the flow being much higher in winter.

Table 6. Allocated flow per sub-basin in the evaluated locations.

Water | Loca Flow (m3/s)
rights | tion Apr May Jun Jul Ago Sep Oct Nov Dec Jan Feb Mar
A 0 0 0 0 0 0 0 0 0 0 0 0
B 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5
g E Cc 12.9 12.9 12.9 12.9 12.9 12.9 12.9 12.9 12.9 12.9 12.9 12.9
E E D 6.2 6.9 7 7 7 6.9 6.3 6.2 6.2 6.2 6.2 6.2
E f‘(h’: E 4.4 7.4 7.5 7.5 7.5 7.5 4.5 4.5 4.4 4.2 4.4 4.4
F 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
G 25.7 29.4 29.5 29.5 29.5 29.5 25.9 25.8 25.8 25.6 25.7 25.7
g 2| A 0 0 0 0 0 0 0 0 0 0 0 0
a £
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B 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3 6.3
C 14.5 14.5 14.5 14.5 14.5 14.5 14.5 14.5 14.5 14.5 14.5 14.5
D 7.1 7.7 7.8 7.8 7.8 7.8 7.2 7.1 7.1 7.1 7.1 7.1
E 5.4 8.4 8.4 8.4 8.4 8.4 5.4 5.4 5.4 5.2 5.4 5.4
F 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1
G 30.9 34.6 34.7 34.7 34.7 34.7 31.1 31 30.9 30.7 30.9 30.9
A 19 69.9 111.8 71.1 54.4 56.7 83.1 149.6 86.6 19 19 19
” B 63.3 114.2 156 115.4 98.6 1009 | 127.3 | 193.9 | 130.8 63.3 63.3 63.3
o
= g C 63.3 114.2 156 1154 98.6 100.9 | 127.3 | 193.9 | 130.8 63.3 63.3 63.3
2 =
g k) D 0 0.1 0 0 0 0 0 0.1 0.1 0 0 0
> | .
w g E 1.3 6.5 15.9 19.3 14.7 12.9 6.3 4 2 0.7 0.7 0.7
Q
2 F 0 2.2 2.2 2.2 2.2 2.2 0 0 0 0 0 0
G 64.6 123.1 | 174.2 137 115.6 | 116.1 133.6 198 132.9 63.9 63.9 63.9

Scenario 2 shows that the uncertainty of a database can generate

differences in granted flows by up to 5.2 m3/s. This is the case for Point

G, which has verified permanent flows that oscillate between 25 and 30

m3/s (scenario 1), while non-validated waterrights are considered, flows

are up to 34.7 m3/s.

Water balance
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The conducted balance gave similar results in both scenarios, with a

deficit existing between the months of October and May, meaning that in

a dry year there is not enough flow to satisfy all waterrights.

Table 7 presents the availability in the evaluated points. The over-

allocated flows, in which the demand is higher than the water surplus, are

presented as negative. In addition to this, the symbol (*) represents flows

that went from being available in scenario 1 to being over-allocated in

scenario 2.

Table 7. Flow availability on each evaluated location.

Avai- Lo Flow (m3/s)

lability | cat | Apr | May [ Jun | Jul | Ago | Sep | Oct | Nov | Dec | Jan | Feb | Mar
ion

A 5.6 9.8 | 30.7 | 42.6 | 33.9 55.3 58.3 43.7 23.8 9.1 6.2 5.2
B 2.1 7.9 36.4 | 52.9 | 40.9 70.1 74.3 54.2 27.1 6.9 3 1.5
'; C -5.1 0.7* | 29.5 | 46.1 34 63.6 67.7 47.5 20.1 -0.3 -4.3 -5.7
§ E D 0.3* -0.3 | 23.3 | 24.6 | 22.5 21.6 10.7 6.8 3.8 1.8 1.6 0.8*
% (‘:" E 0.3* -2.6 | 14.5 | 15.4 14 13.3 7.9 5 2.8 1.6 1.3 0.6%*
é.E', F 1.3 1.3 10.3 | 10.8 10 9.6 5.3 3.8 2.6 1.9 1.8 1.5
G -2.6 -0.3 | 84.1 | 97.1 84.6 114.2 94.8 65.2 30.6 5.9 1.3* -2.2
E A 5.6 9.7 30.6 | 42.6 33.9 55.3 58.3 43.6 23.8 9.1 6.2 5.1
&3 B 1.4 7.1 35.7 | 52.1 40.1 69.4 73.5 53.5 26.3 6.2 2.2 0.8
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C -6.7 -1* | 27.9 | 44.5 | 32.4 61.9 66.1 45.9 18.4 -1.9 -5.9 -7.4
D -0.6*% | -1.1 | 22.4 | 23.7 | 21.7 20.8 9.8 5.9 2.9 1 0.8 -0.1%
E -0.7% | -3.6 | 13.5 | 14.5 13 12.3 6.9 4 1.8 0.6 0.3 -0.3%
F 0.4 0.4 9.3 9.8 9 8.7 4.3 2.8 1.7 0.9 0.8 0.5
G -7.8 -5.5 (789|919 | 79.4 109.1 89.6 60 25.5 0.8 -3.9% -7.4
A 6.8 49.4 | 53.1 27 68.5 33.7 5.9 -54.6 | -16.2 16 0 -4.2
B -27.8 | 49.2 | 69.7 19 69.6 22.8 -5.5 -63.7 | -34.5 | -15.3 | -37.2 | -42.9
- C -32.6 | 50.8 | 71.9 | 20.3 | 71.3 24 -4.3 -62.4 | -33.5 | -15.1 | -41.2 | -48.4
g D 15.5 86.5| 97.8 | 98.5 | 83.7 59 43.6 19.3 12.6 8.5 10.1 9
% E 9.9 53.9 | 55.2 | 52.2 | 46.1 30 25.4 10.1 7.2 5.5 6.7 5.9
’ F 5.9 30.7 | 34.9 | 35.1 | 29.5 20.2 16.5 7.3 4.8 3.2 3.8 3.4
G 5.1% 246. | 284. | 230. | 251.7 | 148.2 92.3 -20.9 -5.6 4.6 -13.8 | -24.3
g 4 5 9
:>: A 6.8 49.4 | 53.1 27 68.5 33.7 5.9 -54.6 | -16.2 16 0 -4.2
B -27.8 | 49.2 | 69.7 19 69.6 22.8 -5.5 -63.7 | -34.5 | -15.3 | -37.2 | -42.9
~ Cc -34.2 | 49.9 | 71.9 | 20.3 | 71.3 24 -4.3 -62.4 | -33.5 | -16.8 | -42.8 | -50.1
-% D 14.9 85.6 | 97.8 | 98.5 | 83.7 59 43.6 19.3 12.6 8.5 10.1 8.9
§ E 9.3 53 55.2 | 52.2 | 46.1 30 25.4 10.1 7.2 5.5 6.7 5.6
’ F 5.9 30.7 | 34.9 | 35.1 | 29.5 20.2 16.5 7.3 4.8 3.2 3.8 3.4
G -0.1* | 241. | 284. | 230. | 251.7 | 148.2 92.3 -20.9 -5.6 4.6 -17.7 | -29.4
2 5 9

Although there is not a large difference between scenario 1 and 2,

in 2 some new locations show over-allocation, mainly in permanent rights.
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The most drastic change is in Point G, in the month of February, where in
scenario 1 there is an availability of 1.3 m3/s and in scenario 2 a deficit
of 3.9 m3/s is produced. This situationis also generated in the Cato an
Chillan rivers (points D and E) during the months of March and April,
where in scenario 1 there is a higher availability with more than 0.3 m3/s
and in scenario 2, the resource looks to be depleted with a deficit of up to
0.7 m3/s

The main deficits for the case of permanent rights, only considering
scenario 2, are observed in points C and G, between the months of
January and May (see Table 7 and Figure 5), with maximums that surpass

7 m3/s.
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Figure 5. Permanent flow availability for scenario 2.

By considering the global availability of the Nuble River Basin, Point
G can be identified as the most critical, since it generates the potential
depletion of its contributing area. This is indicated by the hatched area in
Figure 6, in which it can be observed that from February until May, the
basin is over-allocated, meaning that in this basin no more rights can be
granted, unlike the points located downstream (D, E, F and G) in which

there exist availability.
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Figure 6. Eventual flow availability for scenario 2.
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Figure 6 presents a similar situation, but it encompasses more

months, where the Nuble River Basin is seen low from November to April,

not considering the Month of January, and the area of Point C shows the

same situation in the months of January and October.

The main deficits forthe case of eventual rights in scenario 2 occur

in Points B and C, between the months of October and April, with
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maximums over 60 m3/s, and in the month of November (see Table 7 and
Figure 6). On the other hand, points D, E and F show availability of the
water resource throughout the entire year, but even then, in certain
months, no Water Rights can be allocated due to the water defict

downstream.

Thus, the results indicate that an over-allocation of the resource
exists in the summer months in scenario 1, that included every possible
type of water right, and in scenario 2, when only the validated (DGA and

CIRH) rights are considered.

Discussion

The evaluation of water availability for the constitution of water rights in
the Nuble River Basin, shows an over-allocation of the resource, in which
there is no availability for permanent rights from February to March, and
for eventual rights exercise in November, December, February, March and
April. The location that triggers the over-allocation corresponds to the
Nuble River mouth, which leaves the entire basin exhausted. Additionally,

a deficit is observed upstream in the basin in October and January.
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These findings show the inefficiencies of a system of concession of
rights that has produced an exacerbation of water stress and irreversible
destruction in the basins of many different regions where the resource is

scarce (Larrain, 2006).

The DGA has been unable to comply with its function, inspecting
and registering the water rights (Bolados et al., 2017), causing
shortcomings in the allocation, aggravated by a context of change
towards a new hydrologic scenario in which the existence of episodes of
drought is becoming more frequent in the central zone of Chile (Munoz et
al., 2016).

The problems associated with the difficulties in the control of the
over-allocation and the possibility of an increase in the water demand can
impact water availability in the future in a stronger way, considering the
hydroclimatic tendencies documented in the last decades, and the
proyections. Evidence of a hew hydroclimatic scenario is documented in
the general regression of glaciers and an increase in the altitude of the
equilibrium line (Carrasco, Osorio, & Casassa, 2008), a decrease of
precipitation (Urrutia-Jalabert, Gonzales, Gonzales-Reyes, Lara, &
Garreaud, 2018), flows below average (Fernandez et al., 2018; Barria,
Peel, Walsh, & Mufioz, 2017), and a mega-drought that beganin the year
2010 (CR2, 2015). In fact, this has been the longest continuous drought
since during the instrumental record, and the one that has reached further
south, with an annual rain deficit from 25% to 45% (Garreaud et al.,
2017). However, it is important to highlight that this meteorological

drought does not necessarily transform into a hydrologic one, since this
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depends on specificfactors of each basin, especially vegetation cover, soil
type and morphometry (Fernandez et al., 2018). The climatic projections
based on models indicate a reduction in median annual precipitation, and
anincreasein surface airtemperature towards the end of the 21st century
for the South-Central region of Chile (Garreaud et al., 2017; Stehr,
Debels, Arumi, Alcayaga, & Romero, 2010). In studies conducted in the
Bio-Bio River Basin, Barria et al. (2017) foresee reductions in runoff in
zones with Mediterranean climate, and in particular, in basins of great
elevation in Chile. On the other hand, Stehr et al. (2010) indicate that a
reduction in the magnitude of the annual and monthly median flows will
be produced, this variation being greaterin spring and summer. Thus, it
is expected that this type of scenario will continue in the future (Quintana
& Aceituno, 2012), presenting a higher recurrence of droughts (Bosier,
Rondanelli, Garreaud, & Munoz, 2016). This scenario could intensify
problems of access to the resource, since the main source of water supply
in south-central Chile corresponds to superficial water courses, of which
their recharge depends on precipitation (Aguayo, Stehr, & Link, 2016).
An adequate consideration of the potential impacts of climate change on
water resources should constitute a previous prerequisite to partake in
any long-term project that is related to the use, so that more appropriate
management strategies can be adopted, avoiding adverse environmental
effects and conflicts between different users (Stehr et al., 2010). In this
way, a reform to the Chilean Water Code should put in place a way of
assigning rights and their expirations, establishing an integrated

management of the hydrologic basins and their institutionality. The idea
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is for the government to possess stronger legal tools to prevent water

over-exploitation.

The result of this study agrees with various governmental papers
and reports that suggest a generalized supply problem of the resource
from the North to the South-Central part of Chile. The results place the
Nuble River Basin at the level of what has been observed in basins with
Mediterranean climate in central Chile, with precipitations concentratedin
the southern winter, and with an annual median that oscillates between
100 and 500 mm in the central valley (Viale & Garreaud, 2015). The case
of the Ligua and Petorca River Basins being some of the most emblematic
(Budds, 2012). These basins have been described as critical due to their
vulnerability to hydrologic variability, especially droughts. According to
the study of availability conducted by the DGA (2006), the basins had
permanently exhausted resources, and the eventual ones only available
from April to November. On the other hand, Bolados et al. (2017)
mentions that this situation was already in place since the 90s over
superficial waters, and since 2000 over groundwaters, generating
socioeconomic consequences and environmental wear. At the beginning
of the 2000s, the Aconcagua (~32°S a 33°S) (DGA, 2004c) and Maipo,
(~33°S a 34°S) (DGA, 2003) river basins also did not count with available
resources throughout the whole year to constitute new water rights in
certain sections. This was corroborated in practice with the fact that, in
dry years, the rivers had to go into users’ shift, preventing the

associations’ of canals users from utilizing their total allocated rights.
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Further south than the previous examples, where precipitations
tend to be greater, availability is also greater. For example, this is the
case of the Maule River (~35°S a 36°S), which is over-allocated in certain
sections, mainly between the months of November and April, in both
permanent and eventual rights (DGA, 2005). Similar situations are even
observed south of the study area (~38°S), where the climate changes to
mild with Mediterranean influence. Annual median precipitation here
increases to 1000-1500mm, with a greater frequency in episodes of
precipitation during the relative summer of regions located further north
(Viale & Garreaud, 2015). In this zone, studies of the Laja (~37°S) (DGA,
2000); Imperial (~37°S a 39°S) (DGA, 2001), and Quepe (~38°S) (DGA,
2004a) rivers can be mentioned, which in certain sections and mainly in
summer, show over-allocation of permanent rights. In the case of

eventual rights, observed availability is larger.

In any case, it is necessary to take into account the fact that these
studies are fairly old, suggesting that updated studies would probably
reveal greater over-allocation. In general, the results of the present study
agree with the described examples, showing similar characteristics to
basins located between the limits of zones with Mediterranean and mild
climate. The winter availability is explained by the decrease in

precipitation relative to a constant demand.

Conclusions
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The evaluation of the water availability is an important tool to learn the
state of a basin that in the near future could develop conflicts due to the
constant decrease of flows, which would allow prevention through the
generation of public policies focused on a more efficient management of

the water resource.

Using a methodology that mixed instrumental and satellite data, it
was possible to identify over-allocation of water rights in various sectors
of the Nuble River Basin. It was detected that the allocated flow is higher
than available discharge forconsumptive rights during the summer, which
would condition the ability to grant new rights in the basin. In general,
central Chile is being affected by these situation. Their origins come from
both climatic causes to insufficient management, in addition to a legal
framework that, guided by the free market theory, has not been able to
generate tools for the preservation of the resource, and to guarantee its
access to the population. The lack of trustworthy databases, in both water
rights and instrumental records, prevents the development of more
accurate studies. This database problem hinders, for now, the ability to
quantitatively discriminate between the sensitivity of the flows to over-

allocation versus regional climate change that affect hydrological regimes.

In over-allocated basins, a reform should propose measures that
allow the redistribution of the existing rights in a more equitable way,

taking rights that are not used in productive ways, generating measures
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that allow the preservation of scenic quality, and generating tools to solve
user conflicts. In the same way, the results of this work suggest problems
in the administrative procedure to grant rights. In effect, it is clear that
an updated database of all the conceded rights is necessary to clarify
existing demands, and flow estimations in natural state must be
improved, increasing the number of gauging stations to obtain more

accurate records.

This way, in the current water context, this problem should be
addressed in a better way by the government and, as a result, a change
in the water code could bring solutions, which should encompass aspects

like the nature of the water rights and climate change.

Finally, climate change, a factor that contributes to the decrease in
water surplus, should be treated with more attention. It is necessary to
adapt to the new existing conditions, for example, through a more
efficient use of water, considering it as a scarce good, implementing

technologies that allow the reduction of its consumption.
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