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in Chile
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Abstract Characterizing the temporal evolution of water storages and fluxes over
large domains can not only help to improve understanding on the interplay between
physical controls, climate and hydrological behavior, but also to inform water man-
agement decisions. In this chapter, a historical context, the methodology and
catchment-scale results for ongoing efforts to characterize the natural water balance
in Chile are provided. To this end, the Variable Infiltration Capacity (VIC) hydro-
logical model is run using gridded meteorological forcings estimated from in-situ
observations and reanalysis data. Details on the criteria for selecting near-natural
catchments, the collection and generation of datasets, and hydrological model
descriptions are provided. The main insights on the annual and seasonal water bal-
ances across the study domain and perspectives for future work are discussed.
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9.1 Introduction

The natural availability of water resources at the catchment scale depends on com-
plex interactions of water and energy fluxes and storages at a range of spatiotempo-
ral scales. Given the growing water demands from different sectors — associated to
increased global population — and changing climatic conditions due to natural vari-
ability and anthropogenic forcings (e.g., Milly et al. 2005, 2008; Huntington 2006;
IPCC 2013), there is an imperative need for accurate water balance estimations to
inform management decisions.

A key challenge for such estimates is the scarcity of ground measurements (includ-
ing hydro-meteorological variables, physical properties and water-use) to represent
natural systems. This is a critical issue in Chile, where topography is complex, and both
economy and population are highly-centralized (40% of the latter is spanned over 2% of
the country’s area). Given the lack of an adequate observational network, modeling
techniques are required to estimate water balance components across the complete
domain (Miiller Schmied et al. 2016), a task challenged by many sources of uncertainty.

9.1.1 Modeling the Water Balance at the Catchment Scale

The urgency to quantify natural water resources has motivated water balance studies
worldwide, spanning from the regional to the global scale. While some efforts have
focused on the partitioning of annual precipitation into runoff and evapotranspira-
tion (e.g., Sankarasubramanian and Vogel 2002; Carmona et al. 2014; Mizukami
et al. 2016), others have aimed to provide seasonal characterizations (e.g.,
Vandewiele and Elias 1995; Martinez and Gupta 2010; Berghuijs et al. 2014), or
even daily (e.g., Parajka et al. 2007; Tian et al. 2017) water balance estimates. A
common path forward is the use of large samples of catchments to learn from diver-
sity (e.g., Sivapalan 2018), practice referred to as large-sample hydrology
(Andréassian et al. 2006; Gupta et al. 2014). In particular, large-sample hydrology
can help to understand the interplay between physical similarity (e.g., topographic
descriptors, land cover characteristics), climatic similarity, and hydrologic similar-
ity, with the aim to develop techniques to address the problem of prediction in
ungagged basins (PUB; see review by Hrachowitz et al. 2013).

Although many authors have stressed the need to understand, quantify and
reduce hydrologic uncertainty in a changing world (Addor et al. 2014; Mendoza
et al. 2016; Clark et al. 2016), improving process understanding under current cli-
matic conditions is a critical first step (e.g., Bloschl and Montanari 2010). Over the
past decades, many water balance studies have benefited from advances in process-
based hydrological models (e.g., Wigmosta et al. 1994; Chen et al. 1996; Liang
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et al. 1996; Pomeroy et al. 2007; Oleson et al. 2010; Niu et al. 2011; Clark et al.
2015). Likewise, the need for more realistic hydrological simulations has pushed
towards more emphasis on process-based model evaluation (e.g., Gupta et al. 2008,
2009; Martinez and Gupta 2010; Tian et al. 2012; Coron et al. 2014), which is
enriched as new observational technologies arise (e.g., Kinar and Pomeroy 2015;
McCabe et al. 2017). Further, the community has seen major advances in parameter
estimation methods through novel algorithms (e.g., Kavetski et al. 2006; Gharari
et al. 2013) and improved objective criteria formulations (e.g., Shafii and Tolson
2015; Beck et al. 2016; Fowler et al. 2018).

9.1.2 Previous Water Balance Characterizations in Chile

The first attempt to estimate annual water balances in South America was led by
UNESCO (1982), which proposed a general equation to relate changes in storage
(AS), precipitation (P), incoming surface runoff (Q;;), incoming groundwater fluxes
(Q,:), evaporation from water bodies (E), actual evapotranspiration (ET), outgoing
surface runoff (Q,,), and outgoing groundwater fluxes (Q,,) at annual time steps:

AS=P+Q0,+0Q,-E-ET-Q,-0,+n (CAY

In Eq. (9.1), all terms are expressed in [L® T~'], and 7 represents the estimation error.
UNESCO (1982) also recommended to simplify Eq. (9.1) for large areas and very
long time periods:

P-Q=(ET)+n 9.2)

where (-) represents a spatial average, the horizontal bar represents average over
time, Q represents the net runoff leaving the basin, and ET stands for all evapotrans-
piration losses. The proposed approach motivated subsequent applications of Eq.
(9.1) over large basins in Central and Southern Chile, neglecting interannual varia-
tions in water storage and groundwater runoff (Chilean Water Directorate — DGA
1983a, b, 1984a, 1985). In these studies, unknown fluxes were computed by succes-
sive iterations to minimize the error term 7, and the results were processed to pro-
vide various types of products (e.g., mean annual isohyet and isotherm maps, mean
annual ET and annual runoff maps). DGA (1984b) incorporated — for the first time —
endorheic basins in water balance estimations across Northern Chile.

These and other studies helped to set a general framework for the current official
water balance database, valid for a 30-year period (1951-1980) in continental Chile
(DGA 1987). The results presented therein were obtained through Eq. (9.2), setting
Q = 0 for endorheic basins, estimating ET with Turc’s formula, allowing inter-
annual variations in storage (AS#0) for arid domains, and a maximum closure error
Mmax = 0.10. The official water balance database has been intensively used as a refer-
ence to assess water availability in a myriad of technical applications, including
water allocations (See Chaps. 8 and 18).
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9.1.3 Aims and Scope of this Chapter

In order to improve and update the official national water balance, DGA (2017)
revisited the problem, proposing the use of new datasets and physically-motivated
models to improve process understanding. This chapter summarizes the main results
from the first three stages of this initiative, whose main goals are: (i) to propose a
methodology for updating the national water balance (DGA 2017), (ii) to apply the
proposed approach in catchments located in Northern and Central Chile (DGA
2018), and (iii) to apply the proposed approach in catchments located in southern
and Austral regions (DGA 2019). The water balance results presented here build
upon two key elements:

e A gridded meteorological dataset based on in-situ observations and reanaly-
sis data.

e The calibration and validation of the Variable Infiltration Capacity (VIC) macro-
scale hydrological model (Wood et al. 1992; Liang et al. 1994) in naturalized
catchments across continental Chile.

The following sections describe the proposed modeling framework, the criteria
for selecting near-natural catchments, the collection and generation of datasets, and
hydrological model descriptions. Then, the results, discussion and perspectives for
future work are presented.

9.2 Approach

9.2.1 Study Domain and Basin Selection

A set of near-natural catchments from the CAMELS-CL dataset (Alvarez-Garreton
et al. 2018) was used. In CAMELS-CL, the location of DGA streamflow gauges is
used to delineate catchment polygons, generate basin-scale time series of hydro-
meteorological variables, and produce a suite of catchment attributes (topographic,
geologic, land cover, climatic, hydrologic and human intervention indices). The
main difference between the catchment polygons used here and the BNA catchment
boundaries — described in Chap. 8 — (DGA-CIREN 2014) is that the latter do not
necessarily match the location of streamflow gauges, and thus cannot be directly
used for calibration and validation in hydrologic modelling.

The criterion for selecting near-natural catchments was based on the allocation
of water rights. Hence, a maximum threshold value of 5% was adopted for the ratio
of annual water volume allocated as permanent consumptive rights to mean annual
streamflow (Table 3 in Alvarez-Garreton et al. 2018). In addition, catchments con-
taining large dams were filtered out. From this process, 100 near-natural basins
between 18 °S and 55 °S were selected, most of which are located in central and
southern Chile. Notwithstanding this, the selected basins feature a wide range of
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attributes, including areas spanning 17-27,000 km? mean elevations ranging
120-4700 m a.m.s.l., mean slopes varying from 50 to 300 m km~!, and markedly
different land cover types (e.g., from completely covered by native forests to com-
pletely covered by impervious land). These basin characteristics contain valuable
information that can be used for land surface characterization and process
representations.

9.2.2 Forcing and Streamflow Data

Characterizing the hydroclimatology of continental Chile is difficult due to many
factors, including the diversity and complexity of landscapes across the territory, the
major influence of the Andes on spatial precipitation patterns, and the lack of high-
altitude ground observations (e.g., Mendoza et al. 2012; Cornwell et al. 2016).
Since coherent and homogeneous forcing variables are required for water balance
estimates, DGA (2017) introduced the new meteorological dataset CR2ZMET as part
of the national water balance updating project. CR2ZMET has a 0.05° x 0.05° hori-
zontal resolution and a 3-hour temporal resolution over continental Chile, providing
time series of precipitation and daily maximum, mean and minimum temperature
for the period 1979-2016. The precipitation product builds upon a statistical down-
scaling technique that uses topographic descriptors and large-scale variables — such
as water vapor fluxes and moisture fluxes — from ERA-Interim (Dee et al. 2011) and
ERAS (Copernicus Climate Change Service (C3S) 2017) as predictors, and daily
precipitation records (from stations) as the predictand. A similar approach is used to
generate daily maximum and minimum temperature time series, including addi-
tional predictors from MODIS land-surface products that provide a better character-
ization of spatial heterogeneities (e.g., different land cover types). Finally, 3-hourly
precipitation and temperature datasets are post-processed from daily-products by
adjusting the sub-daily distribution provided by ERA-Interim.

Additional meteorological variables, such as relative humidity and wind speed,
were obtained at the CR2ZMET spatial resolution by interpolating a blend between
the ERA-Interim (Dee et al. 2011) and ERAS (C3S 2017) reanalysis datasets. It
should be noted that such blend of products was created since ERAS was not avail-
able for the entire study period (1985-2015) at the moment of data acquisition
(early 2018, where only 2010-2016 data were available). However, the updated
reanalysis information — despite the short temporal coverage — was included due to
several improvements on its development.

Streamflow data were acquired from flow gauges maintained by the DGA —
available from the CR2 Climate Explorer (http://explorador.cr2.cl/) — which span
varying degrees of data quality and record length. A continuous 4-year record period
within 1990-2010 was required from each station to be considered for hydrologic
model calibration. If this condition was not met firsthand, we looked into the sub-
periods 1985-1990 and 2010-2015. Once the minimum record length requirement
was met, all the information available was used in the calibration process. Figure 9.1
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Fig. 9.1 Location of streamflow stations and data availability for selected ‘near-natural’ basins

shows the location of the stations that met such requirement and the number of
water years with available data. It is noteworthy that most of the stations are located
between 30°S and 45°S, where most of the population lives and economic activities
take place. A few streamflow gauges are located northern than 30°S due to the small
number of prevailing water courses in a domain with dry climatic conditions (as
shown in Chap. 2).
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Table 9.1 List of VIC parameters calibrated

N° Parameter Description

1 infilt Variable infiltration curve parameter (binfilt)

2 D, Fraction of Ds,,,. where non-linear baseflow begins

3 D5, Maximum velocity (mm day~') of baseflow

4 W, Fraction of maximum soil moisture where
non-linear baseflow occurs

5 C Exponent used in baseflow curve

6 depth, Thickness (m) of each soil moisture layer

7 depth,

8 depths

9 Ko Saturated hydrologic conductivity (mm day~"')

10 New ., Fresh snow albedo

11 Alb,.. Snow albedo curve parameter

12 Alb,,, Snow albedo curve parameter

13 T in Minimum temperature (°C) for rainfall occurrence

14 Fnow Snow surface roughness (m)

9.2.3 Hydrological Modeling

The Variable Infiltration Capacity model (VIC, Liang et al. 1994), a physically-
motivated, distributed hydrological model that resolves mass and energy balances,
was configured for this study. In VIC, each grid cell can have up to three soil layers
and multiple land cover types. Two soil layers represent the interaction between
moisture and vegetation, and the bottom soil layer is used to simulate baseflow pro-
cesses. Snowpack dynamics are simulated by a two-layer mass and energy balance
model (Cherkauer and Lettenmaier 2003; Andreadis et al. 2009), where the surface
layer solves the energy balance between the snowpack and the atmosphere, and the
lower layer stores the excess snow mass from the thin upper surface layer.

The updated water balance considers the standard three-layer soil implementa-
tion, with up to nine different land cover classes, a 0.05° x 0.05° horizontal resolu-
tion, and 3-hour simulation time steps. The calibration process involves 14
parameters (Table 9.1) using the Shuffled Complex Evolution (SCE-UA; Duan et al.
1993) algorithm, and a 3-year warm-up period before computing performance met-
rics. The Kling-Gupta efficiency (KGE) criterion (Gupta et al. 2009) evaluated over
daily streamflow time series was used as objective function:

KGE =1—|(r=1) +(B=1)’ +(y -1)’ 9.3)

Where r is the linear correlation coefficient between simulated and observed flows,
/3 is the ratio of the mean of simulated flows, y,, to the mean of observed flow, u,,
and y is the ratio of the standard deviation of simulated flows, o, to the standard
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deviation of observed flows, o,. Streamflow simulations were also assessed
through the Nash-Sutcliffe efficiency (NSE; Nash and Sutcliffe 1970). Finally,
modeled fractional snow-covered area (fSCA) and snow water equivalent (SWE)
were contrasted against MODIS fSCA and SWE from the Cortés and Margulis
(2017) dataset to identify biases in mountainous precipitation, threshold snow and
rain temperature, and snow surface roughness (7,,, and r,, in Table 9.1,
respectively).

9.3 Water Balance Results

9.3.1 Assessment of CR2ZMET Products

Figure 9.2 depicts observed and modeled (i.e., CR2ZMET) climatological mean annual
values for precipitation and maximum temperature for the period 1979-2016. Both
estimations and observations follow similar spatial distributions. The zoom-in panels
for each variable illustrate the level of detail achieved in CR2ZMET products due to the
use of 5-km topographic information. Further, the orographic effect of the Andes
Cordillera plays a fundamental role in Northern and Central Chile (Fig. 9.3), with the
smallest precipitation amounts near the coast. The opposite spatial pattern is observed
in the Southern region (bottom panel in Fig. 9.3), where larger precipitation amounts
are observed near the coastline due to prevailing westerly winds (Garreaud 2009).

A leave-one-out cross-validation procedure was conducted to assess the quality
of CR2MET products. Figure 9.4 compares the seasonal behavior of observed and

Local _Q_ CRIMET [r—— Local CRIMET i
Observationsh prvidz B Obsarvations”® macvita Rk & -
= wcip m (mm) p— _ \ Tmax (*C}
6000 25
25 s 257 57y
0y ws) 08 0y
1574 3575 35°8 e
oy ag s a0
a5%s a5%5) ¢ 4534 45 -
05 o so°s soy
'go‘_q ’-.-.#
555 0 a5 : ss7s) . 55
TeW W TOW ETW oW TEW TOW 6TV oW TW TOW  6TW TeW TEW TOW ETW

Fig. 9.2 Climatological mean values (1979-2016) for (left) annual precipitation and (right)
annual maximum daily temperature. Maps with points show observed values in measuring sta-
tions, whereas maps with continuous coloring show the CR2MET estimated values for the
same period
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Fig. 9.3 Mean annual precipitation versus distance from the coastline for grid cells located at
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inside the box, the interquartile range (difference between the 25th and 75th percentiles) as the
length of the box, and outliers as blue dots. The red line represents terrain elevation (second-
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Fig. 9.4 Comparison between observations (Obs) and cross-validated estimations (CV) for mean
monthly precipitation (P) and maximum temperature (Tmax) at three sites: (left) Visviri, (center)
Quinta Normal, and (c) Teniente Vidal
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Fig. 9.5 Cross-validation performance metrics for daily precipitation estimates (1979-2015).
(Left) Percent bias (E,;), and (right) coefficient of determination (R?)

estimated monthly precipitation and maximum temperature at three stations located
in the Altiplano (DGA-Visviri), Central Chile (DMC-Quinta Normal) and the
Patagonian area (DMC-Teniente Vidal). These stations are good examples of the
diverse climatic conditions within the study area, including summer Altiplano mon-
soons (Visviri), Mediterranean climate (Quinta Normal), and Oceanic climate
(Teniente Vidal). Overall, seasonal cycles are well reproduced, although both cli-
matic variables in Northern stations remain the hardest to accurately estimate.

Figure 9.5 shows the spatial distribution of two metrics — percent bias and coef-
ficient of determination (R?) — for cross-validated daily precipitation estimates
(1979-2015). Overall, larger biases and lower R? values are estimated at the north-
ernmost stations (Altiplanic region). Because of the low annual precipitations
(Fig. 9.2), estimates of this variable across northern stations can yield relatively
large biases. Similarly, low performance metrics are obtained for the far south
region, where values of R? < 0.2 are observed. Inter-region differences in the accu-
racy of CR2MET estimates can be partly attributed to the heterogeneous distribu-
tion of meteorological stations across the country, i.e., the scant number of stations
at the Altiplano and Patagonia regions impairs the development of robust regression
equations. Conversely, higher R? values are obtained in Central Chile, since exclud-
ing one station barely affects the model training process.

9.3.2 Individual Basin Calibration

Figure 9.6 displays model calibration results across the study domain. Although a
relatively homogeneous spatial distribution of daily KGE is achieved (upper left panel
in Fig. 9.6), considerable differences in NSE are observed between Northern and
Central-Southern catchments (upper right panel in Fig. 9.6). In the latter group, a bet-
ter model performance is obtained because snow processes — a dominant control in
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the hydrology of this region — are well represented in VIC. On the other hand, north-
ern basins are dominated by groundwater contributions throughout the year, with
occasional flashfloods occurring between December and February due to Altiplano
heavy rainfall events. Groundwater modeling remains a difficult task in this region
because surface basin boundaries do not necessarily match groundwater drainage
boundaries (Montgomery et al. 2003). Furthermore, VIC does not include aquifers
nor horizontal connectivity between grid cells, missing relevant process representa-
tions in arid catchments. Such structural deficiency has already been noticed and
demonstrated in other study domains (e.g., Demaria et al. 2007; Newman et al. 2017).

Despite the above issues, and according to the criteria proposed by Moriasi et al.
(2007), model performance is “very good” in 40% of the catchments in terms of
KGE (values above 0.75, Fig. 9.6), whereas in 60% of the basins the performance is
“good” (values above 0.65), while 80% provide “satisfactory” scores (values above
0.5). NSE values are lower than KGE, which is expected as calibration focused on
the latter score.

9.3.3 Annual Water Balance

During the analysis period (1985-2015), the partitioning of precipitation into
evapotranspiration and runoff (Q) shows dependency with latitude (Fig. 9.7). Such
relationship can be attributed to variations in available solar energy that modulates
evapotranspiration processes, and the spatial variability of precipitation across con-
tinental Chile. In Northern catchments, the influence of convective storms is stron-
ger than in Central Chile, where frontal systems explain most of annual precipitation
(Garreaud 2009). In the Altiplano region, more than 90% of annual precipitation (P)
becomes evapotranspiration (ET) (Fig. 9.7), while ET/P is less than 10% in some
basins located in Southern Chile.

In terms of water budget, considerable spatial variations in climatological runoff
ratios and evapotranspiration ratios (1985-2015 period) are observed (Fig. 9.7).
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-72 ©
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Fig. 9.7 Latitudinal and longitudinal variations at the catchment-scale (left) annual runoff ratio
Q/P, and (right) evapotranspiration ratio ET/P across the study domain
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Northern and Andean catchments are very arid, and most precipitation (~70%)
evapotranspirates to the atmosphere. Detailed analyses of longitudinal cross sec-
tions (northern, central and southern latitudes, Fig. 9.8) reveal that the largest evapo-
transpiration demands occur in Northern high-elevation catchments, with a decrease
towards the coast due to lower atmospheric moisture in the Pacific Ocean (Fig. 9.8).
Central and Southern regions show larger spatial heterogeneities, with no clear
trend in water budget components, except in the southern region where the influence
of the ocean results in decreased ET/P ratios towards the coast.

9.3.4 Seasonal Water Balance

To examine differences in seasonal hydrologic behavior among basins, the catch-
ments were classified based on meteorological data using the Autoclass-C software
(Cheeseman and Stutz 1996; Sawicz et al. 2011). Three climatic descriptors were
included in the classification process: precipitation seasonality (p-seasonality,
Woods 2009; Addor et al. 2017; Alvarez-Garreton et al. 2018), fraction of snow
events (snow-frac) and aridity index. The above indices were computed for each
0.05° x 0.05° grid cell — as defined in the CR2ZMET dataset — and then spatially
averaged within the catchments’ boundaries. As a result, four clusters of catchments
were identified (markers in Fig. 9.9, right panel), with differences in seasonal water
balance, illustrated as mean monthly variations in precipitation, runoff, evapotrans-
piration and water storage — calculated as the sum of model states — following the
Wundt’s Diagram (Wundt 1953). The first group (star marker) belongs to the
Altiplano region, where precipitation occurs between December to March due to the



202 N. Véisquez et al.

= Precipitation

0.30 1 = Runoff R :
s Evapotranspiration
= dStorage/dt 20 b Basin
ST 3 classification
0.9
B * 1th class
O 2th class
¢ 3th class
015 A s ae b
AMIJ )3 ASONDI FM 25 4% class 08
0.30 + 07
30 [
015 4
o 00 Pacific §os @
] =
2 Ocean o
c T S I R 35 =
m -0.15 o
o A M ) AS ONDI FM _g -
3 2 05 @
= b= o
> -] =1
> t =]
S | 5
2 030 + 8
g -40 - 5
04 3
015
000 §
-45 - 0.3
015 e . —
AM 1 J AS ONDII FM
0.2
0.30 + -50 -
0.15 + 0.4
i .55 |- =on
T
-0.15 . . 1 1 1 I | ) 0
B Mok oo B R R 76 74 -72 70 -68 -66

Longitude

Fig. 9.9 (Left) Average monthly water balance components (normalized by annual precipitation)
and (right) runoff coefficients during 1985-2015, for the basin types 1 to 4 (displayed from top to
bottom along the left panels) obtained from the climate-based catchment classification. Different
symbols in the right panel represent different catchment types

South American Monsoon (Garreaud 2009), activating evapotranspiration and run-
off fluxes within the same season (left panel in Fig. 9.9). In these catchments, there
is an important water storage component and the main flux is evapotranspiration,
while runoff ratio is less than 10%. Most of northern-central basins (29°S-35°S)
located in the Andes Cordillera have a strong dependency on snow accumulation
and melting processes (circle and diamond markers in left panel of Fig. 9.9).
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Fig. 9.10 (Left) Average mean monthly soil moisture (SM), SWE and (right) annual variations in
total basin storage (normalized by mean annual precipitation) during 1985-2015, for the basin
types 1 to 4 (displayed from top to bottom along the left panels) obtained from the climate-based
catchment classification. Different symbols in the right panel represent different catchment types

Snowmelt typically begins in late September, at the beginning of the spring season,
and the water stored as snow and soil moisture is released during spring and sum-
mer, respectively (Fig. 9.10). Evapotranspiration in northern basins (28°S-30°S,
circle markers) depends on the water available from precipitation, while snow sub-
limation becomes a relevant water balance control in catchments located in Central
Chile (diamond markers). Southern basins (square markers) are rainfall-dominated,
with the largest amounts recorded in winter and a weaker influence of snow pro-
cesses on the seasonal water balance. Therefore, the largest (smallest) runoff
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volumes are observed in winter (summer), as the water stored in the soil is released.
Finally, variations in total storage during 1985-2015 are less than 5% of the mean
annual precipitation in most catchments (Fig. 9.10).

9.4 Discussion

Quantifying natural water resources in continental Chile is a challenging task, given
the large physiographic, climatic and hydrological heterogeneities across the terri-
tory. This chapter depicts the main results from an ongoing, interdisciplinary effort
to update the national water balance database (DGA 2017). The results presented
here build upon hydrological model simulations conducted with the Variable
Infiltration Capacity (VIC) model, using datasets that characterize climate
(CR2MET) and catchment attributes (CAMELS-CL) in continental Chile.

CR2MET represents a milestone in the development of meteorological informa-
tion for scarce data regions, especially in the arid Northern regions, high Andean
mountains and Patagonia. Overall, CR2ZMET provides reliable precipitation and
temperature estimates at annual and seasonal time scales. Due to higher density of
stations in Central Chile (=30 to —40°S), the accuracy of CR2MET products is
larger (i.e., higher R? and lower biases) within this sub-domain. Similarly, the
CAMELS-CL database is the first harmonized compilation of basin attributes and
hydrometeorological time series at the catchment scale for continental Chile, with
the novel contribution of human intervention descriptors. Therefore, ‘near-natural’
catchments can be identified and used for detailed process-based studies using
hydrological models.

In general, good calibration results are obtained in terms of KGE and NSE
scores, excepting arid catchments (Northern Chile) due to model structural deficien-
cies —specifically, the lack of aquifer representation and lateral connectivity between
modeling units. The water balance analysis shows a large spatial heterogeneity in
precipitation partitioning, with 90% becoming evapotranspiration in the Altiplano
region whereas in Southern Chile the runoff ratio is greater than 80%. Although no
clear dependencies with latitude are found, a strong relationship with longitude is
obtained in central and southern Chile, with higher ET/P values near the coast and
lower values as one approaches the Andes Cordillera.

The climate-based classification — conducted for ‘near natural’ basins — provides
four groups of basins with different hydrological behavior:

* Basins in the Altiplano region, with precipitation and runoff peaks during sum-
mer (i.e., January—March) and high ET/P values.

¢ Northern-central basins with headwaters in the Andes Cordillera, where most ET
occurs during winter (April-September).

* Mountain basins in Central Chile, where runoff peaks during spring and summer
(i.e., October—March), and the largest ET values are observed during the spring
season (i.e., October—December). In these basins, ET is decoupled with P due to
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snowpack presence (which provides water availability) and increased incom-
ing energy.

* Southern catchments, where precipitation and peak runoff occur during winter
(i.e., April-September).

Despite outstanding advances in hydrological modeling tools and new climate
and catchment datasets, developing robust methods for water balance estimates in
ungauged basins remains a critical challenge. Indeed, the area covered by all the
basins included in this study represents only 17% of continental Chile. Future work
will expand water balance estimates to the rest of the territory through the imple-
mentation of parameter regionalization techniques, and will include projections of
climate change impacts on relevant fluxes and storages.
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