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Abstract

The spatiotemporal freshwater river runoff pattern from individual basins, including their
runoff magnitude and change (1979/80-2013/14), was simulated for the Andes Cordillera west
of the Continental Divide in an effort to understand runoff variations and freshwater fluxes to
adjacent fjords, Pacific Ocean, and Drake Passage. The modeling tool SnowModel/HydroFlow
was applied to simulate river runoff at 3-hour intervals to resolve the diurnal cycle and at 4-km
horizontal grid increments using atmospheric forcing from NASA Modern-Era Retrospective
Analysis for Research and Applications (MERRA) datasets. Simulated river runoff hydrographs
were verified against independent observed hydrographs. For the domain, 86 % of the simulated
runoff originated from rain, 12 % from snow melt, and 2 % from ice melt, where for Chile, the
water-source distribution was 69 %, 24 %, and 7 %, respectively. Along the Andes Cordillera the
35-year mean basin-outlet specific runoff (L s km™) showed a characteristic regional hourglass
shape pattern with highest runoff in both Colombia and Ecuador and in Patagonia, and lowest
runoff in the Atacama Desert area. An Empirical Orthogonal Function analysis identified
correlations between the spatiotemporal pattern of runoff and flux to the EI Nifio Southern

Oscillation Index (ENSO) and to the Pacific Decadal Oscillation (PDO).

KEYWORDS: Andes Cordillera; Freshwater runoff; HydroFlow; Modeling; NASA MERRA;

river; South America
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1. Introduction

River runoff integrates a response of the watershed to precipitation, snow and glacier
presence, groundwater flow, and other hydrometeorological processes (e.g., Liston and Mernild
2012; Bliss et al. 2014). Snow, glaciers, and underground reservoirs store and release melt water
on a range of time scales that control down-stream river runoff regimes (Jansson et al. 2003;
Hock et al. 2005; Bliss et al. 2014). In most cases, the largest meltwater contribution occurs
during annual springtime snowmelt. On a longer timescale of years, glaciers represent a longer-
term storage influenced by warmer periods when mass-balances are negative, or cooler periods
when they are positive. Given shifts in snow and rain contributions (Barnett et al. 2005; Kapnick
and Hall, 2012) as well as glacial mass balances (Vaughan et al. 2013), accurate estimates of
snow and glacial melt inputs to the hydrological budget are needed.

For South America, modeling tools offer potential to enhance the limited streamflow
observational record at high elevation Andean river basins. For 50 river basins in Colombia,
Poveda et al. (2001) emphasized that the effects of coarse-scale natural atmospheric variability
above the Pacific Ocean — the multivariate El Nifio Southern Oscillation (ENSO) (Wolter and
Timlin 2011) — are stronger for river runoff than for precipitation, owing to concomitant effects
of soil moisture content and evapotranspiration. However, between latitudes 30°S and 35°S, El
Nifio events have a strong tendency to be positively linked to annual precipitation, and
negatively linked during La Nifia events (Rutllant and Fuenzalida 1991; Escobar et al. 1995;
Montecinos and Aceituno 2002; Garreaud 2009; Wolter and Timlin 2011).

Fleischbein et al. (2006) estimated the water budget for three river basins in Ecuador
(4°S) (1998-2002) based on observations and modeled surface flow, and showed that ~40 % of

the runoff came from rainfall. Crespo et al. (2011) analyzed the rainfall-runoff relation of 13
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intensively monitored micro-basins in the Andes of southern Ecuador (4°S), and showed that the
annual amount of runoff was strongly controlled by rainfall. For the tropical area of the
Cordillera Blanca in Peru (9°S), glacier retreat and snow and ice meltwater result in complex
hydrological interactions, where glacier retreat, according to Baraer et al. (2012), leads to a
decrease in dry-season river runoff. Accurate estimates of snow and glacial melt inputs to the
hydrological budget enhance our ability to make predictions about future water resources as
glaciers retreat (Gordon et al. 2015).

The primary river runoff source in central Chile and central-western Argentina is snow
meltwater (Masiokas et al. 2006; Melo et al. 2010). In Chile, the Direccion General de Aguas

(DGA; http://dgasatel.mop.cl) operates more than 550 individual stream gages (17-54°S),

covering the period from the early 1940s to the present. In the early 1940s, approximately 40
individual hydrographic stations were in operation (18-34°S). The purpose of this monitoring
network is to quantify water resource availability at economically relevant river reaches,
influenced by different climate conditions along the Chilean Andes Cordillera.

Runoff time series analyses identified ongoing changes in watersheds and their suspected
correlates. Rubio-Alvarez and McPhee (2010) analyzed spatiotemporal variability in annual and
seasonal river-runoff for 44 rivers with unimpeded flow records in southern Chile (34-45°S;
1952-2003). They suggested that decreasing runoff (37.5-40°S) was correlated with decreasing
trends in observed precipitation. Cortés et al. (2011) studied several rivers on the western slope
of the Andes Cordillera (1961-2006; 30—40°S), and found that hydrological changes are less
apparent for rivers located at higher elevations, despite the fact that temperatures have been

steadily rising in the region.
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In Chile's Norte Chico region (26—32°S), which contains some of the most glacierized
basins of the region besides the Maipo and Chchapola/Tinguirrica Basins, glacier volume loss
contributed 5-10 % of the runoff at 3,000 m above sea level (a.s.l.) (Favier et al. 2009). Direct
glacier runoff measurements were conducted at the snouts of four glaciers, showing that the
mean annual glacier contribution to river runoff ranged between 4-23 % — values which are
greater than the glacierized fraction of the basins (Gascoin et al. 2011). In addition, observations
of glacier river runoff have been conducted in the Olivares Basin (33°S; 2014-2016) to
understand the ratio between snow-derived runoff and basin outlet river runoff (Mernild et al.
2016Db).

Despite these regional studies, substantial information about the quantitative
spatiotemporal hydrological conditions, including river runoff, of the numerous basins along the
Andes Cordillera remains a largely unaddressed gap in our understanding. This is true for the
large basins and abundant smaller basins that comprise the Cordillera. These conditions include
basin outlet river runoff magnitudes, trends, and ratios between runoff and rain-derived runoff,
snow-derived runoff, and ice-derived runoff. Additional coarse-scale — cross country border —
analyses can provide much needed insights into the availability of regional water resources, the
terrestrial runoff impact on fjord and ocean density, stratification, and coastal circulations, and
the subsequent impacts on sea-level rise and other aspects of Earth’s climate system. Today, all
these issues are poorly known along the Andes Cordillera and our understanding is limited.
There is an urgent need for hydrological model simulations to understand the link between a
changing climate and the associated changes in terrestrial freshwater runoff and oceanographic

conditions along the Andes Cordillera.
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In this study, SnowModel/HydroFlow (Liston and Mernild 2012; Mernild and Liston
2012) were used to simulate hydrological conditions along the Andes Cordillera. These
simulations include freshwater river runoff magnitudes and trends, runoff routing, the
spatiotemporal distribution of basin outlet river runoff to surrounding fjords and seas, and the
ratios between rain-derived runoff, snow-derived runoff, and ice-derived runoff. Down-scaled
atmospheric reanalysis data from NASA MERRA was applied using the meteorological
algorithms and sub-models implemented within MicroMet (Liston and Elder 2006a) with a 3-
hour temporal resolution to simulate river runoff hydrographs and spatiotemporal river basin
variability. Direct independent observed river runoff time series for the period 1979-2014 — for
specific basins — were used to verify the HydroFlow simulated river hydrograph performance.

We simulated, mapped, and analyzed, to our knowledge for the first time, the freshwater
runoff representations for glacier, and snow-free and snow-covered land from 1979 through 2014
for the entire Andes Cordillera west of the continental divide (Figure 1). This Part IV paper
focuses on: 1) linkages among runoff production from land-based liquid precipitation (rain) and
snowmelt (Part I and II, Mernild et al. 2016a, 2016b) and ice-melt processes (Part III, Mernild et
al. 2016c¢), and the associated spatiotemporal routing of freshwater river fluxes along the Andes
Cordillera to surrounding fjords, the Pacific Ocean and the Drake Passage; 2) latitudinal and
seasonal variabilities in river runoff along the Andes Cordillera; and 3) runoff variabilities in
relation to large-scale atmospheric circulation patterns. At coarsest scales, the spatiotemporal
quantities of freshwater runoff and routing are associated with climactic variability ranging from
Patagonian sub-polar latitudes (from Tierra del Fuego) to the cold and high mountain Tropical
Andes climate. At finer scales, runoff is driven by heterogeneity in the snow- and ice-covered

and snow- and ice-free landscapes. To enhance our overview of runoff patterns and sources, we
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applied Empirical Orthogonal Function (EOF) analysis (e.g., Preisendorfer 1998; Sparnocchia et
al. 2003; Mernild et al. 2015) to evaluate river runoff variations; estimate contributions of rain-,
snow-, and ice-based runoff; and assess correlations between ENSO (Wolter and Timlin 2011)
and the Pacific Decadal Oscillation (PDO) (Zhang et al. 1997). These atmospheric circulation
indices are good measures of atmospheric flow and moisture transport variability in the South
Pacific (e.g., Carrasco et al. 2005; Garreaud 2009; McClung 2013; Lépez-Moreno et al. 2014),
and are important variables for terrestrial hydrosphere and cryosphere conditions (e.g., Sagredo

and Lowell 2012; Saltzmann et al. 2013; Veettil et al. 2014).

2. Model description, setup, and verification
2.a SnowModel and HydroFlow

In this research, SnowModel (Liston and Elder 2006b) was used to characterize
meteorological, snow, and glacier mass-balance processes and conditions (Parts [-III; Mernild et
al. 2016a, 2016b, 2016¢) and the submodel HydroFlow was applied to describe freshwater river
runoff and routing processes. SnowModel is a spatially-distributed meteorological, energy
balance, snow, ice evolution, and freshwater runoff routing modeling system incorporating six
submodels. Here, five out of the six submodels are used (the data assimilation submodel,
DataAssim, is not used): MicroMet is a quasi-physically based high-resolution meteorological
distribution model (Liston and Elder 2006a), Enbal is an energy surface exchange and melt
model (Liston 1995; Liston et al. 1999), SnowTran-3D is a snow surface redistribution by wind
model (Liston and Sturm 1998, 2002; Liston et al. 2007), SnowPack-ML is a multilayer
snowpack model (Liston and Mernild 2012), and HydroFlow is a gridded linear-reservoir runoff

routing model (Liston and Mernild 2012; Mernild and Liston 2012). In this system, runoff
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originates from rain, snowmelt that flows from the bottom of the simulated snowpack; and/or ice
melt from the bare glacier surface into the supraglacial, englacial, subglacial, and subsequent the
proglacial drainage system. When surface melting is simulated by SnowModel, meltwater is
assumed to flow instantaneously when the surface is defined as glacier ice. When snow cover is
present, the SnowPack-ML runoff routines take both internal retention and refreezing into
account when snow melts at the snowpack surface and subsequent melt water penetrates through
the snowpack. Such internal snowpack routines have an effect on the runoff lag time, and how
long it takes for the freshwater to reach the seas. By not including these internal snowpack
routines in SnowPack-ML it would lead to faster outflow of runoff, including an earlier initial
seasonal runoff.

In HydroFlow, basins are included within a raster and adjacent cells are linked via a
topographically controlled flow network (Liston and Mernild 2012). Each grid cell acts as a
linear reservoir that transfers water from itself and all upslope cells to the downslope cells within
individual drainage basins, and eventually to surrounding fjords and seas. HydroFlow assumes
that in each grid cell there are two flow transfer responses: slow and fast (Liston and Mernild
2012). Each of these transfer functions is associated with different time scales and represents the
wide range of physical processes determining horizontal moisture transport through and across
the domain. The slow time scale accounts for the time it takes runoff at each individual grid cell,
usually produced from rain and/or snowmelt, to transport within the snow matrices (in the case
of glaciers) and soil (for the case of snow-covered and snow-free land) to the routing network.
Hereafter, the moisture is transported through a HydroFlow-generated routing network (the
subscripts N, NE, E, SE, S, SW, W, and NW indicate the compass direction of the adjacent

connecting grid box) where the fast time scale generally represents some kind of channel flow,
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such as that represented by supraglacial, englacial, or subglacial flow (in the case of glaciers) and
river and stream channels (in the case of snow-covered and snow-free land). For each of the two
flow responses, the residence-time, or flow velocity, was estimated based on field tracer
experiments (Mernild 2006; Mernild et al. 2006; Mernild et al. unpublished data) and the surface

slope (Liston and Mernild 2012).

2.b Meteorological forcing, model configuration, and simulation domain

The freshwater river runoff routing and the spatiotemporal runoff hydrograph distribution
were simulated for the 35-year period from 1 April 1979 through 31 March 2014. The
simulations were forced by NASA MERRA data provided on a 2/3° longitude by 1/2° latitude
grid at an hourly time step (Bosilovich 2008; Bosilovich et al. 2008, 2011; Cullather and
Bosilovich 2011; Rienecker et al. 2011; Robertson et al. 2011). The NASA MERRA data set was
aggregated to 3-hour values to resolve the diurnal cycle while improving the computational
efficiency (see Mernild et al. (2014; 20164, Part I) for further information regarding NASA
MERRA forcing).

The forcing dataset (NASA MERRA) strongly influences SnowModel’s simulated values
and biases (Liston and Hiemstra 2011). The reanalysis datasets possess uncertainties associated
with assimilated observational datasets, temporal data discontinuities, and model physics (e.g.,
Bosilovich et al. 2008, 2011; Liston and Hiemstra 2011). As a consequence, simulated
meteorological, snow, ice mass-balance, and river runoff characteristics and trends were dictated
by the forcings and may be susceptible to biases associated with changes in data streams and
observational inputs (for further information see Liston and Hiemstra 2011). Substantial effort

has been dedicated to producing and evaluating reanalyzes, and limiting their biases, with
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precipitation being a key variable of interest (see Bosilovich et al. 2008, 2011; Cullather and
Bosilovich 2011). The relatively small number of data streams and observational inputs present
during the early part of the simulations does not necessarily imply degradation in simulated
meteorological fields. In the analysis that follows, we therefore assume these data increases do
not significantly influence the general trends we produce and describe herein.

The NASA MERRA forcings were downscaled in MicroMet to create distributed
atmospheric fields, where the spatial interpolations were performed using the Barnes objective
analysis scheme, and the interpolated fields were adjusted using known temperature—elevation,
wind—topography, humidity—cloudiness, and radiation—cloud—topography relationships (Liston
and Elder 2006a). Topography data for SnowModel were obtained from the United States
Geological Survey’s 7.5 arc-second Global Multi-resolution Terrain Elevation Data 2010
(GMTED2010; Danielson and Gesch 2011), and rescaled to a 4-km horizontal grid increment.
The land cover distribution file was a hybrid dataset created from a 2009 300-m Global Land

Cover (GlobCover 2.3, http://ionial.esrin.esa.int/) for non-glacier areas and from the Randolph

Glacier Inventory v. 4.0 for glaciers (Pfeffer et al. 2014). Regarding changes in glacier area,
hypsometry, and thinning, SnowModel neglects these influences throughout the simulation
period. Instead, SnowModel uses a constant glacier area and elevation defined from datasets
produced during the 2000s and 2010, respectively (Mernild et al. 2016c). The use of these
constant conditions may result in errors in the simulated surface mass-balances (SMB) budget
and runoff, particularly at the beginning of the simulation period. Also, it may neglect a decrease
in dry-season river runoff as observed in Cordillera Blanca in Peru (9°S) (Baraer et al. 2012)

since glacier area retreat is not accounted for throughout the simulation period.

10
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HydroFlow divided the domain into individual drainage basins (Figure 1b), each with its
own streamflow network that drains runoff to downslope areas and into the adjacent fjords and
seas. For the domain west of the continental divide, HydroFlow generated 4,224 individual
basins all draining into fjords connected to The Pacific Ocean or The Drake Passage, or directly
into the Pacific Ocean or The Drake Passage (Figure 1a). The individual HydroFlow estimated
basins varied in size from 32 to 62,864 km® (located near Concepcion, Chile; 37°S), with a mean
and median basin size of 294 km” and 48 km’, respectively, where 83 % of the drainage basins
cover equal to or less than 100 km®. These many relatively small basins (<100 km?) cover 14 %
of the total drainage area, where about two-thirds of these basins are located south of the city

Puerto Montt (41°S), Chile.

2.c SnowModel and HydroFlow verification

This paper is the fourth in a series of papers about SnowModel MERRA simulations for
the Andes Cordillera on climate, snow, glacier mass-balance, and hydrological conditions,
including river runoff routing. The simulations presented were verified against independent
observational datasets. In Part I (Mernild et al. 2016a), SnowModel-simulated maximum annual
snow cover extent, snow depths, and snow density were evaluated against a suite of remote
sensing and field observations. The MODIS/Terra Snow Cover Daily L3 Global 500-m grid
(MOD10A1) product (Hall et al. 1995, 2006; Hall and Riggs 2007) was used from 2000/01
through 2013/14 for validation of maximum annual simulated snow cover extent for a rectangle
between 31.5-40.0°S and 69.2-72.3°W, indicating acceptable results (for detailed information
about the quantitative model skill metrics, see Mernild et al. 2016a). Additionally, more than

three thousand individual observed snow depths and snow densities measured between 30-37°S

11
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for the central Chilean Andes Cordillera (Ayala et al. 2014; Cornwell et al. 2016) were used.
These observations cover the period 2010 through 2014 and were recalculated into mean 4-km
grid increments identical to the grids used in SnowModel and used for verification of
SnowModel grid simulated snow depths and snow densities. Acceptable verification was
determined according to the deviation between simulated and observed mean grid snow depth

values.

In Part II, for a specific drainage basin — the Olivares Basin (33°S; 548 km?) — simulated
snow cover extent for specific dates, snow line (the snow line is a net product of seasonal
accumulation and ablation processes), snow depletion curves, and freshwater runoff for the
period 1979-2014 were verified against independent observations, yielding satisfactory results

(for detailed information about the quantitative model skill metrics, see Mernild et al. 2016b).

In Part 111, simulated glacier SMB time series (1979—2012) were verified against
independent direct observed annual glacier SMB time series from seven glaciers (e.g., WGMS
2013; Mernild et al. 2015), having a total of 72 direct observed annual glacier SMB; the seven
glaciers are > 1 km®, equal to the grid increment size used for the glacier SMB simulations. In
addition, these simulations were compared with satellite gravimetry and altimetry-derived SMB
(Gardner et al. 2013). For the independent SMB datasets, the verification indicated a good
agreement between simulations and independent observations (for detailed information about the

quantitative model skill metrics, see Mernild et al. 2016c¢).

SnowModel simulated river runoff values were verified against coincident independently
observed river runoff from DGA hydrographic stations in central Chile (28—39°S) (in this study).
DGA observed river runoff time series values spanning > 98 % of the 1979-2014 simulation

range were chosen for model verification, resulting in 16 comparison pairs covering the latitudes

12
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25-40°S (Figure 1c and Table 1). As examples, two hydrographic stations, one located at Rio
Aconcagua en Chacabuquito (RAC; 30°S) and another at Rio Cautin en Cajon (RCC; 37°S) are
illustrated on Figure 2, together with the HydroFlow topographically-controlled flow network for
the basins. Daily simulated and observed runoff from all 16 selected hydrographic stations
(Figure 3a) shows on average an r*-value = 0.51, p < 0.01 (where #* is the explained variance and
p is level of significance) and a 7’-range from 0.31-0.71. It indicates that HydroFlow overall was
able to account for 51 % of the variance in river runoff at all of the 16 selected hydrographic
stations (Table 1). For example, for the stations RAC and RCC the #*-values were 0.60 (p < 0.01)
and 0.69 (p <0.01) (Table 1), respectively. Further, we did a Nash—Sutcliffe coefficient (NSC)
test (Nash and Sutcliffe 1970) for the 16 selected hydrographic stations, with a mean NSC value
of 0.47 and a range from 0.35-0.64. If the NSC is 1, then the model is a perfect fit to the
observations. If NSC is less than 1, decreasing values represent a decline in goodness of fit,
where 0 and negative values represent major deviations between the modeled and observed data
and the observed mean is a better predictor than the model. In Figures 3b and 3c, the simulated
and observed hydrograph time series (based on daily values) are shown for both RAC and RCC,
indicating similarity between seasonal (intra-annual) variations in simulated and observed river
runoff at the two hydrographic stations RAC and RCC (Figure 3c). Overall, the highlighted
runoff verifications provide confidence in the simulated runoff time series for the selected
hydrometric stations (located approximately between 25°S to 40°S; Figure 1c). Similar
confidence in simulated runoff was illustrated by Beamer et al. (2016) when using SnowModel

and HydroFlow for Gulf of Alaska drainage basins.

3. EOF analysis
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We applied EOF analysis to characterize spatiotemporal pattern in runoff and water
source. EOF is a tool that ordinates the spatial and temporal data to find combinations of
locations that vary consistently through time and combinations of time that vary in a spatially
consistent manner. More specifically, the first few major axes of the EOF analysis explain
variations in river runoff through both time and space. Eigenvectors associated with such an
analysis are linked to spatial locations and reveal the influence of different geographic locations
on the summarized runoff patterns and allows further analyses of large-scale atmospheric-ocean
covariates linked to the EOFs. In addition, the temporally summarized spatial data can be
explored with cross-correlation analysis between the runoff patterns and larger scale atmospheric
climate indices such as ENSO and PDO.

We applied EOF to total runoff (henceforth mentioned as runoff), rain-derived runoff,
snowmelt-derived runoff, and ice melt-derived runoff (on Figure 4 the time series of simulated
annual runoff anomaly from each individual drainage basin west of the continental divide for the
period 1979-2014 is shown). Figure 5 provides a ‘field’ representation of the spatiotemporal
pattern in basin annual runoff for rain, snow, ice, and the combined total, with latitude on the y-
axis and time on the x-axis and colors indicating the spatiotemporal patterns. We specifically
examined the eigenvectors of the first two EOFs (EOF1-2) to gain insight into the correlation
between temporal trends and spatial locations. We also examined how the first two EOFs
(temporal component) vary with two large-scale atmospheric-ocean indices: the multivariate
ENSO Index obtained from Wolter and Timlin (2011) and the PDO obtained from Zhang et al.
(1997). We used cross-correlation analyses for this, which allow insight into whether the runoff
patterns are linked to ENSO and PDO as they occur or with a lag, where signals of ENSO or

PDO show in the runoff patterns years after the events.
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ENSO is comprised of different physical parameters observed across the tropical Pacific
Ocean, such as sea-level pressure, surface air temperature, sea-surface temperature, cloud
fraction, and the zonal and meridional components of the surface wind. Normalized positive
ENSO values represent El Nifio events and negative values La Nifia events (Wolter and Timlin
2011). The PDO reflects climate variability in the Pacific Ocean, but over a longer time scale
than the ENSO. The ENSO cycles typically remain in the same phase for 618 months, where
the PDO may remain in the same phase for one to two decades. The PDO consists of cold
(negative) and warm (positive) phases, defined by ocean sea-surface temperature anomalies in
the northeast and tropical Pacific Ocean. These anomalies are implicated in upper level
atmospheric winds causing droughts, and affect land-surface temperatures around the Pacific.
When normalized sea-surface temperatures are anomalously cold for the central North Pacific
and relatively warm near the equator and along the Pacific Coast of South America (and when
standardized sea-level pressure is below average over the North Pacific), the PDO has a positive
phase, and vice versa for the negative phase (e.g., Zhang et al. 1997). Importantly, if ENSO and
PDO are in the same phase, impacts from El Nifio and La Nifia are likely reinforced, and vice

versa when they are out of phase (e.g., Yuan and Martinson 2000, 2001).

4. Results and discussion

4.a Grid runoff distribution

SnowModel gridded 35-year (1979-2014) mean runoff and its rain-, snowmelt-, and ice
melt-derived components for the Andes Cordillera west of the continental divide show highest
runoff values for northern and southern parts of the domain (Figure 6a—d). Colombia and

northern Ecuador (6°N—6°S), and Patagonia (38—45°S) estimates were greater than 5 m water
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equivalent (w.e.). High values were expected for Patagonia, which is chronically impacted by
severe subpolar low-pressure systems and their attendant high precipitation rates (e.g., Romero
1985; Paruelo et al. 1998; Garreaud et al. 2009). The lowest runoff values (< 0.25 m w.e.) were
obtained along the coastal zone of Peru and between the Atacama Desert (18-20°S) and Santiago
de Chile (33°S), showing distinct regional-scale grid runoff variability throughout the simulation
domain.

For the domain, the simulated 35-year mean runoff was 136.5 = 12.2 x 10'" m® (where +
means one standard deviation; Table 2), distributed among Colombia (40.9 + 5.6 x 10'°m°),
Ecuador (21.0 £ 5.6 x 10'°m?®), Peru (23.3 + 2.6 x 10'°m’), and Chile (51.3 + 4.1 x 10'°m’)
(Table 2). This indicates that for the 35-year period, Colombia accounted for 30 %, Ecuador 15
%, Peru 17 %, and Chile 38 % of the domain’s runoff (Table 2).

The gridded 35-year mean runoff correlates highly with the gridded 35-year mean rain
based runoff (Figure 6), where for the entire domain 86 %, or 116.9 x 10'° m’, of the runoff
originated from rain (Table 2). This emphasizes that runoff, on average for the domain, is highly
influenced by a pluvial regime. In particular, the northern part of the domain was controlled by
rain-derived runoff, accounting for 99 % of the runoff from Colombia, Ecuador 97 %, Peru 86
%, and Chile 69 % (Table 2). Crespo et al. (2011) used observations to confirm this pluvial
regime for 13 monitored micro-basins in the Andes of southern Ecuador (4°S), where runoff was
strongly controlled by annual rainfall. Similar conclusions were stated by Rubio-Alvarez and
McPhee (2010) for southern Chile, where a decrease in runoff corresponded with decreasing
trends in observed precipitation. Therefore, along the Andes Cordillera the variability in runoff
was influenced by the meteorological conditions, including the north-south temperature gradient

— going towards relatively lower mean annual air temperatures in the south in Patagonia (sub-
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polar climate), compared to the north (tropical climate) (Mernild et al. 2016a) — together with the
presence of increasing snow and glacier coverage toward Patagonia to the south.

Snowmelt-derived runoff (Figure 6¢) over 35 years is spatially tied to snow duration in
the high Andes mountains and in Patagonia (for a detailed spatiotemporal description of snow
conditions in the Andes Cordillera, see Mernild et al. 2016a). Snowmelt runoff averaged <1 %
for Colombia, Ecuador (3 %), Peru (14 %), and Chile (24 %) (Table 2). For Chile, snowmelt
runoff contributions averaged higher than for any of the three countries within the domain
(Colombia, Ecuador, and Peru), emphasizing a higher degree of nival runoff, where the
maximum basin values of snow melt based runoff was ~60 % for central Chile and ~80 % for
Patagonia. Similar conditions are confirmed by e.g., Masiokas et al. (2006), Favier et al. (2009),
Melo et al. (2010), and Mernild et al. (2016b), where snowpack and snowmelt changes on the
individual basin-scale in central Chile, central-western Argentina, and Norte Chico region was
the primary source for runoff, annual variability, and water budget.

Ice melt-derived runoff (Figure 6d) is scattered along the Andes Cordillera. The ratio
between ice melt base runoff and runoff is <1 % for Colombia, Ecuador, and Peru and 7 % for
Chile (Table 2), associated with the increasing ice coverage toward the south. Due to ongoing
temporal changes in ice coverage for South America, where glaciers have retreated and thinned
in response to climate changes since the end of the Little Ice Age (e.g., Masiokas et al. 2006; Le
Quesne et al. 2009; Malmros et al. 2016), it is expected that the ratio between ice melt-derived
runoff and total runoff will decrease because the annual ice melt-derived runoff will decline as
reductions in glacier area outweigh the effect of glacier melting (AMAP 2011).

Overall, for the domain, 95 % of the simulated runoff originated from non-glacierized

basins and 5 % from glacierized basins (Table 2), highlighting that rain-derived runoff from non-
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glacierized basins is the greatest contributor to runoff west of the continental watershed divide.
For the 35-year period, Colombia, Ecuador, and Peru, >99 % of the river runoff was from non-
glacierized basins, and <1 % was from glacierized basins; for Chile, it was 87 % and 13 %,
respectively (Table 2). On pentadal scales (1979/80—1983/84, 1984/85-1988/89, etc.), the ratios
between simulated mean runoff from non-glacierized and glacierized areas are not significantly
different compared to the mean ratio for the 35-year period. The same insignificant differences in
ratios occurred between runoff and rain, runoff and snowmelt, and runoff and ice melt between
pentadal mean values and the 35-year mean value, even though runoff for the domain changed
by 0.94x10'"" m’ yr'! (significant; p < 0.01) for the simulation period (Table 2). When analyzed
by specific countries, runoff changed by 0.43 x10'® m’ yr™" for Ecuador (significant; p < 0.01),
0.37 x10' m® yr'! for Colombia (significant; p < 0.01), 0.17 x10'* m® yr™' for Chile

insignificant), and 0.03 x10'® m® yr”' for Peru (insignificant) over the 35-year period (Table 2).
g y

4.b Spatial distribution of basin runoff

In Figures 7 and 8, SnowModel-simulated 35-year mean river runoff is shown together
with runoff trends from each individual drainage basin outlet west of the continental divide. The
figures include rain-derived runoff, snowmelt-derived runoff, and ice melt-derived runoff, runoff
from non-glacierized areas, glacierized areas, and specific runoff (runoff volume per unit
drainage area per time, L s km™). In Figures 7a—f, variability in the 35-year mean runoff
between neighboring basins occurred (these runoff variations are expected to be useful for future
studies linking these runoff to coastal circulations to understand the linkages between terrestrial
and marine environments). It is reasonable to believe that the differences in mean basin runoff

regimes between pluvial, nival, and glacionival are related to geographical locations and
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differences in basin characteristics (e.g., size and hypsometry), snow coverage, ice coverage, and
climate forcing functions. For example, the Andes Cordillera acts as a topographic barrier
enhancing the terrestrial precipitation on the western sides (e.g., Mernild et al. 2016a),
contributing to the pluvial regimen in river runoff. High 35-year mean basin river outlet runoff
(maximum: 7.3 + 1.9 x 10'°m’; 2°S) and high linear runoff trends (maximum: 0.2 x 10" m’ yr™';
2°N) occurred in the northern part of the domain in Colombia and Ecuador and in the lower half
of the domain, especially around the Lake District of Chile (39—41°S) (Figures 7a and 8a) (linear
spatial runoff trends (Figure 8) which are not significantly different from the normalized spatial
runoff trends are not shown). The simulated runoff distribution for the southern part of Chile
(35-55°9) is in accordance with Davila et al. (2002), who found the highest freshwater input
through rivers to the South Eastern Pacific Ocean occurred during the period 1951-1980. In
Colombia and Ecuador, river runoff is dominated by tropical climate conditions and rain (Figure
9a). Basins where river runoff is dominated by rain (pluvial regimes) cluster north of 40°S
(Figure 9a). South of 40°S, including the area around the Lake District, river runoff originated
from all three components (Figure 9a), and was highly dependent on the distribution of non-
glacierized and glacierized basins combined with the presence and variability in snow and
glacier coverage (Figure 9b), basin area and hypsometry, and climate conditions. In Chile, the
relative rain contribution to river runoff is lower while snow and ice melt contributions are
higher than any of the other three countries Colombia, Ecuador, and Peru (Table 2).

On an individual basin scale, in central Chile and central-western Argentina, runoff
originated from snowmelt. This is in line with Masiokas et al. (2006) and Melo et al. (2010),
where snowmelt is the primary source for river runoff. In the Chilean Lake District, however, the

Andes Cordillera drops in elevation, and runoff originated mainly from rain (from the rainy
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climate conditions with Mediterranean influences (information based on, e.g., meteorological
observations operated by the Direcciéon Meteoroldgica de Chile; Mernild et al. 2016a)), and
during the Austral winter season (June—August) (for more about the seasonal variability in
runoff, see further below). Further, around the Chilean Lake District (37.5-40°S) the simulated
runoff trends (1979-2014) from each individual drainage basin outlet (n = 75) was, on average,
slightly increasing (insignificant), where observed runoff trends (1952-2003) from selected
basins (n = 25), on average, were decreasing (significant) (Rubio-Alvarez and McPhee 2010);
this is consistent with decreasing trends in observed precipitation. However, a direct comparison
is not possible due to the differences in time periods between the simulations and streamflow
records.

Regarding the lowest 35-year mean basin runoff around the arid Atacama Desert
(minimum: 7.0 £ 5.6 x 10% m’; 22°S) no linear change in runoff trends occurred (Figures 8a—f).
This is a region where the annual precipitation typically is <0.25 m w.e. (e.g., Mernild et al.,
2016a) and runoff from snowmelt and ice melt is negligible.

When analyzing the SnowModel simulated basin specific runoff, the 35-year mean
specific runoff and the linear trends in specific runoff both show a characteristic pattern — an
hourglass shape — for the Andes Cordillera west of the continental divide (Figures 7g and 8g).
Specific runoff patterns are even more pronounced toward the hourglass shape than the runoff
patterns (mean and trend patterns) displayed in Figures 7a and 8a. The 35-year mean simulated
specific runoff show that annual maximum specific runoff (>100 L s km™) are present in the
northern and the southern parts of the domain, and that annual minimum specific runoff (<10 L s~
!'km™) occurs in the area around the arid Atacama Desert and south toward Santiago (Figure 7g).

SnowModel simulations of specific runoff are in qualitative agreement with specific runoff
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values estimated by Cortés et al. (2011) obtained from several rivers on the western slopes of the
central and southern Chilean Andes Cordillera (30—40°S; 1961-2006), spanning from ~8 L s™
km™ (for the Arrayan en la Montosa basin; 33.33°S) to ~65 L s™ km™ (for Claro en los Quefies
basin; 34.98°S). A direct comparison is, however, not possible due to the differences in time
periods between simulations and streamflow records. Regarding linear changes in specific
runoff, the greatest changes were seen both in the north and the south of the domain (>1 L s™ km’
2 yr'"), and lowest changes in the center part of the domain from the arid Atacama Desert to the
area around Santiago (<0.5 L s™ km™ yr™") (Figure 8g).

Figure 10a illustrates SnowModel-simulated runoff, rain-derived runoff, snowmelt-
derived runoff, ice melt-derived runoff, runoff from non-glacierized basins, and glacierized
basins along the Andes Cordillera for all seasons: winter (June—August), spring (September—
November), summer (December—February), and autumn (March—May). Along the Andes
Cordillera the seasonal distribution in river runoff (here expressed in relative values) dominates
in summer and autumn between 8°N-8°S (where up to ~40 % of the annual basin runoff occur
both during summer and autumn for specific basins), in summer between 8-23°S and 45-57°S
(where up to ~60 % of the annual basin runoff occur for specific basins), and in winter between
23-45°S (where up to ~60 % of the annual runoff occur for specific basins) (Figure 10a). This
indicates a seasonal variability in runoff along the Andes Cordillera.

In addition to the seasonal variability in runoff along the Andes Cordillera, the amount of
summer runoff seems to be in “systematic” anti-phase with the amount of winter runoff (here
expressed in relative values) (Figure 10a). Along the Andes Cordillera the amount of relative
winter basin river runoff indicates an ‘S-shaped’ profile, while in contrast the amount of relative

summer runoff indicates an inverse ‘S-shaped’ profile. During spring and autumn, the variability
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in runoff is less pronounced along the Andes Cordillera compared to summer and winter where
seasonal variability in runoff around Atacama Desert is insignificantly different. Here, each
season counts for around one-quarter of the annual runoff, indicating no seasonal variability in
simulated river runoff over the 35 year period (Figure 10a). Since rain dominates the runoff
pattern for the domain, the rain-derived runoff distribution (Figure 10b) and the runoff non-
glacierized basin distribution (Figure 10e) are similar to the overall seasonal runoff pattern, at
least north of 40°S (Figure 10a). South of 40°S, runoff is dominant in winter, spring, and
summer (Figures 10c and 10d), and originates from snow and ice melt and from glacierized

basins (Figure 10e and 10f).

4.c EOF river runoff variance analysis

The EOF analysis (Figures 11-13) suggests that the SnowModel simulated annual basin
river runoff dataset can be summarized by two major axes (modes: EOF1 and EOF2) for runoff,
rain-derived runoff, snowmelt-derived runoff, and ice melt-derived runoff (Figure 11). Several
assessments of significance associated with each mode (EOF; see

https://github.com/marchtaylor/sinkr), implementation of North’s rule and two bootstrapping

methods indicate that EOF1, EOF2, and EOF3 are significant. EOF1 explains 46 %, 44 %, 41 %,
and 42 % of the explained variance in total, rain-, snow-, and ice-derived river runoff,
respectively. EOF2’s explained variance is lower than EOF1 for the same variables: 16%, 16%,

14%, and 13%.

In Figure 11, we provide the temporal EOF1 and the 5-year running mean smooth total
for runoff and its constituents. Smoothing lines reveal a pattern of positive values for the first

~20 years of the simulation period (1979-1999) followed by negative values (2000-2014). When
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EOF1 is positive, runoff is relatively low and vice versa, meaning that overall the freshwater
river runoff and rain-derived runoff increase (Figure 11; Table 2). This increase in runoff was
most pronounced for the last ~15 years (2000-2014) (Figure 11), and less for the first ~20 years.
EOF]1 thus indicates a temporal increase in both runoff parameters for the domain (Figure 11).
The temporal cycle of EOF patterns has associated spatial elements, derived from the
eigenvectors (Figure 12). These eigenvectors reveal the spatial pattern in the correlation between
the temporal trends captured by the EOFs and each individual basin along the Andes Cordillera
(Figure 12). Overall, the temporal trend in EOF1 are shared by nearly all basins north of 30°S (as
indicated by the negative correlation), and only by specific basins (or regions) south of 30°S.
This indicates a geographic separation — a distinct out-of-phase variation in runoff time series in
comparison to the overall domain for the last 35 years (Figures 12a and 12b). Snowmelt-derived
runoff and ice melt-derived runoff are more diverse (Figures 12¢ and 12d) than total runoff and
rain-derived runoff. We conclude that the differences in runoff patterns (including rain-derived
runoff, snowmelt-derived runoff and ice melt-derived runoff) shown for the Andes Cordillera
west of the continental divide are due partly to specific basin characteristics (e.g., size, aspect,
elevation range, hypsometry, length of the routing network, and glacier cover), and partly due to
different climate forcing functions (e.g., air temperature and precipitation) that are influenced by
large-scale modes of Pacific Ocean natural variability such as ENSO and PDO (see below;
Rosenbliith et al. 1997; Schneider and Gies 2004; Garreaud 2009; Garreaud et al. 2009). This is
confirmed for Colombia, since the SnowModel MERRA simulations were able to reproduce the
observed link between inter-annual variabilities in river runoff and ENSO (not shown) as

reported by Poveda et al. (2001).
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We also detected a pattern associated with EOF2. EOF2 has a temporal component that is
roughly opposite of the temporal EOF1 pattern especially for runoff and rain-derived runoff (see
Figure 11), though both patterns show approximately the same frequency. The EOF2 5-years
running mean smoothing lines for runoff and rain-derived runoff are shown to be negative for the
first ~15 years (1979-1994) and hereafter positive (Figure 11). The importance of this second
pattern is in the spatial correlations of EOF2. This additional pattern is associated with a different
geographic breakdown where runoff north of the Atacama Desert is negatively correlated with
basin runoff located to the south; substantial basin and regional variations in annual runoff time
series for South America have occurred since 1993 (Figure 12, second row). Due to the existence
of these variability patterns for EOF1 and EOF2, we suggest that variations in basin runoff along
the Andes Cordillera overall can be divided into two regions (north and south of 20-30°S), even
though runoff variability for some basins within both regions will be different.

We gained further insight into the source of EOF1 and EOF 2 temporal patterns (Figure
13) via cross-correlation analysis between the EOFs and ENSO or PDO. Overall, we detected a
strong immediate effect of both PDO and ENSO. In Figure 13, positive correlations between
EOFI1 and PDO (r = 0.31; significant, p < 0.01), and between EOF1 and ENSO (r = 0.32;
significant, p < 0.01), runoff (» = 0.31; significant, p < 0.01) and rain-derived runoff (» = 0.32;
significant, p < 0.01) are seen at a zero-lag. There is a real-time covariation between the pattern
in EOF1 and changes in PDO and ENSO occurred. This supports the findings by Poveda et al.
(2001), who proposed that a large-scale natural variability in ENSO is closely related to river
runoff variations in Colombia.

Regarding rain-derived runoff, when both PDO and ENSO are strong, EOF1 is positive

and runoff is low. Regarding snowmelt-derived runoff, it appears to be lagging behind PDO (r =
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0.60; significant, p < 0.01) and ENSO (r = 0.32; significant, p < 0.05) by 1-2 years — the cause of
the delay from PDO seems clear, since ENSO cycles typically remain in the same phase for 6—18
months, whereas PDO can remain in the same phase for one—two decades (Mernild et al. 2015).
A similar delay is observed for ice melt-derived runoff (» = -0.61 and = -0.46; both significant
and both p < 0.01) (Figure 13). For snowmelt-derived runoff, when both PDO and ENSO are
strong and positive, EOF1 is positive, meaning a decrease in snowmelt-derived runoff. In
contrast, for ice melt-derived runoff when both PDO and ENSO are strong and positive, EOF1 is
negative, meaning an increase in ice melt-derived runoff. One to two years after strong PDO and
ENSO years with reduced rain-derived runoff, it is likely that increasing ice melt-derived runoff
and decreasing snowmelt-derived runoff will prevail. Overall, if the end-of winter snowpack is
relatively low, the start of the ablation of the underlying ice will start relative early, likely

indicating a relatively low snowmelt-derived runoff and a high ice-melt-derived runoff.

4.d Perspectives and knowledge gaps

To continue the work of understanding the links among changing climate and cryosphere
and hydrosphere changes, more extensive and accurate records of the spatiotemporal river runoff
for the Andes Cordillera are required to examine the links between atmosphere, terrestrial, and
oceanic (hydrographic) conditions, and the potential impacts on Earth’s climate system. For
example, simulated runoff can be used as input in dynamic ocean models. In the Andes
Cordillera and worldwide, present and projected future snow cover diminishing and glacier
mass-balance loss and retreat (e.g., Liston and Hiemstra 2011; Marzeion et al. 2012; Gardner et
al. 2013; Mernild et al. 2013, 2016a; Radic et al. 2013; WGMS 2014) raise concern about the

sustainability of drinking water and irrigation supplies and hydropower production (highly
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relevant for glacierized basins). Future hydrological changes will likely have social health and
socioeconomic implications. However, in the Andes Cordillera the majority of the river runoff
regimes are pluvially controlled, emphasizing a potential effect on freshwater water resource
availability due to future projected changes in climate.

This series of SnowModel papers (Parts I-IV; Mernild et al. 2016a, 2016b, 2016c¢) has
linked the conditions in the atmosphere with cryospheric and hydrological conditions in the
Andes Cordillera to understand the hydrological cycle influenced by changes in precipitation,
snow cover, and glacier mass-balance. Even though SnowModel is a sophisticated model, more
research is still needed. For instance, in the Andes Cordillera there is still a knowledge gap
regarding changes in terrestrial hydrological processes and their implications on
geomorphological processes, biogeochemical weathering and nutrient fluxes, aquatic
ecosystems, vegetation changes, and human interventions. By doing so, we will improve our
understanding of the key socioeconomic consequences of changes to the freshwater system, but
we will also be able to assess the present and future potential for parts of the Andes Cordillera to
become sources of freshwater for water-poor regions, such as in the Santiago de Chile and

Atacama regions, where mining activities are heavily dependent on water.

5. Conclusions

A merging of SnowModel (a spatially-distributed meteorological, full surface energy
balance, snow and ice evolution model) and HydroFlow (a linear-reservoir runoff routing model)
with NASA MERRA atmospheric forcing data was used to simulate hydrological conditions for
the Andes Cordillera (west of the continental divide). The analysis included freshwater river

runoff, runoff routing, and the spatiotemporal distribution of basin outlet river runoff to the
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surrounding fjords and seas for the 35-year period 1979 through 2014. Simulated river runoff
time series were verified against DGA observed runoff time series (from the central part of

Chile), showing agreement between simulations and observations.

The 35-year mean (1979-2014) gridded runoff varied considerably over distances,
varying from high runoff in Colombia, Ecuador, and Patagonia to low runoff along the coastline
of Peru and between the Atacama Desert and Santiago de Chile. On average, 86 % of the total
runoff from the Andes Cordillera originated from rain-derived runoff, indicating, on average, a
pluvial river regime. In Colombia and Chile the proportions of rain-derived runoff were 99 %
and 69 %, respectively. Overall, 95 % of the simulated runoff originated from non-glacierized
basins. Over the 35-year period, runoff changed significantly (0.94x10' m® yr''; p < 0.01), with
the largest increases occurring in Ecuador and Colombia, whereas the increases in runoff were

insignificant in Chile and Peru.

The spatial distribution of runoff from each individual drainage basin showed a 35-year
mean range in basin runoff from 7.0 + 5.6 x 10" m® (22°S) to 7.3 + 1.9 x 10" m® (2°S), where
the specific runoff pattern showed a characteristic hourglass shape for the Andes Cordillera with
specific runoff values >100 L s™ km™ for the northern and southern parts of the Andes
Cordillera, and <10 L s™ km™ around the arid Atacama Desert. Further, a distribution of basin
runoff into rain-derived runoff, snowmelt-derived runoff, and ice melt-derived runoff
emphasized that basins dominated by rain-derived runoff were primarily located north of 40°S,

and that south of 40°S basin river runoff originated from all three components.

Mapping and understanding the spatiotemporal river runoff conditions for the Andes
Cordillera (west of the continental divide) are of interest for our understanding of a changing

climate and changes in the cryosphere and hydrosphere (as described in these SnowModel Parts

27



623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

I-1V papers; Mernild et al. 2016a, 2016b, 2016c). Models of hydrological conditions and
variability are important for understanding key socioeconomic consequences of changes to the

freshwater system and freshwater conditions as a source for water-poor regions.
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Figure 1: Western part of South America: (a) Topography (m, color increment is not linear) and
locations of MERRA atmospheric forcing grid points used in the model simulations (black dots);
(b) simulated individual drainage basins (represented by multiple colors) west of the continental
divide draining to the Pacific Ocean. The borders are highlighted by straight lines between the
countries Colombia (Co), Ecuador (E), Peru (P), and Chile (Ch); and (c) 16 hydrometric stations
(red dots) in Chile (operated by Direction General de Aguas) used for verification of simulated
river runoff. Glaciers are represented by black squares (added 20-km to the edges of each glacier
to make them more visible in the figure). Also, two specific regions are illustrated from where
examples of basin runoff and hydrographs are illustrated (see bold square): Rio Aconcagua en

Chacabuquito (RAC) and Rio Cautin en Cajon (RCC).
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959  Figure 2: Examples of flow networks calculated from gridded topography and ocean-mask

960  datasets to illustrate the HydroFlow network configuration over the simulation domain for the
961  basins including: (a) the Rio Aconcagua en Chacabuquito (RAC) hydrographic station; and (b)
962  the Rio Cautin en Cajon (RCC) hydrological station. The hydrological stations are marked with a
963  white circle, the flow network with black lines, and the basin with a transparent shaded gray of
964  which drains into the ocean (white color). Glaciers are represented by light gray squares and

965  topography by multiple colors.
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966 Time Time
967  Figure 3: (a) A comparison between daily simulated runoff and observed runoff for 16
968  hydrometric stations and an example of two of the individual stations Rio Cautin en Cajon and
969  Rio Aconcagua en Chacabuquito (1 April 1979 through 31 March 2014); (b) daily simulated and
970  observed runoff time series from Rio Cautin en Cajon and Rio Aconcagua en Chacabuquito; (c)
971  mean seasonal hydrographs (bold lines) 1979-2014 including time series of one standard
972  deviation (thin lines) for the two individual stations Rio Cautin en Cajon and Rio Aconcagua en
973  Chacabuquito.
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Figure 4: Time series of simulated annual runoff anomaly from each individual drainage basin
west of the continental divide for the period 1979-2014: (a) total runoff; (b) runoff from rain; (c)

runoff from snowmelt; and (d) runoff from ice melt.
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980  Figure 5: A ‘field’ representation of the scaled and centered, simulated runoff data indexed by
981 latitude and year (1979-2014): (a) total runoff; (b) runoff from rain; (c) runoff from snowmelt;
982  and (d) runoff from ice melt. The scale bar indicates runoff values above and below average
983  (e.g., the data were centered at 0).
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Figure 6: Simulated 35-year average runoff in each grid cell west of the continental divide (m

w.e., color increment is not linear): (a) total annual runoff ; (b) annual runoff from rain; (c)

annual runoff from snowmelt; and (d) annual runoff from ice melt.
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1005  Figure 7: Simulated 35-year average annual runoff from each individual drainage basins west of
1006  the continental divide (the area of each circle is proportional to the runoff): (a) total runoff; (b)
1007  runoff from rain; (c) runoff from snowmelt; (d) runoff from ice melt; (e) runoff from non-

1008  glacierized areas; (f) runoff from glacierized areas; and (g) specific runoff.
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Simulated 35-year annual changes in runoff from each individual drainage basins west

.
.

Figure 8

of the continental divide (the area of each circle is proportional to the runoff): (a) total runoff

1011

(d) runoff change from

b

change; (b) runoff change from rain; (c) runoff change from snowmelt;

1012

(f) runoff change from glacierized

glacier ice melt; (e) runoff change from non-glacierized areas;

1013

areas; and (g) specific runoff change.
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1016  Figure 9: The percentage of seasonal basin runoff versus latitude for (a) runoff from rain,
1017  snowmelt, and ice melt; and (b) runoff from non-glacierized areas and glacierized areas.
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1026  Figure 10: The percentage of seasonal basin runoff versus latitude for (a) runoff; (b) runoff from
1027  rain; (c) runoff from snowmelt; (d) runoff from ice melt; (e) runoff from non-glacierized areas;
1028  and (f) runoff from glacierized areas. The seasons are divided into three-month intervals:

1029  December, January, and February (DJF); March, April, and May (MAM), June, July, and August
1030  (JJA); and September, October, and November (SON).
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Figure 11: Simulated runoff time series (1979-2014) of the empirical orthogonal functions
(black curve) and 5-years running mean smoothing line (red curve) of EOF1 and EOF2 for (a)
total runoff; (b) runoff from rain; (c) runoff from snowmelt; and (d) runoff from ice melt. The

explained variance is shown for each EOF.
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1037  Figure 12: Eigenvector correlation values for each individual site for EOF1 and EOF2: (a)

1038  runoff; (b) runoff from rain; (c) runoff from snowmelt; and (d) runoff from ice melt.
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Figure 13: EOF1 cross correlation relationships between (a) PDO and (b) ENSO for runoff,

runoff from rain, runoff from snowmelt, and runoff from ice melt. The horizontal dashed lines

indicate the line of significance (95% confidence).
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1050
1051
1052
1053
1054

overestimated compared to observed runoff.

from 16 hydrometric stations and the two individual hydrometric stations Rio Cautin en Cajon

and Rio Aconcagua en Chacabuquito. The brackets indicate how much simulated runoff is

Table 1: Example of statistical information regarding daily simulated runoff and observed runoff

Sixteen hydrometric stations

Rio Cautin en Cajon

Rio Aconcagua en Chacabuquito

Simulated runoff

Observed runoff

Simulated runoff

Observed runoff

Simulated runoff

Observed runoff

Average (X 10’ m3)

0.33 (13 %)

0.29

1.213%)

1.17

032 (9 %)

0.29

Standard deviation
(x10" m®)

0.56

0.58

1.02

1.14

0.35

0.28

r
2
r-range

0.52

0.31-0.
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1088  Table 2: Simulated annual mean runoff and standard deviation (standard deviation is presented
1089  for the 35-year mean period) for the four countries Colombia, Ecuador, Peru, and Chile from
1090 1979 through 2014, and on pentadal scale. The linear trends in runoff are highlighted in brackets.
1091
Parameters (m’) Colombia Ecuador Peru Chile” Total (domain)
1979/80— Runoff 38.0x10" 16.6x10" 24.5x10" 50.3x10™ 129.4x10"
1983/84 Runoff from rain 37.8x10" (99 %) 16.1x10" (97 %) 21.0x10" (86 %) 35.2x10" (70 %) 111.2x10" (86 %)
Runoff from snowmelt 0.1x10" (<1 %) 0.5x10" (3 %) 3.5x10" (14 %) 11.1x10" (22 %) 15.2x10" (12 %)
Runoff from ice melt 0.1x10" (<1 %) <0.1x10" (<1 %) <0.1x10" (<1 %) 4.0x10" (8 %) 3.0x10" (2 %)
Runoff from non-glacierized areas 38.0x10'° (>99 %) 16.6x10" (>99 %) 24.5x10'° (>99 %) 43.3x10" (86 %) 122.4x10" (95 %)
Runoff from glacierized areas <0.1x10" (<1 %) <0.1x10" (<1 %) <0.1x10" (<1 %) 7.0x10" (14 %) 7.0x10" (5 %)
1984/85— Runoff 37.8x10" 15.3x10" 22.7x10" 48.9x10" 124.7x10"
1988/89 Runoff from rain 37.6x10" (99 %) 14.7x10" (96 %) 19.2x10' (85 %) 33.5%10" (69 %) 105.2x10" (84 %)
Runoff from snowmelt 0.1x10" (<1 %) 0.6x10" (4 %) 3.5x10" (15 %) 11.5%x10" (24 %) 15.7x10" (13 %)
Runoff from ice melt 0.1x10" (<1 %) <0.1x10" (<1 %) <0.1x10" (<1 %) 3.9x10" (7 %) 3.8x10" (3 %)
Runoff from non-glacierized areas 37.8x10" (>99 %) 15.3x10' (>99 %) 22.7x10" (>99 %) 42.1x10" (86 %) 117.9x10" (95 %)
Runoff from glacierized areas <0.1x10" (<1 %) <0.1x10" (<1 %) <0.1x10" (<1 %) 6.8x10" (14 %) 6.8x10" (5 %)
1989/90— Runoff 3.5x10" 15.8x10" 22.6x10" 49.5x10" 123.0x10"
1993/94 Runoff from rain 3.5x10" (99 %) 15.2x10" (96 %) 19.3x10'" (85 %) 34.0x10" (69 %) 103.5x10" (84 %)
Runoff from snowmelt 0.1x10" (<1 %) 0.6x10" (4 %) 3.3x10" (15 %) 12.1x10" (24 %) 16.1x10" (13 %)
Runoff from ice melt 0.1x10" (<1 %) <0.1x10" (<1 %) <0.1x10" (<1 %) 3.4x10" (7 %) 3.4x10" (3 %)
Runoff from non-glacierized areas 3.5x10" (>99 %) 15.8x10' (>99 %) 22.6x10' (>99 %) 43.1x10" (87 %) 116.6x10" (95 %)
Runoff from glacierized areas <0.1x10" (<1 %) <0.1x10" (<1 %) <0.1x10" (<1 %) 6.4x10" (13 %) 6.4x10" (5 %)
1994/95— Runoff 39.4x10" 21.2x10" 25.4x10" 48.2x10" 134.2x10"
1998/99 Runoff from rain 39.3x10" (99 %) 20.7x10' (98 %) 22.0x10" (87 %) 33.1x10" (69 %) 115.1x10" (86 %)
Runoff from snowmelt 0.1x10" (<1 %) 0.5x10" (2 %) 3.4x10" (13 %) 11.3x10" (23 %) 15.3x10" (12 %)
Runoff from ice melt <0.1x10" (<1 %) <0.1x10" (<1 %) <0.1x10" (<1 %) 3.8x10'" (8 %) 3.8x10'" (2 %)
Runoff from non-glacierized areas 39.4x10" (>99 %) 21.2x10" (>99 %) 25.4x10' (>99 %) 41.6x10" (86 %) 127.6x10" (95 %)
Runoff from glacierized areas <0.1x10" (<1 %) <0.1x10" (<1 %) <0.1x10" (<1 %) 6.6x10" (14 %) 6.6x10" (5 %)
1999/2000— Runoff 43.3x10" 25.4x10" 21.8x10" 54.4x10" 144.9x10"
2003/04 Runoff from rain 43.1x10" (99 %) 24.7x10" (97 %) 19.0x10'" (87 %) 37.6x10" (69 %) 124.5x10" (86 %)
Runoff from snowmelt 0.1x10" (<1 %) 0.6x10" (2 %) 2.8x10" (13 %) 13.5x10" (25 %) 16.9x10" (12 %)
Runoff from ice melt 0.1x10" (<1 %) 0.1x10" (1 %) <0.1x10" (<1 %) 3.3x10" (6 %) 3.5x10" (2 %)
Runoff from non-glacierized areas 43.3x10" (>99 %) 25.4x10" (>99 %) 21.8x10' (>99 %) 48.1x10" (88 %) 138.5x10'" (96 %)
Runoff from glacierized areas <0.1x10" (<1 %) <0.1x10" (<1 %) <0.1x10" (<1 %) 6.3x10" (12 %) 6.4x10" (4 %)
2004/05— Runoff 45.5x10" 26.6x10" 22.5%10" 55.8x10" 150.4x10"
2008/09 Runoff from rain 45.4x10" (99 %) 26.0x10'" (98 %) 19.6x10'" (87 %) 38.7x10" (69 %) 129.8x10" (86 %)
Runoff from snowmelt 0.1x10" (<1 %) 0.6x10" (2 %) 2.9x10" (13 %) 13.3x10" (24 %) 16.9x10" (11 %)
Runoff from ice melt <0.1x10" (<1 %) <0.1x10" (<1 %) <0.1x10" (<1 %) 3.8x10'" (7 %) 3.7x10" (3 %)
Runoff from non-glacierized areas 45.5x10" (>99 %) 26.6x10" (>99 %) 22.5x10' (>99 %) 48.6x10' (87 %) 143.3x10" (95 %)
Runoff from glacierized areas <0.1x10" (<1 %) <0.1x10" (<1 %) <0.1x10" (<1 %) 7.2x10" (13 %) 7.1x10" (4 %)
2009/10— Runoff 47.5x10" 26.3x10" 23.1x10" 52.0x10" 148.9x10"
2013/14 Runoff from rain 47.4x10" (99 %) 25.7x10' (98 %) 19.9x10'" (86 %) 36.2x10" (70 %) 129.3x10" (87 %)
Runoff from snowmelt 0.1x10" (<1 %) 0.6x10" (2 %) 3.2x10" (14 %) 12.6x10" (24 %) 16.5x10" (11 %)
Runoff from ice melt <0.1x10" (<1 %) <0.1x10" (<1 %) <0.1x10" (<1 %) 3.2x10" (6 %) 3.1x10" (2 %)
Runoff from non-glacierized areas 47.5x10" (>99 %) 26.3x10" (>99 %) 23.1x10' (>99 %) 45.7x10" (88 %) 142.5x10" (96 %)
Runoff from glacierized areas <0.1x10" (<1 %) <0.1x10" (<1 %) <0.1x10" (<1 %) 6.3x10" (12 %) 6.4x10" (4 %)
1979/80— Runoff 40.9 +5.60x10" (30 %) 21.0 +5.63x10" (15 %) 23.3+2.58x10" (17 %) 51.3 £4.09x10" (38 %) 136.5 + 12.15x10"
2013/14 (0.37 x10"° m® yr'") (0.43 x10" m® yr') (-0.03 x10" m® yr'') (0.17 x10" m® yr'") (0.94 x10" m® yr')
Runoff from rain 40.8x10" (99 %) 20.4x10" (97 %) 20.0x10" (86 %) 35.5%10" (69 %) 116.9x10" (86 %)
(0.37 x10"° m® yr'") (0.43 x10" m® yr') (-0.02 x10" m® yr') 0.12 x10" m® yr') (0.88 x10" m® yr'")
Runoff from snowmelt 0.1x10" (<1 %) 0.6x10" (3 %) 3.2x10" (14 %) 12.2x10" (24 %) 16.1x10" (12 %)
(<0.01 x10" m* yr'") (<0.01 x10" m® yr'") (-0.01 x10" m® yr'") 0.07 x10" m® yr'") (0.05 x10" m® yr')
Runoff from ice melt <0.1x10" (<1 %) <0.1x10" (<1 %) 0.1x10" (<1 %) 3.6x10" (7 %) 3.5x10" (2 %)
(<0.01 x10" m* yr'") (<0.01 x10" m® yr'") (<0.01 x10" m® yr'") (-0.02 x10" m® yr') 0.01 x10" m® yr'")
Runoff from non-glacierized areas 40.9x10" (>99 %) 21.0x10" (>99 %) 23.3x10'" (>99 %) 44.6x10" (87 %) 129.8x10" (95 %)
Runoff from glacierized areas <0.1x10" (<1 %) <0.1x10" (<1 %) <0.1x10" (<1 %) 6.7x10" (13 %) 6.7x10" (5 %)
1092 * For Chile it is only the runoff draining into the Pacific Ocean and the Drake Passage.
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