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Abstract Information about end‐of‐winter spatial distribution of snow depth is important for seasonal
forecasts of spring/summer streamflow in high‐mountain regions. Nevertheless, such information
typically relies upon extrapolation from a sparse network of observations at low elevations. Here, we test
the potential of high‐resolution snow depth data derived from optical stereophotogrammetry of Pléiades
satellites for improving the representation of snow depth initial conditions (SDICs) in a
glacio‐hydrological model and assess potential improvements in the skill of snowmelt and streamflow
simulations in a high‐elevation Andean catchment. We calibrate model parameters controlling glacier
mass balance and snow cover evolution using ground‐based and satellite observations, and consider the
relative importance of accurate estimates of SDICs compared to model parameters and forcings. We find
that Pléiades SDICs improve the simulation of snow‐covered area, glacier mass balance, and monthly
streamflow compared to alternative SDICs based upon extrapolation of meteorological variables or
statistical methods to estimate SDICs based upon topography. Model simulations are found to be sensitive
to SDICs in the early spring (up to 48% variability in modeled streamflow compared to the best
estimate model), and to temperature gradients in all months that control albedo and melt rates over a large
elevation range (>2,400 m). As such, appropriately characterizing the distribution of total snow volume
with elevation is important for reproducing total streamflow and the proportions of snowmelt. Therefore,
optical stereo‐photogrammetry offers an advantage for obtaining SDICs that aid both the timing and
magnitude of streamflow simulations, process representation (e.g., snow cover evolution) and has the
potential for large spatial domains.

1. Introduction

Seasonal snow cover is a dominant source of fresh water for many of the world's mountainous regions and of
crucial importance to the rivers for adjacent lowland areas (Barnett et al., 2005; Mankin et al., 2015; Meza
et al., 2012; Viviroli et al., 2007). For example, snowmelt provides more than 75% of the total freshwater
in the western United States (Bales et al., 2006). This contribution can be 30–65% in large catchments of
the Himalayas (Armstrong et al., 2019; Brown et al., 2014; Ragettli et al., 2016; Shrestha et al., 2015) and
between 50% and 93% in glacierized catchments of the central Andes (Ayala et al., 2016, 2019; Burger
et al., 2018), depending on the outlet elevation and degree of glacierization. Because of rising global average
temperatures and reduction in snowpack extents (Mernild et al., 2016), some streamflow properties at these
lowland areas are changing, such as seasonality, diminishing annual volumes (Garreaud et al., 2017, 2019;
Kormos et al., 2016) or a stronger reliance on contributions from shrinking mountain glaciers (Burger,
Brock, & Montecinos, 2018; Lane & Nienow, 2019; Nolin et al., 2010; Ohlanders & Mcphee, 2013; Ragettli
et al., 2016; Riedel et al., 2015).

In central Chile (30–38°S), a decreasing trend in seasonal snow cover (Mernild et al., 2016) has resulted from
a long‐term (decadal) downward trend in annual precipitation (Boisier et al., 2016; Burger et al., 2018),
increasing mean annual air temperatures (Burger, Ayala, et al., 2018) and recent prolonged periods of
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drought (Boisier et al., 2016; Garreaud et al., 2017, 2019). The result is an increasing contribution of ice melt
to annual streamflow (Ayala et al., 2020; Burger, Brock, & Montecinos, 2018) and a vulnerable future
situation for water rights and demands for irrigation and the mining industry (Meza et al., 2012, 2015).
However, the large‐elevation gradient and the lack of in situ observations for meteorology and snow hydrol-
ogy in the Andes range hinders our understanding and capability to quantify snow water equivalent in high
mountain domains (Alvarez‐Garreton et al., 2018; Cornwell et al., 2016; Cortés et al., 2016; Favier et al., 2009;
Shaw, Gascoin, et al., 2020). Complex interactions of mountainous topography andmeteorological processes
determine the spatial distribution of snow water equivalent at high elevations (Freudiger et al., 2017;
Gascoin et al., 2013), though detailed understanding of these processes are limited by the availability and
distribution of observations (Stehr & Aguayo, 2017) and/or the high computational demands of complex
physically based models (Musselman et al., 2015; Vionnet et al., 2017).

As a result, there are large uncertainties in the initial conditions of snow water equivalent (SWE)
required to simulate spring‐summer streamflow from physically based or statistical glacio‐hydrological
models (e.g., Mendoza et al., 2014; Stigter et al., 2017). Such initial conditions are often derived by
calibrating precipitation gradients against point‐based observations (e.g., Ayala et al., 2016; Ragettli &
Pellicciotti, 2012). Precipitation gradients are extremely difficult to characterize in mountain regions
because of the lack of rainfall gauges and the fact that many other processes, together with precipitation,
determine snow accumulation on the ground (Houze, 2012; Scaff et al., 2017). In addition to large uncer-
tainties associated with wind‐induced undercatch errors (Sevruk et al., 2009), the selection of appropriate
forcing stations may not always be clear. This is because the spatiotemporal evolution of mountain storm
events may not be uniformly detected by all stations under analysis (Ragettli et al., 2014). At these local
scales, orographic precipitation combines with other topographic and microphysical processes to shape
complex precipitation and snow accumulation patterns in mountainous terrain (Roth et al., 2018;
Vionnet et al., 2017). Although gridded or dynamically downscaled products (e.g., WRF—“Weather
Research and Forecasting Model”) have shown promise in improving representation of precipitation
for glacier mass balance modeling (e.g., Jarosch et al., 2012) or SWE (e.g., Baba et al., 2018), such regional
climate model scenarios are still too computationally expensive to derive information at resolutions
necessary to resolve orographic precipitation effects (Gutmann et al., 2016) and remain prone to large
uncertainties (Réveillet et al., 2020).

Accordingly, quantifying SWE at the watershed scale for a single winter season can be inherently challen-
ging and is often hindered by site accessibility (López‐Moreno & Nogués‐Bravo, 2006), the limited spatial
extent of terrestrial survey techniques (Revuelto et al., 2014) or cost of airborne surveys (Painter et al., 2016).
The development of low‐cost drone‐based stereo imaging has gained much popularity in monitoring snow
depths recently (e.g., Avanzi et al., 2018; Bühler et al., 2016; Goetz & Brenning, 2019; Redpath et al., 2018),
though it is still limited in terms of the spatial coverage it can provide. The recent development of low‐cost,
high‐resolution techniques for deriving spatial snow depths from optical satellite imagery provides new
opportunities to understand snow patterns at high elevations and produce snow initial conditions for
seasonal hydrological simulations. Marti et al. (2016) derived 1–4 m resolution snow depth maps by
differencing digital elevation models (DEMs) derived from tristereo pairs of Pléiades optical satellite images.
The methodology produced decimetric accuracy of snow depths for a Pyrenean study basin and was recently
tested for a high‐mountain site in the central Chilean Andes by Shaw, Gascoin, et al. (2020). Similar efforts
using World‐View 3 imagery have been recently made to observe snow depths in the western United States
(McGrath et al., 2019).

In this study, we utilize the spatial snow depth information provided by Pléiades satellites in Shaw,
Gascoin, et al. (2020) to force the physically oriented glacio‐hydrological model TOPKAPI‐ETH for a
snow‐dominated, glacierized catchment of central Chile. The aims are to (i) evaluate the utility of an
end‐of‐winter satellite snow depth map for simulating seasonal snowmelt and streamflow, (ii) compare
model simulations produced with a control approach of not updating snow conditions and alternative
snow depth initial conditions based upon existing methodologies, and (iii) test the sensitivity of modeled
streamflow to snow depth initial conditions in the context of other parameter and forcing uncertainties.
We first present the study site and main data sets in sections 2 and 3. Section 4 focuses upon the
methodological approach to evaluate the utility of Pléiades for glacio‐hydrological modeling, and
section 5 presents the results.
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2. Study Site

The Río Yeso catchment (12% glacierized) is located in the Andes of central Chile (33.44°S, 69.93°W) and is
one of the tributaries to the Yeso Reservoir and the Maipo River, which are key drinking provisions for the
country's capital, Santiago (Figure 1). The snow‐dominated catchment has an area of 102 km2 with an eleva-
tion range of ~2,900–5,400 m above sea level (a.s.l.). There are three main glaciers in the basin—Bello
(4.6 km2), Yeso (2.9 km2), and Pirámide (4.7 km2, debris‐covered) which have been shown to contribute
between 3% and 32% of the basin's spring‐summer streamflow through ice melt (Burger, Brock, &
Montecinos, 2018). Piramide Glacier has an estimated debris thickness ranging from 0.01 to >0.6 m, which
controls ice melt spatial distribution, and has an accumulation area largely influenced by mixed avalanches
within its steep‐sided valley basin (Ayala et al., 2016; Burger, Brock, & Montecinos, 2018). The mass balance
of glaciers Bello and Yeso are governed more strongly by temperature lapse rates associated with elevation
differences (Ayala et al., 2016), though the mass balance of the former is strongly influenced by wind remo-
bilization of snow along its flowline (Shaw, Gascoin, et al., 2020). The catchment is dominated by shallow
entisol soils and steep terrain (average slope of 27°) that supports typically small sclerophyllous vegetation.

3. Data
3.1. Remotely Sensed Data

The main initial snow depth was provided by vertical differencing of DEMs constructed by tristereo registra-
tion of optical Pléiades images at a raw output resolution of 0.7 m (Marti et al., 2016). The images were
aligned and processed in the NASA Ames Stereo Pipeline (Shean et al., 2016) using multiview stereo and
without ground control points. The resultant DEMs were aligned to each other by relative coregistration
of snow‐free surfaces with a slope of <40° (Berthier et al., 2007) and tied to an absolute spatial reference
against a terrestrial LiDAR (Light Ranging and Detection) scan with differential GPS geolocation. An uncer-
tainty estimate of 0.36 m was derived from evaluation of the Pléiades snow depth product against the LiDAR
reference data set. For details, we refer the reader to Shaw, Gascoin, et al. (2020). The processed Pléiades map
is presented at a common spatial resolution of 30 m for modeling purposes (resampled by bilinear interpola-
tion), and displays a nonlinear relationship of snow depth with elevation (Shaw, Gascoin, et al., 2020).
Variogram analysis have demonstrated that the correlation length of the error field in Pléiades snow depth
maps at other sites is about 25 m (Deschamps‐Berger et al., 2020). Hence, the random error should be
minimized by spatial averaging at a common 30 m resolution. We utilized the snow‐free DEM of Pleiades
(acquired January, 2018), resampled to a 30 m horizontal resolution through bilinear interpolation, to run
the TOPKAPI‐ETH model (see section 4).

We calculated catchment‐wide fractional snow cover area (fSCA) from daily MODIS MOD10A1 V6.
“NDSI_Snow_Cover” tiles that use a normalized differential snow index (NDSI) at a horizontal resolution
of 500 m (Hall et al., 2010). For each day, we consider a NDSI threshold of 0.2 for snow cover presence
and calculate the total fraction of the catchment that is covered by snow. We additionally obtained
cloud‐free optical images of PlanetScope satellites (PlanetTeam, 2018) at a 3 m resolution for (i) calibrating
solid precipitation thresholds, and (ii) model evaluation (section 4.5). PlanetScope images were obtained
typically for dates following snow storm events and were georeferenced to the Pléiades snow‐free
orthoimage using manually identified bedrock features.

3.2. Meteorological Data

Meteorological information was provided by automatic weather stations (AWS) of (i) the Chilean water
directorate (Dirección General de Aguas or “DGA”), and (ii) stations specifically installed by our group for
the project “Estudio del aporte glaciar en la cuenca del río Maipo”, developed by Cetaqua/Untec for Aguas
Andinas, Sociedad del Canal de Maipo y Junta de Vigilancia del río Maipo (hereafter “Aguas Andinas”—
Figure 1). For the period of interest (4 September 2017 to 31 March 2018), hourly data were available
off‐glacier from online archives of DGA and on‐glacier for a shorter period of observation (see Table 1).
DGA stations Yeso Embalse, San Francisco, Laguna Negra, and Termas del Plomo were utilized to extract
near‐surface air temperature. Precipitation data were obtained from Yeso Embalse, Termas del Plomo,
and additional DGA stations (not shown) in a longitudinal corridor from the Chilean coast (elevation range
of 2,995 m) to compute precipitation gradients (section 4.2).
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Each on‐glacier AWS measured air temperature (°C), relative humidity (%), four‐component radiation
(W m−2), wind speed (m s−1), and direction (°), which were stored as instantaneous 10 min values.
Values were averaged to an hourly time step consistent with DGA measurements and the model
configuration.

Table 1
Hydrometeorological Stations of This Study, Including Available Date Ranges and Data Gaps

Station Source Elevation (m a.s.l.) Variables 十 Date range % data gapsa

Termas del Plomo (TdP) DGA 2,995 Ta, RH, RadNET, WS, WD, P 4/9/2017 to 31/3/2018 0.7
Yeso Embalse (YE) DGA 2,475 Ta, P 4/9/2017 to 31/3/2018 0
San Francisco (SF) DGA 2,220 Ta, P 4/9/2017 to 31/3/2018 0
Laguna Negra (LN) DGA 2,770 Ta 4/9/2017 to 31/3/2018 0
AWS Bello Aguas Andinas 4,214 Ta, RH, RadNET, WS, WD, SDG 25/10/2017 to 31/3/2018 12.3
AWS Yeso Aguas Andinas 4,470 Ta, RH, RadNET, WS, WD, SDG 22/11/2017 to 31/3/2018 3.9
AWS Piramide Aguas Andinas 3,437 Ta, RH, RadNET, WS, WD 22/11/2017 to 31/3/2018 6.4
AWS D‐073 Aguas Andinas 3,744 Ta, RH, RadNET, WS, WD 22/11/2017 to 31/3/2018 17
F_TdP Aguas Andinas 3,015 wPa 15/9/2017 to 31/3/2018 30
F_aP Aguas Andinas 3,020 wPa 22/11/2017 to 31/3/2018 0
F_Y Aguas Andinas 3,820 wPa 22/11/2017 to 31/3/2018 56.7

Note.十 Ta = Air temperature, P = precipitation, RH = relative humidity, RadNET = net radiation, WS = wind speed, WD = wind direction, SDG = ultrasonic
depth gauge, wPa = water pressure. Dates are formatted as day/month/year.
aData gaps are percentages of the total available within the specified date ranges.

Figure 1. Map of the study basin, Río Yeso, with location of site within Chile (a) and the metropolitan region (b). The original Pléiades acquisition area and model
domain are shown by the red and blue lines, respectively, in (c). Individual LiDAR locations (blue flags) were used to construct DEMs from multiple angles.
Background satellite image source: PlanetScope, March 2017. Stream order (Strahler) is shown based upon the Pléiades snow‐free DEM. The inset of (c) is plotted
to show the locations of streamflow stations “aP” and “TdP” relative to the stream origins.
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3.3. Mass Balance Data

Glacier mass balance data were obtained using ablation stakes and scans of a long‐range terrestrial LiDAR
scanner provided by the “Aguas Andinas” project. Three‐meter PVC ablation stakes were installed into all
glaciers (Figure 1) at the end of October 2017 using a Heucke steam drill and measured opportunistically
during field campaigns in November–December 2017 and March 2018. Surface lowering (with an uncer-
tainty range of 0.05 m) was converted to water equivalent melt using locally measured snow density from
a snow pit within the LiDAR domain (501 kg m3 to 4,600 m a.s.l.), and ice density was assumed to be equal
to 900 kg m3.

LiDAR measurements of glacier surface change were obtained using a Riegl VZ‐6000 at an angular resolu-
tion of 0.01–0.02° (Fischer et al., 2016) in October 2017 and March 2018. The raw point clouds were

Figure 2. Flowchart for the calibration‐validation procedure of TOPKAPI‐ETH used in this study. Calibrated values
of the model parameters can be found in Table S1 in the supporting information.
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processed in Riegl RiScan Pro software using base‐corrected dGPS locations, processed in Trimble Business
Center software and stitched together from multiple locations (Figure 1) for each date. Point clouds were
manually aligned between different dates based upon common stable features and subsequently registered
using automatic cloud‐to‐cloud registration based upon snow‐free bedrock features that are assumed to
remain unchanged (Xu et al., 2019). Using these off‐glacier locations, we calculated an uncertainty range
of ~0.12 m from the median vertical differencing of rasters in 2‐D space. The processed point clouds were
rasterized at a 1 m resolution and adjusted for horizontal and vertical motion as in Shaw, Gascoin, et al.
(2020) for comparison to model outputs (section 4.6).

3.4. Streamflow Data

Three stream gauges of the “Aguas Andinas” project were installed in the catchment for monitoring stream-
flow: (i) total basin outflow at Termas del Plomo (F_TdP), (ii) a station before the convergence of rivers
from the western valley and that originating from Piramide (F_aP), and (iii) at the outlet of Yeso Glacier
(F_Y—Figure 1 and Table 1). Due to a change in the glacier outflow channel, data for F_Y are limited to
a short period at the beginning of the melt season for this glacier. Similarly, large gaps in F_TdP were caused
by trapped sediment during December–January, 2017/2018. Information on water pressure was recorded
every 10 min and averaged to hourly values. We calculated discharge values from each station individually
using salt dilution curves (Moore, 2004) at various stages of the field season and various times of day. We
estimated uncertainty of the calculated discharge values (m3 s−1) by comparing variability in dilution curves
calculated by a leave‐one‐out analysis of the available data in each period. From a total of five to six measure-
ments for each location and each period (n= 25), we calculated average uncertainties of 13.3% and 15.2% for
F_aP and F_TdP, respectively.

4. Methods

We apply the physically oriented glacio‐hydrological model, TOPKAPI‐ETH (Topographic and Kinematic
Wave Approximation). The model demonstrates an appropriate balance between a conceptual and a
full energy balance approach for modeling snow and ice melt, and has shown an adequate performance
in many studies within the region (Ayala et al., 2016, 2020; Burger, Brock, & Montecinos, 2018;
Ragettli et al., 2014, 2016; Ragettli & Pellicciotti, 2012). Following the recommendations of Ragettli and
Pellicciotti (2012) and Ayala et al. (2016), we consider a sequential procedure for calibrating and validating
the modules of TOPKAPI‐ETH with process‐specific data (Figure 2). The following subsections summarize
the model calibration, initialization, and validation, additional to an evaluation of the relevance of snow
depth initial conditions (SDIC) to snowmelt and streamflow estimates. For full details of the model
operations and functionality, we refer the reader to Finger et al. (2011) and Ragettli and Pellicciotti (2012).

4.1. Forcings and Melt Parameters

We used the temperature and precipitation records of AWS Termas del Plomo (Figure 1) to force
TOPKAPI‐ETH due to its high elevation (2,995 m a.s.l.) and representation of local meteorological condi-
tions. Gradients of temperature and precipitation were calibrated using Termas del Plomo and other DGA
stations (Table 1), while temperatures over glaciers were estimated based upon the on‐glacier AWS records
(Figure 1). We calibrated a threshold for solid precipitation based on (i) the distribution of temperature and
precipitation records from Termas del Plomo and (ii) the snow line elevation interpreted from PlanetScope
images (PlanetTeam, 2018) following each storm event. Using the on‐glacier AWS records, we ran a
point‐based energy balancemodel following an adaption of Ayala et al. (2017) which was validated against a-
blation stake records. Using the calculated hourly surface melt rates of this energy balance model, we
derived the optimum temperature and shortwave radiation factors (Ayala et al., 2016) using the
Kling‐Gupta efficiency criterion (KGE; Gupta et al., 2009). Finally, we calculated albedo parameters based
upon the algorithm of Brock et al. (2000), using the AWS on Bello Glacier as the median elevation observa-
tion for the catchment. For full details, we refer the reader to the supporting information in Texts S1–S3.

4.2. Model Initialization

Our best estimate of initial conditions for SWE are snow depth derived by combining the optical tristereo
satellite snow depth of Pléiades imagery (section 3.1) and a density map from a distributed blowing snow
model (DBSM; Essery et al., 1999). The DBSM model used meteorological information from Termas del

10.1029/2020WR027188Water Resources Research

SHAW ET AL. 6 of 19



Plomo AWS and a distributed energy balance routine to derive snow depth (for comparison to Pléiades in
this study—section 4.5) and density for the end‐of‐winter conditions (see Shaw, Gascoin, et al., 2020, for
details). Density values agreed with manually measured snow density obtained from field campaigns
(RMSE from four samples in the lower catchment on 13 September 2017 = 20 kg m3).

Initial soil water storage conditions were provided by a 3 year (September 2014 to September 2017) spin‐up
model run in all simulations (section 4.5). For the spin‐up period, we utilized data from Embalse Yeso AWS
(as Termas del Plomo data were available only from March 2017 onward) and the parameters calibrated by
Ayala et al. (2016) for this catchment for the period 2012–2015. However, we reassessed precipitation
gradients (as described in the supporting information) by including recently collected information.

4.3. Snow and Glacier Module Validation

We evaluated the modeled snow covered area by comparison with fSCA from MODIS MOD10A1 and
the optical imagery from PlanetScope satellites at selected clear sky dates (section 3.1). The fraction of
snow‐covered cells was generated from each model time step and assessed using the coefficient of determi-
nation (R2) and mean bias.

We compared the mean and standard deviation of glacier mass balance derived from TOPKAPI‐ETH with
observations from the terrestrial LiDAR in elevation bands of 25 m. LiDAR scans for the glaciers were avail-
able within the elevation ranges 3,250–3,400 m a.s.l. (Piramide) and 4,000–4,450 m a.s.l. (Bello and Yeso).
Due to large microtopographic variations in the surface of the debris‐covered Piramide Glacier causing topo-
graphic shadowing in the data, terrestrial LiDAR scans were only able to provide spatially continuous data
for the lower ablation zone, and upper zones of the glacier were ignored.

4.4. Streamflow

To calibrate soil parameters (Table S1), we followed the approach and plausible ranges described in Finger
et al. (2011) and used a Monte Carlo approach to generate 10,000 parameter sets and identified the best
parameter set by comparing simulations against streamflow measured at F_aP with the KGE metric. We
used F_aP due to its lack of data gaps for the simulation period (Table 1), and utilized the outlet of Yeso
Glacier (F_Y) to calibrate the snow storage parameter. Because soil maps were not available for the study
site, we constrained the range of possible soil depths by assuming that it decreases with elevation and slope,
following Ragettli et al. (2014).

4.5. Evaluation of Snow Depth Initializations

We evaluated the benefits of Pléiades‐derived snow depths for simulating snowmelt and streamflow by com-
paring it with alternative estimations of SDIC based on statistical and physically based methodologies. These
approaches are described in detail in Shaw, Gascoin, et al. (2020) and briefly summarized here: (i) “TOPO” is
a topographic estimation of snow depth derived with the regression equation of Grünewald et al. (2013)
and topographic parameters (elevation, northness, and slope angle) obtained from the DEM of the basin.
(ii) “DBSM” is snow depth calculated by a distributed mass and energy balance model with a wind redistri-
bution module (Esseryet al., 1999), forced by meteorological information at Termas del Plomo AWS during
the preceding winter (May to September 2017), and (iii) “TPK” is the snow depth obtained directly from the
3 year model spin‐up period of the TOPKAPI‐ETH model routine (section 4.2) with no direct insertion of
snow depth. The latter redistributes snow based upon avalanching, though cannot account for wind effects
on snow redistribution (as in DBSM). TPK is considered in this study as the control simulation as it would be
the standard choice for the modeler if no other data or estimations were available. Benefits to the model
based upon the Pléiades SDIC can therefore be compared directly to TPK.

We quantified the added value of Pléiades compared to alternative SDICs examining: (i) the evolution of
fSCA throughout the season, (ii) total snowmelt contributions to the soil, (iii) glacier mass balance, and
(iv) the timing and magnitude of modeled streamflow. For this, we considered two scenarios: (1) We used
the “original” SDIC from each method—that is, where spatial means and distributions of each SDIC are
different (as in Shaw, Gascoin, et al., 2020), and (2) we artificially adjusted the alternative methods such that
domain‐averaged values of SWE are equal with Pléiades, allowing the comparison between SDICs with
similar water volumes, albeit with different spatial distributions. The latter scenario allows evaluating the
utility of Pléiades for modeling the timing of water availability. We compare the alternative, modeled
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SDICs to that of Pléiades, considering the calculated uncertainty of 0.36 m in the Pléiades SDIC (Shaw,
Gascoin, et al., 2020).

4.6. Sensitivity Experiments

We tested the model sensitivity to calibrated parameter values of Table S1, additional to the uncalibrated
dETI, soil and evapotranspiration parameters, snow density, and forcing uncertainty. We treated precipita-
tion forcing with a ±30% uncertainty range based upon errors from wind undercatch, wetting, and evapo-
transpiration (Sevruk et al., 2009) and additional uncertainties that can be associated with sensor errors
and drifting of solid precipitation, though not readily quantified in our study. Ta forcing uncertainty was
based upon the average of maximum daily differences between aspirated and naturally ventilated air tem-
perature observations on all glaciers between 2013 and 2015 (unpublished data), equal to ±0.5°C.We applied
a snow density uncertainty range of 50 kg/m3, following Raleigh and Small (2017) who compared the out-
puts of two empirical (Jonas et al., 2009; Sturm et al., 2010) and two physically based models (Flerchinger
& Saxton, 1989; Marks & Dozier, 1992) to estimate distributed snow density in the Tuolumne basin, USA.
For the remaining parameters, we provided ranges of ±30% around the optimal (calibrated) or uncalibrated
values. We note that a ±30% range is relatively large, although such arbitrary ranges are typically adopted
when a priori ranges of parameters are not available (e.g., Anslow et al., 2008; Ragettli & Pellicciotti, 2012).

5. Results
5.1. Model Evaluation Using Pléiades

Following the calibration‐evaluation philosophy depicted in Figure 2, we first compare modeled fractional
snow cover simulation against PlanetScope and MODIS observations (Figure 3). The Pléiades SDIC simula-
tions reproduce fSCA general dynamics well, capturing the beginning of the spring thaw in late November
and the end of the snow season by mid January. Two melt events are seen in the simulations, in early
October and in the first half of November, but these are not reflected in the MODIS product, and are not
observed by the PlanetScope observations given its clear sky overpass dates. Both Pléiades and TPK simula-
tions underestimate fSCA as indicated by MODIS throughout the modeling period, though differences with
MODIS may be expected, given that the complex terrain predominant in this catchment is likely to affect the
representativeness of the coarse‐resolution product. The simulation better matches the PlanetScope observa-
tions when initializing the model with the satellite‐based snow depths (Pléiades). The TPK model control
simulation under‐estimates the catchment fSCA by up to 15–20% during October to November, compared
to the Pléiades SDIC simulation and results in a smaller R2 and greater bias (Figure 3).

Where available, glacier mass balance observations match well the model estimates derived from Pléiades
direct insertion (Figure 4). LiDAR observations in the Piramide glacier are restricted to lower elevations
and obscured by topographical features in the debris‐covered surface, so we are unable to assess the

Figure 3. Validation of snow cover evolution throughout the simulation period considering a best estimate model
using Pléiades as the snow depth initial condition (blue) and the control model run “TPK” (orange). Modeled (blue and
orange) time series of fSCA (%) are shown against MODIS (red)—assuming a 10% error estimate (shaded area)—and
Planet fSCA (black circles).
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realism of the estimates at higher elevations for that glacier. Also, we note that LiDARmass balance shows a
degree of heterogeneity not captured by the simulations. This results from a relatively simple ablation
modeling scheme adopted by TOPKAPI‐ETH, which is strongly determined by air temperature variability
(that in turn is modeled here as elevation‐dependent). Nevertheless, the average mass balance is closely
matched by the simulations at the Piramide glacier. Similar skill can be seen when simulating mass
balance at the Bello glacier (observations available in the 4,000–4,450 m a.s.l. band), although the spatial
variability is better captured here. Observations at the Yeso glacier are too sparse to evaluate a general
trend in model skill, although a ~0.2 m w.e. bias is observed where LiDAR mass balance measurements
are available.

Hourly modeled streamflow at both F_aP and F_TdP locations generally agree with the observations (KGE
of 0.64 and 0.67 for F_aP and F_TdP, respectively, Figure 5), whereby TOPKAPI‐ETH captures seasonal
variability and change driven by cooling and solid precipitation events. Modeled streamflow at F_aP under-
predicts the occurrence of high flows generated by suspected heavy liquid precipitation events during
December (Figure 5a) and fails to match maximum daily values (Figures 5a and 5c) despite replicating
the minimum and mean daily variations. Conversely, maximum daily streamflow at F_aP is slightly overes-
timated during early February, whereby the majority of melt is derived from glacier ice. Total streamflow of
the simulation period from F_aP is overestimated by <2% (~2.9 × 105 m3), which is within the uncertainty of
measurements (section 3.4). In total, streamflow at F_TdP is overestimated by ~5%, though the measure-
ment record is subject to larger data gaps. At this site, the model is more likely to overestimate observed flow,
particularly above 2 m3 s−1, which in the observed data are concentrated in late February, when almost all
flow in the basin is glacier‐originated. The average simulated contribution of glacier ice melt to total stream-
flow at F_TdP is 44% during the study period.

5.2. Relevance of Snow Depth Initial Conditions

Figure 6 shows spatial differences in snow water equivalent simulated with alternative SDICs relative to the
model results with the Pléiades SDIC, for three winter–spring time steps. The largest differences are those
corresponding to the topography‐only‐based distribution (TOPO), which for high‐elevation zones overesti-
mates respectively to Pléiades by up to 500 mm w.e. in places. Likewise, for the control model (“TPK”),
the dependency of snow depth on elevation results in excessive accumulation and persistence of snow at
the highest elevations, forming large accumulations within avalanche cones, (Figure 6n). DBSM‐derived
SWE estimate lacks the spatial complexity of SWE distribution observed from Pléiades (Figure 6b) but
retains the spatial pattern of over estimation and underestimation seen in the TPK simulation, with the
exception of the areas over the Piramide glacier and near the basin outlet, where it overestimates SWE rela-
tive to Pléiades. Figure 7 summarizes these results by summing SWE over elevation bands. It can be seen that
DBSM, Pléiades, and TOPO share common traits in terms of SWE variability, whereas the TPK distribution
is significantly more skewed toward the higher‐elevation zones of the catchment, most likely due to the
inability of the TOPKAPI‐ETH to redistribute snow through wind and sloughing.

Figure 4. Elevation‐averaged glacier mass balance. Error bars represent modeled means (points) and standard deviations
(whiskers) by 50 m elevation increments, whereas bold lines and shaded areas indicate the respective means and
standard deviations of the LiDAR measurements.
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The contribution of each SDIC to total catchment snowmelt varies widely, especially for TOPO, which is
approximately double that of Pléiades (Figure 8). TPK under‐estimates the total snowmelt of the catchment
by ~25% (0.35 × 104 m w.e.), and DBSM performs similarly to Pléiades. When normalizing all SDICs alter-
natives to the same catchment‐wide mean (dashed lines), the runoff contributions of Pléiades, TOPO, and
DBSM all reduce to differences within 1% of each other. TPK, on the other hand, yields a much smaller
snowmelt estimation, because of its skewed SWE elevation distribution (Figure 7) and the influence of tem-
perature on the melt equation within the model.

Figure 5. Measured and modeled discharge at stations F_aP and F_TdP between November and March (panels a and b)
with specific gauging measurements indicated by the black crosses. Panels (c) and (d) show the measured and
modeled minimum (blue), mean (black), and maximum (red) daily values and salt dilution gauge measurements
(purple dots). Horizontal error bars for the maximum daily values reflect mean measured streamflow errors for the
respective stations. Error bars for minimum and mean observations are not plotted for neatness. We define the “gauge”
measurements as the manual, in‐field measurements and “measured” streamflow as that calculated using the salt
dilution curves.
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Figure 6. Planet snow cover (a, f, and k) and Pléiades SWE (b, g, and l) maps of the model basin at three winter‐spring time steps and relative SWE maps of the
TOPO (c, h, and m), TPK (d, i, and n) and DBSM (e, j, and o) compared to Pléiades at the same time steps. All color scales are equal for Pléiades SWE (0–1,500 mm
w.e.) and SDIC relative SWE (−600 to +600 mm w.e.) plots. Panel (b) is the Pléiades‐derived SDIC for model initialization (i.e., t = 1).

Figure 7. Summed SWE‐elevation plot (as Figure 3) for the time steps given in Figure 6 (and the end of the model
study period). Plotted are Pléiades (blue) with observation uncertainty in the shaded area and the original SDIC model
runs. (a) 4 Sep 2017; (b) 19 Oct 2017; (c) 6 Dec 2017; (d) 31 Mar 2018.
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Average glacier‐wide mass balance differences are subtle (Table S2), though distributed differences are more
indicative of the importance of distributed snow depth in the catchment (Figure 9). Mass balances for all
alternative models are higher on the upper Bello Glacier (Figures 9b–9d), due to snow transport by wind evi-
dent in Pléiades observations, which lowers surface albedo (mass balances between 0.1 and 0.45 mw.e. more
negative). More uniform snow cover for TOPO and DBSM resulted in more positive mass balances for
Piramide Glacier compared to Pléiades, and all alternatives experienced less negative mass balance for the
upper Piramide Glacier due to a smaller accumulation and ablation of winter snow (Figure 6).

TOPO consistently overestimates observed streamflow at F_aP, with a total difference >10% for the study
period, whereas TPK and DBSM report similar underestimation of total streamflow to that of Pléiades
(Figure 10a). Nevertheless, TPK and DBSM SDICs achieve this total small bias by compensating stronger
underestimation and overestimation of measured streamflow during January and February, respectively
(Figure 10a), amplifying the seasonal model errors already inherent from the forcings and calibrated para-
meters (Figure 5). Pléiades and TPK provide a better estimate of streamflow timing, while TOPO achieves
a lower relative variance, but also a lower correlation and greater bias (Figure S2). Considering equal means

Figure 8. The cumulative total snowmelt (m w.e.) for the model study period, where dashed lines are the equal means
alternatives of SDIC.

Figure 9. Distributed modeled glacier mass balance (m w.e.) considering Pléiades SDIC (a) and the relative differences of
modeled glacier mass balances considering a TOPO (b), TPK (c) or DBSM (d) SDIC. Color scales for (b)–(d) are equal.
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of alternative SDICs, metrics remain similar (Figure S2), but both
TOPO and TPK result in larger underestimations of measured
streamflow compared to their original SDICs (Figure 10b).

5.3. Model Sensitivity Analysis

The one‐at‐a‐time sensitivity of catchment streamflow simulated by
our best estimate model (Pléiades SDIC and calibrated parameters)
to parameter and forcing perturbations is shown in Figure 11.
Considering the total streamflow of the catchment (F_TdP) relative
to the best estimate model over the entire simulation period
(Figure 5), the choice of SDIC is much less sensitive to that of several
parameters or forcing uncertainties, being only the ninth most sensi-
tive element on average (maximum difference of different SDICs are
shown). In general, model sensitivities are dominated by uncertainties
in air temperature (Ta forcing (f) and “TGrad”) and those that control
shortwave radiation (“Albedo” and “SRF”). However, for the early
springmonths (September to November), the choice of SDIC can affect

the total streamflow of the catchment more than most other parameters/forcings (a sensitivity of up to −48%
compared to the best estimate model). Nevertheless, in absolute terms, the sensitivity of the model to the
choice of SDIC produces smaller overall differences than uncertainty in temperature or SRF, especially for
summer months (January to March), when absolute streamflow is larger. In all cases, snow depth is found
to be more important for modeled runoff estimates than density and, during certain months, more sensitive
than precipitation forcing (“P(f)” or “PGrad”).

Figure 10. Relative differences in total streamflow for station F_aP (a) in
individual months and for the complete simulation period for SDICs compared
to the observations. Panel (b) as in (a) but for the equal means approaches
(hollow colored bars).

Figure 11. The relative catchment streamflow difference (F_TdP) compared to the best estimate model (Pléiades SDIC and calibrating forcings/parameters—
Figure 5) from a one‐at‐a‐time factor perturbation, displaying grouping of parameter types by the whole period (black) and individual months (colored bars).
The positive differences indicate greater total streamflow for F_TdP compared to the best estimate model, and vice versa. Only the most sensitive of soil
parameters are shown in the figure for neatness. The SDIC sensitivity shows the largest deviations from Pléiades between the alternatives SDICs presented.
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6. Discussion
6.1. Relevance of Snow Depth Initial Conditions for Glacio‐Hydrological Modeling

Shaw, Gascoin, et al. (2020) found large differences in spatial snow depths derived from Pléiades satellites
when compared with estimations from statistical or physically based models that used local, high‐elevation
data. The work presented here demonstrates that this high‐resolution satellite information is useful for
improving the spatiotemporal representation of snowpack (Figures 3 and 9), and the seasonality of
catchment streamflow (Figures 5 and 10a) when used as an initial condition for a physically oriented
glacio‐hydrological model.

Our results demonstrate that differences in the spatial representation of snow depth can lead to large varia-
tions inmodeled seasonal streamflow (i.e., between 5% and 48% during individual months ‐ Figure 11) due to
the convolution in time of energy inputs and available snow (Figure 8). We corroborate previous findings
(Jonas et al., 2009; López‐Moreno et al., 2013; Painter et al., 2016) by showing that spatial uncertainty of
snow depth is more influential for streamflowmodeling than the spatial uncertainty related to snow density
(approximately twice as sensitive on average in this study). We acknowledge that density is largely unknown
and is based here upon model estimations that are not necessarily appropriate for the derived depths (e.g.,
that physical processes considered in DBSM do not explicitly reflect the “real” snow conditions shown by
Pléiades). However, we find that if we derive densities based upon snow depth following the approach of
Jonas et al. (2009), that total modeled streamflow differed only by ~3.5%.

We found that a simple approach to estimate snow depth based upon regression with topographic
parameters (TOPO) overestimates total SWE (Figure 3), fSCA, snowmelt contributions (Figure 8),
low‐elevation glacier mass balance (Figure 9 and Table S2) and streamflow in all months of the study period
(Figure 10) when compared to observations. This statistical approach was derived from topographic
parameters of snow observations for sites in Canada and Europe (Grünewald et al., 2013), and although
we used local data to calibrate absolute values for our catchment (see Shaw, Gascoin, et al., 2020), the
approach produces very high SWE for high elevations. We applied the coefficients from the study of
Grünewald et al. (2013) due to the lack of similar coefficients for the Andes and to avoid utilizing Pléiades
data for any alternative SDICs. Nevertheless, generating new statistical regression relationships of snow
depth may be afforded by existing and future Pléiades data and used for calibrating future SDIC estimations
in this catchment. For example, Shaw, Gascoin, et al. (2020) demonstrated that snow depths derived from
Pléiades were also strongly related to catchment elevation, though orientation relative to north and exposure
(the latter not considered by TOPO) were also important factors for determining snow depth.

The TPK SDIC is deemed as the model control in our study, in that it would likely be the choice made by a
modeler in the absence of other initial conditions. TPK, however, provided an inherent overaccumulation on
high‐elevation, steep terrain, where avalanching was not fully simulated and wind effects neglected (Ayala
et al., 2020). This is largely the result of model limitations (i.e., no wind transport and dependency on model
resolution), though likely also due to localized meteorological conditions. Temperature gradients used to
extrapolate air temperature from a lower‐elevation AWS (Embalse Yeso) in the spin‐up period were clearly
insufficient to prescribe an appropriate end‐of‐winter snow line elevation and snow depth, especially using
precipitation phase thresholds based upon previous work (Ayala et al., 2016). Because the simulation of
snow remobilization (through wind or avalanching) is an inherently complex process to model and
dependent upon several unknowns (e.g., air temperature and precipitation distribution), replacing this
computational complexity with high‐resolution SDIC data from Pléiades is highly advantageous in the
context of glacio‐hydrological modeling.

We demonstrate that themost similar hydrological responses to those obtained from Pléiades were produced
when using the DBSM model initialization (Figures 8 and 10), which calculated the energy balance and
snow accumulation/re‐distribution during the 2017 austral winter (Shaw, Gascoin, et al., 2020). This SDIC
assumed a precipitation gradient similar to that suggested in the literature for this region (Burger, Brock,
& Montecinos, 2018; Ragettli et al., 2014), though calibrated locally using newly available, high‐elevation
precipitation data (Termas del Plomo). It is clear that this approach cannot replicate the spatial variability
of the Pléiades snow depth observations, resulting in a sequence of overestimation and underestimation
(Figure 6e). This stems from a combination of precipitation observations only at relatively low elevations
for the catchment (vertical differences up to 2,400 m) and wind fields that are unable to appropriately
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redistribute snow in the DBSMmodel routine (i.e., on Bello Glacier, Figure 9d). Interestingly, given the simi-
lar elevation distributions of total SWE from the DBSM SDIC (Figure 7), we find similar contributions of
total snowmelt (Figure 8) and total subcatchment streamflow differences (Figure 10), within the uncertainty
of the measurements. This suggests that, with enough local observations or good enough atmospheric
models of air temperature, precipitation and wind speed/direction to constrain it, DBSM could provide a
generalized estimate of total SWE for modeling catchment streamflow. However, the sparse data availability
in this region, combined with potential measurement uncertainties of high‐elevation precipitation again
emphasize the utility of remotely‐ sensed information for deriving snow depth initial conditions.

6.2. Limitations of Study

Given the relatively large ratio of elevation range to total area of our study catchment compared to those
where extensive snow depth surveys have been previously conducted (e.g., Painter et al., 2016), we find that
the timing and magnitude of streamflow are largely influenced by elevational‐dependent air temperature
variability and shortwave radiation throughout the season (consistent with the findings of Li et al., 2009).
Therefore, when comparing snowmelt contributions, glacier mass balance, and fSCA, we observe the
importance of SDICs (Figures 8 and 9), though model simplifications, soil parameter unknowns and forcing
uncertainties (Figure 11) partly obscure the true value of an accurate SDIC to hydrological responses in our
central Andean study catchment. Lack of wind transport and static parameters for boundary layer
temperature adjustment (“TMod”), melt and albedo that were calibrated against single in situ observations,
oversimplify the representation of snow energy balance, which will also be more variable given the different
initial conditions. For example, dependency of the albedo parameterization (Brock et al., 2000) on
temperature and time since fresh snowfall means that parameters for modeling snowmelt are very elevation
dependent. Hence, a single parameter value for a median elevation observation (AWS on Bello Glacier) is
likely to underestimate (overestimate) albedo decay at lower (higher) elevations, simplifying the catchments
response to complex distributions of SWE. Even so, we note that these sparse observations are often the
required choice for calibrating parameters for sizeable basins (Ragettli & Pellicciotti, 2012; Ragettli et al.,
2015; Stigter et al., 2017) and we consider the application of TOPKAPI‐ETH a useful compromise between
physical complexity and computational resources to model local cryospheric processes in more detail.

A key limitation of our study is reliance upon a single snow depth map at the beginning of September which
is deemed as an “end‐of‐winter” estimate of SWE. However, subsequent early spring (October) snowfall
events have partially obscured the relevance of the Pléiades SDIC for replicating observed snow cover
evolution (Figure 8a) and suggest that multiple snow depth maps would be ideal to capture the variability
of snow depth during spring (Belart et al., 2017; Hedrick et al., 2018), that is inherently difficult to simulate
(Figure 6). Hedrick et al. (2018) utilized the Airborne Snow Observatory (LiDAR) data (Painter et al., 2016)
for direct insertion into an energy balance routine at a 50 m resolution in the Tuolumne Basin, USA. Their
study found a dramatic improvement in model performance for SWE estimation when updating the model
routine with LiDAR data on several dates. Nevertheless, Margulis and Fang (2019) and Li et al. (2019) found
that leveraging single midseason snow depth maps can substantially improve estimation of SWE and
snowmelt, finding similar large deviations in SWE to our study when applying a single snow depthmap from
Pléiades observations.

6.3. Future Applicability of Pléiades for Initial Conditions

Pléiades snow depths have several advantages in initializing our glacio‐hydrological model compared to the
control case (TPK) as (i) it can realistically update the model simulation (spin‐up) to replicate trends in snow
cover area derived from high‐resolution daily satellite imagery (Figure 3), (ii) modeling the timing and
monthly magnitudes of snowmelt and streamflow can be improved (Figure 10), (iii) reliable data can build
confidence in calibration of other, related elements of the modeling process, such as snowmelt or soil
parameters, and (iv) intensive field campaigns can be potentially avoided to collect the necessary data for
snow distribution or calibrating model estimates.

We recognize that we present a highly constrained model of a relatively small catchment in one season, with
a large series of calibration/validation steps that may not always be possible given the lack of ground‐based
data at high elevations. However, in our case study we are able to limit, to some degree, uncertainties within
parameters that govern ablation and hydrologic processes through sequential calibration (Figure 2) using
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various in situ or satellite observations (Figure 1). We find, that with a combination of ground‐based (i.e.,
LiDAR) and satellite observations at high spatial and temporal resolutions (PlanetScope), we are able to cali-
brate individual processes with more control and prevent a bulk calibration of plausible parameters against
only one or two sources of observations (i.e., soil and snow parameter sets against MODIS and streamflow,
respectively—(Finger et al., 2011; Shrestha et al., 2015)). In this respect, we have confidence that several of
the individual processes, such as snow retreat or glacier mass balance, are modeled appropriately and that
intercomparisons regarding the relevance of snow depth initial conditions can be more robustly assessed.

We show that coarse‐resolution SDICs from energy balance modeling (DBSM), while smoothing the
complex spatial variability in SWE (Figure 6e), match general trends of total SWE with elevation
(Figure 3) that ultimately govern snowmelt and total streamflow through control of elevation‐dependent
temperature variations and albedo (Figures 8b and 10a). However, we recognize that our study catchment
represents only ~2% of the total Maipo river catchment (Shaw, Gascoin, et al., 2020). Modeling larger
domains with alternative methodologies for snow depth derivation (e.g., TOPO, DBSM, or other
alternatives) are likely to produce even greater differences in total SWE compared to high‐resolution satellite
observations, especially where dependence upon elevation (TOPO) or uncertainty in the distribution of
forcing variables (TPK/DBSM) are augmented. For example, modeling elevation trends in total SWE (as
DBSM generally achieves) would likely be more difficult over larger basin areas with greater elevation
ranges because it combines the increased uncertainty in total precipitation, statistical precipitation/
temperature gradients (“P/TGrad”), and the modeling of storm origins that are all dependent on highly
localized observations.

We therefore consider that SDICs derived from DEM differencing of high resolution optical satellites offer a
practical solution to reduce uncertainties in initial conditions, which would be valuable when upscaling
glacio‐hydrological modeling in the central Andes. This is especially true due to the high temporal revisit
period (daily) of the Sun‐synchronous satellite pair (Marti et al., 2016) and the relatively clear sky conditions
during winter compared to other mountain regions of the world (~70% clear sky winter days (May to
September) between 2016 and 2020—unpublished data). For other regions, cloudy conditions may be amore
limiting factor for obtaining imagery for the “ideal” date. Obtaining several Pléiades DEMs during the “end‐
of‐winter” and early melt season (Belart et al., 2017; Hedrick et al., 2018) or single, “well‐timed” observations
to capture peak SWE (Margulis & Fang, 2019) for larger areas would be especially beneficial to the advance-
ment of this work.

7. Conclusions

We apply observations of detailed spatial snow depth from Pléiades satellites as an initial condition for a
glacio‐hydrological model of a high‐elevation Andean catchment. Utilizing a wide variety of local
ground‐based and satellite observations, we are able to confidently calibrate the model parameters to repre-
sent several of the localized cryospheric processes occurring in the basin (i.e., glacier mass balance and snow
cover evolution) and examine the relative importance of snow depth initial conditions compared to other
model parameter and forcing sensitivities.

We find that skewed distributions of spatial snow depth from alternative initial conditions estimations or a
model control without snow depth insertion can produce differences in early spring streamflow up to 48%
and decreased performance in estimating the magnitude of snow melt and snow cover area in comparison
to using Pléiades for initial conditions. Snow depth initial conditions derived from energy balance calcula-
tions lack the spatial complexity of Pléiades observations, though can reproduce total snowmelt and stream-
flow, due to the elevation distribution of total snow water equivalent and the dominant role of air
temperature variability for hydrological response. However, all alternative initial snow conditions require
appropriate estimates of total catchment snow volumes which are hard to derive without spatially represen-
tative, high‐elevation observations that are seldom available. Upscaling these alternative initial condition
approaches for larger domains will also likely introduce a greater uncertainty of unconstrained
temperature/precipitation forcing to which the methods are highly sensitive. Therefore, Pléiades offers an
advantage for obtaining detailed spatial snow depths that aid (i) modeling both the timing and quantities
of streamflow, (ii) process representation and reduced uncertainty regarding the calibration of related snow-
melt or (potentially) soil parameters, and (iii) spatial representation not afforded by costly ground/airborne
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campaigns. We recommend the application of the optical satellite stereo‐photogrammetry (Pléiades,
World‐View 3, etc.) to generate snow depths for larger domains where deviations between alternative
estimations of snow depth may be greater still.
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