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Glaciers are of paramount importance in diverse environments, and due to the accelerated retreat experienced in recent decades, efforts have intensified to achieve a comprehensive understanding of key variables such as mass balance and glacial melting. However, the scarcity of data in regions that are difficult to access, such as the Andes Cordillera, hinders reliable glaciological studies of the historical period. This study examined the mass balance and melting dynamics of the Universidad Glacier, the largest in the semi-arid Andes, from 1955 to 2020, using the physically based Cold Regions Hydrological Model (CRHM). The model was calibrated with geodetic mass balance estimates available between 1955 and 2020 and evaluated against on-site observations available between 2012 and 2014. Change point analysis revealed three contrasting periods of mass balance evolution: significant mass loss for the periods 1955–1971 and 2006–2020 and near-equilibrium mass balance from 1971 to 2006. These loss and gain periods align with the negative phases of the Pacific Decadal Oscillation (PDO) and the positive ENSO (El Niño) events, respectively. Simulated runoff from glacier melt showed a positive trend of 8% per decade since 1971. Calibrated and uncalibrated versions of the model showed similar temporal variability, but cumulative mass balance differed significantly. The model calibrated from 1955 to 2020 had a minimal overestimation of 0.1% in mass loss and slightly improved the representation of the annual albedo. Relative to this best-performing model, the model calibrated with geodetic mass balance estimates from 2000 to 2020 overestimated mass loss by 25%, whereas the uncalibrated model overestimated mass balance by 62%. Physically based modeling with parameters adjusted based on field observations is adequate to reproduce the most salient features of MB interannual variability. However, long-term projections may diverge significantly, and albedo parameterizations, including its spatial and temporal evolution throughout a glacier surface, are an avenue for future research.
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INTRODUCTION
With a few exceptions, glaciers worldwide are experiencing rapid retreat. In high-mountain regions, this process has consequences for water supply, ecological function, and geohazards. In the extratropical Andes region of Chile (25°–35°S), snowmelt serves as the main source of freshwater by volume, but glacier melt contributes significantly, especially during late summer and in drought years (Ayala et al., 2020). Studies using remote-sensing techniques have consistently recorded glacier retreat in the Chilean Andes, which has affected primarily debris-free or clean glaciers (Masiokas et al., 2020; Barcaza et al., 2017). Through geodetic mass balance estimation, Dussaillant et al. (2019) found that glaciers in the extratropical Andes (25°–35°S) experienced a near-equilibrium mass balance between 2000 and 2009 but significant mass losses between 2009 and 2018. The latter period overlaps with the so-called 2010 Chile Megadrought (Garreaud et al., 2017), which was characterized by higher temperatures, moderate but persistent annual precipitation deficits, and some of the driest years on record.
Developing adequate strategies for adaptation to cryosphere changes, such as those experienced by extratropical Andean glaciers, requires reliable projections of ice mass evolution under climate scenarios. Numerical models can be valuable tools if they can reliably represent the sequence of hydrological stores and fluxes in high mountain environments. Among the modeling decisions required, the snow and ice melt scheme is one of the most relevant. The degree-day index method requires only temperature and precipitation as meteorological inputs and has proven useful for regional- or global-scale glacier models such as GloGEM (Huss and Hock, 2018) and the open global glacier model (Maussion et al., 2019). Some models modify the degree-day index by explicitly considering radiation inputs (Pellicciotti et al., 2014). This approach has been employed in the TOPKAPI-ETH model (Fatichi et al., 2015; Ragettli et al., 2016), allowing for improved performance of a degree-day model by adding only one meteorological predictor (Pellicciotti et al., 2014). The energy balance method estimates melt rates based on the available energy at the glacier’s surface from exchange with the atmosphere. This approach requires a larger amount of meteorological data, including air temperature, precipitation, and net shortwave and longwave radiation. Energy balance models can be used to develop estimates at the watershed, glacier, or point scale. Examples of modeling platforms using this approach include DHSVM-GDN (Naz et al., 2014), COSIPY v1.3 (Sauter et al., 2020), and DEBAM (Hock and Holmgren, 2005; Kinnard et al., 2022). Pradhananga and Pomeroy (2022) added a glacier module to the Cold Regions Hydrological Model (CRHM-glacier), an evolution that includes a module for ice and firn mass and energy balances and combines them with the original model components described in Pomeroy et al. (2007). CRHM-glacier allows combining a physically based representation of glacier ablation with off-glacier hydrological modeling at the river basin scale, thus enabling the study of the contribution of glaciers to downstream hydrology. It has been applied to the Peyto Glacier in the Canadian Rockies (Aubry-Wake et al., 2022; Aubry-Wake and Pomeroy, 2023), providing diagnostics of hydrological controls of runoff production and change estimates for the future evolution of landscape and meteorological forcing.
Although parameters in physically based models are generally observable, some degree of calibration is needed because of the general scarcity of relevant observations in remote high-mountain areas. In recent years, the use of geodetic estimates obtained from satellite sensors or photogrammetry has significantly expanded the temporal and spatial coverage of glacier mass balance studies to nearly global coverage (Braithwaite and Hughes, 2020; Berthier et al., 2023; Hugonnet et al., 2021), and enabled the calibration and/or evaluation of glaciological models, particularly those based on temperature-index melt estimation (Barandun et al., 2022; Compagno et al., 2022; McCarthy et al., 2022; Li et al., 2023; Rounce et al., 2023). Most techniques for obtaining geodetic mass balances are only available after 2000 (Berthier et al., 2023). However, geodetic mass balances obtained from differences in digital elevation models generated using optical stereoscopic images provide the opportunity to undertake mass balance studies that span longer periods, including data from the 1960s.
In this study, we focus on the largest individual glacier in the extratropical Andes, the Universidad Glacier. We seek to complement the knowledge regarding the hydrological role and historical evolution of glaciers in the southern portion of this region, which receives comparatively higher annual precipitation than the glacierized catchments reported by Ayala et al. (2020) and Masiokas et al. (2016), with the aim of assessing the value of long-term geodetic mass balance estimates for model calibration and evaluation under a physically based framework. To this end, we employ the CRHM-glacier platform to represent the high-mountain river basin that contains the glacierized area and adjust the most sensitive parameters based on the subsets of geodetic mass balance estimates.
Study domain
Universidad Glacier (34°40'S, 70°20'W), located in the semi-arid Andes at the head of the Tinguiririca River, is the largest glacier north of Patagonia, with an area of 26.3 km2 (Barcaza et al., 2017). The regional climate is highly seasonal, with most of the precipitation occurring during the winter months from May to September. The Universidad Glacier spans an altitudinal range of 2,482–4,970 m a.s.l. and has a predominant southeast orientation (Barcaza et al., 2017). The glacier comprises two sub-basins that function as accumulation zones. These two accumulation zones merge downstream of two icefalls, forming the glacier tongue. The presence of debris on the glacier tongue is discontinuous, with the upper part exhibiting ogives (Wilson et al., 2016). While there is a greater presence of detritus near the glacier terminus, it does not form a homogeneous and continuous layer, although the percentage of detritus cover in the lower zone has been increasing over the last decade due to low precipitation (Podgórsky et al., 2023). Figure 1 shows the location and geometric disposition of the glacier along with the locations of various station observations available for this study. The outline of the Tinguiririca River at the Los Briones stream gage, to which the flow from the glacierized catchment converges, is also shown.
[image: Figure 1]FIGURE 1 | Study area and location of available station data. (A) Relative position of the Universidad Glacier with respect to Santiago de Chile. (B) Tinguiririca Bajo Los Briones (TBLB) Basin and location of the gauging station. In addition, the location of the Rufina (Rufina WS) and Universidad Glacier (Glaciar Universidad WS) weather stations were used to calculate precipitation gradients. (C) Limits of the Universidad Glacier (DGA, 2022), locations of automatic weather stations (AWS), and ablation stakes of Kinnard et al. (2018).
METHODS
Universidad Glacier hydroglaciological model
The CRHM-glacier model structure for the glacial watershed is based on the framework presented by Pradhananga and Pomeroy (2022). CRHM is a physically based modeling platform that allows for the modular simulation of various processes related to snow accumulation, ablation, and runoff. In CRHM, the study area is discretized into hydrologic response units (HRUs), within which hydrological features are assumed to be spatially homogeneous. This approach enables a parsimonious representation of the spatial variability within the watershed and helps reduce computational time. The HRUs for the Universidad Glacier were defined based on topographic attributes and glacier boundaries. The glacier outline corresponds to 2018 and was obtained from the Public Glacier Inventory (Barcaza et al., 2017). Terrain topography was obtained from ASTER DEM (ASTER Science Team, 2019) and classified according to elevation (100-m bands), orientation (four directions), and slope (three classes between 0° and 90°), resulting in 55 HRUs, with an average size of 0.54 km2. Figure 2 illustrates the topographic attributes of the glacier and the resulting HRUs.
[image: Figure 2]FIGURE 2 | Topographic attributes for HRU discretization. (A) Aspect discretization. (B) Slope discretization. (C) Altitudinal discretization. (D) Resulting HRU discretization. The blue dots represent the ablation stakes of Kinnard et al. (2018), and the triangles represent the AWS of the same study.
Snowmelt for glacier and nonglacier HRUs was calculated using the SNOBAL module (Marks et al., 1998), which applies energy and mass conservation parameterizations to a two-layer snowpack. Melting of glacier ice and firn was calculated using an energy balance approach, as detailed by Pradhananga and Pomeroy (2022). Gravitational snow redistribution between HRUs was modeled based on Bernhardt and Schulz (2010) and implemented in the SWESlope module. The Prairie blowing snow module (PBSM) (Pomeroy, 1997; Pomeroy and Li, 2000) was used to calculate blowing snow transport and also accounted for blowing snow sublimation. The radiation inputs required for the snow and glacier melt modules were computed based on air temperature data. Incident shortwave radiation was obtained using the Annandale module (Annandale et al., 2002), updating the coefficient of the method to a value of 0.2 to match local pyranometer observations. Longwave radiation was estimated using the parameterization developed by Sicart et al. (2006) in the long Vt module.
In the CRHM-glacier model, the treatment of albedo differs for snow and firn/ice. For snow albedo, the model follows the dynamics presented by Verseghy (1991), whereby snow albedo (αt) exhibits a linear decay for cold snow, while melting snow has an empirical exponential decay function, as described in Equation 1:
[image: image]
Furthermore, the snow albedo is refreshed based on the magnitude of snowfall, as shown in Equation 2:
[image: image]
where [image: image] and [image: image] are the albedo for the previous and current time steps, respectively. [image: image] and [image: image] are the maximum albedo of fresh snow and the minimum albedo of aged snow, respectively. [image: image] is the amount of snowfall in the time step, [image: image] is the minimum amount of snowfall required to refresh the albedo to [image: image] and [image: image] and [image: image] are the time-decay parameters.
We assigned [image: image] based on daily snow albedo data derived from the MODIS products Terra Snow Cover Daily L3 Global 500 m (MOD10A1) and Aqua Snow Cover Daily L3 Global 500 m (MYD10A1) (Hall et al., 2002). By averaging the annual maximum snow albedo over the glacier for the period 2000–2020, we obtained a value of 0.90, which is consistent with automatic weather stations (AWS) observations reported by Kinnard et al. (2018). We derived the minimum snow albedo ([image: image]) and ice albedo from the albedo grids presented by Shaw et al. (2020), who examined the albedo of various glaciers in the central Chilean Andes (33–34ºS) using late summer Landsat scenes from 1986 to 2020. Their analysis revealed a negative albedo trend that was statistically correlated with annual precipitation. For the Universidad Glacier, the decreasing trend in ice albedo was −0.014 per decade. For the ice albedo parameter, we calculated the average albedo value for each HRU between 1991 and 2020 using the albedo grids generated by Shaw et al. (2020) and fitting a linear decay trend to these values. For the years prior to 1990, we applied fixed ice albedo values derived from the 1991 image. For the minimum snow albedo ([image: image]), we averaged the albedo values from late summer images for the pixels categorized as snow by Shaw et al. (2020), resulting in a minimum snow albedo of 0.35. This value was consistent with the AWS observations reported by Kinnard et al. (2018) and aligned with the March monthly mean albedo calculated for the Central Andes by Malmros et al. (2018).
The decay parameter [image: image] was estimated from data obtained at the Valle Nevado cryosphere station, operated by the Universidad de Chile, and assigned a value of 34.72 days. For parameter [image: image], we adopted a value of 13.9 days and set the value of [image: image] to 1 mm, following the approach reported by Jara et al. (2021).
Ice flow was not explicitly calculated in the current version of CRHM-glacier. To distribute the ice thickness and avoid the unrealistic disappearance of ice in the lowest HRUs, we implemented the ∆h parameterization (Huss et al., 2010), which redistributes ice height changes along the glacier elevation range through an empirical approximation related to the glacier size and geometry. In our study, we obtained the elevation change data from Hugonnet et al. (2021) for the period 2000–2019. The elevation bands used in the parameterization correspond to the same 100-m intervals that were utilized for generating the HRUs (see Figure 2). CRHM-glacier does not compute changes in the geometry or area of the glacier. However, satellite data suggest that the Universidad Glacier experienced a relatively modest area loss of only 6% between 1945 and 2011 (DGA, 2011).
Meteorological forcings
The CRHM-glacier model requires a three-hourly series of precipitation, air temperature, wind speed, and relative humidity for the period 1955–2020. All inputs were obtained from ERA5-Land reanalysis according to the following procedure: three-hourly precipitation and daily maximum and minimum air temperature values were bias-corrected using the multivariate quantile mapping bias correction (MBCn) technique (Cannon, 2018) using the observation-based CR2MET gridded product (Boisier et al., 2016) as a reference. Both the ERA5-Land and CR2MET datasets were filtered to remove precipitation from days with values lower than 1 mm, which were deemed unrealistic and inconsistent with observational records.
Bias-corrected precipitation was then distributed from the pixel resolution to the model HRUs using a logarithmic altitudinal gradient (Equation 3) derived from the precipitation records at three weather stations operated by the Chilean Water Directorate (DGA), as shown in Figure 1 and Table 1. The logarithmic gradient was calibrated using precipitation observations from July 2018 to April 2020:
[image: image]
where PHRU is the HRU precipitation, z is the HRU elevation, and PERA. BC is the precipitation at the centroid of the bias-corrected ERA5-L and precipitation product grid cells.
TABLE 1 | Summary of the different data sources used.
[image: Table 1]Air temperature was spatially distributed to the model resolution using altitudinal gradients estimated from on-glacier AWS data. Three linear elevation gradients were derived. One gradient was determined for the eastern accumulation zone using the temperature data during the ablation period from December 2012 to May 2013. This resulted in a lapse rate of 5.5°C ± 1.0°C km−1, which is consistent with that estimated by Bravo et al. (2017) for the same area. Another gradient was calculated for the western accumulation zone using temperature data from November 2013 to April 2014, which resulted in a sharper lapse rate of 7.6°C ± 0.9°C km−1. The higher gradient in the western zone could be attributed to the exacerbation of the effect described by Bravo et al. (2017), involving the erosion of the katabatic boundary layer due to the advection of warm air from the extensive bare rock areas in the southeastern zone of the glacier situated between the tongue and the western accumulation zone valley.
Wind speed and relative humidity series for the hydroglaciological model were constructed using synthetic series based on the records from the AWS located in the lower part of the glacier, aggregated at 3-h intervals. The time series was calculated by considering an additive model with three components: seasonal, trend, and random. For each month of the year, an independent additive model was fitted to the three-hourly average values of wind speed and relative humidity. To distribute relative humidity across the glacier, an altitudinal gradient was calculated using the same procedure as that for temperature. For the eastern part of the glacier, the calculated altitudinal gradient was −10% km−1. For the western part of the glacier, the gradient was −6.5% km−1. We did not find a significant wind spatial pattern between the upper and lower AWS. Therefore, the same wind speed value obtained from the lower AWS was used for the entire glacier.
Mass balance
Historical glacier mass evolution was derived from changes in glacier elevations calculated by Hugonnet et al. (2021) and the geodetic mass balance data presented by Mahmoud et al. (2022). Hugonnet et al. (2021) utilized stereo images from the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) to derive glacier surface elevation changes. They computed these changes for four 5-year periods: 2000–2004, 2005–2009, 2010–2014, and 2015–2019. In contrast, Mahmoud et al. (2022) calculated mass balance based on historical aerial photogrammetry data collected by the Aerial Photogrammetry Service (SAF) and Military Geographic Institute of Chile (IGM) in the years 1955, 1985, and 1997 to create digital elevation models, later co-registered with the SRTM Digital Elevation Model. We incorporated the mass balance estimates for two periods: 1955–1985 and 1985–1997. To evaluate the model, we used glaciological mass balance measurements available from 2012 to 2014 (Kinnard et al., 2018). Ice thickness was obtained from a study conducted by the Chilean Water Directorate in 2011 using radio echo sounding (DGA, 2012).
Model calibration and evaluation
Although the physically based nature of the CRHM platform allows most parameter values to be assigned from direct observations, we carried out a calibration exercise to evaluate the impact of adjusting model outputs to different periods of geodetic mass balance retrievals. A first model was uncalibrated (unc) using default parameters suggested by Pradhananga and Pomeroy (2022) and values estimated from local data, as described in previous sections. A second model (crec) was calibrated using geodetic mass balance estimates from 2000 to 2020 (Hugonnet et al., 2021). This period is characterized by higher glacier mass loss, warmer temperatures, and the occurrence of the Chile megadrought since 2010. A third model (cext) was calibrated using mass balances from 1955 to 2020, incorporating geodetic mass balances from Mahmoud et al. (2022) and Hugonnet et al. (2021). The period from 1955 to 2000 covers greater hydroclimatic variability, including some shorter drought periods compared to the more recent megadrought, along with a warming temperature trend (Burger et al., 2018). Figure 3A shows the geodetic mass balance values per period together with the annual precipitation and temperature series. The models were calibrated using the shuffled complex evolution (SCE) global optimization method (Duan et al., 1992) implemented in the rtop package. The objective function for the SCE algorithm was the root-mean-square error (RMSE) of the mass balance for each period (Equation 4), considering the geodetic mass balances as reference:
[image: image]
where ∆href,i is the geodetic mass balance of the period and ∆hsim i is the mass balance calculated by the model.
[image: Figure 3]FIGURE 3 | Time series of local and regional climate variables. (A) Average annual temperature and precipitation over the glaciers. The arrows and vertical lines indicate the average mass balance of the Universidad Glacier over the delimited periods. The sources are listed in Table 1. (B) Annual series of the Oceanic Niño Index (ONI), where light blue stripes correspond to Niño years and red stripes correspond to Niña years. (C) Pacific decadal oscillation (PDO) index.
Parameters for calibration were selected based on the distributed evaluation of local sensitivity analysis (DELSA) method (Rakovec et al., 2014). DELSA uses “local” derivative-based methods to estimate parameter sensitivity based on the response in the gradient of the model output or performance index. The sensitivity of the parameters is assessed across the parameter space by selecting different points using a Latin hypercube. We chose the DELSA method due to its capability to scan the parameter space at a relatively low computational cost. Table 2 shows the subset of model parameters included in the DELSA procedure.
TABLE 2 | Candidate parameters evaluated in DELSA with their respective ranges for calibration.
[image: Table 2]We evaluated the model performance against albedo and surface elevation changes observed at the AWS, as reported by Kinnard et al. (2018) (Table 1). The evaluation follows a methodology similar to that shown by Pradhananga and Pomeroy (2022) and consists in calculating the difference in elevation and albedo using the mean bias error (MBE), root-mean-square error, and the Wang–Bovik index (WBI) (Wang and Bovik, 2002). The WBI serves to evaluate the similarities between observed and modeled variables based on the differences between means and variances (Pradhananga and Pomeroy, 2022). The WBI and its components are calculated using Equations 5-8 below:
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where [image: image] are the minimum values between the observed and simulated [image: image] and [image: image], respectively; [image: image] and [image: image] are the means; [image: image] and [image: image] are the standard deviations; and [image: image] is the covariance. In addition, [image: image] is the difference in means, [image: image] is the difference in variances, and [image: image] is the Pearson correlation coefficient.
Time variability of hydroglaciological variables
We identified change points in various glaciological variables of interest, including mass balance, runoff, and equilibrium altitudinal line based on that presented by Fealy and Sweeney (2005). We visually identified points in time where glaciohydrological variables displayed trends by computing the cumulative sum of deviations (CUSUMs) from the historical mean. Additionally, we employed Pettitt’s nonparametric test (Pettitt, 1979) to confirm these change points. The equation used to perform the CUSUM analysis is shown in Equation 9:
[image: image]
where Si is the CUSUM metric, [image: image] represents the yearly value of the variable of interest, and k is the average of the historical series of [image: image]. Furthermore, we employed the Mann–Kendall test to determine the statistical significance of the trends observed in the annual time series.
RESULTS
Parameter sensitivity and calibration
Figure 4 illustrates the DELSA first-order sensitivity analysis applied to the uncalibrated CRHM model of the Universidad Glacier. Of the three most sensitive parameters, [image: image] represents the lower limit of snow albedo and [image: image] is the minimum snowfall required to update snow albedo to its maximum value. In contrast, tmax_allsnow controls the simulated precipitation partition in solid and liquid phases. These three parameters were selected for the calibration.
[image: Figure 4]FIGURE 4 | DELSA first-order sensitivity of the selected CRHM parameters. DELSA was conducted with a sample size of n = 100. The y-axis indicates the first-order sensitivity of each parameter. The sum of the sensitivities of the six parameters in each iteration is equal to 1, with the parameter having the highest first-order value exerting the greatest influence on the variables analyzed. In this case, the parameter that has the greatest impact on the mass balance is αmin.
The calibrated parameter values are presented in Table 3. Both calibrated models exhibit similar values for [image: image], indicating convergence of this parameter. The main difference between the models lies in the value of parameter [image: image]. A lower value of Smin indicates that a smaller amount of snow is required to completely refresh the snow albedo, which results in the snow surface absorbing less solar energy overall as the albedo is refreshed more frequently. A similar effect results from the calibrated value of [image: image] compared with the default parameter value. The calibration process reduced the mass balance error by more than three times when comparing the model calibrated with the extended period (crec) to the uncalibrated model (unc), as shown by the RMSE values in Table 3.
TABLE 3 | Calibrated models, along with their corresponding parameter values and sources of calibration. The “uncalibrated” (unc) model represents the model with all parameters obtained, as described in the Methodology section. The “calibrated recent period” (crec) model is calibrated using elevation differences obtained from Hugonnet et al. (2021), which were converted into mass balances considering an ice density of 850 kg/m3 and the glacier outlines of 2018. The “calibrated extended period” (cext) model is calibrated using data from Hugonnet et al. (2021) and mass balances for the years 1955–1997 from Mahmoud et al. (2022). The RMSE values shown correspond to those calculated using all available mass balances, i.e., between 1955 and 2020. For the crec case, which was calibrated against the GMB during the 2000 period, the RMSE value for the calibration was 0.07 m w.eq.
[image: Table 3]Model evaluation
In this section, we compare the simulated daily mean albedo and surface height change with observations at the AWS, as shown in Figure 1. The results of various evaluation metrics for albedo and surface height changes are provided in Supplementary Tables S1 and S2, respectively.
Figure 5 displays the time series of the three AWS observation sites. AWS L. Z. (Figures 5A–C) was located in the ablation zone and has the longest record covering both accumulation and ablation seasons for the year 2013/14. AWS E.U.Z. (Figures 5D–F) was located in the eastern accumulation zone during the 2012/13 season and then relocated to the western accumulation zone for the next season. Hence, here it is called AWS W.U.Z. (Figures 5G–I). For AWS L.Z., all three models perform well in terms of albedo (Figure 5B; WBI >0.87, RMSE <0.15, and MBE <0.05) and surface height changes (Figure 5C; WBI >0.95, Percent Bias <18%, and MBE <0.12). The models successfully capture the albedo variability and surface elevation height during the accumulation period, with Pearson correlation values exceeding 0.97. However, their performance decreases during the ablation period. The simulated albedo experiences a rapid decay at the beginning of October, leading to swift snowmelt. This accelerated decay in the snowpack mass is halted by snowfall at the beginning of November, which is not sufficient to increase accumulation but refreshes the albedo and thus delays the complete disappearance of the snowpack. Despite the overestimation of albedo in the ablation season and an accelerated decay in the accumulation season, the maximum accumulation differs by less than 40 cm in surface elevation, and there is only a 1-week difference in the total disappearance of the snowpack with respect to the observed conditions.
[image: Figure 5]FIGURE 5 | Point-scale CRHM simulation results. Panels (A–C) show meteorology, albedo, and surface height elevation change, respectively, in the ablation zone AWS (AWS L.Z.); panels (D–F) show meteorology, albedo, and surface height elevation change, respectively, in the easternmost accumulation zone (AWS E.U.Z.); panels (G–I) show meteorology, albedo, and surface height elevation changes, respectively, in the westernmost accumulation zone (AWS W.U.Z.).
For the 2012/2013 ablation season at AWS E.U.Z, the calibrated models demonstrate favorable performance in albedo simulation (Figure 5E), maintaining high values of temporal (r-Pearson >0.81) and variability (Vxy >0.92) correlations. The calibrated models show a slight positive bias in snow albedo, whereas the default parameters result in albedo values that generally underestimate measurements. Simulated surface elevation changes correlate well with measurements (Figure 5F; r-Pearson >0.98), indicating a period of stability until the first week of January, followed by a rapid decline during a period of increased temperature, with a smoother decline in February. The fact that the worst performing metric in the WBI is the difference in variance (Vxy <0.77), along with high percent bias values (percent bias (PBIAS) >92%, Supplementary Table S1) shows that all models tend to overestimate the ablation of the snowpack and glacial ice at this location. The best results are obtained when comparing the simulated values with the observations from the western portion of the accumulation zone (AWS W.L.Z.). PBIAS values in all cases are less than 16%, with a very low value of −0.4% for the uncalibrated model. It is important to consider that the AWS records correspond to site measurements, are highly sensitive to local topography, and may not necessarily be representative of the average behavior of the HRU in which the model is discretized.
The simulated mass balance at the glacier scale for the hydrological year 2012/13 is shown in Supplementary Table S2 and illustrated in Figure 6. Supplementary Table S3 provides the values of the annual (MBA), summer (MBS), and winter (MBW) mass balances for the different calibration scenarios, along with the results from glaciological (stake) measurements conducted by Kinnard et al. (2018). In Figure 6, mass balance at the ablation stakes installed by Kinnard et al. (2018) is compared to the simulated results at the HRUs overlapping with these stakes. At the ablation stakes, the three models generally represent the winter mass balance well in 2012, although they underestimate accumulation values below 3,100 m a.s.l. However, since the glacier area below this elevation accounts for only 12% of the total glacier, this discrepancy has minimal impact at the overall glacier scale. Difficulties arise in replicating the steep mass balance gradient observed in the summer of 2012/13, with an overestimation of ablation at higher elevations (3,400–4,000 m a.s.l.) and underestimation below 2,800 m a.s.l. For the hydrological year 2013/14, all three models experience a decrease in performance, underestimating winter accumulation and summer ablation. In the glaciological mass balance, both years exhibit similar winter mass balances of 1.43 m w. e. (2012) and 1.48 m w. e. (2013). Capturing this similarity is challenging for the models because of the 27% lower winter precipitation in 2013 than in 2012, according to the meteorological input product. Discrepancies in the gradients depicted in Figure 6 for the winter balance in 2013/14 primarily occur above 3,600 m a.s.l. The underestimation of the winter balance could be attributed to phenomena that are not explicitly represented in our model, such as the occurrence of wind-transported snow from adjacent basins or shading effects within each HRU. Further improvements of the model could, for instance, add snow source areas upwind of the glacier boundaries that may explain local high accumulation effects and investigate preferential deposition effects with higher-resolution numerical weather predictions. Despite the above, at the glacier scale, both calibrated models demonstrate good agreement with the glaciological mass balance reported by Kinnard et al. (2018). For the annual mass balance, differences are less than −0.25 m w.e. for the hydrological year 2012/13 and less than 0.43 m w.e. for 2013/14. These differences fall within the uncertainty range of glaciological mass balances.
[image: Figure 6]FIGURE 6 | Measured and modeled mass balances at ablation stake locations. Black crosses represent the ablation stakes installed by Kinnard et al. (2018). The dots represent the mean elevation and mass balance of the HRU overlapping the stake location. Continuous lines show a second-order polynomial fit curve; for dots and lines, the color indicates which model they correspond to, and the black line shows the best-fit line to the observations. (A) Annual mass balance for the glaciological year 2012; (B) seasonal mass balance for the glaciological year 2012; (C) annual mass balance for the glaciological year 2013; and (D) seasonal mass balance for the glaciological year 2013.
Mass balance time series for the historical period
Figure 7 presents the simulated mass balance for the different models alongside the results of the CUSUM analysis. This visualization allows for a clear comparison of mass balance trends and cumulative effects over time across various model configurations. Mass balance CUSUM analysis identified two statistically significant change points. The first occurred in 1971 and marked the end of a period characterized by sustained glacier mass loss from 1955 to 1971, where only four years experienced a positive or near-equilibrium mass balance (Figure 7A). This period is evident in the continued CUSUM decay (Figure 7B). The models show high ablation rates during this period, with −2.53 m.w.e. per year for the cext model.
[image: Figure 7]FIGURE 7 | (A) Time series of simulated annual mass balances. Niña years (ONI < −0.5) are highlighted in red stripes, whereas the light blue stripes correspond to Niño years (ONI > 0.5). (B) CUSUM analysis for annual mass balance and PDO index. The gray dotted line corresponds to the statistically significant change points found through CUSUM and verified with Pettitt’s test (p-values <0.04). Blue stripes indicate positive phases of PDO (>0), and red stripes indicate negative phases (PDO < 0).
Between 1971 and 2006, we obtained a period of near-equilibrium mass balance for the Universidad Glacier, with the cext model estimating a value of −0.07 m w.e. In the early years of this period (1972–1982), the models estimate a positive mass balance, with almost all years having positive or neutral values [0.54 (cext), 0.35 (crec), and 0.05 (unc) m w.e.]. This period is followed by a period of slightly negative cumulative mass balance between 1982 and 2006, with all models calculating average negative mass balances (cext −0.22, crec −0.34, and unc −0.64 m w.e.). Despite the different behaviors of these two subperiods, we did not identify statistically significant change points within this time window. The annual mass balance exhibits a moderate temporal correlation with ENSO, with an r-Spearman of 0.41. It is also noteworthy that, of the 18 years in which all the models calculated a positive mass balance, nine correspond to El Niño years, two to La Niña years, and seven to neutral years. The highest simulated mass balance (cext model) occurred in 1982 (3.27 m w.e.) and 1997 (2.09 m w.e), which are very strong El Niño years. The other very strong El Niño year in the simulated period is 2015, but this year did not show a similar mass balance behavior. All the strong El Niño years occur before the year 2000, and they show an annual mass balance of approximately 1.0 m w.e. (more details in Supplementary Table S4).
The CUSUM analysis and, consequently, the identified change points show a relationship with the predominant phases of the Pacific Decadal Oscillation (PDO). Although the correlation between the PDO and the CUSUM statistic for the entire period is weak, with an r-Spearman of 0.32, this relationship is stronger in the 1955–2006 period, with an r-Spearman of 0.52. The first period (1955–1971) is mainly dominated by negative PDO anomalies, with a negative PDO phase occurring from 1960 to 1974. Although the CUSUM point of change in 1971 does not coincide directly with a PDO phase change, a clear positive trend is observed (p-values MK test <0.01) that clearly coincides with the CUSUM statistic, both starting in 1971 and ending in 1986. The second period, delimitated between the change points in 1971 and 2006, is mainly characterized by a positive PDO phase that began in 1976 and ended near 2006 (Boisier et al., 2016). From the second point of CUSUM change, the relationship between mass balance and ENSO and PDO indices is lost, as can be seen in the decay of Spearman’s correlation.
Figure 8 illustrates the cumulative mass balance for the Universidad Glacier, derived from geodetic mass balances and modeled using different calibration scenarios. Additionally, the cumulative mass balance of the Echaurren Norte Glacier, situated approximately 126 km north of the Universidad Glacier and serving as the reference glacier of the World Glacier Monitoring Service, is depicted in panel 8 (B). The vertical dashed lines in 1971 and 2006 show the change points found by CUSUM analysis (Figure 7B). The second change point in 2006 marks a period of sustained mass loss, characterized by the lowest annual mass balance, primarily driven by the lowest estimated winter mass balance. Additionally, this period exhibits the lowest interannual variability. Since 2007, no year has shown a positive mass balance, with only 2012 and 2016 being close to equilibrium.
[image: Figure 8]FIGURE 8 | (A) Time series of cumulative mass balances simulated by different CRHM models. Gray diamonds and purple triangles correspond to the cumulative mass balances calculated from geodetic mass balances from Mahmoud et al. (2022) and Hugonnet et al. (2021), respectively. (B) Time series of cumulative mass balance from different CRHM models since 2000. The gray line corresponds to the cumulative mass balance of the Echaurren Norte Glacier.
As expected, given the different calibration objectives, the cext model exhibited better performance in simulating the accumulated mass balance for the entire study period. The crec and unc models overestimate end-of-period glacier losses by approximately 10 m w.e. (25%) and 25 m w.e. (63%), respectively. For the period 2000–2020, characterized by significant glacier losses, the crec model performed better. Relative to the best-performing simulation, cext model underestimated glacier losses by 2 m w.e. (11%), whereas the unc model overestimated ice mass loss by 8 m w.e. (44%). The difference between the models is explained almost entirely by the differences in summer mass balance. Whereas the percent bias between the models is equal to or less than 2% for the winter mass balance, the difference between the unc and cext models is −18% for the summer mass balance. However, it is −8% between the cext and crec simulations (Supplementary Table S3).
Equilibrium-line altitude
Figure 9 illustrates the evolution of the equilibrium-line altitude (ELA) for the different study cases, accompanied by the CUSUM analysis to identify the change points. The cext model consistently exhibits the lowest ELA, aligning with its higher annual mass balance. On average, the difference between the cext and unc models is 31 m, and that between the unc and crec models is 20 m (Supplementary Table S3).
[image: Figure 9]FIGURE 9 | (A) Simulated ELA time series. Niña years are highlighted in red stripes, and light blue stripes correspond to Niño years. (B) CUSUM analysis of annual mass balance and PDO index. The dark gray dashed line corresponds to the statistically significant change point found through CUSUM and verified with Pettitt’s test (p-values <0.04). The light gray dashed line represents the neutral PDO phase.
Considering that the ELA falls between 3,630 and 3,960 m a.s.l. in 50% of the years, the percentage difference in terms of area change in the accumulation area ratio (AAR) is approximately 3% of the glacier for every 30 m elevation. In other words, there is approximately 3% less accumulation area in the unc model compared to the cext and 2% less accumulation area in the crec compared to the cext model. As for the mass balance and glacier discharge, the three models exhibit the same change points and trends.
In the ELA CUSUM analysis, we identified the same change points in 1971 and 2006 as in the mass balance case. The period between 1955 and 1971 is characterized by high interannual variability and no clear trend. The second period between 1971 and 2006 exhibits a lower average ELA, whereas the period from 2006 to 2019 shows a higher average ELA and lower variability. Since 1971, we found a statistically significant trend of +35 m per decade (increased elevation).
In Supplementary Table S3, the comparison between the simulated ELA and the glaciological mass balance for the years 2012/13 and 2013/14 shows an overestimation of the ELA by approximately 200 m for the year with the highest mass balance (2012/13) and an underestimation by approximately the same value for the year with the lowest mass balance (2013/14).
Glacier runoff
Figure 10A illustrates the annual average glacier discharge from the Universidad Glacier for the three calibration scenarios. Glacier discharge is computed as the sum of simulated firn, ice, and snow melt. Figure 10B presents the CUSUM analysis of the annual average glacier discharge alongside the PDO anomalies. The difference between the models exhibits a similar pattern as in the mass balance, showing a bias but comparable interannual variability. This is evident from the standard deviation of the simulated series (Supplementary Table S5). The percentage bias between the cext model, considered as a reference, and unc and crec models remains consistent throughout the study period. The unc model, characterized by more negative mass balances, yields a higher water contribution, overestimating glacier runoff by 24% compared to the cext model. In contrast, the crec model shows a slightly lower overestimation of approximately 7%. These differences increase when analyzing the summer runoff, with a 25% difference between the unc and cext models and an 11% difference between the crec and cext models.
[image: Figure 10]FIGURE 10 | (A) Average annual glacier discharge for the three models. Light blue stripes indicate a Niño year, whereas the red stripes indicate a Niña year. The dashed blue line from 1971 to 2019 indicates a statistically significant increasing trend. (B) CUSUM analysis of annual glacier discharge together with the PDO anomaly. The blue and red stripes indicate the positive and negative phases of the PDO, respectively. (C) Relative contribution of the Universidad Glacier ice melts to the entire Tinguiririca Bajo Los Briones Basin (Figure 1C) for the JFM months.
Due to this almost identical behavior in the year-to-year variations of the models, the analysis of change points and trends yields consistent results. In the CUSUM analysis, two statistically significant change points were identified: 1971 and 1993 (p-value <0.07). The first period between 1955 and 1971 is characterized by the highest mean and interannual variability during the study period. The change point is the same as that in the mass balance and emerges clearly in the CUSUM analysis. Between 1971 and 1993, there is a period of relatively low glacier discharge owing to the neutral mass balance between 1972 and 1982. The second change point in 1993 is attributed to the occurrence of four La Niña events between 1995 and 2000, leading to a decrease in precipitation compared to the period after 1971. This results in a significant increase in the magnitude of ice and firn melt between 1995 and 2000, as evidenced by the change in slope in the CUSUM during those years. In 2006, there is also a change in slope, coincident with the change point for the mass balance, but this change is not statistically significant according to the Pettitt test. From the first change point in 1971, there is an increasing trend in glacier discharge of 0.18 m3/s per decade for all the models (significant after the Mann–Kendall test <0.05).
There is an inverse moderate correlation between ENSO and glacier discharge, with a Spearman correlation of −0.46. The relationship between the CUSUM index and PDO is −0.35, indicating a weak correlation at the decadal time scale. Similar to the mass balance, the relationship between discharge and ENSO and between discharge and PDO is stronger before 2010. Consider the period until the second change point (1955–1993) when the correlation between the PDO and the CUSUM is −0.6. Even if we consider the period between 1955 and 2006, the correlation is −0.51. In the case of ENSO, for the period before the second change point, the correlation is maintained, but when considering the period between 1955 and 2006, the correlation increases to −0.55.
Figure 10C shows the relative summer (JFM) contribution of glacier (snow, firm, and ice) melt to the river flow at the Tinguiririca Bajo Los Briones (TBLB) stream gage. Trimesters with less than 80 days of data are not shown. Three distinct periods were identified, which are coincident with the change points illustrated in panels (A) and (B). First, before 1971, the summer contribution ranges between 5% and 25%, with an approximate mean of 15%. Then between 1971 and 1993 (the wetter period), summer contributions decrease in magnitude and variability. After 1993, variability increases, and the magnitude initiates a visible upward trend around 2003. Water years after 2010 (the so-called Chile megadrought) see summer contributions from the glacier in the order of 15%–35% to the larger basin flow.
DISCUSSION
Parameter sensitivity and calibration
Successful calibration of the cext model, emphasizing a reduced number of highly sensitive parameters within a physically reasonable range, demonstrates that a physically based energy-balance model can effectively represent the mass balance in a long-term simulation. Snow albedo parameters are relevant in this context, as snow isolates the glacier ice from the atmosphere, thus shielding it from shortwave radiation (Munro and Young, 1982). This suggests the potential application of similar modeling approaches for extended periods. In addition, mass balance interannual variability exhibits striking similarities between the calibrated models (cext and crec) and the model without calibration, enabling the identification of trends and periods across the models. This highlights the influence of the forcing data, which is expected, but also suggests that a physically based model without calibration, with a judicious selection of parameters, holds significant utility for studying the annual behavior of glacier variables such as mass balance or runoff. The models (uncalibrated and calibrated) yield a slightly higher overall albedo than the observations at the AWS. The surface elevation changes, however, are by and large correctly simulated at two of the three AWS locations, namely, for the AWS L.Z. (glacier tongue) and AWS W.U.Z., whereas at AWS E.U.Z., the ablation rate is quite higher than that observed (Figure 5). At the ablation stakes, the model behavior is such that mass balance at the upper elevation is overestimated (more mass loss than observed), whereas mass balance at the tongue is underestimated (less mass loss than observed). In all cases, the first difficulty lies in comparing point-scale observations with estimates at the HRU scale. The specific location of each AWS in relation to the average physiography of the HRU may introduce biases in both the accumulation and solar radiation, which may override the higher albedo effect. This may affect AWS E.U.Z., as it lies near the boundary between two HRUs with different sun exposures.
The largest differences in the simulated results emerge when calculating the cumulative mass balance, as ablation rates are different between models. Although the differences vary from period to period, the uncalibrated (unc) and cext models always present the highest and lowest ablation rates, respectively. This difference propagates in time and causes the cumulative mass balance to differ considerably at the end of the simulated period among models. As an example, based on radio-echo sounding data, the total volume of glaciers was estimated to be 1.63 km3 w.e. in 2012 (DGA, 2012). Assuming the same area as in 2010 and using the calculated GMB, we estimated a volume of 2.49 km3 w.e. in 1955. Calculating the volume loss with the different models, starting from the 2.49 km3 w.e. in 1955, the unc model indicates a volume loss of 72%, the crec model indicates a loss of 54%, and the cext model indicates a loss of 44%. The time difference in arriving at the same ice loss between the calibrated (cext) and uncalibrated (unc) models is approximately two decades, which is a relevant time scale for the evaluation of adaptation strategies to climate change in the water resource arena. This suggests that for climate change projections, parsimonious glaciological parameter adjustment within plausible ranges against long-term geodetic mass balance estimates is granted and could constrain model parameter uncertainty.
Universidad Glacier mass balance evolution
The time periods and evolution of the Universidad Glacier estimated in this study are consistent with the results of different glacier studies in the central Andes. Our results align well with those of Masiokas et al. (2016), who simulated the Echaurren Norte Glacier mass balance and verified a period of sustained loss from the 1940s to the early 1970s. This fact is also represented by the correlation between ENSO and the mass balance of the Echaurren Norte Glacier (Farías-Barahona et al., 2019). In contrast, Ayala et al. (2020), in their modeling of the Maipo Basin (33° to 34°), found a nearly neutral period between 1955 and 1968, followed by a more negative mass balance between 1968 and 1975. The difference between our study and Ayala et al. (2020) for the period 1955–1968 could be attributed to climatic differences in the study areas or the lower elevation of Universidad Glacier compared to the average elevation of the glaciers modeled by Ayala et al. (2020) (3,800 m a.s.l) for their southernmost subbasin, which is closest to the Universidad Glacier. Additionally, the 1955 DEM used in this work differs in its processing scheme from that of Ayala et al. (2020), resulting in a product with a significantly higher resolution. Our findings also align well with the evolution of the Guanaco Glacier, a high-altitude glacier (>5,000 m a.s.l.) located in the Desert Andes (29.34°S, 70.01°W), where the mass balance reconstructed from precipitation and vapor pressure deficits, along with streamflow-based reconstructions, shows a period of predominantly negative mass balance (1935–1975), followed by a period of alternating negative and positive mass balances (1975–2005), and a highly negative mass balance from 2005 to 2015 (Kinnard et al., 2020).
Wilson et al. (2016) investigated fluctuations in glacier area and surface ice velocity of the Universidad Glacier between 1967 and 2015 using different satellite images. They recorded a retreat of 177 m in the Universidad Glacier between 1969 and 1985, along with an increase in glacier surface velocity in 1985 compared to 1969. Between 1971 and 2006, there were two brief periods of equilibrium, 1991–1993 and 2001–2006, observed as an upward slope in the CUSUM analysis (Figure 9). These periods were correlated with a slight increase in ice surface velocity and glacier front advances (Wilson et al., 2016). Wilson et al. (2016) postulated that the observed increases in ice velocity could be due to periods of positive mass balance experienced by the Universidad Glacier due to the relationship between mass balance and ice velocity. However, the presence of a surge registered by Lliboutry (1958) in 1943 hinders this hypothesis, as the velocity increases could be attributed to surge cycles specific to the glacier. The agreement between our findings and those of Wilson et al. (2016) underscores the underexplored potential of estimating mass balance through its relationship with changes in ice surface velocity obtained from historical optical imagery in combination with numerical simulations.
Because the developed model does not adjust the glacier geometry owing to mass loss or gain, it can be categorized as a reference surface balance (Elsberg et al., 2001). This type of mass balance may underestimate mass loss when using the glacier geometry at the end of the simulation period, as is the case of our model, or overestimate mass loss when using the initial glacier geometry (Huss et al., 2010). Although calibrated models may underestimate mass loss, Huss et al. (2010) observed that the interannual variability and trends in mass balance did not differ significantly when comparing a fixed geometry model with a geometry-adjusted model. They noted that the largest long-term differences depended strongly on the retreat of the glacier, with the glaciers whose tongues had steeper slopes showing the largest discrepancies. Similarly, Kinnard et al. (2022) observed a relatively small difference of 5.6% between a conventional mass balance simulation and a reference cumulative balance with a fixed area of 1976 for a valley glacier. This small difference is attributed to the glacier’s retreat being mainly constrained to the lower part of the valley, within a limited elevation range. In the case of Universidad Glacier, we observed that the glacier terminus has a gentle slope (Figure 2). This is also supported by the fact that the Universidad Glacier has experienced a moderate retreat compared to other glaciers in the semi-arid Andes, with only 6% of their area reduced between 1945 and 2011. For instance, the Juncal Sur, Olivares Alfa, Olivares Beta, and Olivares Gamma glaciers with steeper slopes in their termination zones have lost 34%, 32%, and 20%, respectively (DGA, 2011). This suggests that in our case study, the uncertainty driven by glacier geometry is minor compared with other factors.
Runoff and ELA
Our findings reveal notable interannual variability in glacier discharge and its contribution to the lowlands downstream (“Tinguiririca Bajo Los Briones” streamflow gage), particularly during the summer months, with values ranging from 3% to 34%. In the summer of 2009/2010, Bravo et al. (2017) estimated a contribution of 10%–13% from the Universidad Glacier, considering both ice and snow melt. For the same period, the cext model, which calculates the lower contribution, estimates 12%, considering ice, firn, and snow melt. Since the area used by Bravo et al. (2017) is 29 km2, corresponding to the limits of the glacier in 2000, which is 11% larger than the area recorded in 2020 used in this study, our estimates of ablation are slightly larger than those estimated by Bravo et al. (2017). These differences can be attributed to the variations in the modeling approach used. Bravo et al. (2017) used a distributed degree-hour model calibrated at a site scale and forced with local meteorology from an AWS, whereas we used an energy balance model forced with reanalysis products. Additionally, Bravo et al. (2017) did not estimate the effects of debris cover on the glacier tongue, which can accelerate the ablation process (Rounce et al., 2021).
Ayala et al. (2020) also found strong interannual variability in the glacier contribution for the Maipo Basin, estimating that the ice melt can vary from less than 10% to more than 90%, as in the year 1968/1969. For the years 1968/1969, we calculated the fourth highest glacier discharge; however, due to the lack of streamflow data for those years, it is not possible to calculate the percentage of summer contribution. In terms of magnitude, for the period 1955–2015, Ayala et al. (2020) estimated an ice melt runoff equal to 596 mm yr−1 for the Maipo glaciers. This is considerably lower than our estimate of 1,635 mm yr−1 for the same period and is consistent with the different climatology of the Universidad Glacier, located in a region with over 2,000 mm yr−1 of annual precipitation (González-Reyes et al., 2017). The increasing trend in glacier discharge observed between 1971 and 2019 aligns with the projections of Escanilla-Minchel et al. (2020). Using a degree-day model, they projected changes in glacier runoff for the period 2020–2100, with a reference period of 2008–2014. Their findings indicate that the Universidad Glacier will experience an increase in runoff under RCP 4.5 and RCP 8.5 scenarios until around 2040, followed by a gradual decline in glacier runoff. This suggests that the “peak water” period for this glacier has not yet been reached.
Our results indicate an increase of 35 m per decade in the ELA of the Universidad Glacier since 1971, resulting in an approximately 8% reduction in the accumulation area. Ayala et al. (2020) also observed a positive trend in ELA elevation for the Maipo glaciers, with an increase of 39 m per decade between 1955 and 2015. Barria et al. (2019), using a relationship between the 0-degree isotherm altitude (ZIA) and precipitation, derived an estimate of the ELA at a regional scale (between 33 and 34S). They found a statistically significant trend in the ELA elevation of 64 ± 8 m per decade for the period 1978–2018. Additionally, Barria et al. (2019), through CUSUM analysis, identified an abrupt change in the ZIA in 1976, close to our change point in 1971. Despite differences in the magnitude of the trend and change points with Barria et al. (2019) and Ayala et al. (2020), our results are consistent, revealing the presence of an increasing trend in ELA since at least the mid-1970s.
CONCLUSION
The CRHM-glacier model was used to explore the interannual variability of the Universidad Glacier mass balance, with a limited calibration exercise to evaluate the potential of extended-period geodetic mass balance estimates to inform model development. The calibration process using geodetic mass balance estimates allowed for the adjustment of a small number of physically plausible parameters, leading to an improvement in model performance. At the site scale, no model shows a clear superiority compared to the in situ records of albedo and snowpack height. Although all three models accurately represent the measurements at the automatic meteorological station located in the ablation zone between 2012 and 2014, they face greater difficulties in reproducing the variables recorded by the stations located in the accumulation zone. Calibration of albedo parameters resulted in reduced ablation, and the total albedo of the glacier on a daily scale exhibited an enhanced performance. Although the annual scale differences between the models are small, their cumulative effects become significant over the long term. This is particularly crucial for glacier mass projections in climate change studies.
The mass balance of the Universidad Glacier exhibited a moderate correlation with the PDO. The positive phases of the PDO coincide with periods of slightly positive or neutral mass balance, whereas the negative phases align with pronounced periods of mass loss. Additionally, the ENSO phenomenon demonstrates a moderate relationship with annual mass balance, where strong to very strong Niño events correspond to larger winter accumulation. However, since the initiation of the Chile megadrought in 2010, this relationship has been interrupted. When projecting glacier evolution under climate change scenarios for water resource planning objectives, these modes of interannual variability should be given appropriate attention, as they can result in decades of delay or acceleration in ice mass evolution. The sharp decrease in glacier MB detected since approximately 2006 can be explained primarily by a decrease in winter MB (precipitation effect). Nevertheless, we identify an apparent upward trend in glacier melt (summer MB) since the beginning of the 21st century. The linkages between precipitation and glacier albedo decay merit further research if reliable projections of glacier evolution and ice melt runoff can be obtained in future climates.
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