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Abstract. Glaciers sustain downstream water resources by providing delayed meltwater inputs, but ongoing climate change
is rapidly altering their dynamics and associated hydrological responses. Understanding how glacier variability propagates
through hydrological systems remains a key challenge, particularly in data-scarce mountain regions. This study characterises
glacier surface dynamics and quantifies their lagged influence on streamflow, and explores associated vegetation responses,
across glacierised catchments in central Chile. Multi-decadal Landsat observations were used to derive physically based glacier
proxies, including snow-covered fraction, albedo, land surface temperature (LST), and snow elevation. Principal component
analysis was applied to decompose glacier behaviour into dominant modes of long-term change, short-term variability, and
temporal persistence, while prewhitened cross-correlation analysis was used to assess lagged relationships with downstream
responses. Physical consistency among glacier proxies was evaluated to ensure coherent representation of glacier surface con-
ditions. Results reveal a pervasive signal of glacier degradation, with most glaciers exhibiting declining trends in snow-covered
fraction and albedo alongside increasing LST. Variability shows strong scale dependence, with contrasting glacier-level and
regional trends driven by the influence of large glaciers, whereas temporal persistence exhibits a consistent increase across
scales. Lagged analyses show a transition from glacier-dominated headwaters, where glacier variability precedes streamflow,
to downstream basins where hydrological responses become increasingly decoupled from cryospheric processes. A regression
framework linking glacier-response modes to hydrological lag explains a substantial fraction of variability in streamflow timing
(R? ~ 0.72). Vegetation responses are spatially heterogeneous and not significant at the system scale. These findings demon-
strate the potential of satellite-based approaches to quantify the timing, persistence, and propagation of cryospheric signals in

data-scarce mountain regions.

1 Introduction

Mountain glaciers are among the most sensitive components of the Earth system to climatic variability and long-term warming
(Owen et al., 2009; Winkler et al., 2010). Changes in temperature, precipitation, and surface energy balance rapidly translate
into shifts in glacier mass balance, snow cover, and meltwater production (Oerlemans, 2005; Zemp et al., 2015). Over recent
decades, widespread glacier retreat has been documented across most mountain regions of the world, including the Andes of

South America (Rabatel et al., 2013; Zemp et al., 2019). These changes not only alter glacier geometry and mass balance but
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also have important implications for downstream hydrology, particularly in regions where meltwater contributes significantly
to seasonal water availability (Nie et al., 2021; Pradhananga and Pomeroy, 2022).

Glaciers and seasonal snowpack act as natural reservoirs that regulate streamflow by storing water during cold periods
and releasing it during warmer months (Jansson et al., 2003; Stewart, 2009). This buffering capacity is especially important
in regions characterised by strong seasonality in precipitation, where meltwater sustains river discharge during dry periods
(Ohlanders et al., 2013; Bravo et al., 2017). However, ongoing glacier retreat and declining snow accumulation are expected
to modify both the magnitude and timing of meltwater contributions, potentially altering hydrological regimes and increasing
water stress in glacier-fed basins (Hanzer et al., 2018; Garreaud et al., 2020).

Satellite remote sensing has become an essential tool for monitoring glacier dynamics at regional and multi-decadal scales,
overcoming the spatial and logistical limitations of field observations (Bamber and Rivera, 2007; Rabatel et al., 2017). Long-
term multispectral archives such as Landsat provide consistent observations that enable the retrieval of key glacier surface
properties, including snow-covered area, surface albedo, land surface temperature (LST), and snowline elevation (Raup et al.,
2007; Racoviteanu et al., 2021). Together, these variables provide valuable information about glacier surface energy balance
and seasonal melt processes (Menenti et al., 2020; Gunnarsson et al., 2023).

Among these indicators, the fraction of glacier area classified as snow is particularly informative in heterogeneous mountain
environments because it provides a normalised measure of glacier snow persistence that is comparable across glaciers of
different size (Salomonson and Appel, 2006; Racoviteanu et al., 2009). Additionally, it may be considered a proxy for the
accumulation area ratio (AAR) when evaluated near the end of the ablation season, although it represents a snow-cover metric
rather than a direct estimate of mass balance (Rabatel et al., 2017; Rastner et al., 2019). Surface albedo plays a central role
in glacier energy balance by controlling the absorption of incoming solar radiation, while LST provides an indirect indicator
of melt conditions and surface energy exchange (Greuell and Knap, 2000; Wu et al., 2015). Elevation-based metrics such as
snow elevation further provide insights into glacier mass-balance regimes and their response to climatic forcing (Rabatel et al.,
2017).

Despite these advances, the extent to which satellite-observed glacier surface signals translate into downstream hydrological
responses, and the characteristic timescales of these responses, remains limited. While numerous studies have documented
glacier change and meltwater contributions (Gascoin et al., 2011; Ohlanders et al., 2013; Bravo et al., 2017; Ayala et al.,
2020), fewer have explicitly quantified the temporal relationships between glacier surface signals and streamflow, particularly
in terms of lagged responses (Radi¢ and Hock, 2014; Huss et al., 2017). Time series of glacier surface variables and streamflow
often exhibit strong seasonality and autocorrelation, which can obscure physically meaningful relationships if not properly
accounted for (Zwiers and Von Storch, 2004). Statistical approaches such as prewhitened cross-correlation analysis provide a
robust framework for identifying characteristic response times between variables by removing shared temporal structure and
serial dependence (Box et al., 2015a).

In addition to cryospheric controls, vegetation dynamics may influence hydrological variability through their effects on evap-
otranspiration and soil moisture storage (Jiao et al., 2017; Liu et al., 2018). Satellite-derived vegetation indices, such as the

Normalised Difference Vegetation Index (NDVI), provide a means to investigate potential ecohydrological interactions along-
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side glacier-driven processes within a lag-aware analytical framework (Pettorelli et al., 2005). Analysing these components
within a unified framework offers an opportunity to disentangle the relative timing and influence of glacier and vegetation
signals on streamflow. However, in this study vegetation is treated as a secondary response variable, allowing us to evaluate
whether glacier-driven signals propagate beyond hydrological processes into ecosystem dynamics.

The objectives of this study are therefore to: (1) quantify multi-decadal trends in glacier surface properties using satellite-
derived indicators, including the fraction of glacier area covered by snow, surface albedo, LST, and snow elevation metrics;
(2) evaluate the robustness and physical consistency of these glacier surface proxies, and characterise their dominant modes
of variability using principal component analysis; (3) identify lagged relationships between glacier surface conditions and
downstream streamflow using prewhitened cross-correlation analysis; and (4) explore the relative timing of hydrological and
vegetation responses to glacier variability across catchments. Vegetation analyses are included as a complementary component
to explore whether glacier variability influences the timing of ecosystem responses, in addition to hydrological processes. To
demonstrate the applicability of this framework, we apply it to glacierised basins in central Chile, where snowpack and glacier
melt play a critical role in sustaining water supply for urban consumption, agriculture, and ecosystems under a Mediterranean
climate (Beck et al., 2018; Ohlanders et al., 2013; Bravo et al., 2017). Additionally, this region has experienced sustained
glacier mass loss since the mid-20th century, primarily driven by regional warming and reduced winter snow accumulation
(Le Quesne et al., 2009; Masiokas et al., 2016; Ayala et al., 2020), and prolonged drought conditions, which have affected
ecosystems (Miranda et al., 2023; Fuentes et al., 2025) and increased reliance on cryospheric resources (Masiokas et al., 2016;
Garreaud et al., 2017; Ayala et al., 2020).

2 Materials and methods
2.1 Study area

The study area comprises glacierised Andean catchments located in the Valparaiso and Metropolitana regions of central Chile
(Figure 1). These basins extend from low-elevation foothills (500-1000 m a.s.l.) to high-mountain environments exceeding
4000 m a.s.l., and drain westward toward the Pacific Ocean. Glacierised areas are primarily concentrated in the headwaters of
major river systems, including tributaries of the Maipo and Aconcagua basins.

The Metropolitana Region is the most populated region of Chile, while Valparaiso ranks third (Aprigliano et al., 2024).
Together, they account for 50.8% of the country’s total population. Water supply for urban consumption, agriculture, and
ecosystems in these regions depends strongly on Andean water resources, particularly seasonal snowpack and, to a lesser
extent, glacier melt (Webb et al., 2021). Consequently, changes in cryospheric conditions have direct implications for regional
water availability and drought resilience (Gascoin et al., 2011; Ayala et al., 2020).

The regional climate is Mediterranean to semi-arid, characterised by cool, wet winters and warm, dry summers (Beck et al.,
2018). Snow accumulation during winter and melt during spring and summer dominate the seasonal hydrological cycle, pro-
ducing a mixed runoff regime in which winter discharge is largely rainfall-driven, while spring and summer runoff is sustained

by delayed snow and glacier melt contributions (Rodriguez et al., 2014; Mernild et al., 2017). This seasonal decoupling between
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Figure 1. Study area in central Chile. (a) Location of the study region within South America. (b) Glacierised catchments in the Valparaiso
and Metropolitana regions, including river networks and gauging stations used for hydrological analysis. (c-e) Spatial distribution of mean
annual temperature, annual precipitation (WorldClim v1; Hijmans et al., 2005), and elevation (NASA DEM; Jpl, 2020), illustrating the strong

climatic and topographic gradients across the study area. Glacierised areas are concentrated in high-elevation headwaters of the Maipo and

Aconcagua river basins.

precipitation and runoff introduces characteristic temporal lags in hydrological response. Interannual variability is high, and the
region has experienced persistent drought conditions over recent decades, particularly during the Central Chilean megadrought

95 (Garreaud et al., 2020).
These pronounced climatic and topographic gradients make the study region particularly suitable for investigating spatial

variability in glacier-hydrology interactions and associated response times.
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2.2 Datasets
2.2.1 Glacier inventory

Glacier outlines and attributes were obtained from the Chilean public glacier inventory (updated 2022; https://dga.mop.gob.
cl/inventario-publico-de- glaciares-actualizacion-2022/), produced by the Direccién General de Aguas (DGA). The inventory
includes glacier type classification, geographic location, and polygon geometries derived from semi-automated delineation of
Landsat imagery.

The glacier inventory was filtered to retain valley and mountain glaciers within the Valparaiso and Metropolitana regions,
excluding other types (e.g., rock glaciers) to focus on ice bodies with well-defined seasonal snow signals suitable for optical

remote sensing. This resulted in a total of 174 glaciers.
2.2.2 Satellite imagery and topography

Multi-temporal optical and thermal imagery was derived from the Landsat archive, including Landsat 5 TM, Landsat 7 ETM+,
and Landsat 8-9 OLI/TIRS sensors, covering the period from the mid-1980s to 2025 (Markham and Helder, 2012; Irons et al.,
2012; Roy et al., 2014; Masek et al., 2020). Analysis was based on surface reflectance products, providing atmospherically
corrected multispectral data at 30 m spatial resolution, with a nominal revisit time of 16 days per satellite.

Spectral bands were used to derive indices, broadband surface albedo, and LST. To support terrain-based analyses, topo-
graphic data were obtained from the NASA Digital Elevation Model (NASA DEM), a reprocessed version of Shuttle Radar
Topography Mission (SRTM) data. The DEM was used for elevation statistics, topographic shadow detection, and illumination
correction (Crippen et al., 2016).

2.2.3 Hydrologic data and catchment boundaries

Daily streamflow records were obtained from the Explorador Climatico platform of the Center for Climate and Resilience Re-
search (CR2; https://explorador.cr2.cl/), which hosts quality-controlled data from the national hydrometric network managed
by the DGA. Gauging stations were selected based on data availability and spatial correspondence with glacierised catch-
ments. Only stations with at least 240 overlapping monthly observations (equivalent to 20 years of data) after aggregation,
deseasonalisation, and alignment with glacier-derived time series were retained for analysis.

Catchment boundaries were obtained from the Catchment Attributes and MEteorology for Large Sample Studies dataset for
Chile (CAMELS-CL; https://camels.cr2.cl/), which provides standardised basin delineations upstream of hydrometric stations.
These geometries enable consistent linkage between glacier properties, streamflow records, and downstream analyses (Alvarez-

Garreton et al., 2018).
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2.2.4 Vegetation data

EGUsphere\

Vegetation activity was characterised using the PKU (Peking University) Normalised Difference Vegetation Index (NDVI)

dataset from the Global Inventory Modeling and Mapping Studies (GIMMS), accessed via Google Earth Engine (https:

//gee-community-catalog.org/projects/gimms_ndvi/). This dataset provides a temporally consistent long-term NDVI record

(1982-2022), based primarily on Advanced Very High Resolution Radiometer (AVHRR) observations and extended through

cross-sensor calibration and continuity corrections, enabling robust multi-decadal vegetation analyses (Li et al., 2023).

2.3 Preprocessing of satellite data

Satellite imagery was processed in Google Earth Engine (Gorelick et al., 2017) using

a consistent workflow across Landsat

sensors (L5, L7, L8, and L9) (Figure 2). Surface reflectance products were harmonised and scaled to physical units. Clouds and

shadows were masked using quality assurance bands and thermal filtering, while terrain-induced effects were reduced using a

hybrid topographic correction involving the application of Minnaert and C-corrections (Smith et al., 1980; Teillet et al., 1982).
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Figure 2. Workflow for regional glacier snow signal detection and hydro-climatic linkage analysis.
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Scenes with insufficient valid glacier coverage (<70%) were excluded to ensure robust temporal sampling. After preprocess-

ing, 1982 scenes spanning 1984-2026 were retained (Table 1). For each glacier and date, spatial statistics were computed to

summarise surface conditions and reduce sensitivity to residual noise.

Table 1. Summary of Landsat imagery used in this study, including sensor, acquisition period, WRS-2 path-row combinations, and number

of usable scenes after preprocessing.

Satellite Date range WRS-2 Path-Row  Scenes
Landsat5  14-10-1984 to 17-11-2011 232/083 196
233/083 173
233/084 189
Landsat 7 12-07-1999 to 07-01-2024 232/083 270
233/083 280
233/084 272
Landsat 8  02-04-2013 to 25-12-2025 232/083 140
233/083 153
233/084 159
Landsat9  06-12-2021 to 26-12-2025 232/083 48
233/083 50
233/084 52
Total 1982

140 2.4 Snow quantification and glacier proxies

145

Snow-covered areas within glacier outlines were identified using an adaptive, physically based classification approach that

combines spectral indices, surface brightness, and illumination information. Snow detection relied on topographically corrected

Landsat surface reflectance data and was designed to remain robust across sensors, seasons, and varying snow conditions.

2.4.1 Spectral indices

The Normalised Difference Snow Index (NDSI) was computed as:

NDSI = pgreen — PSWIR1
Pgreen + PSWIR1

6]

where pgreen and psw g1 correspond to topographically corrected surface reflectance in the green and shortwave infrared

(SWIR) bands, respectively. NDSI exploits the high reflectance of snow in the visible spectrum and its strong absorption in the

SWIR, and is widely used for snow and ice detection in mountain environments (Salomonson and Appel, 2004).
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To complement NDSI, a visible-band brightness metric (VIS) was also computed as the mean of blue, green, and red
reflectance bands and rescaled to the 0—1 range. This term provides information on overall surface brightness and helps distin-

guish snow from darker debris-covered ice or rock surfaces.
2.4.2 Composite snow likelihood metric

Snow detection was based on a composite metric defined as:

snowScore=0.7x NDSI+0.3x VIS 2)

Both components were normalised prior to combination. The weighting was chosen to prioritise the physical sensitivity of
NDSI to snow presence (dominant weight of 0.7), while retaining a secondary contribution from surface brightness (weight of

0.3) to stabilise classification in cases where NDSI alone becomes ambiguous.
2.4.3 Adaptive thresholding using Otsu’s method

Snow classification was performed using adaptive thresholds derived from Otsu’s method, which identifies the threshold that

maximises inter-class variance in the snowScore histogram (Yin et al., 2013):

o (t) = wi(t)wa(t) [ (t) — pa ()] 3)

where w; and wy represent the proportions of pixels assigned to each class separated by threshold ¢, and iy and po are the
corresponding class means. The optimal threshold t* maximises 0% (t).

To ensure stability across varying conditions, thresholds were constrained within percentile-based bounds (10th-90th per-
centiles). In cases of poorly separable (unimodal) distributions, fallback thresholds (0.3 or 0.45) were applied when one class

dominated more than 90% of pixels. This approach ensures robust snow detection across seasonal and interannual variability.
2.4.4 Topographic shadows

Topographic shadows were identified in Landsat scenes using solar geometry and DEM-based illumination modelling (NASA-
DEM; Jpl, 2020). Shadow information was used to assess observation quality but was not used to exclude pixels from snow

classification. For albedo estimation, only illuminated pixels were considered.
2.4.5 Glacier-scale proxies

For each glacier and acquisition date, glacier-scale proxies were derived from the classified snow mask and associated fields:
Snow-covered fraction: Snow-covered area was computed as the area of pixels classified as snow within the glacier outline

and normalised by the area of valid (observed) pixels. This normalisation accounts for data gaps due to clouds, shadows, and
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sensor artefacts, yielding an observation-corrected snow-covered fraction. When evaluated during the late ablation season, this
metric may approximate the accumulation area ratio (AAR), although it is not strictly equivalent (Salomonson and Appel,
2004; Aberle et al., 2025).

Surface albedo: Broadband shortwave albedo was estimated from topographically corrected Landsat reflectance using a lin-
ear narrowband-to-broadband conversion based on visible, near-infrared, and shortwave infrared bands (Liang, 2001; Traversa
etal., 2021). Albedo was summarised as the median over (i) all glacier pixels and (ii) snow-covered, illuminated pixels.

Land surface temperature: Land surface temperature (LST) was derived from Landsat thermal bands (Sobrino et al., 2004)
and summarised as the median over glacier pixels.

Snow-covered elevation metrics: The elevation distribution of snow-covered pixels was characterised using median and
mean elevations derived from the NASA DEM, providing a measure of the vertical structure of snow cover (Racoviteanu et al.,

2008).
2.5 Physical consistency assessment

The physical consistency of glacier-scale proxies was evaluated using a cross-variable diagnostic framework at the individual-
glacier level. This approach assesses whether independently derived proxies exhibit coherent behaviour consistent with es-
tablished cryospheric relationships (Hock, 2005; Rabatel et al., 2013), providing a process-based internal validation of proxy
reliability without relying on external observations.

Proxy time series were aggregated to monthly resolution for each glacier using median statistics. To reduce the influence
of poorly constrained observations, monthly values were retained only when (i) the valid observed glacier area exceeded 5
hectares and (ii) snow-covered fraction ranged between 0.05 and 0.95, excluding near-complete snow absence or full snow
cover.

Deseasonalisation was performed independently for each glacier and proxy by removing the glacier-specific mean seasonal
cycle. Spearman rank correlations were then computed between deseasonalised snow-covered fraction and other proxies (LST,
albedo, and snow-covered elevation), requiring a minimum of 24 valid observations. Expected physical relationships include
negative correlations with LST, positive correlations with albedo, and negative relationships with elevation-based metrics re-
flecting upward snowline migration under reduced snow conditions.

The proportion of glaciers exhibiting correlations with signs opposite to physical expectations was quantified for each proxy
pair. Elevated fractions of unexpected relationships were interpreted as indicative of local complexity, observational limitations,
or proxy ambiguity. Together, these diagnostics provide a quantitative assessment of the physical coherence and interpretability
of glacier-scale proxies.

In addition to correlation-based diagnostics, the robustness of regional trend estimates was assessed using a year-block
bootstrap approach. Monthly deseasonalised regional time series were resampled by complete calendar years with replacement
to preserve temporal dependence. For each bootstrap realisation, linear trends were re-estimated, and median slopes and 95%

confidence intervals were derived from the resulting distributions (Politis and Romano, 1994).
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2.6 Deseasonalisation and trend analysis

All glacier-scale proxy time series were aggregated to monthly resolution using median values. Deseasonalisation was per-
formed using harmonic regression (two annual harmonics), removing the dominant seasonal cycle while preserving interan-
nual variability (Box et al., 2015b). From these deseasonalised series, linear trends were estimated using ordinary least squares
regression, with time expressed in fractional years.

Trend analysis was conducted at both regional and glacier scales. Regional time series were computed using water-equivalent-
weighted aggregation to account for glacier size, while glacier-level trends were estimated individually and summarised to
characterise spatial heterogeneity. Additionally, short-term variability and temporal persistence were quantified using rolling
standard deviation (SD) and lag-1 autocorrelation (AC1), computed over an 84-month window to ensure stable estimation of
variability and autocorrelation while retaining sensitivity to interannual and decadal variability. Trends in these metrics were

also analysed at both regional and glacier scales.
2.7 Lagged analysis with streamflow and vegetation

Lagged relationships between glacier variability and downstream responses were quantified using prewhitened cross-correlation
functions (CCF) across multiple hydrometric stations. For each gauged catchment, glaciers from the national inventory within
the corresponding CAMELS-CL basin polygons were selected by spatial overlay. Glacier-scale proxy time series were ag-
gregated to catchment scale using a water-equivalent-weighted mean, and subsequently aggregated to monthly resolution and
deseasonalised (Section 2.6) prior to analysis, yielding an effective glacier signal that emphasises the contribution of larger ice

bodies.
2.7.1 Prewhitening

To account for serial dependence, prewhitening was applied prior to cross-correlation analysis. For each station and glacier
proxy, an autoregressive model AR(p) was fitted using automatic order selection (auto_arima, with 0 <p <3 and g = 0;
Shumway and Stoffer, 2017). The resulting filter was applied to both the glacier proxies (x;) and the corresponding response
series (y;; discharge or NDVI):

p
Tp=xi— Y OrTik 4)
k=1
p
Yi=yi— Y Okli—k )
k=1

where ¢y, are the autoregressive coefficients at lag k. This ensures comparable autocorrelation structure between series and

reduces spurious correlations arising from shared autocorrelation and persistence.

10
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2.7.2 Cross-correlation and spatial diagnostics

Prewhitened cross-correlations were computed for lags within £ 12 months (Box et al., 2015b; Shumway and Stoffer, 2017).
For each station, the lag corresponding to the maximum absolute correlation was retained as summary metrics and mapped
across the basin network. Statistical significance was assessed using an approximate confidence bound of +2//n, where n
is the number of overlapping observations. Lag interpretations were restricted to plausible hydrological and ecohydrological

response times and were not interpreted as evidence of causality.
2.8 Decomposition of glacier-response modes

To characterise dominant patterns of glacier behaviour, glacier-scale proxy time series were summarised using three classes
of metrics derived from deseasonalised monthly series: (i) long-term trends, (ii) short-term variability, and (iii) temporal per-
sistence. Trend metrics correspond to linear slopes estimated using ordinary least squares. Variability was quantified as the
standard deviation of deseasonalised monthly anomalies, while memory was computed as the lag-1 autocorrelation, represent-
ing temporal persistence (Box et al., 2015b).

Separate principal component analyses (PCA) were applied to each group of metrics across glaciers to extract dominant
co-variability patterns. Variables were standardised to zero mean and unit variance prior to analysis, and the first principal
component (PC1) was retained as a summary index representing the dominant trend, variability, and memory modes (Jolliffe
and Cadima, 2016). To investigate structural controls, PCA scores were correlated with glacier inventory properties, including

area, volume, slope, elevation, and latitude, using Pearson correlation coefficients.
2.9 Linking glacier-response modes to hydrological lag

To assess whether glacier-response modes relate to downstream hydrological timing, we fitted a multiple linear regression
model relating catchment-scale PCA scores to the lag of maximum significant cross-correlation between glacier proxies and
streamflow. Predictors correspond to the first principal component (PC1) scores of the trend, variability, and memory modes
aggregated at the catchment scale, while the response variable is the lag (in months) associated with the maximum statistically
significant cross-correlation.

All variables were standardised prior to model fitting to allow direct comparison of regression coefficients. Model per-
formance was evaluated using the coefficient of determination (R2), and statistical significance was assessed using standard
t-tests on regression coefficients. To account for potential dependencies arising from nested catchments, a sensitivity analysis

was performed using cluster-robust standard errors at the basin level (Colin Cameron and Miller, 2015).

11
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Figure 3. Examples of snow classification across two representative glaciers using multi-temporal Landsat imagery. For each glacier, RGB
composites (top rows) are shown alongside the corresponding binary snow masks (bottom rows) derived from the adaptive SnowScore
thresholding approach. Scenes span multiple sensors (Landsat 5, 7, and 8) and a range of acquisition dates and snow conditions. Classification

is depicted as white, black, and grey for snow, no-snow, and masked pixels, respectively.

3 Results
3.1 Qualitative evaluation and behaviour of adaptive snow classification

The performance of the snow classification approach was first assessed through visual inspection of multi-temporal Landsat
imagery and corresponding snow masks (Figure 3). Across sensors and acquisition dates, the method consistently delineates
snow-covered areas while preserving spatial coherence with glacier geometry and topography. Snow masks capture both ex-
tensive winter snow cover and more fragmented conditions during transitional periods, and remain robust under varying illumi-
nation, shadowing, and sensor-specific artefacts (e.g., Landsat 7 SLC-off gaps). These examples provide qualitative evidence
that the classification captures physically realistic patterns of snow distribution. These patterns are consistent across the full
Landsat archive and are not sensitive to sensor transitions or data gaps.

Beyond visual consistency, the adaptive thresholds remain stable through time, typically ranging between 0.30 and 0.45
without evidence of systematic drift (Figure S1, Supplementary materials). This stability indicates robustness to varying acqui-
sition conditions and sensor transitions. Threshold values increase with snow-covered fraction, reflecting stricter classification
under snow-rich conditions and more permissive detection when snow is sparse. This coherent, non-linear relationship confirms

that threshold selection responds to surface conditions rather than varying randomly.
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Figure 4. Long-term evolution and trends (dhashed lines) of regional glacier-scale proxies (1984-2025) derived from Landsat observations.

Time series represent deseasonalised monthly anomalies aggregated at the regional scale.

3.2 Temporal variability of glacier-scale proxies

Glacier-scale proxies derived from satellite observations exhibit consistent seasonal and interannual variability across all anal-
ysed glaciers (Figure S2, Supplementary materials). Snow-covered fraction shows a strong seasonal cycle, with near-complete
snow cover during winter and reduced values during summer, although the amplitude and persistence of snow cover vary across
glaciers. Surface albedo follows a similar seasonal pattern, with higher values during snow-covered periods and lower values
when exposed ice or debris dominates.

LST displays a clear inverse seasonal behaviour, with higher temperatures during summer and lower values during winter,
consistent with expected energy balance dynamics. Elevation-based snow proxies exhibit comparatively lower variability but
reflect gradual shifts associated with changes in snow distribution and melt processes.

Despite differences among glaciers, the coherence of seasonal patterns across variables indicates that the derived proxies
capture physically consistent glacier dynamics. These time series provide the basis for subsequent analyses of long-term trends

and hydro-climatic linkages.
3.3 Long-term trends in glacier-scale proxies

Regional glacier-scale proxies exhibit consistent long-term changes over the study period (Figure 4). Snow-covered fraction
shows a significant negative trend (p < 0.001), indicating a progressive reduction in snow cover. This decline is accompanied

by decreasing glacier albedo and increasing LST, reflecting reduced surface reflectivity and enhanced surface warming.
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Elevation-based metrics exhibit positive trends, indicating an upward migration of the snowline, while total snow-covered
area also declines when restricting the analysis to high-quality observations (> 99% valid glacier area), although its magnitude
is sensitive to data completeness. This contrasts with the more robust behaviour of normalised metrics such as snow-covered
fraction. Together, these changes point to reduced snow persistence and enhanced melt conditions.

At the individual glacier scale, trends show substantial spatial variability and are less frequently statistically significant (Fig-
ure 5). Despite this, glacier-level slopes exhibit clear directional consistency across the region. Most glaciers show decreasing
snow-covered fraction and albedo, alongside increasing LST and snow elevation. Specifically, 97% of glaciers exhibit negative
trends in snow-covered fraction and albedo, while 98.8% and 76.3% show positive trends in LST and median snow elevation,

respectively.
3.4 Trends in variability and temporal persistence

Beyond changes in mean glacier conditions, we evaluated temporal dynamics using rolling standard deviation (SD) and lag-
1 autocorrelation (AC1) of deseasonalised monthly time series. At the regional scale, weighted aggregation reveals a general
decrease in variability for snow-covered fraction, albedo, and snow elevation, accompanied by a consistent increase in temporal
persistence (Figure S3, Supplementary materials). In contrast, glacier-level variability trends show substantial heterogeneity,
with many glaciers exhibiting weak or opposite changes (Figure S4). This apparent discrepancy reflects the influence of glacier
size in the regional aggregation. Weighted regional SD trends often diverge from the distribution of glacier level trends. For
instance, snow-covered fraction exhibits a positive median trend in variability across glaciers, but a negative weighted regional
trend (Table S1, Supplementary materials). This scale dependence is supported by a significant negative relationship between
glacier size and variability trends (Spearman p = —0.47, p < 10~ for snow-covered fraction), indicating that larger glaciers
tend to exhibit decreasing variability over time, while smaller glaciers more frequently show increasing variability. Similar
relationships are observed for albedo (p = —0.29), LST (p = —0.35), and snow elevation (p = —0.21).

In contrast, trends in temporal persistence (AC1) are largely consistent across scales. Both regional and glacier-level analyses
show widespread increases in lag-1 autocorrelation, with positive median and weighted-median slopes across all proxies, except
for LST at the regional scale. This indicates a coherent system-wide increase in temporal persistence that is largely independent
of glacier size or aggregation approach. Together, these results indicate that variability and persistence capture distinct aspects
of glacier dynamics, where variability reflects heterogeneous and scale-dependent responses, whereas persistence exhibits a

robust, spatially coherent signal across the glacier system.
3.5 Physical consistency assessment

To evaluate whether the observed trends reflect robust and physically meaningful glacier responses, we first assess the stability
of regional trends using a year-block bootstrap approach (Figure 6A). All glacier proxies exhibit consistent trend estimates with
narrow confidence intervals that do not overlap zero, indicating that the observed long-term changes are statistically robust and

not driven by temporal sampling variability.
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Figure 5. Spatial distribution and frequency histograms of glacier-specific long-term trends in glacier albedo, snow-covered fraction, and
snow-covered area across the study region. Colored glaciers indicate statistically significant trends (p < 0.05), while grey glaciers denote
non-significant trends. Histograms illustrate the distribution of glacier-level slopes, highlighting consistent directional behaviour despite

spatial variability.
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Figure 6. Robustness and physical consistency of glacier-scale proxies displaying: (A) Trend robustness assessed using year-block bootstrap
confidence intervals for monthly deseasonalised regional anomalies. Points indicate median slope estimates and horizontal bars show 95%
confidence intervals; and (B) Physical consistency across glaciers assessed from Spearman correlations computed at the individual glacier

level using monthly deseasonalised time series. Boxplots summarise the distribution of glacier-level correlations.

The analysis of the consistency of relationships among glacier-scale proxies across individual glaciers after deseasonalisa-
tion is in Figure 6B. Snow-covered fraction exhibits predominantly negative correlations with LST and positive correlations
with glacier albedo across most glaciers, with only a small fraction of cases showing opposite behaviour. These relationships
are consistent with the expected physical coupling between snow cover, surface energy balance, and reflectivity. Elevation-
based relationships are more heterogeneous, with median snow elevation showing moderate consistency but a wider spread of
correlation values. This variability likely reflects differences in glacier geometry, hypsometry, and local climatic conditions.
Overall, the results indicate that glacier-scale proxies retain physically coherent relationships after deseasonalisation, while

revealing meaningful spatial variability in their strength and robustness.
3.6 Dominant glacier-response modes and their structural controls

Principal component analyses (PCA) were applied to trend, variability, and memory metrics derived from glacier-scale proxy
time series (Figure 7). In all cases, the first principal component (PC1) captures a large fraction of variance (49.5%, 58.6%,
and 73.0% for trend, variability, and memory modes, respectively), indicating coherent response modes across glaciers.
Correlations between PC1 scores and the original glacier proxy metrics provide a physical interpretation of these modes
(Figure 8). For the trend mode, positive PC1 scores are associated with conditions consistent with greater snow preservation
(higher snow cover and albedo, lower LST), whereas negative scores reflect conditions consistent with glacier degradation.

The variability mode captures the amplitude of short-term fluctuations, showing strong positive correlations with variability
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proxy time series.
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Figure 8. Correlation between PC1 scores and glacier proxy metrics for trend, variability, and memory modes.

Spatial patterns reveal substantial heterogeneity in the expression of these modes (Figure 7). A prevalence of negative trend-
mode scores indicates a dominant regional signal of glacier degradation, although local variability in magnitude and direction is

345 evident. Most glaciers exhibit positive memory-mode scores, indicating widespread temporal persistence in glacier dynamics.
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To investigate structural controls, PCA scores were correlated with glacier inventory properties (Figure 9). The trend mode
shows weak to moderate relationships with glacier characteristics, with the strongest correlation observed for surface slope (r =
-0.41), suggesting a dominant climatic control. In contrast, the variability mode is strongly related to elevation (r = -0.52), with
lower-elevation glaciers exhibiting greater variability. The memory mode shows the clearest dependence on glacier geometry,
with negative correlations with slope (r = -0.46) and elevation (r = -0.40), and positive correlations with thickness and glacier

size.

Glacier-property controls on glacier-response modes
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Figure 9. Glacier-property controls on glacier-response modes. The heatmap shows Pearson correlation coefficients between glacier inven-

tory characteristics and the principal component scores representing trend, variability, and memory modes.

Overall, these findings suggest a partial separation between externally forced long-term trends and internally modulated
glacier dynamics. While climatic forcing appears to dominate long-term glacier change, glacier geometry contributes to shaping
variability and persistence, although these relationships remain moderate. This highlights the combined influence of external

forcing and glacier-specific characteristics in driving heterogeneous glacier responses across the study region.
3.7 Lagged response of streamflow and vegetation to glacier proxies

Lagged relationships between glacier snow-covered fraction and streamflow vary systematically across gauging stations, with
significant responses observed at both positive and negative lags (Figure 10). Negative lags indicate that glacier variability
precedes streamflow, whereas positive lags indicate that streamflow precedes glacier variability.

Negative lags are observed in headwater catchments with stronger glacier influence, suggesting a direct glacier contribution
to streamflow. In contrast, some downstream catchments exhibit positive lags, consistent with a progressive decoupling between

glacier processes and streamflow along the flow path. However, the spatial distribution of lag responses is heterogeneous,
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Figure 10. Cross-correlation between glacier snow-covered fraction and streamflow across basins. The central panel shows the spatial
distribution of the lag corresponding to the maximum cross-correlation, while surrounding panels illustrate representative prewhitened cross-

correlation functions. Red dashed lines in plots indicate approximate significance thresholds.

indicating that these patterns are not uniform across the basin network. Overall, the results suggest a tendency from glacier-
influenced responses in headwaters to more integrated hydrological behaviour downstream.

The spatial distribution of vegetation lags also shows a structured pattern (Figure 11). Only a limited number of headwater
catchments are retained due to the absence of vegetation, resulting in a dataset restricted to vegetated basins.

Within this subset, negative lags are predominantly observed in intermediate catchments, indicating that glacier variability
precedes vegetation activity. Positive lags occur near headwaters and in downstream basins, where vegetation dynamics are

less directly coupled to glacier processes.
3.8 Linking glacier-response modes to hydrological lag

To investigate whether glacier-response modes influence downstream hydrological timing, catchment-scale PCA scores were
related to the lag of maximum significant cross-correlation between glacier proxies and streamflow using a multiple linear
regression model with standardised predictors (Table 2). The model explains a substantial fraction of variability in hydrological
lag (R? = 0.72, p < 0.01; Figure 12), indicating strong predictive skill.

The trend mode exhibits a significant positive effect on lag (5 = 0.83, p = 0.001), indicating that catchments with more

stable glacier conditions (less negative long-term glacier trends) tend to display longer hydrological response times. In contrast,
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Figure 11. Cross-correlation between glacier snow-covered fraction and NDVI across basins. The central panel shows the spatial distribution
of the lag corresponding to the maximum cross-correlation, while surrounding panels illustrate representative prewhitened cross-correlation
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Figure 12. Influence of glacier-response modes on hydrological lag. Standardised regression coefficients (5 + 95% confidence intervals)
from the multiple linear model relating catchment-scale glacier-response modes to the lag of maximum significant cross-correlation with

streamflow.

the variability mode shows a significant negative effect (3 = —0.57, p = 0.007), indicating faster hydrological responses under
higher short-term variability. The memory mode is not statistically significant (p = 0.80).
As a sensitivity analysis, the model was re-evaluated using basin-level cluster-robust standard errors to account for potential

380 dependence among nested catchments. Coefficient estimates remained unchanged and the overall interpretation was preserved
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Table 2. Multiple linear regression relating glacier-response modes to hydrological lag. Predictors are standardised (z-scores).

Predictor Coefficient (5)  Std. Error  t-value p-value CI(2.5%) CI(97.5%)
Intercept 0.000 0.161 0.000 1.000 -0.354 0.354
Trend mode 0.826 0.182 4.552 0.001 0.427 1.226
Variability mode -0.574 0.174 -3.293  0.007 -0.957 -0.190
Memory mode 0.046 0.180 0.257 0.802 -0.351 0.443

Model performance: R? = 0.715, Adjusted R% = 0.638, F = 9.21, p = 0.002.

(Table S2, Supplementary materials), although the small number of basin groups limits formal inference under clustering.
Analogous models fitted for NDVI lag were not statistically significant, suggesting that vegetation response timing is not
directly controlled by glacier dynamics.

Overall, these results indicate that hydrological response times emerge from a trade-off between snowpack-mediated storage
(captured by the trend mode) and event-scale dynamical variability. While this balance strongly governs streamflow response
timing, no statistically significant relationship was found for vegetation response timing, suggesting that NDVI dynamics are

not directly controlled by glacier variability within the scope of this analysis.

4 Discussion

The observed glacier-scale changes indicate a coherent regional signal of degradation, characterised by declining snow-covered
fraction and albedo, increasing LST, and upward shifts in snow elevation. These patterns are consistent with ongoing glacier
retreat under regional warming, as widely documented in the Andes and other mountain systems (Le Quesne et al., 2009;
Barcaza et al., 2017; Huss and Hock, 2018). However, the PCA-based decomposition shows that glacier evolution cannot be
described by a single trajectory. Instead, glacier behaviour emerges from the interaction between long-term change, short-term
variability, and temporal persistence, providing a more nuanced framework for interpreting glacier responses to climatic forcing
(Mantelli et al., 2016).

A central finding of this study is that glacier-response modes exert a strong control on the timing of downstream hydro-
logical response. The relationship between PCA-derived modes and streamflow lag indicates that glaciers actively regulate
hydrological timing. Catchments characterised by weaker glacier degradation tend to exhibit delayed responses, consistent
with the buffering role of snowpack and firn storage (Barnett et al., 2005; Frans et al., 2018). In contrast, systems with higher
short-term variability display faster and more direct runoff responses, indicating a shift towards more dynamic, event-driven
regimes. This behaviour aligns with previous studies showing that glacier retreat reduces the capacity of mountain systems to
store and gradually release water, leading to more variable discharge (Huss and Hock, 2018; Caro et al., 2024). Together, these
findings suggest a transition from glacier-mediated buffering towards increased sensitivity to climatic variability.

Vegetation responses exhibit heterogeneous and less systematic behaviour compared to streamflow. Although significant

cross-correlations between glacier proxies and NDVI are observed in some catchments, no statistically significant relationship
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was found between glacier-response modes and NDVI lag. This indicates that glacier variability does not provide a robust
or generalisable explanation of vegetation response timing at the catchment scale. Instead, vegetation dynamics are likely
influenced by a broader combination of climatic forcing, soil moisture availability, and land cover characteristics (Forzieri
et al., 2017; Zhao et al., 2018). These results suggest that, while glacier signals may contribute to vegetation variability locally,
they do not exert a consistent control across catchments in the study region.

Temporal persistence, captured by the memory mode, emerges as a widespread characteristic of glacier dynamics. The
strong association with lag-1 autocorrelation indicates that glacier conditions are strongly conditioned by previous states. This
behaviour reflects the inherent inertia of glacier systems, where accumulation and melt processes operate over seasonal to
multi-annual timescales (Hammond et al., 2018; Marshall, 2021).

The use of satellite-derived proxies highlights the strengths of remote sensing approaches for cryospheric monitoring, en-
abling the analysis of glacier behaviour across large spatial and temporal scales beyond the limitations of sparse in sifu observa-
tions (Paul et al., 2015; Pellicciotti et al., 2014). In particular, the integration of multiple glacier proxies allows for a physically
consistent characterisation of glacier dynamics, capturing long-term trends, short-term variability, and temporal persistence
within a unified framework. Uncertainties remain due to the indirect nature of remotely sensed proxies, sensor inconsistencies,
and spatial resolution constraints. While vegetation analyses were included as a complementary component, the absence of
robust relationships with glacier-response modes suggests that NDVI dynamics are primarily controlled by broader climatic
and local factors rather than glacier variability. These results highlight the importance of integrating remote sensing with
field-based observations, such as snow water equivalent and glacier volume estimates, to further improve the representation of
glacier processes and their hydrological implications.

The implications for water resource management are substantial, particularly in semi-arid regions such as central Chile,
where glacier contributions sustain streamflow during dry periods (Vicufia et al., 2011). Glacier retreat not only alters hydro-
logical regimes but also drives cascading impacts on sediment transport, biogeochemical fluxes, and ecosystem functioning
(Milner et al., 2017). Additionally, our results indicate that hydrological response times are strongly controlled by the balance
between snowpack-mediated storage and short-term variability, suggesting a reduction in natural buffering capacity as glacier
systems evolve. This shift towards faster and more variable hydrological responses implies increasing pressure on water supply
systems that rely on predictable meltwater contributions.

In practice, water deficits in central Chile are already being mitigated through increased reliance on groundwater extraction,
which has become a key adaptive response in recent drought conditions (Alvarez-Garreton et al., 2024; Taucare et al., 2024).
However, this strategy may exacerbate long-term sustainability challenges, particularly where recharge is limited. The ob-
served changes in hydrological timing highlight the importance of considering glacier-driven controls on streamflow dynamics
in water resource planning. While traditional infrastructure such as reservoirs may partially buffer these changes, their effec-
tiveness ultimately depends on the timing and persistence of inflows, which are influenced by glacier dynamics and snowpack
conditions. The observed increase in temporal persistence suggests that streamflow responses may become more conditioned
by antecedent states, potentially affecting predictability and management strategies. Alternative adaptation strategies, such as

snow retention measures or artificial ice storage, have been proposed in high-mountain environments (Basnet et al., 2015;
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Oerlemans et al., 2021), but their applicability remains context-dependent and requires further evaluation under the evolving
hydroclimatic conditions identified in this study.

Several limitations should be acknowledged. Nested catchments may introduce dependencies, although sensitivity analy-
ses suggest that the main results are robust. More broadly, advancing the understanding of mountain water systems requires
improved integration of observations and models, as well as enhanced high-altitude monitoring (Viviroli et al., 2011). The
reliance on proxy-based metrics may not capture subsurface processes such as englacial storage or groundwater interactions
(Jansson et al., 2003; Lemieux et al., 2008). In addition, rock glaciers, widespread in the Andes, are difficult to detect using
optical remote sensing and may represent important water stores that are not captured in this analysis (Azdcar and Brenning,
2010; Jones et al., 2018). Future work should integrate multiple data sources to better constrain glacier-hydrology interactions.

Overall, this study demonstrates that glacier dynamics can be effectively described through complementary modes of change,
variability, and persistence, each contributing to the timing of downstream hydrological responses. The results highlight a
transition from glacier-buffered to more climate-driven hydrological systems, with important implications for water security in
snow- and glacier-dependent regions. By linking glacier behaviour to hydrological response timing and system dynamics, this
work provides a framework for understanding how cryospheric change propagates through mountain water systems. While the
extension of this framework to ecological responses remains inconclusive at the scales analysed here, it offers a basis for future

investigations of coupled hydro-ecological dynamics under changing climatic conditions.

5 Conclusions

This study presents a satellite-based framework to characterise glacier surface dynamics and their lagged influence on down-
stream hydrological responses, and more limited ecological associations, in central Chile. Multi-decadal Landsat observations
reveal a consistent regional signal of glacier degradation, characterised by declining snow cover and albedo, increasing LST,
and upward shifts in snow elevation.

The decomposition of glacier behaviour into trend, variability, and memory modes provides a compact and physically mean-
ingful representation of glacier dynamics, highlighting substantial spatial heterogeneity driven by both climatic forcing and
glacier-specific characteristics. In particular, variability exhibits strong scale dependence, with contrasting glacier-level and
regional trends driven by the disproportionate influence of large glaciers, whereas temporal persistence shows a consistent
increase across both glacier and regional scales. Lagged analyses further reveal a transition from glacier-dominated head-
water systems, where glacier variability precedes streamflow, to downstream regimes where hydrological responses become
increasingly integrated and decoupled from cryospheric processes. Vegetation responses show spatially heterogeneous associ-
ations with glacier variability, with some lagged relationships identified through cross-correlation analysis, but no consistent
system-scale relationship, as indicated by non-significant regression results.

These findings demonstrate the potential of satellite-derived glacier proxies to quantify the timing and propagation of
cryospheric signals in data-scarce regions. Future work should integrate additional observations, including snow water equiv-

alent and glacier thickness estimates, to better constrain water storage and improve predictions under ongoing climate change.
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