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The Challenge of Pyrenean snow monitoring

Why Multi-Sensor Integration?

Optical sensors are frequently obstructed. Cloud cover,
terrain shadows, and forest cover limit observations from
Sentinel-2, Landsat, and MODIS.

Radar also has limitations. Sentinel-1 can acquire data
through clouds, but its performance is constrained by dry-
show conditions and topographic effects.

Multi-sensor, cloud-based approaches can overcome
these complementary limitations and improve snow
monitoring. Their performance is evaluated in
experimental catchments.

Pyrenean snowpack regulates downstream water
availability and is highly sensitive to climate warming.
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Multi-Sensor Integration

Satellite sensors differ in spatial, temporal, and spectral resolution
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Multi-Sensor Integration

Satellite products are integrated using Google Earth Engine to overcome individual sensor limitations
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Google Earth Engine

Google Earth Engine for Large-Scale Satellite Image Processing

Google Earth Engine is a cloud-based computing platform for analyzing geospatial data.
It provides access to collections of satellite imagery and geographic datasets

Key features

Large-scale data processing without the need to download data.
JavaScript and Python APls, as well as the rgee package for R.
A library of algorithms for spatial analysis and remote sensing.

Platform access
https://code.earthengine.google.com/

Dataset catalog
https://developers.google.com/earth-engine/datasets

The Earth Engine Public Data Catalog

: II.—. -

Landsat and MODIS Terrain Atmospheric

Land Cover
Sentinel Daily, NBAR, LST, ... SRTM, GTOPO, NED, ...  GlobCover, NLCD, ...~ NOAA NCEP, OMI, ...

Raw, TOA, SR, ...

... and many more, updating daily!

> 200 public datasets

> 5 million images > 5 petabytes of data

Google Earth Engine


https://code.earthengine.google.com/
https://developers.google.com/earth-engine/datasets
https://developers.google.com/earth-engine/datasets
https://developers.google.com/earth-engine/datasets

Google Earth Engine for Large-Scale Satellite Image Processing
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Google Earth Engine for Large-Scale Satellite Image Processing
Google Earth Engine
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% Google Earth Engine.

Google Earth Engine for Large-Scale Satellite Image Processing

IZAS — snhow cover evolution — November 2, 2022
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Snow cover satellite observations can be compared with in situ time-lapse cameras



Potential integration of S1-S2 for snow melt detection in wet show areas

® Sentinel-2 (optical)
&

Detects snow extent
(from visible light).

Blocked by
clouds

$ :
g Sentinel-1 (SAR)
.

Detects snow physical state

S1
(backscatter

Fusion period

1

S1 backscatter
decreases (dB)

(even under clouds). dB)
Sees changes -20
in backscatter I T T T T
(4 dB during melt) Nov Dec Jan Feb Mar Apr May
@ S2 (snow cover/FSC)  e==f@me= S1 (backscatter, dB) Fusion period (wet snow)
‘ S2 shows snow extent (but misses the fusion period).
S1 detects the physical change in snow (lower backscatter in dB).



Rango de elevacion (m)

Potential integration of S1-S2 for snow melt detection in wet show areas

Melting period and early melting periods detection

Runoff start detection

Comparison with SD measurements and LWE from model
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Spatiotemporal heatmap of mean S-1
binned into 100-m elevation intervals.
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Google Earth Engine for Large-Scale Satellite Image Processing
Google Earth Engine

GEE_Pyrenees_v01_2026_04_14 * Get Link vI Save -‘Rm\ -. Reset -l Apps E (IS 1= Gl Console JIETE
5 AL LE Z dpe.udaLe
279 return image.set('date’', dateString); a Use print(...) to write to this console. !

280 )

281 wvar coleccionUnidaConFecha = coleccionUnida.map(getDate);

282~ var setDate = function(image) { Imagen Sentinel-2 seleccionada: JISON
283 var dateString = ee.String(image.date().format('YYYY-MM-dd')); » Image (19 bands) 350N
284 return image.set('date’', dateString);

285 3

L e s e S e » ImageCollection COPERNICUS/S2_SR_HARMONIZED (666 element.. 1son
288 var distinctDates = collectionWithDate.distinct('date').aggregate_array( 'date'); coleccion de imagenes - Sentinel-2 - enmascaradas JsoN
289

290 v var COLECCION_UNIDA_S2_MODIS = ee.ImageCollection(distinctDates.map(function(date) {

291 var start = ee.Date(date); » Image (5 bands) JSON
292 var end = start.advance(l, ‘'day'); ' Primera imagen de la coleccién de Sentinel-2 JISON
293 var collectionWithDate = coleccionUnida.filterDate(start, end);

294 var ndsi = collectionWithDate.select('Snow_band');

295 var maxImage = ndsi.reduce(ee.Reducer.max()).rename('Categoria_Nieve'); ~ImageCollection MODIS/@61/MOD@IGA (192 elements) JSON
296 var filteredImage = maxImage.eq(6).or(maxImage.eq(2)); " s

297 filteredImage = filteredImage.set('date’', date); :gpem;’;gsggg}m;z;

298 filteredImage = filteredImage.set('system:time_start', start.millis()); v g

299 < - version: 17761094258388e3

b bands: [1] !
§ : i~
Satélite

El8urge

HAa Nema

Regional scale: Extraction of snow-cover frequency across the Pyrenees.



= Google Earth Engine for Large-Scale Satellite Image Processing

Google Earth Engine
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Summer

O First Ephemeral Snow Day (FESD)

O Snow Onset Day (SOD)

O Snow Melt Out Day (SMOD)

O Last Ephemeral Snow Day (LESD)

Autumn : Winter Spring :
Ephemeral | :
sSnow cover E Ephemeral E

\\i snow cover,

.\M NQEPh w o
Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug

Snow Cover Duration (SCD) = Days with SCF >0

Longest Snow Cover (LSCD = SMOD - SOD)

Snow Season Length (SSL = LESD — FESD)

What percentage of my study area is covered by snow each day? In a theoretical season...




~ Google Earth Engine for Large-Scale Satellite Image Processing
Google Earth Engine
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Regional scale: Snow Cover Fraction climatology in Andorra (2000-2025).
Black line: median. Red line indicates 2025-2026 season.
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Google Earth Engine
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Google Earth Engine for Large-Scale Satellite Image Processing
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Regional scale: Identification of Snow Onset Day (SOD) and Snow Melt-Out Day (SMOD)
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~ Snowline Elevation (SLE) detection in the Pyrenees

Google Earth Engine
o Snow cover mapping

—> NDSI > 0.42

(snow mask)

Sentinel-2
(2015-2026)

e Elevation assignment

nowline elevation
Snow (nevada) Snowline elevatio

percentiles

Median

® P10
(lower)

« Close percentiles — uniform snowlines

* Widely separated percentiles — strong topographic/orientation effects

Snowline
(after masking)

Land cover mask
(forest, water)

Cloud mask

Snow mask edges

e Snowline Forest (discard) Clouds (discard) D Water bodies (discard)

0 Temporal and spatial aggregation

0 50 100 200 km

SLE annual cycle

5000 Time series analysis
i & anomaly detection
. 2,500
£
w 2,000
-
wv
1200 - = = = - : ! » Detect anomalies
Nov Dec Jan Feb Mar Apr May and long-term changes
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* https://ee-amelon00.projects.earthengine.app/view/inarch---dem
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