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Location (Conference Venue)

A: Institute of Geography, Hallerstrasse 12, 3012 Bern

General information

A

The conference venue is only a 7-minute walk from the train station.

https://goo.gl/maps/zWrLx4yMA2QM5vU96
https://goo.gl/maps/FaAjfzMCBFDKyMVt8
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Location (Conference Dinner and Ice Breaker)

A: Institute of Geography (Conference Venue),  
     Hallerstrasse 12, 3012 Bern

B: Dampfzentrale (Ice Breaker Reception),  
    Marzilistrasse 47, 3005 Bern
 

C: Restaurant Terrasse/Schwellenmätteli (Conference Dinner),  
     Dalmaziquai 11, 3005 Bern

A

B

C

https://goo.gl/maps/zWrLx4yMA2QM5vU96
https://goo.gl/maps/zWrLx4yMA2QM5vU96
https://goo.gl/maps/hTn1L2WMihB9cpeS8
https://goo.gl/maps/hTn1L2WMihB9cpeS8
https://goo.gl/maps/noKRrF7cohfdQviJ7
https://goo.gl/maps/noKRrF7cohfdQviJ7
https://goo.gl/maps/FaAjfzMCBFDKyMVt8
https://goo.gl/maps/9Ge6nBUKZHvUJAoy5
https://goo.gl/maps/hTn1L2WMihB9cpeS8


710th EARSeL Workshop, 6. - 8. February 2023, University of Bern, Switzerland

Cryosphere in polar regions
Chair: Stefan Wunderle
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The availability of, and access to cryosphere in-
formation is integral to the hydrometeorological, 
climate and environmental  services coordinated 
through the programmes of the World Meteorolo-
gical Organization (WMO), from global to regional 
and local levels and is critical for better serving the 
societal needs of the one hundred and ninety-
three (193) WMO Members.  The WMO goals of 
an Earth system approach to observations, model-
ling and prediction require additional actions on 
the integration and use of cryosphere information 
to close the gaps to a fully coupled cryosphere in 
the Earth system, as a mean to providing effective 
services responding to emerging needs, as is the 
access to effective warning systems.

The Global Cryosphere Watch (GCW) has been 
established by WMO to serve as a coordinati-
on mechanism, providing an active link between 
operational hydrometeorological services and the 
scientific communities to support the goals of the 
WMO Members. 

The presentation will outline the current WMO 
priority activities where cryosphere is a critical 
element, covering different time scales, and the 
opportunities for engagement through GCW to 
support improvements to services with an effec-
tive integration of available cryosphere data and 
products.

The presentation will be an opportunity for ad-
vancing the dialogue of the role of WMO and 
will include, inter alia, the implementation of the 
WMO Unified Data Policy - paving the way working 
towards the free and unrestricted access to data, 
the role of GCW on the promulgation and disse-
mination of observing and reporting standards, 
the refocusing of the coordination of space-based 
capabilities for advancing benefits of, and access 
to space-based cryosphere observations, the key 
actions of the 2022 GCOS Implementation Plan, 
and the strengthening of the representation of 
cryosphere changes in the generation of informa-
tion services.

Global Cryosphere Watch – Status and Future Plans WMO – GCOS

Rodica Nitu (rnitu@wmo.int)
Global Cryosphere Watch - WMO, Switzerland
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Sea ice albedo is a key climate variable that affects 
the Earth’s radiation budget. Spatio-temporal vari-
ation of sea ice albedo can be retrieved from pre 
existing satellite observation processing chains 
such as the CLARA2-SAL product. However, cur-
rently there is only one albedo product which is 
derived from instantaneous multi-angle measure-
ments and that is from MISR [1]. The accuracy of 
surface albedo products is usually affected by er-
ror accumulation from atmospheric corrections to 
the top-of-atmosphere bi-directional reflectance 
factor (BRF) and the modelling of bottom of the at-
mosphere BRF and subsequent modelling to bi-di-
rectional reflectance distribution function (BRDF) 
using these BRFs. Sea ice surfaces being both an-
isotropic and dynamic have satellite product accu-
racies that also depend on the length of deployed 
time window, thus requiring sufficient numbers 
of observations over a short period of time. 
 
In this study, we present a data fusion method 
using the high accuracy near simultaneous samp-
ling of the Multiangle Imaging SpectroRadiometer 
(MISR) generated at the Langley Research Cen-
ter applying a Rayleigh atmospheric correction, 
with the MOD35 cloud mask which is part of the 
MOD29 Surface Temperature and Ice Extent pro-
duct derived from the Moderate Imaging Spetro-
radiometer (MODIS), both onboard the Terra sa-
tellite. We assume that the MISR bi-hemispherical 
reflectance (BHR) albedo is independent of solar 
angle, a crucial condition for instantaneous albedo 

products. As the accuracy of MOD29 cloud mask 
is assessed at >90% [1], this synergistic method 
can retrieve an improved BHR of the Arctic sea 
ice between April and September of each year 
from 2000 to 2022, and of the Antarctic sea ice 
between September and March of each year from 
2000 to 2022. This study is a follow-on from Khar-
bouche and Muller (2018), that developed this 
method and focused on the Arctic region for the 
time span between March and September from 
2000 to 2016. For both polar regions, we create 
four daily sea ice products consisting of different 
averaging time window (±1 day, ±3 days, ±7 days 
and ±15 days), each containing the number of 
samples, mean and standard deviation. For all 
four MISR cloud-free daily sea ice products, we 
derive 1km, 5km and 25km spatial resolutions. We 
perform an assessment of the day-of-year trend 
of sea ice BHR between 2000 and 2022 for the 
Arctic and the Antarctic, confirming a continuing 
decline of sea ice shortwave albedo in the Arctic 
depending on the day of year and length of ob-
served time window, and providing a novel sea ice 
shortwave albedo product analysis for Antarctica. 
 
Acknowledgements. This work was supported by 
the QA4ECV project www.QA4ECV.eu, of the Eu-
ropean Union’s Seventh Framework Programme 
(FP7/2007–2013) under grant agreement number 
607405.   

MISR Arctic and Antarctic Sea Ice Albedo 2000-2022 Product Creation and Trend 
Analysis

Laura Aguilar (laura.aguilar.17@ucl.ac.uk), Jan-Peter Muller, Michel Tsamados, Thomas Johnson, Said Khar-
bouche
University College London, United Kingdom
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Streams and lakes develop each summer over the 
marginal regions of the Greenland ice sheet. The-
se hydrological systems reach well into the accu-
mulation area and indicate that surface runoff of 
meltwater is an important component of the mass 
balance of the Greenland ice sheet. Here we map 
daily slush limits, a proxy for the extent of surface 
runoff, using daily MODIS data (500 m spatial re-
solution). Our automated algorithm is applied to 
all of Greenland for the years 2000 to 2021. Albeit 
MODIS‘ spatial resolution is too coarse to resolve 
streams or lakes, the results highly agree to sur-
face runoff mapping from higher resolution satel-
lite imagery. The data document significant incre-
asing trends in slush limits until the year 2012, but 
not thereafter. We compare MODIS mapped daily 
slush limits with runoff limits modeled by state-of-
the-art regional climate models (RCMs). The com-
parison indicates that the RCMs overestimate ru-
noff area, which is confirmed by auxiliary satellite 
and field data. Previously, validation of RCMs was 
limited to either very low or very high elevations 
on the ice sheet. Remotely sensed slush limits al-
low for systematic validation of RCMs at interme-
diate elevations. These new data can contribute to 
improved regional climate models and our estima-
tes of Greenland’s contribution to sea level rise.

Greenland Surface Runoff Extent, Mapped From Daily MODIS Imagery 2000 To 
2021

Horst Machguth (horst.machguth@unifr.ch), Andrew Tedstone 
University of Fribourg, Switzerland
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One mechanism of mass loss from the Greenland 
Ice Sheet is through surface melting and runoff to 
the ocean. At lower elevations of the ice sheet whe-
re bare ice is revealed in most summers, meltwater 
is abundant and the large majority of meltwater 
runs off via efficient river networks. At higher ele-
vations of the ice sheet, melting becomes more in-
termittent, increasingly enabling net accumulation. 
 
The elevation at which meltwater no longer runs 
off the ice sheet but is instead retained in-situ is 
termed the runoff limit. Thus, between the lower 
ablation area and the annual runoff limit there is a 
transition zone from 0 % meltwater retention, up to 
100% retention by refreezing in the firn pore space. 
 
Here we examine recent behaviour in meltwater 
retention around the runoff limit, with the ultima-
te aim of estimating the proportion of meltwater 
which is able to run off from this zone. We use 
passive microwave radiometry to identify the time 
at which the melt season ends each year, then 
we use Sentinel-1 synthetic aperture radar to in-
vestigate residual surface wetness in the autumn 
months which follow. We find that, in areas under-
lain by ice slabs, meltwater retention by refreezing 
can be widespread, especially if much of the pre-
vious winter’s snowpack remains. Water takes se-
veral months to refreeze, remaining liquid beneath 
fresh snow cover. Conversely, in higher melt years 
where surface rivers are able to form which effici-
ently route meltwater downstream, then in-situ 
retention on top of ice slabs is much more limited. 

Using field measurements of superimposed ice 
formation from the K-Transect, south-west Green-
land, we are able to estimate total superimposed 
ice formation over our case study region. In con-
junction with melt and surface hydrological catch-
ment modelling we can calculate the proportion of 
meltwater which is retained in situ and thus derive 
the likely total runoff from around the heterogene-
ous runoff limit. This work will thus pave the way 
for improving parameterisations of retention vs. 
runoff in the surface mass balance models used 
to project the future mass losses of the Greenland 
Ice Sheet.

Meltwater Retention Around the Greenland Ice Sheet Runoff Limit

Andrew Tedstone (andrew.tedstone@unifr.ch), Horst Machguth, Julien Ducrey, Nicole Clerx, Nicolas Jullien, 
Paolo Colosio, Stef Lhermitte, Marco Tedesco, Dirk van As
University of Fribourg, Switzerland
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Supraglacial lakes in Greenland drain eventually, 
e.g. by the opening of englacial channels. The me-
chanics of englacial channels is only poorly under-
stood, including their potential to remain active 
over time. We discuss here one particular example 
for a supraglacial lake at 79°N Glacier, Greenland, 
that allows to draw some general conclusions. Vis-
coelastic simulations show that englacial channels 
will remain open at the glacier surface. Optical 
satellite imagery reveals that a gully that was the 
drainage pathway in 2020 was maintained, while 
moving with the glacier flow. Additional airborne 
data from 2021 is supporting this, too. In 2022 its 
size was nearly similar to 2020 and a subsequent 
drainage event has taken place through that same 
channel again. High resolution satellite imagery is 
used to detect the size of the channel over time, 
which allows to benchmark the simulation results 
and exemplifies the benefit of high resolution data 
for gaining process understanding. 

Benchmarking Ice Mechanical Simulations at Supraglacial Lakes with Satellite and 
Airborne Remote Sensing

Angelika Humbert (angelika.humbert@awi.de), Markus Appel, Matthias Bohnen, Rene Griesbach, Veit Helm, 
Ingmar Nitzsche, Ralf Müller 
Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research, Germany
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Snow cover  
(basics and operational applications)

Chair: Kathrin Nägeli
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In this presentation, the status of the operational 
and the future EUMETSAT‘s missions and EUMET-
SAT operated Copernicus missions, as pertaining to 
snow remote sensing will be given. As part of this 
presentation, the challenges and opportunities of 
operational snow products from EUMETSAT ope-
rated missions will be discussed, including the up-
take of new technology, the refinement of existing 
algorithms, the potential of “synergy” products 
from multiple instruments and/or platforms, etc.

EUMETSAT’s Interest in Snow Detection from Space

Bojan Bojkov (bojan.bojkov@eumetsat.int)
EUMETSAT, Germany
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The presentation reviews the state of the practice 
in solving for snow properties from spectroscopy 
and multispectral infrared—fractional snow cover, 
specific surface area of the grains, concentration 
and optical properties of light absorbing particles, 
liquid water content, snow water equivalent for 
shallow snowpacks, and snow temperature—ac-
counting for effects of the atmosphere, terrain, ve-
getation, and soils on the signal measured by the 
CHIME (Europe) and SBG (U.S.) missions. CHIME 
will consist of imaging spectrometers in the 0.4-
2.5 µm wavelengths on a pair of satellites. SBG will 
also include a similar spectrometer on SBG-Light 
along with a multispectral infrared instrument on 
SBG-Heat in the 4-12 µm wavelength range. The 
combination of satellites enables spectroscopic 
information at 8-day intervals and thermal day-
night information at 3-day intervals. The inverse 
problem, using spaceborne remote sensing to ret-
rieve the snow properties that govern albedo and 
temperature, addresses discontinuous snow, local 
and long-distance transport and deposition of light 
absorbing particles, forests and topography that 
shelter and obscure the snow, and consideration 
of surface roughness.

Retrieval of Subpixel Snow Albedo and Temperature from Visible through Thermal 
Infrared Sensing

Jeff Dozier (dozier@ucsb.edu)
University of California, United States of America
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The snow-covered area (SCA) is a key element of 
the hydrological cycle, and monitoring the SCA is 
crucial for understanding the snow dynamics. In 
order to map and realize the extent of snow cover 
at high altitudes, continuous monitoring is there-
fore necessary. Data from satellite remote sensing 
helps to capture land cover and changes in land 
cover. In this study the snow cover areas for the 
years 2011-2022 are retrieved from H10 binary 
snow cover product. H10 snow product, which is 
provided within the scope of the EUMETSAT H-SAF 
project for an extent of Pan Europe, is a daily ope-
rational product and it has a horizontal resolution 
of 0.05°. The anomalies in the snow covered days 
for January, February, March and April of 2022 are 
obtained by analyzing the long-term average valu-
es. In order to minimize the problems caused by 
the dense cloud cover, which is dominant in the 
Northern hemisphere, especially during winter, 
the 5-day moving window technique is implemen-
ted on the H10 product, and the number of cloud 
pixels in daily images is tried to be minimized by 
replacing them with snow pixels. Using the images 
obtained by this method, the average snow co-
vered day data of each pixel is obtained between 
2011-2022. The anomalies in the snow cover for 
January, February, March, and April 2022 in the 
study area are determined by subtracting the long-
term average from the monthly average values and 
dividing the result by the standard deviation of the 
long-year average. The severe negative anomaly in 
the north part of Italy and positive anomaly in the 

east part of Turkey is discussed with respect to the 
anomalies in temperatures. Surface temperature 
anomalies for January, February, March and April 
2022 are retrieved from ERA5-Land atmospheric 
reanalysis data, again by a similar methodology 
using the average temperature values obtained 
for the same time interval. The mean monthly 
discharge anomalies are obtained for three sub-
basins having different mean altitude and basin 
area from Kizilirmak, Konya and Euphrates basins, 
which are the important basins having dams fed by 
snowmelt. The effect of snow cover day anomalies 
on mean monthly discharges is further discussed 
for these sub-basins. 

Investigating the Snow Dynamics over Mountainous Terrains from EUMETSAT HSAF 
Snow Cover Product-H10

Zuhal Akyurek (zakyurek@metu.edu.tr), Cagri Karaman, Semih Kuter, Berkay Akpinar, Ali Arda Sorman
Middle East Technical University, Turkiye
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Evaluation of Snow Cover Properties in ERA5 with Several Satellite-based Datasets 
in Northern Hemisphere in Spring 1982-2018

Kerttu Kouki (kerttu.kouki@fmi.fi), Kari Luojus, Aku Riihelä
Finnish Meteorological Insitute, Finland

Seasonal snow cover of the Northern Hemisphe-
re (NH) is a major factor in the global climate sys-
tem. In the high latitudes, snow cover has a large 
influence on the surface energy budget and the 
hydrological cycle. Recent studies have shown that 
snow cover is changing, and snow cover in spring 
is especially sensitive to warming due to the strong 
surface albedo feedback. Observing snow cover at 
continental scale is only possible from satellites, 
but also reanalysis products provide estimates on 
variables related to snow cover which have been 
widely used in hydrological and climate research. 
The aim of this study is to analyze time series of 
surface albedo, snow water equivalent (SWE) and 
snow cover extent (SCE) in spring (March-May) 
in ERA5 reanalysis data and to compare the time 
series with several satellite-based datasets. For 
SWE reference data, we use SnowCCI v2 data for 
non-mountainous regions and the mean of Brown, 
MERRA-2 and Crocus v7 datasets for the mountai-
nous regions. For surface albedo datasets, we use 
CLARA-A2 SAL product based on AVHRR data, and 
black-sky albedo product (MCD43D51) based on 
MODIS data. Additionally, we use Rutgers and JAXA 
JASMES snow cover extent products. Our study co-
vers land areas north of 40 °N and the period bet-
ween 1982 and 2018 (spring season from March 
to May). The preliminary results show that ERA5 
tends to overestimate SWE and SCE in spring, 
whereas albedo is more consistent with the other 
datasets. The trends are mostly negative and con-
sistent between the datasets, but spatial variability 

exists. We will further analyze the regional diffe-
rences in trends and the discrepancies between 
the datasets. Results will also include analysis on 
the reasons behind the differenvces between the 
variables and the datasets.



25



2610th EARSeL Workshop, 6. - 8. February 2023, University of Bern, Switzerland

Poster Session I
Chair: Kathrin Nägeli
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It is important for climate reanalyses to ensu-
re temporal consistency for long years. The land 
data assimilation system for ERA5 (the latest 
ECMWF reanalysis, Hersbach et al., 2020 https://
doi.org/10.1002/qj.3803) relies on in situ SYNOP 
snow depth observations and the NOAA/NESDIS 
Interactive Multi-sensor Snow and Ice Mapping 
System (IMS) snow cover product. These observa-
tions play a crucial role to reduce systematic snow 
depth biases of the land model. However, the IMS 
snow cover product is assimilated in ERA5 from 
2004 only. This results in a step-change in the ERA5 
snow climatology in 2004, making the ERA5 snow 
irrelevant for multi-decadal snow cover trend ana-
lysis for example. In order to improve the temporal 
consistency in future reanalyses, the possibility of 
assimilating the ESA CCI Snow product have been 
investigated. The AVHRR CCI Snow cover product 
can be used from the early 1980’s and opens possi-
bilities covering longer years than IMS product. We 
conducted 3 different types of offline land reana-
lysis experiments: open loop (without snow data 
assimilation), IMS snow cover assimilation, and the 
AVHRR CCI Snow cover assimilation. The results 
show that the snow depth biases are reduced by 
assimilating the AVHRR CCI Snow cover, providing 
a reliable multi-decadal snow reanalysis. IMS and 
AVHRR snow cover assimilation provide consistent 
results for post-2004 periods, making it possible to 
ensure a reliable transition from AVHRR to IMS for 
real time production of the future reanalysis.      
     

We will present the approach and the results of 
the ESA CCI Snow cover assimilation and discuss 
ongoing activities related to snow data assimilati-
on in preparation of the future ECMWF reanalysis 
ERA6.

Impact of Assimilating ESA CCI Snow Cover on ECMWF Land Reanalysis

Kenta Ochi (Kenta.Ochi@ecmwf.int), Patricia de Rosnay, David Fairbairn
ECMWF, United Kingdom
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In numerical weather prediction (NWP), land sur-
face analysis is providing the land surface state 
initial conditions for the operational forecast. In 
the framework of the Destination Earth initiative 
(DestinE) of the European Commission, the Eu-
ropean Centre for Medium-Range Weather Fore-
casts (ECMWF) will use an enhanced version of its 
Integrated Forecast System (IFS) to produce the 
global continuous component of the Extremes Di-
gital Twin, which aims at delivering improved capa-
bilities for assessing and predicting environmental 
extremes. In ECMWF’s IFS, near-surface diagnostic 
variables – such as 2-metre temperature and rela-
tive humidity derived by the forecast model – are 
assimilated to analyse the land control variables. 
Currently, control variables are analysed using 
several assimilation approaches – particularly a 
Simplified Extended Kalman Filter (SEKF) for soil 
moisture and a 1D Optimal Interpolation (1D-OI) 
for soil and snow temperature. The SEKF is the 
most advanced approach in the current IFS’s land 
data assimilation system. The aim here is to explo-
re whether producing more consistent land initial 
conditions by using the SEKF as a unified approach 
can provide more accurate initial conditions for 
the operational forecasts and the high-resolution 
simulations as part of DestinE’s Extremes Digital 
Twin.

In this context, snow and soil temperatures will 
be analysed at multiple layers to achieve better 
representation of cold processes in the NWP at 
high spatial resolution. The SEKF involves an En-
semble of Data Assimilation (EDA)-based com-
putation of the Jacobians between near-surface 
parameters and land variables. This work shows 
preliminary results of the sensitivities evaluated 
between 2-metre temperature and multi-layer soil 
and snow temperatures for different regions and 
synoptic times. With soil and snow profile infor-
mation available in the analysis, melting charac-
teristics and frozen soils can be considered more 
effectively, for example, to capture the evolution 
of permafrost and seasonal snow cover. A multi-
layer snow and soil analysis allows better reflection 
of the heat transfer between land and atmosphere 
for more accurate estimation of depth-dependent 
temperature amplitudes that occur in diurnal to 
seasonal cycles. Future research will be on as-
sessing whether enhanced land initial conditions 
can reduce systematic differences in the analysed 
land variables and impact on predictions of near-
surface atmospheric parameters in operational 
forecasts.

Towards a Consistent and Unified Land Data Assimilation Scheme by Analysing 
Multi-Layer Snow and Soil Temperature in the Operational Forecast System

Christoph Herbert (christoph.herbert@ecmwf.int), Patricia de Rosnay, David Fairbairn, Kenta Ochi, Peter 
Weston
ECMWF, Germany
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Snow Cover Monitoring in the Cantabrian Mountains (NW Spain) from Webcam 
Images Network, Satellite Products and WRF Modelling

Adrián Melón-Nava (amelon@unileon.es), Javier Santos-González, Amelia Gómez-Villar, Andrés Merino
Universidad de León, Spain

Snow cover has a relevant influence on the clima-
te, landscape, land-uses and socio-economic acti-
vities in the Cantabrian Mountains. Instead of that, 
few data about the snow cover exists in this area. 
Its study involves a certain complexity, due to the 
instability of the snow, rapid snow cover-melt pro-
cesses, complex orography, climatic diversity and 
persistent cloudiness in some episodes.

The 2021-2022 snowfall episodes in the Cantabri-
an Mountains have been modelled using diffe-
rent configurations of the Weather Research and 
Forecasting (WRF) model and have been validated 
from satellite products and ground-based observa-
tions. For this purpose, the snow dynamics study 
is supported by a monitoring network composed 
of webcams along the study area. The installed 
webcams and snow poles allow the monitoring of 
snow cover and snow thickness for 105 sampling 
points. The Interactive Multisensor Snow and Ice 
Mapping System (IMS) product has been used to 
assess snow cover records over the whole Can-
tabrian Mountains. It has been used because of its 
ability to detect snow cover under cloudy condi-
tions with a daily resolution of 1km.

The study of snowfall events 2021-2022 has resul-
ted in a snow cover detection match rate of 84,3% 
between webcam images and WRF configurations 
and a match rate of 66,7% between webcam and 
the IMS product.

In conclusion, an important advantage of webcam 
snow monitoring is the improvement of the tem-
poral resolution of the observations. It also enhan-
ces the continuity of the records, as they are not 
affected by the presence of cloud cover.

The validation of several WRF configurations 
versus ground-based observations has allowed 
to find the most suitable setting parameters for 
the Cantabrian Mountains. The combination of 
ground-based and satellite observations with nu-
merical weather models will favour the study of 
the complex distribution and characteristics of the 
snow cover in this area, which is affected by the 
mountainous orography, relative mild climate and 
a variety of snowfall synoptic patterns.
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New Development Of DLR‘s Global SnowPack - Integration Of New Sensors And 
Potential Applications Of The Near Real-Time Product

Sebastian Rössler, Andreas Dietz (andreas.dietz@dlr.de), Jonas Köhler, Celia Baumhoer
German Remote Sensing Data Center (DFD), Germany

The seasonal snow cover makes up by far the 
largest part of the cryosphere worldwide - if you 
look at the spatial extent. Therefore, the „Area co-
vered by snow“ is named as an essential climate 
variable (ECV) by the Global Climate Observing 
System (GCOS). The requirements of the variab-
le are also defined here, namely the information 
should be provided daily and with a resolution of 
at least 1 km. To date, these requirements have 
only been met by medium-resolution optical sen-
sors such as AVHRR, ATSR, MODIS or NPP VIIRS. 
These bear further limitations such as data gaps 
due to clouds or polar night. To overcome these 
limitations, DLR‘s Global SnowPack (GSP) was de-
veloped based on the daily MODIS snow product 
provided by the National Snow and Ice Data Center 
(NSIDC) to derive daily cloud-free snow-covered 
areas worldwide. This dataset exists since March 
2000 and now covers a period of almost 23 years, 
enabling a statistical analysis of developments and 
trends in global snow cover dynamics. The evalu-
ations are pixel-based or at catchment area level 
for hydrological questions. Since the latter require 
very time-sensitive information, a near real-time 
product was introduced. We will show the latest 
findings from the entire global time series analysis 
as well as possible applications for the newly deve-
loped near-real-time GSP product. In addition, due 
to the unknown remaining lifetime of the two MO-
DIS sensors, the implementation of the sensor NPP 
VIIRS is presented to enable a seamless transition.
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Improvement of Snow Data Assimilation for KIM

As the lowest boundary of numerical weather predic-
tion (NWP) models, land exchanges water and energy 
with atmosphere. Accurate land initial condition is 
essential to improve weather forecast skill. Especially, 
Snow, one of the important land surface variables, has 
high albedo and low thermal conductivity, and it can 
affect near surface temperature and water storage in 
NWP model. Thus, snow data assimilation was deve-
loped to correct stimulated snow of only deterministic 
system using snow cover observation for Korea Integ-
rated Model (KIM) at Korea Meteorological Administ-
ration (KMA). KIAPS has a plan to improve this snow 
data assimilation, which has been running in an ope-
ration for KIM at KMA, shown in the following. First 
of all, we will use not only snow cover data from the 
interactive multi-sensor snow and ice mapping system 
but also actual snow depth data from in-situ obser-
vations. Secondly, realistic snow density will replace a 
constant value for calculating snow depth from snow 
water equivalent. Finally, we will initialize snow for the 
ensemble system to reduce the difference between 
deterministic and ensemble system. 

Sanghee Jun (appjsh@gmail.com), Kyung-Hee Seol, In-Hyuk Kwon, Myung-Seo Koo 
Korea Institude of Atmospheric Prediction Systems, South Korea
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In mountainous terrain, snow amounts are largely 
unconstrained because of the absence of direct 
measurements, despite the high societal value of 
the water storage function. On a local scale, snow 
depth (SD) and snow water equivalent (SWE) are 
measured with stations, at single points, or with 
field campaigns that can be expensive and may not 
be feasible in remote areas. Currently used satel-
lite-based methods to map SD or SWE are either 
expensive, like high-resolution photogrammetry; 
experimental, like the Sentinel-1 product C-snow; 
or have a poor resolution, like passive microwave.

Our aim is to exploit ICESat-2’s ATLAS sensor: a sa-
tellite laser altimeter able to provide surface eleva-
tion measurements with an along-track resolution 
of 0.7 m and vertical accuracy better than 10 cm. 
Where an accurate snow-free digital elevation mo-
del (DEM) is available, it is possible to coregister 
it with snow-off ICESat-2 acquisitions. Hence, the 
difference between the ICESat-2 elevation measu-
rements of the snow surface and the so-treated 
DEM directly translates into SD.

As a result, we obtain three pairs of SD profiles 
spread over a swath of 6.6 km for every clear-
sky acquisition. However, this data is sparse in 
both time and space: the revisit time on a speci-
fic ground track is three months, and the spacing 
between adjacent ground tracks is 15 to 20 km in 
the mid-latitudes. For these reasons, a promising 
application of this resource is within data assimi-
lation (DA) as a constraint for the snow-pack thick-
ness, along with other forcing data. Most snow 

DA applications are constrained with snow cover, 
resulting in large model SWE and SD uncertainties. 
The recent Multiscale Snow DA System (MuSA) is 
open-source and enables joint assimilation with 
different variables by generating an ensemble of 
simulations through metereological forcing pertur-
bation. The flexible snow model (FSM2) is incorpo-
rated, but we include a simpler degree-day model 
in the analysis. We assimilate the observations 
with particles and Kalman smoothers. An innova-
tive feature in MuSA is the spatial propagation of 
the assimilated information through space. In this 
case, the propagation happens between pixels that 
lie close in a multi-dimensional space that includes 
aspect, elevation, and other terrain characteristics.

We show the first results from two case studies at 
different latitudes and with different morphology: 
the Izas catchment area in the Pyrenees, and the 
Hardangervidda area in the southern Scandes.

Satellite Altimetry as a New Data Source for Snow Depth Data Assimilation

Marco Mazzolini (marcomaz@uio.no), Désirée Treichler, Kristoffer Aalstad, Esteban Alonso-González 
University of Oslo, Norway
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Artificial Intelligence for the Monitoring of Seasonal Supraglacial Lake Dynamics in 
Multi-Sensor Remote Sensing Data

Mariel Dirscherl (mariel.dirscherl@dlr.de), Andreas Dietz, Celia Baumhoer, Sebastian Roessler, Claudia 
Kuenzer
German Aerospace Center (DLR), Germany

With accelerating climate change, the global ice 
sheets are exposed to increasing environmental 
pressure and ice mass loss. In Antarctica, the two 
main processes contributing to ice mass loss are 
oceanic and atmospheric forcing. While ocean 
forcing leads to the melting of ice shelves from 
below, atmospheric forcing drives the formation of 
meltwater ponds on the ice sheet and surrounding 
ice shelves. On the one hand, supraglacial meltwa-
ter lakes threaten ice shelf stability due to their 
potential to initiate hydrofracture and ice shelf 
collapse. On the other hand, supraglacial lakes can 
penetrate the entire ice sheet thickness and cause 
basal lubrication and sliding. Both processes lead 
to dramatic glacier acceleration and increased ice 
discharge thus contribute directly to ice mass loss 
and sea-level-rise. Furthermore, surface melting 
can be accelerated due to the comparatively low 
albedo of meltwater ponds. Even though recent 
progress in the monitoring of Antarctic supragla-
cial lakes contributed to an improved understan-
ding of present-day Antarctic surface hydrology, 
detailed analyses of seasonal supraglacial lake dy-
namics and their impacts on ice dynamics are still 
missing, mainly due to the lack of an automated 
mapping method for supraglacial lake identifica-
tion in optical and SAR satellite data.

Here, we present a framework for the monito-
ring of Antarctic supraglacial lakes in Sentinel-1 
SAR and optical Sentinel-2 satellite imagery of the 
European Copernicus programme. In particular, 
state-of-the-art artificial intelligence and big data 
processing are exploited to enable the fully au-

tomated processing of large amounts of satellite 
data. For Sentinel-1, supraglacial lake identification 
was achieved through the training of a deep lear-
ning network based on residual UNet. For Senti-
nel-2, a pixel-based Random Forest classifier was 
trained on several spectral bands and indices. The 
full processing pipeline was then implemented as 
part the High-Performance-Computing (HPC) inf-
rastructure at the German Aerospace Center (DLR) 
facilitating the automated processing and fusion 
of optical and SAR-based classifications. The func-
tionality of the developed workflow is highlighted 
through its application on the full archive of availa-
ble Sentinel-1/-2 satellite imagery over multiple 
Antarctic ice shelves. For the first time, the results 
reveal supraglacial lake dynamics at large-scale 
with strong intra-annual and inter-annual fluctua-
tions in supraglacial lake coverage.
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Recent advances in artificial intelligence, espe-
cially in the field of deep learning, have allowed 
new insights into cryospheric systems. Nowadays, 
an abundance of satellite imagery, new develop-
ments in deep learning algorithms and easy acces-
sibility to computational power enable new po-
tentials for data processing and analysis. Here, we 
present a variety of deep learning applications for 
cold and polar regions providing new possibilities 
for observing and monitoring the cryosphere. The 
presented examples cover a wide range of applica-
tions such as mapping retrogressive thaw slumps 
in Arctic permafrost regions with high-resolution 
satellite imagery based on a UNet++ or the auto-
mated identification of the firn line in L-Band SAR 
data. Furthermore, methodologies for glacial lake 
mapping in the Himalayas with the GLNet and 
the detection of supraglacial lake dynamics in An-
tarctica based on optical and SAR satellite data will 
be introduced. Additionally, we address the auto-
mated extraction of calving fronts in Greenland 
and Antarctica providing new understandings of 
glacier and ice shelf front dynamics in an unpre-
cedented spatial and temporal resolution. Taking 
together these new potentials of artificial intelli-
gence for cold and polar regions, we welcome dis-
cussions on how these techniques can be applied 
to other areas in cryospheric science and what 
challenges and limitations this might involve. 

The Potential of Artificial Intelligence and Remote Sensing for Cryospheric Re-
search

Celia Amélie Baumhoer (celia.baumhoer@dlr.de), Mariel Dirscherl, Konrad Heidler, Erik Loebel, Ingmar Nitze, 
Saurabh Kaushik, Andreas Dietz 
German Aerospace Center (DLR), Germany
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Since 2012, deep learning has revolutionized the 
analysis of image data and is currently state-of-
the art for solving a wide range of remote sensing 
image analysis tasks. We are now able to perform 
automated analysis of image data with much hig-
her performances than ten years ago. Deep con-
volutional neural networks (CNN) consist of layers 
of convolutions that are applied directly to the 
input images and tailored to perform end-to-end 
analysis of the image data, e.g., pixelwise thematic 
mapping and parameter retrieval.

In this work, we propose to estimate the pixel 
fractional snow cover (FSC) from Sentinel-3 SLSTR 
data using a CNN called U-Net. As input to the U-
Net, we use five Sentinel-3 bands as input (B1, B2, 
B3, B5 and B6). The network is trained to estimate 
the FSC (regression task) and for training the net-
work, we apply a loss function that computes the 
mean squared error between the “ground-truth” 
(reference) FSC values and the output of the U-
Net model. The reference FSC is generated from 
high-resolution Sentinel-2 MSI data which is then 
resampled to the match the low-resolution Sen-
tinel-3 data. This yields a high accuracy reference 
dataset. .

Two experiments were carried out on a snow da-
taset comprising the four snow seasons of 2017-
2020 in Scandinavia: One experiment testing the 
method’s ability to generalize to the same geo-
graphical region, but to a new acquisition time/
season. The other experiment testing the method’s 

ability to generalize to a new geographical region. 
For the first experiment, we obtained a mean ab-
solute error (MAE) of 4.3% using CNN, compared 
with 7.8% MAE for the standard algorithm of Salo-
monson and Appel. For the other experiment, we 
obtained a MAE of 3.6%, a similar level of perfor-
mance, which also indicates that the network does 
not overfit to neither of the two setups.

The experiments and results show that the U-Net 
provide very good results for estimating FSC. We 
experienced that the performance is highly de-
pendent of the quality of the training data, and 
the training data need to represent the variation 
of data values we will experience during inference. 
Hence, the training data need to include samples 
from different geographical locations, different 
times of the year, different snow conditions, and 
with a fairly balanced representation of FSC values.

Fractional Snow Cover Retrieval from Sentinel-3 Data Using Deep Convolutional 
Neural Networks

Anders U. Waldeland, Arnt B. Salberg, David Gustavfsson, Jarle H. Reksten, Øivind D. Trier, Rune Solberg 
(rune@nr.no)
Norwegian Computing Center, Norway
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Snow cover is highly relevant for the Earth’s cli-
mate system and its variability plays a key role in 
alpine ecology, hydrology, and socioeconomic sys-
tems. Snow cover information obtained by optical 
satellite remote sensing is an essential source to 
quantify snow cover variability from local to global 
scale. However, the temporal resolution of such 
measurements is often affected by persistent cloud 
coverage, limiting the application of high resoluti-
on snow cover mapping. Since 2011, the Remote 
Sensing Research Group at the University of Bern 
maintains an archive of freely accessible webcam 
images in Switzerland. The webcams are operated 
by restaurants, hotels, ski lift operators and private 
citizens and can be accessed by command-line tool 
wget and cron, a job scheduler on Unix-like ope-
rating systems. We illustrate how to georeference 
these images with as little as possible manual user 
input. Furthermore, we demonstrate the ability of 
webcam-based snow cover retrieval to comple-
ment satellite-based measurements.

The regional snow line elevation is a suitable indi-
cator to describe snow cover distribution in moun-
tainous regions and can be used, for example, as 
an input for hydrological modeling and gap-filling 
techniques for satellite-based snow cover retrie-
val. It is defined as the elevation that minimizes 
snow pixels below that elevation and snow-free 
pixels above that elevation. We derive the regional 
snow line elevation in an alpine catchment area 
using public webcams and compare our results to 
snow line information derived from the Moderate 

Resolution Imaging Spectroradiometer (MODIS) 
and Sentinel-2 snow cover products. Moreover, 
we analyze the superior temporal resolution of 
webcam-based snow cover information and de-
monstrate its effectiveness in filling temporal gaps 
in satellite-based measurements caused by cloud 
cover.

Public Webcams and its Potential for Complementing Satellite-Derived Snow Cover 
Information

Céline Portenier (celine.portenier@giub.unibe.ch), Martina Hasler, Stefan Wunderle     
University of Bern, Switzerland
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Thermal Infrared Remote Sensing Across Scales to Monitor Surface Energy Fluxes 
over Rockglacier Murtèl, Switzerland

Kathrin Naegeli (kathrin.naegeli@geo.uzh.ch), Dominik Amschwand, Martin Hoelzle     
University of Zurich, Switzerland

Worldwide, the main alpine cryospheric com-
ponents, such as snow, glaciers and permafrost, 
undergo drastic changes due to global climate 
change. The alpine cryosphere is particularly vul-
nerable and affected. The surface energy budget is 
out of balance and requires an improved monito-
ring, for rugged terrain in particular at the spatial 
length scale. It is crucial to be able to capture the 
individual heat fluxes and understand their spatial 
variability and interactions at the complex surface-
atmosphere interface. Particularly key is an impro-
ved representation of all energy and mass fluxes 
that determine the ground thermal regime for 
high mountain permafrost in the first place. How-
ever, spatial monitoring of surface energy fluxes is 
challenging and requires imaging systems.

This research is embedded in the international 
science consortium of the upcoming TRISHNA 
(Thermal infraRed Imaging Satellite for High-re-
solution Natural resource Assessment) mission, a 
high-resolution space-time thermal infrared (TIR) 
mission aimed to enhance our understanding of 
the water cycle and improve our management of 
the planet’s water resources by the indo-french 
space agencies. The Trishna T-SEC project aims to 
contribute towards the key TRISHNA scientific ob-
jectives, and focuses on using TIR remote sensing 
to understand and measure the water status and 
stress of continental ecosystems over mountai-
nous and tundra regions.

Here, we present multi-sensor TIR data to obtain 
spatially distributed land surface temperature 
(LST) information of Murtèl rockglacier in the En-
gadin. Besides two years of data from a terrestrial 
TIR camera, we obtained drone data, airborne data 
and point-scale radiometer and radation observa-
tions. We put a specific focus on the importance 
of individual processing steps for validation and 
calibration to obtain accurate LST data.

Our study works towards an enhanced application 
of thermal infrared remote sensing techniques in 
rugged and complex terrain, but also fosters an 
advancement in energy budget assessments of 
cryospheric components at varying spatial length 
scales.
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Reliable information on snow cover across the 
Northern Hemisphere and Arctic and sub-Arctic 
regions is needed for climate monitoring. War-
ming surface temperatures during the recent de-
cades have driven a substantial reduction in the 
extent and duration of Northern Hemisphere snow 
cover. These changes in snow cover affect Earth’s 
climate system via the surface energy budget and 
influence freshwater resources across a large pro-
portion of the Northern Hemisphere. In contrast 
to snow extent, reliable quantitative knowledge 
on seasonal snow mass and its trend were lacking 
until recently.

FMI has been working with ECCC on retrieval of 
terrestrial snow mass using passive microwave 
radiometers in several ESA projects, such as 
GlobSnow and Snow CCI. The ESA Snow CCI pro-
ject initiated in 2018 strives to further improve the 
retrieval methodologies for snow water equivalent 
(SWE) from satellite data and construct long term 
climate data records (CDRs) of terrestrial snow co-
ver for climate research purposes.

The efforts to improve satellite-based retrieval of 
snow water equivalent has resulted in an enhan-
ced resolution SWE record spanning 1979-2021, 
with 12.5km spatial resolution (Luojus et al. 2021). 
The retrieval applies the GlobSnow approach 
which combines satellite-based data with ground-
based snow depth observations. Further, the team 
has applied a bias-correction approach to improve 
the reliability of the long-term climate data re-

cords of terrestrial snow mass, presented in Pul-
liainen et al. 2020. The approach is being further 
improved in ESA Snow CCI project.

The new SWE data record and upcoming Snow CCI 
datasets will improve our estimates of the satelli-
te-era snow mass changes and trends for the Nort-
hern Hemisphere.

References:

Luojus, K., Pulliainen, J., Takala, M., Lemmety-
inen, J., Moisander, M., Mortimer, C., Derksen, 
C., Hiltunen, M., Smolander, T., Ikonen, J., Co-
hen, J., Veijola, K., and Venäläinen, P.: ”GlobSnow 
v3.0 Northern Hemisphere snow water equi-
valent dataset”. Scientific Data 8, 163 (2021).  
https://doi.org/10.1038/s41597-021-00939-2

Pulliainen, J., Luojus, K., Derksen, C., Mudryk, L., 
Lemmetyinen, J., Salminen, M., Ikonen, J., Takala, M., 
Cohen, J., Smolander, T. and Norberg, J., “Patterns 
and trends of Northern Hemisphere snow mass 
from 1980 to 2018”. Nature 581, 294–298 (2020).  
https://doi.org/10.1038/s41586-020-2258-0 

Efforts to Improve the Northern Hemisphere Snow Water Equivalent Retrievals in 
the ESA CCI+ Snow Project

Kari Luojus (kari.luojus@fmi.fi), Jouni Pulliainen, Matias Takala, Pinja Venäläinen, Mikko Moisander, Lina 
Zschenderlein, Chris Derksen, Colleen Mortimer, Lawrence Mudryk, Thomas Nagler, Gabriele Schwaizer, 
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Finnish Meteorological Institute, Finland



51



5210th EARSeL Workshop, 6. - 8. February 2023, University of Bern, Switzerland

Accurate characterization of seasonal mountain 
snow is critical to understanding the mountain 
hydrologic cycle. The European Space Agency 
Climate Change Initiative Snow Water Equivalent 
Climate Data Record (ESA CCI+ SWE CDR), which 
combines passive microwave observations with in 
situ snow depth measurements to estimate SWE, 
does not provide data over complex terrain. There 
are valid and well-understood reasons for this ex-
clusion, but it means that alternative approaches 
are needed to fill in gaps in mountain areas. Here, 
we explore using a Bayesian ensemble-based data 
assimilation approach for this need. It exploits the 
relationship between SWE and the depletion sig-
nal in remotely-sensed fractional snow cover ob-
servations when combined in a Bayesian data as-
similation framework. Previous applications of this 
method over the Western US and High Mountain 
Asia (Liu et al. 2021) assimilated optical fractional 
snow cover area (fSCA) estimates derived from 
Landsat and/or MODIS imagery. We explore whe-
ther the ESA CCI+ Snow Cover Fraction (SCF) CDR, 
which provides global coverage and pixel-wise 
uncertainties, can replace the Landsat and MODIS 
data. Our long-term objective is to develop conti-
nental (and eventually global/hemispheric) moun-
tain SWE estimates that can be merged with the 
existing Snow CCI+ SWE dataset to produce a gap-
free SWE product informed by remote sensing.

We first evaluate an implementation of the Snow 
CCI+ SCF CDR (0.01° spatial resolution) over a test 
region in the Tuolumne River basin, California.  

We use the viewable SCF (SCFV), which is an esti-
mate of the snow viewable on top of the forest 
canopy. Its performance is compared to that obtai-
ned from a baseline dataset that uses Landsat fSCA 
observations, to estimate posterior SWE and both 
sets of output are compared to in situ SWE esti-
mates from snow pillows and the Airborne Snow 
Observatory (ASO). When resampled to conform 
to the original assimilation framework resolution 
(480m), the CCI+ SCFV posterior SWE had larger 
errors than those obtained when using the base-
line Landsat product. In contrast, aggregating the 
assimilation framework to the native CCI+ resoluti-
on (0.01°) produced posterior SWE that compared 
well to the baseline product. However, we still see 
weaker performance during the ablation period 
and in a dry year (e.g. 2015) because Snow CCI+ 
SCF retrievals (and hence posterior SWE estima-
tes) are biased low compared to the Landsat fSCA. 
We also note improved performance by relaxing 
the Snow CCI+ SCFV uncertainty from its supplied 
average value of 8% to 15%. We will expand the-
se initial tests to other watersheds in the western 
US where ASO data are available, and explore the 
feasibility of implementation over western Cana-
da. We place particular emphasis on adapting the 
CCI+ SCF uncertainty values to allow temporally 
and spatially dynamic uncertainty estimates within 
the assimilation scheme.

Liu, Y., Fang, Y. and Margulis, S.A., 2021. The Cryos-
phere, 15(11), 5261-5280.

Integrating Snow Mass Estimates for Mountain Areas in the Snow CCI+ SWE Pro-
duct

Colleen Mortimer (Colleen.Mortimer@ec.gc.ca), Haorui Sun, Yiwen Fang, Steve Margulis, Lawrence Mudryk, 
Chris Derksen 
Environment and Climate Change Canada, Canada
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On the Use of High-Resolution Remote Sensing Product to Generate SWE Maps

Valentina Premier (valentina.premier@eurac.edu), Carlo Marin, Giacomo Bertoldi, Riccardo Barella, Claudia 
Notarnicola
Eurac Research, Italy

Snow Water Equivalent (SWE) represents the wa-
ter stored in the snowpack and is the most impor-
tant variable from a hydrological point of view. 
Thanks to the recent launch of the Sentinel missi-
ons in the framework of the Copernicus program, 
it is possible to monitor the snow evolution with 
better spatial and temporal resolution. This repre-
sents an advantage when dealing with the snow 
accumulation and melting dynamics that are dri-
ven by complex topography. In detail, temporally 
sparse acquisitions from Sentinel-2 or Landsat mis-
sions combined with daily acquired low-resolution 
acquisitions e.g., from MODIS allow the monitor of 
the snow cover area (SCA) evolution (Premier et 
al., 2021). The availability of several years of these 
acquisitions is useful to carry on historical analyses 
on the snow patterns that repeat within a catch-
ment due to the topography and meteorology of 
the study area. On the other hand, the Synthetic 
Aperture Radar (SAR) mounted on board of the 
Sentinel-1 missions has shown to be of great in-
terest for monitoring the snowpack melting pha-
ses (Marin et al., 2020). We investigate how the 
combination of all this information together with 
a parsimonious use of in-situ measurements and 
eventually a simple model to estimate the poten-
tial melting (e.g., a degree day model) allows to 
reconstruct SWE reanalysis time-series for the last 
10 years. Moreover, in this work we aim exploi-
ting the snow depletion curves (SDC) to predict in 
near real time the total SWE of a given catchment. 
When evaluated against a reference product (i.e., 

Airborne Snow Observatory), the method shows a 
bias of -40 mm and a RMSE of 216 mm for a catch-
ment of 970 km2 in Sierra Nevada (CA).
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Assessing the Potential Interferometric and Polarimetric SAR Data for the Retrieval 
of Snow Water Equivalent

Kristina Belinska (kristina.belinska@dlr.de), Georg Fischer, Julia Boike, Irena Hajnsek 
German Aerospace Center (DLR), Germany

The Snow Water Equivalent (SWE) describes the 
amount of water contained within a snowpack. It 
can be used in hydrological and climate models, as 
well as for the planning of water resources. In-situ 
measurements provide precise information, but 
they can be only performed on a limited number 
of locations and are challenging to obtain in remo-
te areas.

For monitoring large areas with high temporal re-
solution, remote sensing is a powerful mapping 
tool. Particularly Synthetic Aperture Radar (SAR) 
can be utilized for cryosphere applications, as is 
it independent from illumination and weather 
conditions. Depending on the frequency, radar 
waves can penetrate into dry snow, where they 
are refracted, affecting path length of the wave. 
In [1] a model was proposed, which was extended 
in [2], where the Differential Interferometric SAR 
(DInSAR) phase of SAR two measurements can be 
related to the SWE change between them. Howe-
ver, the method is limited because the phase lies 
in the interval [-π, π]. This leads to a phase wrap of 
the interferometric phase, when the SWE change 
is higher than a certain threshold, which depends 
on the frequency.

In order to mitigate and estimate the amount of 
phase wraps, SAR polarimetry can be used. The 
Co-polar Phase Difference (CPD) can be calculated 
between the VV and HH polarized channel which 
has a correlation to the fresh snow depth. With 

a model from [3], the CPD can be inverted to the 
fresh snow depth.

This study investigates the potential of including 
polarimetric variables into the DInSAR SWE retrie-
val algorithm in order to obtain a more accurate 
SWE estimation. For that purpose, airborne and 
spaceborne SAR data sets are used. First results 
show, that polarimetry contains information on 
the snow depth and can therefore be used to esti-
mate the amount of phase wraps in the DInSAR 
phase. By correcting these in the retrieval algo-
rithm, a higher accuracy between the estimations 
and ground measurements is achieved.

[1] T. Guneriussen et al., „InSAR for estimation of 
changes in snow water equivalent of dry snow,“ 
IEEE Trans Geosci Remote Sens, vol. 39, no. 10, pp. 
2101-2108, Oct. 2001.

[2] S. Leinss et al., „Snow Water Equivalent of Dry 
Snow Measured by Differential Interferometry,“ 
IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens., vol. 
8, no. 8, pp. 3773-3790, Aug. 2015.

[3] S. Leinss et al., “Anisotropy of seasonal snow 
measured by polarimetric phase differences in ra-
dar time series,” The Cryosphere, vol. 10, no. 4, pp. 
1771–1797, Aug. 2016.
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Snow Water Equivalent (SWE) is listed under the 
Global Climate Observing System (GCOS) as a 
product of the Essential Climate Variable (ECV) 
‘snow’, making it a valuable parameter for snow 
monitoring. However, SWE cannot be directly 
measured by satellite-based sensors. Conventio-
nal ground-based measurements are performed 
at point scale, which usually introduce a bias since 
heterogeneous terrain causes uncertainty in the 
distribution of snow height and density patterns. 
A promising new technique is above-snow Cosmic 
Ray Neutron Sensing (CRNS). The method is sen-
sitive to SWE within approximately 200 m around 
the station, providing an average that is more re-
liable in heterogeneous terrain. Furthermore, this 
large footprint makes it well suited for a compa-
rison with satellite remote sensing products. The 
measurement principle of CRNS is based on the 
interaction of secondary cosmic rays with hydro-
gen atoms, leading to the creation of fast neutrons 
that are detected by the sensor. The neutron count 
rate is a proxy for the abundance of ambient wa-
ter, which makes CRNS not only sensitive to SWE, 
but also to other water sources, such as soil mois-
ture and biomass. Derived multispectral satellite 
remote sensing products, like Fractional Snow 
Cover (FSC), provide valuable information on the 
temporal presence of hydrogen pools that cause 
a trend or offset in the CRNS signal. In this study 
we compare the neutron count signal of 65 CRNS 
stations within the COSMOS-Europe network with 
FSC products derived from Sentinel-2 and MODIS 

(Moderate-resolution Imaging Spectroradiome-
ter). We classify the daily CRNS neutron counts by 
presence and absence of snow, and aim at iden-
tifying typical signal properties of lowland, pre-
alpine and alpine research sites. By analysing the 
typical ranges of neutron counts, we investigate 
how well stations at different altitudes are suited 
for the application of CRNS-SWE measurements. 
The analysis has been assisted by FSC products to 
indicate snow events and melting episodes, and by 
CORINE Land Cover data of Copernicus to quantify 
additional hydrogen sources. We found that the 
range of CRNS signal offset follows an altitudinal 
trend. While high soil moisture and the presence 
of vegetation result in an increased snow-free sig-
nal offset, fresh snowfall is indicated by an abrupt 
drop in the CRNS signal. The comparison of the 
two remote sensing FSC products shows that the 
FSC derived from MODIS is mostly lower than the 
FSC from Sentinel-2. Given the results, CRNS is a 
powerful tool for SWE measurements at alpine si-
tes, where terrain heterogeneity is high, but the 
abundance of no-snow hydrogen sources is low.

Snow from space: combined analysis of Snow Water Equivalent from Cosmic Ray 
Neutron Sensors and Fractional Snow Cover products from Sentinel and MODIS

Nora Krebs (Nora.Krebs@uibk.ac.at), Paul Schattan, Sascha Oswald, Martin Schrön, Martin Rutzinger, Johann 
Stötter 
Universität Innsbruck, Austria
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Comparison of Passive Microwave Dry Snow Detection Algorithms and Application 
to SWE Retrieval

Lina Zschenderlein (lina.zschenderlein@fmi.fi), Kari Luojus, Matias Takala, Pinja Venäläinen, Jouni Pulliainen
Finnish Meteorological Institute, Finland

Terrestrial snow cover is a key component of the 
Earth’s climate and hydrologic system. To quantify 
the impacts of snow cover, reliable monitoring 
of seasonal changes in snow mass is required, 
which is accomplished through snow water equi-
valent (SWE) retrieval from passive microwave 
satellite data. SWE retrieval methodologies, such 
as GlobSnow (Luojus et al., 2021), typically imple-
ment passive microwave dry snow detection as 
one of the main processing steps to restrict the 
actual SWE retrieval to snow-covered areas.

Accurate dry snow detection is crucial for this ap-
plication, however algorithms tend to underesti-
mate snow extent. As part of the GlobSnow SWE 
product development, a long-term assessment of 
six current dry snow detection algorithms is car-
ried out to determine their capabilities on hemis-
pheric scale with respect to exhaustive in situ data 
and NOAA IMS snow maps (Zschenderlein et al., 
under review).

We show that the decision tree by Grody and Ba-
sist (1996) achieves the best detection accuracy 
and spatial performance, followed closely by the 
algorithm of the EUMETSAT H SAF snow status 
product (Pulliainen et al., 2010) which implements 
Hall et al. (2002) with empirically updated bright-
ness temperature thresholds. In both cases, we 
find that the underestimation of snow extent by 
conventional daily snow masks can be significantly 
reduced through cumulative snow masks, which 
retain snow pixels once detected for the rest of 
the season.

GlobSnow currently implements the cumulati-
ve version of Hall et al. (2002) with its original 
thresholds. By using either of the two best dry 
snow detection algorithms instead, the validation 
for hemispheric SWE retrieval in the GlobSnow 
framework shows a noticeable improvement of 
the current statistics—reducing the bias by up to 
0.71 mm and the RMSE by up to 1.0 mm.

This highlights the impact of dry snow detection 
on the quality of SWE retrieval and therefore on 
long-term climate data records, and encourages 
further optimisation of dry snow detection algo-
rithms.

Grody, N. and Basist, A.: ‘Global identification of 
snowcover using SSM/I measurements’, IEEE Tran-
sactions on Geoscience and Remote Sensing 34(1), 
237–249, 1996.

Hall, D., Kelly, R., Riggs, G., Chang, A., and Foster, J.: 
‘Assessment of the relative accuracy of hemisphe-
ric-scale snow-cover maps’, Annals of Glaciology 
34, 24–30, 2002.

Luojus, K. et al.: ‘GlobSnow v3.0 Northern Hemis-
phere snow water equivalent dataset’, Scientific 
Data 8(163), 2021.

Pulliainen, J., Lahtinen, P., Kärnä, J.-P., and Kopo-
nen, S.: ‘SN-OBS2 - Snow status (dry/wet) by MW 
radiometry’, Algorithm Theoretical Definition Do-
cument (ATDD-11), EUMETSAT H SAF, 2010.
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Development and validation of microwave scatte-
ring models for snowpack and vegetation strongly 
benefit from the availability of dense temporal 
time-series of accurate in-situ radar backscatter 
measurements. The WBSCAT scatterometer is a 
scatterometer developed for ESA by Gamma Re-
mote Sensing AG covering the frequency range 
from 1-40 GHz and is capable of making coherent 
polarimetric measurements of radar backscat-
ter. As part of the ESA Snowlab (2018-2019) and 
Snowlab-NG (2019-2020) projects, WBSCAT mea-
sured fully polarimetric radar backscatter multi-
ple times each day at Davos-Laret, located at an 
altitude of 1514 meters a.s.l. The instrument was 
mounted on a static tower, 8 meters above the 
ground surface. Scatterometer measurements 
encompassed a range of different incidence and 
azimuth angles and are part of a comprehensive 
data set including radiometric microwave emissi-
on, air and snow surface temperatures, precipi-
tation, and snowpack characteristics e.g., height, 
moisture content, snow water equivalent (SWE), 
density, and structure. WBSCAT was mounted on 
a 2.5-meter rail, inclined 45 degrees from hori-
zontal, that permitted calculation of tomographic 
profiles showing formation of different scattering 
layers in the snowpack for different frequency 
bands. The scatterometer instrument is based on a 
vector network analyzer (VNA) using internal stan-
dards to calibrate the VNA and then used for calib-
ration of internal amplifiers and switches. Antenna 
gain patterns were measured at the ESTEC HERTZ 

anechoic chamber to permit calculation of the ef-
fective illuminated scattering area. The instrument 
worked reliably during these observation seasons 
and have successfully produced time-series of the 
radar scattering coefficient σ_0 and interferomet-
ric phase and coherence. 

Measuring Coherent Polarimetric Backscatter Time-Series Covering 1-40 GHz with 
the ESA WBSCAT Scatterometer

Charles Werner (cw@gamma-rs.ch), Andreas Wiesmann, Rafael Caduff, Othmar Frey, Urs Wegmüller, Mike 
Schwank, Christian Mätzler, Martin Suess 
Gamma Remote Sensing AG, Switzerland



64



6510th EARSeL Workshop, 6. - 8. February 2023, University of Bern, Switzerland

Radar Observations of Coherent Backscatter Enhancement for Snow Parameter 
Estimation

Marcel Stefko (stefko@ifu.baug.ethz.ch), Silvan Leinss, Othmar Frey, Irena Hajnsek 
ETH Zurich, Switzerland

The Coherent Backscatter Opposition Effect 
(CBOE) is a phenomenon that causes an increase 
of backscatter intensity of coherent radiation by 
up to a factor of 2 in the direct return direction, 
due to constructive interference of time-reversed 
pairs of scattering paths. It only occurs in particu-
lar types of low-absorbing, disordered media (in-
cluding snow at radio frequencies), and has a cha-
racteristic narrow angular peak centered on the 
direct return direction with a usual angular width 
of less than 1 degree. The full characterization of 
the effect requires bistatic scatter measurements, 
i.e. measurements where the transmitter and the 
receiver can be spatially separated. Once charac-
terized, the properties of the peak can be linked 
to properties of the scattering medium (Hapke, 
2012). The effect has been known in the optics 
and planetary science fields for several decades, 
and was considered in a few terrestrial snow scat-
tering models (Tan et al., 2015), however it has so 
far lacked a full, bistatic characterization within the 
Earth‘s cryosphere at radio frequencies.

We present the results of the first characterization 
of this effect in the Earth‘s snow cover using bista-
tic radar instruments (Stefko et al., 2022). With the 
ground-based system KAPRI we confirmed the pre-
sence of the effect at Ku-band in seasonal snow on 
top of the peak Rinerhorn in Davos, Switzerland. 
Furthermore, using the spaceborne constellati-
on TanDEM-X, we detected the effect at X-band 
in deep firn in the Jungfraufirn area of the Great 
Aletsch Glacier. For both of these measurements, 

we were able to quantify the angular shape of the 
enhancement peak. From the angular shape, in 
turn, we estimate the scattering and absorption 
properties of the medium. This was achieved using 
a CBOE scattering model which links the shape of 
the intensity enhancement peak to the scattering 
and absorption mean free paths within the medi-
um.

These results thus showcase the ability to quan-
tify scattering and absorbtion lengths within 
snow cover by radar observations of the CBOE. 
This, in turn, could potentially lead to quantita-
tive characterizations of variables such as snow 
depth or snow cover extent (Stefko et al., 2022). 
Furthermore, the TanDEM-X results demonstrate 
the possibility of global-scale observations, using 
spaceborne bistatic radar sensors. We will dis-
cuss how global observations of this effect could 
complement other remote sensing methods and 
improve the accuracy of methods such as model-
based parameter inversion or estimation of pene-
tration bias for radar interferometry, thus leading 
to better understanding of snow as an essential 
climate variable.

Hapke, B. (2012). https://doi.org/10.1017/
CBO9781139025683

Stefko, M. et al. (2022), https://doi.org/10.5194/
tc-16-2859-2022

Tan, S. et al. (2015). https://doi.org/10.1109/
JSTARS.2015.2469290
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Seasonal snow in alpine regions at altitudes 
around 1500m above sea level is subject to stron-
gly varying meteorological conditions, often with 
diurnal cycles of temperatures around the freezing 
point, and precipitation in the form of snow and 
rain. These varying conditions lead to pronounced 
vertical gradients of snow temperature that inter-
change with almost constant snow temperature 
profiles that drive the metamorphosis of the snow 
pack.

During the ESA Snowlab project, time series of 
tomographic profiles have been measured over 
several snow seasons with the ESA SnowScat (9.2 
- 17.8 GHz) and the ESA Wideband Scatterometer 
(WBScat) (1 - 40 GHz) at the SLF snow test site in 
Davos-Laret, Switzerland, located at about 1500m 
above sea level.

The microwave instruments were mounted on a 
tower, movable on a tilted rail to allow aperture 
synthesis for tomographic profiling.

In this contribution, we present an extensive com-
parison of the time series of radar tomographic 
profiles of the snow pack at different frequency 
bands (including 1-6GHz, 12-18 GHz and 28-40 
GHz) with time series of reference snow charac-
terizations obtained nearby by means of snow 
pit and SnowMicroPen (SMP) measurements and 
further auxiliary environmental parameters.

The detailed analysis of the three bands of the 
WBScat tomograms provides insight into relative 

change of location and strength of backscatter 
within the snowpack (e.g. during melting and re-
freezing cycles) as a function of various parameters 
(snow surface temperature, liquid water content).

We also compare the vertical distribution of 
backscatter versus total backscatter. Clearly, for 
9.2-18 GHz and higher frequencies the tomo-
graphic profiles show substantial scattering from 
within the snowpack, depending on the snow con-
ditions. The ground contribution is often not the 
strongest contribution.

The three bands measured with WBScat show 
evidence of frequency-dependent (in some cases 
opposite (1-6 GHz) ) backscatter trends in the time 
series. The results indicate that, except at the fre-
quency band 1-6GHz, substantial backscatter is 
contributed by horizontal layers (e.g. melt-freeze 
crusts) and potentially also by vertical structures 
that develop during the snow metamorphosis. Our 
analysis includes a detailed comparison of the to-
mographic profiles with accompanying SMP force 
and SWE/snow density and SSA parameters.

Time Series Of Vertical Snow Profiles Measured By SAR Tomographic Profiling  -  
A Comparison With Reference Snow Characterizations

Othmar Frey (frey@gamma-rs.ch), Andreas Wiesmann, Charles Werner, Rafael Caduff, Henning Löwe, 
Matthias Jaggi
Gamma Remote Sensing AG / ETH Zurich, Switzerland
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The Airborne Cryosphere-Observing SAR System (CryoSAR): Season-long Airborne 
and Ground-based Observations of Terrestrial Snow and Lake Ice During Fall 2022 
and Winter 2023
Richard Kelly (rejkelly@uwaterloo.ca), Aaron Thompson, Peter Toose, Chris Derksen, Alex Langlois, Alex Roy, 
Laura Brown, Aaron Berg, Jim Hodgson, Adriano Meta    
University of Waterloo, Canada

The Cryosphere-Observing SAR (CryoSAR) system 
is a Ku- and L-band polarimetric synthetic aperture 
radar (SAR) system designed to conduct obser-
vations of snow and ice on land and over water 
bodies, and soil moisture status. The CryoSAR sys-
tem is a fully polarimetric SAR with the capability 
to conduct single or repeat pass observations for 
interferometric SAR (InSAR) applications. There 
is significant interest in the Ku (13.5 GHz) polari-
metric response and L-band (1.3 GHz) InSAR mea-
surements of snow on land and water as tools to 
estimate snow water equivalent, a key variable in 
water resource management applications and in 
climate change studies. The CryoSAR radars can be 
operated independently or together. They can also 
be deployed on a relatively small aircraft, such as a 
Cessna 208, which is widely available across North 
America, Europe and beyond, making the system 
relatively agile in its deployment. An adjustable 
mounting system has been designed to enable the 
instrument to be installed from inside and aircraft 
and at specified look angles. In fall 2022 and win-
ter 2023, a season-long deployment of the system 
was conducted in Ontario as part of a Canadian 
Space Agency-funded project and in support of 
the Terrestrial Snow Mass Mission. Flights were 
conducted over selected sites in Ontario including 
the Haliburton Highlands and Powassan. Field 
campaigns were also conducted on the ground to 
provide correlative ground reference data. A com-
bination of traditional field observations of snow 
properties, and detailed state-of-the-art measure-

ments of microstructure properties were made to 
quantify the snowpack bulk and stratigraphic cha-
racteristics of the snow at the different field sites. 
This presentation discusses the first observations 
made with the CryoSAR system at Ku- and L-band. 
Results focus on the polarimetric responses from 
snow on land and on lake ice and demonstrate its 
applicability for terrestrial snow monitoring.
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A Field Campaign on InSAR Retrieval of Snow Mass in Alpine Terrain

Thomas Nagler (thomas.nagler@enveo.at), Helmut Rott, Stefan Scheiblauer, Nico Mölg, Lars Keuris, Ralf 
Horn, Jens Fischer, Alberto Moreira, Julia Kubanek 
ENVEO IT GmbH, Austria

The lack of regular, area-wide observations of snow 
water equivalent (SWE) is a main gap in monitoring 
of the global cryosphere. Repeat-pass differential 
SAR interferometry (RP-InSAR) offers a well-defi-
ned physically based approach for mapping SWE 
at high spatial resolution by measuring the path 
delay of the radar signal propagating through a dry 
snowpack. A critical issue for routine application 
of RP-InSAR is the temporal decorrelation caused 
by changes in the complex backscatter signal. In 
C-band comparatively moderate snowfall amounts 
may already cause complete decorrelation where-
as this effect is of less concern in L-band. The use 
of L-band RP-InSAR for SWE mapping has by now 
been limited to case studies because of the lack 
of regular repeat observations over snow-covered 
land surfaces. In anticipation of the enhanced re-
peat observation capabilities of upcoming L-band 
SAR systems, such as ROSE-L, we conducted field 
campaigns in two Alpine test sites to consolidate 
the RP-InSAR retrieval tools and evaluate the pro-
duct performance. The use of C-band RP-InSAR 
for SWE retrievals was as well studied. Among the 
topics addressed are the effects of snowfall in-
tensity on temporal decorrelation, the impacts of 
topography and land cover type on the RP-InSAR 
phase and resulting SWE, and possible effects of 
snow structural properties on the observed signal.

During March 2021 an experimental airborne 
campaign was carried out in the high Alpine test 
site Wörgetal/Kühtai near Innsbruck, addressing 

two complementary approaches for SWE measu-
rements: (i) exploring the measurement concept 
of a geostationary C-band SAR mission for retrie-
val of dense SWE time series; (ii) consolidating the 
assessment of the RP-InSAR based SWE retrieval 
method and performance in support of mission 
preparation for ROSE-L and Sentinel-1 NG. The 
activities were performed by DLR and ENVEO 
within the ESA project SARSimHT-NG. Within the 
period 2nd to 19th March 2021 multiple C- and 
L-Band SAR data were acquired F-SAR flights on 
7 days spanning two snow fall events of about 10 
cm and 40 cm mean fresh snow depth. On days 
of the F-SAR overflights vertical profiles of physical 
snow parameters were measured in snow pits at 
different locations as well as snow depths along 
transects. In the presentation we report on the im-
pact of snowfall and other environmental parame-
ters on C- band and L-band InSAR coherence over 
time periods ranging from several hours to days, 
and report on the performance of the InSAR SWE 
retrievals performed over the test sites Wörgetal/
Kühtai. The campaign activities and the presented 
results are of relevance for preparing snow moni-
toring activities with current and upcoming L-Band 
SAR missions including SAOCOM A/B, NISAR and 
ROSE-L. Furthermore, the investigations are of re-
levance for exploring the combined use of C- and 
L-Band SAR data for monitoring main snowpack 
parameters.
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Arctic Permafrost: The importance of snow

Julia Boike (julia.boike@awi.de), Inge Grünberg, Brian Groenke, Julia Martin, Moritz Langer
Alfred Wegener Institute, Germany

From the soil pore space to continental spatial 
scales, permafrost in the Arctic is undergoing war-
ming and degradation. Small-scale changes can be 
observed, such as shifts in freezing and thawing 
cycles, hydrology and precipitation, that have 
substantial global-scale effects. Yet, forecasting 
how observed drivers of permafrost thaw cascade 
their effects to other spatial and temporal scales is 
challenging. Shifts in winter air temperatures are 
mitigated by the snowpack in a complex fashion, 
as snowpack thickness, snow thermal properties 
evolve. Complex phenomena such as depth hoar 
formation, refreezing of melt water and wind 
compaction change how the soil cools in winter. 
At the smallest scale, the complex microstructure 
and spatial distribution of both the snowpack and 
ground ice determine their thermal properties and 
affect the permafrost.

We report on the complexity of the snowpack and 
how its inter-annual variability influences the per-
mafrost ground thermal regime. Specifically, we 
present observational data on automated snow 
water equivalent / snow density measurements 
from two Arctic Sites located in Spitsbergen (Bayel-
va) and Siberia (Samoylov). In addition, we present 
a novel framework for automated classification of 
snow cover from time lapse images. For both sites, 
the complexity of the snowpack and its inter-annu-
al variability influence the ground thermal regime. 
Tying observations of changes at the small to regi-

onal scale to the consequences of global warming, 
there may be surprises in terms of permafrost res-
ponse, due to possible non-linear changes as well 
as lag effects.
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The Integrated Description of the Snow Cover in Polar Areas: a Multi-scale and 
Multi-platform Solution

Roberto Salzano (roberto.salzano@cnr.it), Giulio Esposito, Rosamaria Salvatori     
National Research Council of Italy, Italy

The description of the snow cover dynamics re-
presents a critical task, where the gap between 
ground-based measurements and spaceborne ob-
servations that must be approached. The presen-
ted strategy is based on integrating different spa-
tial scales and on combining several data sources. 
Automated systems are the key solutions selected 
for describing the spatial distribution of the snow 
cover during time as well as the optical behaviour 
of the seasonal snow on the ground. One compo-
nent of the proposed approach is terrestrial pho-
tography, which is focused on assessing the frac-
tional snow-covered area. Specific algorithms are 
available for processing large image datasets and 
for projecting snow-classified pixels on the surface. 
On the other hand, spectral reflectance has been 
assessed using narrow-band and hyperspectral 
systems in the visible, near and short-wave infra-
red wavelength domains. Finally, this integrated 
strategy has been implemented in the pilot site 
located in the Svalbard Archipelago (Ny-Alesund, 
north-western Spitsbergen). The produced know-
ledge represents an useful dataset for calibrating 
and validating remotely sensed data. Automated 
systems are, in fact, valuable assets useful for 
continuously provide information about the state 
of the snow cover, limited in terms of spatial ex-
tension (10 m2 up to 10 km2), but almost inde-
pendent from meteorological conditions and cha-
racterized by high time-resolution. The availability 
of time-lapse cameras, potentially operating for a 
long time (the longest times series covers about 

20 years), offers therefore the opportunity to have 
a continuous ground-truth for validating remote-
ly-sensed data. Looking for an upscaling strategy 
from in-situ observations to satellite data, terrest-
rial photography can be easily linked to satellite 
sensors characterized by higher spatial resolution 
(Sentinel-2, Landsat 8, etc...). Similarly, the avai-
lability of optical devices, namely albedometers, 
supports the description of the spectral behaviour 
of the snow cover. The combination between in-si-
tu and satellite radiometric data is the straightfor-
ward approach for assessing the evolution of diffe-
rent snow cover types during the melting season.
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Unraveling Fire Permafrost Interactions in Northeastern Siberian Tundra Using 
InSAR and Machine Learning

Sonam Wangchuk (s.wangchuk@vu.nl), Kevin Schaefer, Jorien Vonk, Sander Veraverbeke 
Vrije University, Netherlands

Permafrost soils in boreal forests and tundra store 
more than two atmospheres worth of carbon, yet 
the vigorous permafrost-carbon-climate feedback 
loop remains poorly understood. In addition to on-
going strong warming, fires can further accelerate 
permafrost degradation and trigger the release 
of ancient carbon into the atmosphere. Despite 
the urgency after the recent Arctic fire records of 
2019, 2020 and 2021, fire-permafrost interactions 
are currently not included in Earth system models 
from the sixth assessment of the Intergovern-
mental Panel on Climate Change (IPCC). This is 
because large-scale observations of fire-induced 
permafrost degradation are lacking. Therefore, we 
studied fire-induced permafrost degradation using 
the Interferometric Synthetic Aperture Radar (In-
SAR) technique and time series of Sentinel-1 (S-1) 
imagery. In this pilot study, we tested our approach 
on fires from 2019 and 2020 in the Chokurdakh 
area, Northeastern Siberia. We processed time 
series S-1 SAR data from the snow-free season 
(June-October) where S-1 SAR image selection was 
automated by using the MODIS snow cover pro-
ducts. To understand the drivers of InSAR-derived 
subsidence, we applied the XGBoost regression 
algorithm using subsidence as a response variable 
and ten other environmental variables as predic-
tor variables. First, we found that the time series 
InSAR technique is suitable for deriving subsidence 
over fire-affected permafrost terrain. Second, the 
fire-affected permafrost terrain experienced exa-
cerbated subsidence compared to the surrounding 

unburned area. Third, the XGBoost regression mo-
del revealed land surface temperature (LST) and 
albedo as the primary predictor variables accoun-
ting for more than 50% of the predictive power. 
From this pilot study, we conclude that the InSAR 
technique has the potential to study fire-perma-
frost interaction at the northern circumpolar scale. 
The permafrost degradation in many tundra are-
as is likely dominated by fire-induced changes in 
the surface energy balance. Models can use our 
data to parameterize subsidence and thermokarst 
processes associated with permafrost degradation 
due to fire.
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Modeling Permafrost Distribution Using Machine Learning Models In Khumbu 
Region, Nepal

Arnab Singh (singharnab78@gmail.com), Darwin Rana, Sangya Mishra, Dibas Shrestha 
Tribhuvan University, Nepal

Rock glaciers are an important indicator of the 
existence of permafrost. Study of permafrost va-
riation is necessary to understand the stability, its 
nature in regards to global warming and hydrolo-
gy. A rock glacier inventory of Khumbu region was 
prepared at an elevation 4000-5600 meter; clas-
sified based on their activity (Intact/Relict) from 
Google Earth. Three statistical machine learning 
models with topo-climatic input as predictor va-
riables used to generate permafrost probability 
distribution maps in the Khumbu region of Nepal 
at 30 meter resolution. Predictor variables were 
Slope, Aspect, Elevation, Mean Air Temperature 
and Potential Incoming Solar Radiation. All models 
show similar performance, with Logistic Regressi-
on having 0.73, Random Forest at 0.7 and Support 
Vector Machines at 0.727. Further analysis shows 
the model sensitivity to randomness from (i) Data 
Partition, (ii) the nature of the models. Thus re-
sults are variable and accuracy and AUC-ROC, and 
thus selecting a cutoff probability to indicate per-
mafrost gets complicated. Furthermore, the Ran-
dom Forest model still guesses when the models 
are allowed to be uncertain about the prediction 
around a range of increasing cutoff brackets. Thus, 
a simple model like Logistic Regression is prefera-
ble for its flexibility in Solukhumbu region and its 
interpretability.
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Recent Developments Towards The Upcoming Snow Cover Fraction Climate Re-
search Data Package V3.0 From Terra MODIS And Sentinel-3 SLSTR Data Within ESA 
CCI+ Snow
Gabriele Schwaizer (gabriele.schwaizer@enveo.at), Thomas Nagler, Nico Mölg, Lars Keuris, Sari Metsämäki, 
Carlo Marin, Richard Essery, Anna Maria Trofaier
ENVEO IT GmbH, Austria

Seasonal snow cover is the largest cryospheric 
component on land areas during the Northern 
Hemispheric winter season. The impact of snow 
cover on different short-term processes on the 
Earth’s system due to its high temporal and spatial 
variability, and in a long-term view on the global 
climate system is evident. Optical satellite data 
have been widely used in the past decades to get 
information on snow covered areas. But the pro-
ducts were limited by the spatial, temporal, and 
radiometric characteristics of the satellite sensor 
or by the capabilities of the algorithms, many of 
which only provide binary snow classification or, 
in forested areas, only snow viewable from above. 
Within ESA CCI+ Snow, a method has been esta-
blished to estimate fractional snow cover maps, 
and to provide for forested areas consistent in-
formation on the snow cover fraction viewable on 
the top of the forest canopy (SCFV) and the snow 
cover fraction on the ground (SCFG) underneath 
forest canopy. The processing chain for each satel-
lite granule consists of four main modules: 1) pre-
processing of satellite data, 2) cloud screening, 3) 
pre-classification of certainly snow free areas, and 
4) snow cover fraction estimation for SCFV and 
SCFG and associated uncertainty estimation. Dai-
ly global maps are generated by merging all SCFG 
and SCFV granules per day, respectively, as well as 
the associated uncertainty estimation. Time series 
of daily global fractional snow cover maps, SCFV 

and SCFG, with about 1 km pixel spacing including 
the associated uncertainty per pixel have been 
generated from daily Terra MODIS data acquired 
between 2000 and 2020 and released as Climate 
Research Data Package (CRDP) v2.0 in November 
2021. After the validation and the assessment of 
the SCFG and SCFV products from MODIS data in 
climatological and hydrological models, the fol-
lowing main development steps have been iden-
tified to further improve the products for the next 
version: 1) adjust the pre-classification of snow 
free areas to reduce false classification of fractio-
nal snow cover pixels as snow free pixels during 
the pre-classification step; 2) adapt the auxiliary 
layers used for the forest canopy correction and 
investigating the feasibility to account for changes 
in the forest cover from 2000 to 2022; 3) further 
develop and improve the cloud screening method; 
and 4) adjust and homogenize the SCFV and SCFG 
retrievals and associated uncertainty estimations 
from Terra MODIS and Sentinel-3 SLSTR data. In 
this presentation, we will show details on the re-
cent developments, highlight the improvements, 
and demonstrate the impact on the resulting SCFV 
and SCFG products, which are planned to be re-
leased as snow_cci SCFV and SCFG CRDP version 
3.0 from Terra MODIS and Sentinel-3 SLSTR data 
in summer 2023.
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40 Years Times Series of Global Snow Cover Fraction Based on AVHRR Data - First 
Analysis and Results within ESA CCI+ Snow Project

Xiongxin Xiao (xiongxin.xiao@giub.unibe.ch), Andreas Wiesmann, Kathrin Naegeli, Valentina Premier, Stefan 
Wunderle 
University of Bern, Switzerland

Snow cover has critical implications for the climate 
and hydrology of regions, is a major component 
of the water cycle in most areas of the word. It 
affects a variety of climate process and feedback 
mechanisms, hydrology management, weather 
forecasting. The European Space Agency (ESA) 
Snow Climate Change Initiative (CCI+) projects 
provides long-term (40-years), global time series 
of daily snow cover fraction data derived from 
AVHRR satellite data. Compared to the Snow CCI+ 
snow cover fraction Version 2.0 products, snow 
cover fraction Version 2.1 (SCFG & SCFV) incorpo-
rates the significant difference in cloud cover mask 
using a new cloud detection method. Due to the 
same snow cover fraction retrieval method em-
ployed in Version 2.0 and Version 2.1, there was 
some possible changes in snow cover mapping in 
Version 2.1. Using these two long-term snow cover 
fraction products (SCFG & SCFV), we analyze how 
changes the cloud cover masks globally affect the 
snow cover fraction products in different regions 
and time periods. In addition, influence of using 
multiple sensors in reducing cloud cover was in-
vestigated using two versions (2.0 and 2.1) snow 
cover fraction. Through our analysis, the applica-
tion of new cloud cover masks generated notable 
differences of snow cover fraction distribution in 
some regions. Using snow cover fraction data from 
multiple sensors, we demonstrate that the cloud 
coverage in both snow cover products (SCFG & 
SCFV) reduced depending on how many sensors 

used relative to Version 2.0 snow cover fraction. 
In most of regions, the timing of peak snow cover 
extent was slightly shifted and the cloud cover per-
centage in the monthly snow cover extent series is 
also mitigated.
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New 38-Year Time Series of Daily, Global Fractional Snow Cover Maps

Rune Solberg (rune.solberg@nr.no), Øystein Rudjord, Arnt-Børre Salberg, Mari Anne Killie, Steinar Eastwood, 
Atle Sørensen, Carlo Marin, Valentina Premier
Norwegian Computing Center, Norway

The ESA CryoClim project previously developed 
a binary snow cover product for long-term syste-
matic climate monitoring. The algorithm is based 
on fusion of AVHRR GAC and SMMR + SSM/I + 
SSMIS data. The product set consists of a time 
series (1982-2015) of daily, snow cover maps of 
5 km spatial resolution with full global coverage 
independent of clouds and polar-night darkness. 
The ESA Climate Change Initiative (CCI) Snow ECV 
project has now developed an advancement to a 
fractional snow cover (FSC) product.

The original binary algorithm is based on a hid-
den Markov model (HMM) simulating snow states 
based on the satellite observations. The model 
is described by the different states and the pos-
sible transitions between these states. The states 
are given by probability density functions and the 
transitions by transition probabilities. A Viterbi 
algorithm is used to find the most likely snow co-
ver sequence throughout the hydrological year at 
each grid cell. The HMM solution represents not 
only a multi-sensor model but also a multi-tempo-
ral model.

The advancement from binary to fractional snow 
cover has followed two main paths: First, we intro-
duced more HMM states to be able to classify the 
snow cover into 10% FSC intervals. However, intro-
ducing 100 states to obtain 1% FSC intervals would 
not give a stable model. For obtaining higher pre-
cision, we have interpolated between HMM states 

using a secondary Viterbi sequence. The two pro-
babilities are used as weights to estimate the FSC.

The algorithm has been implemented to run on a 
supercomputer as three components. The optical 
and passive microwave radiometer (PMR) data are 
processed in two processing chains giving the pro-
bability of snow from each type of data, respec-
tively. The probabilities are applied in the HMM 
multi-sensor multi-temporal model generating the 
fractional snow cover map. The map also includes 
a per-grid-cell estimate of the FSC uncertainty. A 
new 38-year time series (1982-2019) of daily, glo-
bal products was generated recently and will be 
made freely available to the climate community.

Two different validation approaches have been 
applied. The first was based on using in-situ data 
from stations (points) and snow courses, following 
the same approach as in past CryoClim activities. 
The other approach closely followed the validati-
on technique developed by the Snow CCI project 
of using classified high-resolution data based on 
Landsat imagery as a reference. Based on the in-si-
tu data approach, very similar results to those ob-
tain previously for the binary product, were found. 
Yearly overall accuracy was found to be mostly 
between 90 and 94%, with some exceptions. Using 
Landsat data, the overall accuracy was found to be 
high with an RMSE in the order of 16% and a bias 
lower than 2.4%. For the FSC uncertainty estima-
tes, a general overestimation of 2-3% was found.
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Evaluation of Snow Cover Extent Products Against In-situ Snow Depth Measure-
ments Within ESA SnowPEx+

Sari Johanna Metsämäki (sari.metsamaki@syke.fi), Sakari Väkevä, Gabriele Schwaizer, Lars Keuris, Mikko 
Moisander, Pinja Venäläinen, Kari Luojus, Colleen Mortimer, Thomas Nagler 
Finnish Environment Institute, Finland

Satellite remote sensing enables the derivation 
of comprehensive information on snow cover. 
Analysis of the differences between the availab-
le EO-based global/continental snow products is 
of great interest from the users’ perspective. The 
ESA SnowPEx project was initiated in 2014, with 
the aim to evaluate different snow products fea-
turing Snow Cover Extent (SCE) and Snow Water 
Equivalent (SWE) by means of intercomparison 
and validation against reference data. The project 
produced a detailed analysis on the performance 
of different snow products and developed a con-
sistent protocol for doing that. In the subsequent 
project SnowPEx+, we continue these activities.

Here we focus on in-situ validation for the new set 
of SCE products for years 2014-2020. Snow Depth 
was collected from archives maintained by Global 
Historical Climatology Network, by WMO distribu-
ted by ECMWF, by All-Russian Research Institute of 
Hydrometeorological Information and by the Chi-
nese Academy of Science. Together these datasets 
cover the seasonal or permanent snow-covered 
areas. An important part of the work was the qua-
lity control made for the in-situ data, which is also 
described here.

SCE products provide information on (i) viewable 
snow (i.e., snow retrieval relates to what is seen 
from above the canopy, referred as SCEV) or (ii) 
snow-on-ground (also under canopy, referred as 

SCEG). For SCEV, it is not reasonable to compa-
re the snow information against at-ground snow 
depth measurements; therefore, validation for 
SCEV is carried out only for open or sparsely fo-
rested areas. SCEG products are validated also in 
forests. Furthermore, some SCE products provide 
Snow Cover Fraction (SCF, %) within a product pi-
xel while most products provide binary snow/no-
snow information. Since the in-situ features only 
snow depth, not SCF, it was necessary to convert 
any snow information into binary snow/non-snow 
data and then use these in the comparisons. We 
used protocol from SnowPEx in doing this. After 
binary conversion, a contingency matric between 
in-situ data and SCE-data is generated and gene-
rally applicable statistical measures are calculated.

We present the validation results for twelve Glo-
bal/Northern Hemispheric snow products. The 
results are presented for yearly quarterly seasons 
for forested and non-forested area. SnowPEx does 
not try to identify the ‘best’ product but seeks in-
formation on the potential areas or seasons that 
are challenging/successful for different products.
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SnowPEx+: Results of the Intercomparison and Validation of Northern Hemispheric 
Snow Extent Products 2015-2020
Thomas Nagler (thomas.nagler@enveo.at), Lucia Felbauer, Nico Mölg, Gabriele Schwaizer, Stefan Scheiblauer, 
Sari Metsämäki, Lars Keuris, Helmut Rott, Igor Appel, Edward Bair, Che Tao, Walter Clark, Christopher Crawford, 
Jeff Dozier, Cho Eunsang, Dorothy Hall, Masahiro Hori, George Riggs, Karl Rittger, David Robinson, Peter Roma-
nov, Timbo Stillinger, Matias Takala, Elzbieta Wisniewski, Michael Kern, Anna Maria Trofaier, Philippe Goryl
ENVEO IT GmbH, Austria

Satellite observations are the only means for time-
ly and complete observations of the global snow 
cover. A range of different satellite snow products 
is available, the performance of which is of vital in-
terest for the global user community. We provide 
an overview on goals and activities of the Snow-
PEx+ initiative, dedicated to the intercomparison 
of northern hemispheric and global satellite snow 
products, derived from data of long-term operati-
onal as well as recently launched satellites. Snow-
PEx+ is the continuation of SnowPEx (2014-2017), 
carried out as an international collaborative effort 
under the umbrella of Global Cryosphere Watch / 
WMO and funded by ESA.

SnowPEx+ focuses on two parameters of the seaso-
nal snowpack, the snow extent (SE) from medium 
resolution optical satellite data (Sentinel-3, VIIRS, 
MODIS, AVHRR, etc.) and the snow water equiva-
lent (SWE) from passive microwave satellite data. 
This presentation will focus on the intercompari-
son and validation of snow extent products. Over-
all, 15 hemispheric and global SE products (binary 
and fractional SE) and two SWE products are par-
ticipating in the experiment. For intercomparison, 
daily SE products are transformed to a common 
map projection and standardized SnowPEx proto-
cols are applied, elaborated by the international 
snow product community. The SE product evalu-
ation applies statistical measures for quantifying 
the agreement between the various products, in-
cluding the analysis of spatial patterns. Validation 

of SE products uses as benchmark high resolution 
snow maps from about 150 globally distributed 
Landsat scenes acquired in different climate zones, 
under different solar illumination conditions and 
over various land cover types. This snow reference 
data set, based on various retrieval algorithms, is 
generated, and evaluated by the SnowPEx+ High 
Resolution Snow Products Focus Group. In-situ 
snow data from several organisations in Europe, 
North America and Asia are also used for validating 
the satellite SE and SWE products. We provide an 
overview on the snow products, present the vali-
dation and intercomparison protocols, and report 
and discuss the results from the intercomparison 
and validation of various snow products.
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Towards a Northern Hemisphere Land Surface Temperature Time Series to Support 
Permafrost Modelling

Sonia Dupuis (sonia.dupuis@giub.unibe.ch), Frank Göttsche, Sebastian Westermann, Stefan Wunderle
University of Bern, Switzerland

Northern high latitudes have experienced pro-
nounced warming throughout the last decades 
with remarkable temperature peaks, especially 
during winter and springtime. Due to Arctic Ampli-
fication, the Arctic region is warming thrice as fast 
as anywhere else. The warming affects the sensib-
le ecosystem, vegetation dynamics and the cryos-
phere (sea ice, snow and permafrost). Land surface 
temperature (LST) is a crucial parameter for the 
interactions between Earth’s surface and the at-
mosphere. It plays an important role in ecological 
and climate change, and in the hydrological cycle, 
e.g. it influences the first day of snow as well as the 
snow melt-out day. Hence, LST is a key variable to 
explain changing snow cover duration. On a global 
scale, observation of LST is only available from very 
few in-situ stations or climate models with coarse 
spatial resolution. Both data sources are not suf-
ficient to model small-scale effects in ecosystems 
or dynamics of permafrost layers on large areas. In 
contrast, LST information retrieved from satellite 
data has high spatiotemporal coverage. To retrieve 
statistically significant changes of Essential Climate 
Variables (ECV), a time series of at least 30 years is 
needed. Only data of the Advanced Very High Re-
solution Radiometer (AVHRR) on board the NOAA 
and MetOp satellite series cover a sufficiently long 
period of more than four decades. The AVHRR Glo-
bal Area Coverage (GAC) data set starting in 1981 
will be used to produce a 40-year LST time series. 
AVHRR’s two thermal infrared channels allow to 
apply the split-window method to reduce the at-
mospheric effect and retrieve LST.

Permafrost is a key component of arctic ecosys-
tems and is highly affected by climate change. The 
thawing of the permafrost impacts the stability of 
the bedrock, damages infrastructures and releases 
large quantities of organic carbon. Permafrost mo-
dels are an important addition to borehole measu-
rements to monitor the status of the permafrost at 
a hemispheric scale. LST is an important input vari-
able for permafrost models. We will show first re-
sults of LST dynamics and snow cover duration for 
a selection of regions in the northern hemisphere.
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Ground-based Observations of the Surface Temperature of Snow over Complex 
Topography for the Assessment of Future Thermal Infrared Earth Observation 
Missions
Sara Arioli (sara.arioli@univ-grenoble-alpes.fr), Ghislain Picard, Simon Gascoin, Laurent Arnaud, Esteban 
Alonso-Gonzalez   
Université Grenoble Alpes, France

The CNES/ISRO satellite Trishna will provide high 
resolution thermal-infrared (TIR) images at global 
scale every 3 days starting from 2024. This repre-
sents the first opportunity for intensive monitoring 
of the snow surface temperature in areas of com-
plex topography, where it is limited by the coarse 
resolution with respect to the topography or by 
the long revisit time of the sensors currently in or-
bit. However, the retrieval of surface temperature 
from satellite observations is complicated by the 
presence of different slopes and orientations, the 
complex atmospheric conditions of mountainous 
areas and the fast-evolving nature of snow. In this 
context, we aim to provide accurate, high resolu-
tion and extensive ground-based observations of 
the snow surface temperature to validate future 
Trishna products. We set up a validation site at the 
Col du Lautaret site in the French Alps. In-situ in-
struments include two TIR cameras, one fixed and 
one on-board of UAVs, three TIR radiometers and 
standard thermometers. Ground-based observa-
tions are corrected for multiple instrumental and 
topography related biases and compared to Land-
sat 7/8/9 and Ecostress images. Here we present 
an inter-comparison of the surface temperature 
observations from all these sources and draw the 
first conclusions about the accuracy of existing TIR 
satellite products, that only partially account for 
the presence of complex terrain features and va-
rying microstructural snow properties. The results 
stress the importance of accounting for the local 
topography in the retrieval of the surface tempera-
ture by satellite on tilted snow-covered areas.
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The Lake Ice Extent Information On Hemispherical Scale

Kirsikka Heinilä (kirsikka.heinila@syke.fi), Sari Metsämäki, Sakari Väkevä, Kari Luojus, Gabriele Schwaizer
Finnish Environment Institute (SYKE), Finland

Information on seasonal lake is important in many 
aspects: weather prediction, transport, safety is-
sues, lake ecology and water quality. Additionally, 
lake ice is sensitive to temperature fluctuations 
and long-term temperature trends. It is therefore 
a valuable indicator of climate warming, which will 
likely have dramatic impacts on lake ice phenology 
in northern latitudes.

Northern Hemisphere Lake Ice Extent (LIE-NH) is 
one of the Copernicus Global Land Service (CGLS) 
near-real-time daily products. The LIE-NH is based 
on Sentinel-3 Land Surface Temperature Radiome-
ter (SLSTR) data and is provided in 500m pixel size. 
It utilizes a new method, ICEmod, developed at 
the SYKE, for assessing lake ice extent (LIE) using 
optical satellite data. The method is based on mul-
tidimensional Gaussian distributions calculated for 
training data using several reflectance and ther-
mal bands and their-related indices. Importantly, 
ICEmod includes cloud detection as a part of clas-
sification, thus eliminating the need for separate 
cloud masking.

The LIE-NH is subject to a spatially and temporally 
extensive validation during autumn 2022 using 
over 2600 cloud-free or almost cloud-free high-
resolution Sentinel-2 Multispectral Instrument (S2 
MSI) images. The S2 MSI reference dataset covers 
135 lakes, 45 lakes per each continent (Europe, 
North America, Asia) covering different types of 
lakes (water quality, size and location) and at diffe-
rent ice status. The validation period is from Janu-
ary 2020 to May 202 providing information about 

the product accuracy throughout the year. The S2 
MSI -based LIE products were created using a simp-
le tree decision model, which was trained with ca-
refully quality checked training data. This training 
data consisted of 44 S2 MSI images including over 
38 million classified (ice or water) pixels. The cloud 
class will be validated using the collection of quali-
ty checked S3 SLSTR- based cloud layer.

In this presentation we will i) shortly explain the 
ICEmod principles and ii) describe the protocol 
and results for LIE-NH product validation. Addi-
tionally, we will present the newly released Lake 
Ice Service developed under the EU funded Arctic 
PASSION project. Lake Ice Service collects lake ice 
information from multiple sources and visualizes 
the information in a format that is easy to access 
and understand. This information will be exploited 
by citizens and local communities as well as for sci-
entific purposes.
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A Spaceborne Snow Mission Concept Using P-band Signals of Opportunity

Steven Margulis, Simon Yueh, Elias Deeb, Jeff Dozier (dozier@ucsb.edu), Kelly Elder, Dara Entekhabi, Ma-
nuela Girotto, Ethan Gutmann, Adrian Harpold, Mimi Hughes, Dennis Lettenmaier, Dongyue Li, Glen Liston, 
Jessica Lundquist, Keith Musselman, McKenzie Skiles 
University of California, United States of America

Mountain watersheds play an outsized role in 
global hydrology and function as “water towers” 
to supply downstream needs that serve a large 
portion of the global population and its economy. 
Mountain snow, in particular, provides a key sour-
ce for agricultural and urban water supply, hydro-
power, recreation, and ecosystem services. These 
historically reliable virtual reservoirs are highly 
susceptible to both climate change drivers and 
socioeconomic pressures. Despite the need for 
mountain snow water equivalent (SWE) informa-
tion, current spaceborne capabilities are lacking 
in their ability to track the seasonal evolution of 
mountain snow across the necessary spatial and 
temporal scales. Properly capturing seasonal snow 
dynamics are necessary to constrain models and 
their projections of current and future snow-de-
rived water resources. This presentation reports 
on the continued development of a new mission 
concept for the remote sensing of terrestrial snow. 
A P-band Signals of Opportunity (SoOp) synthetic 
aperture radar (SAR) concept is proposed to take 
advantage of signals already being broadcast by 
existing communication satellites. The phase and 
amplitude of the signal reflected from terrestrial 
surfaces can be measured using a constellation of 
receivers on SmallSats. Long wavelength P-band 
signals are attractive due to their ability to pe-
netrate deep snow and forest canopies found in 
mountain environments, with limited sensitivity 
to seasonally-varying snow grain microstructure, 
stratigraphy and liquid water content that can con-

found retrievals at shorter wavelengths. Measured 
phase changes in the reflected signal yield SWE or 
snow depth estimates using well-developed inter-
ferometric techniques. The measured amplitude 
of the reflected signal yields retrievals of rootzo-
ne soil moisture, which provides additional insight 
into the antecedent conditions before snow and 
the partitioning and fate of snow meltwater into 
soil water storage vs. runoff. The concept proposes 
using a formation flight of SmallSats to allow the 
use of interferometric SAR processing to obtain a 
spatial resolution of a few hundred meters and a 
swath width of 100 to 200 km. Results are repor-
ted on how a P-band SoOp-SAR mission concept 
would provide new insight into the dynamics of 
seasonal mountain snowpacks and provide com-
plementarity to other snow mission concepts.
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SAR and Passive Microwave Fusion Scheme: a Test Case for Sea Ice Classification

Eduard Khachatrian (eduard.khachatrian@uit.no), Wolfgang Dierking, Saloua Chlaily, Torbjørn Eltoft, Frode 
Dinessen, Nick Hughes, Andrea Marinoni 
The Arctic University of Norway, Norway

Earth‘s surface and sea ice in particular can be mo-
nitored by different sensors mounted on various 
satellite platforms. At present, the most common-
ly used source of information about sea ice con-
ditions is remote sensing data, especially images 
obtained from synthetic aperture radar (SAR) and 
passive microwave (PM) sensors. Each of these 
sensors has some limitations that can be a huge 
obstacle towards reliable sea ice classification and 
characterization. SAR provides high-resolution 
imagery, however, it is significantly affected by 
thermal and speckle noise, which decreases the 
visual interpretation. PM on the other hand is less 
affected by noise and guarantees better spatial 
coverage, however, at the expense of resolution. 
Nevertheless, a reliable fusion of available sensors 
together can solve some challenges since various 
sensors provide a vast amount of diverse infor-
mation regarding the study area and offer great 
potential in Earth Observation applications. Taking 
into account the significant differences in spatial 
resolution as well as in measured quantities, the 
combination of these sensors can be quite chal-
lenging. In this study, we illustrate the advantages 
and limitations of each sensor type. We introduce 
a fusion scheme that allows us to combine SAR 
and PM data as well as to select relevant informa-
tion using an unsupervised and efficient method 
based on Graph Laplacians. Moreover, we explo-
re the potential of multiclass sea ice classification 
employing SAR and PM multi-sensor data sets si-
multaneously and separately, in order to evaluate 

the complementarity of each sensor. Experiments 
illustrate the flexibility and efficiency of the propo-
sed approach that exploits information selection 
and parallel classification using AMSR2 and Senti-
nel-1 data combination.
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Framework For Snow Cover Monitoring Using A Coherence-Based Approach

Ian A. Brown, Mikael Hovemyr (mikael.hovemyr@natgeo.su.se)
Stockholm University, Sweden

With the increase of operational SAR missions, like 
ESA Sentinel-1, the benefits of SAR-data for envi-
ronmental monitoring compound with access to 
higher temporal resolution and long-term mission 
fidelity. One area in which these developments are 
especially beneficial is the realm of high latitude 
snow cover monitoring. In this environment, mo-
nitoring in general, is hampered by the common 
partial to full cloud cover in the entire circumpolar 
region. The immediate benefit of the use of SAR 
data for the generation of snow-related products 
in these areas is the cloud penetrating properties 
of microwave-based remote sensing.

This study introduces a coherence-based frame-
work for determining snow cover using the ac-
cessible C-band SAR data of the ESA Sentinel-1 
mission, intended to be the basis of an automated, 
continuous snow cover product. By employing a 
random forest classifier to changes in coherence, 
between acquisition pairs or mosaics, develop-
ment and changes in snow cover can theoretically 
be detected down to a multilooked resolution of 
Sentinel-1 image data of 25x25m. These results 
are then validated against any cloud free areas in a 
NDSI composite of the closest temporally available 
Landsat / Sentinel-2 images. Due to the overlap of 
SAR data at higher latitudes as well as the tempo-
rally separated nature of coherence data, the end 
product is on the form of a multitemporal-mosaic, 
with each classified pixel indicating its source data.

A series of images from the spring season of 2017 
have been used for determining the viability of the 
method, covering the north of Sweden, with good 
results for both pre-thawing and snow melt. The 
results show high fidelity with some deviations oc-
curring in areas with dense vegetation, in some ca-
ses of bare mountain areas as well as in areas with 
steep topography. Steps taken to alleviate these 
problems include the use of a landcover product 
to further improve classification as well as statis-
tical filtering for generation of large spatial scale 
products in lower resolutions.

The main purpose of this study is to show the vi-
ability of a coherence-based method for snow co-
ver detection and monitoring as a foundation for a 
fully automated, self-validating and self-improving 
process for generating a continuous snow cover 
product.
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A Fast and Low-Cost Instrument for Snow Roughness Measurements in the Field

Riccardo Barella, Carlo Marin (carlo.marin@eurac.edu), Francesca Carletti, Loic Brouet, Mathias Bavay, 
Claudia Notarnicola 
Eurac research, Italy

When the snow blanket is observed from above, 
the superficial roughness of the snow is an impor-
tant parameter used to characterize the snowpack 
state. In fact, the snow roughness depends on 
several factors such as the type of the snow de-
position and the superficial metamorphism due to 
the local weather conditions. The processes that 
drive the changes in the snow surface roughness 
are often difficult to be modeled due to both the 
different scales at which they operate and the 
overlay of their effects. In this work, we present 
a system for snow roughness measurement. The 
system is made up of digital camera and a black 
Forex panel. The whole system has been designed 
for being low cost and portable; and will be dis-
tributed as an open-source Python software. The 
system is based on the coregistration of the pho-
tos taken at the panel on the field with a reference 
scaled image with pixel size of 0.05 mm. On the 
panel is impressed a Charuco pattern to optimize 
the image matching. In detail, the coregistration 
process is done by computing the homography, 
whose parameters are estimated exploiting auto-
matic key-points matching. Among all methods for 
key-points extraction, we used the scale invariant 
feature transform (SIFT) because of its robustness 
and recognized efficiency. After key-points ext-
raction, the matching has been performed using 

a brute force matching (BFM) approach. The pro-
posed system has been tested under different 
conditions, showing to be an effective and easy 
approach to snow surface roughness measure-
ment, as well as robust. In detail the roughness 
parameters obtained with the panel are compared 
and validated with a time series of Lidar DSM ac-
quired on the Weissfluhjoch snow test site mana-
ged by SLF showing good agreement in case of low 
roughness.
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Improving GlobSnow Snow Water Equivalent Retrieval With Spatially And Tempo-
rally Varying Snow Densities

Pinja Venäläinen (pinja.venalainen@fmi.fi), Kari Luojus, Juha Lemmetyinen, Jouni Pulliainen, Mikko Moisan-
der, Matias Takala, Colleen Mortimer 
Finnish meteorological institute, Finland

Snow water equivalent (SWE) is an important pro-
perty of seasonal snow and estimates of SWE are 
required in many hydrological and climatological 
applications, such as climate model evaluation and 
forecasting freshwater availability. SWE estimates 
can be made using brightness temperature mea-
surements from passive spaceborne radiometers. 
The radiometer based GlobSnow SWE retrieval 
methodology, which assimilates synoptic weather 
station snow depth measurements into the retrie-
val, has improved reliability and accuracy when 
compared to stand-alone radiometer SWE retrie-
vals. To further improve the GlobSnow SWE retrie-
val methodology, we present an approach for im-
plementing spatially and temporally varying snow 
density fields into the GlobSnow SWE retrieval. 
Until now the GlobSnow SWE retrieval has used 
constant snow density throughout the retrieval 
despite the location, snow depth or time of winter 
and this constant snow density is a known source 
of inaccuracy in the retrieval.

Spatially and temporally varying snow densi-
ty fields have been created using manual snow 
transect measurements from Finland, Russia, Ca-
nada and the eastern USA and automated mea-
surements from the western USA and Canada. 
Three different versions of varying snow densities 
are tested over a 10-year period (2000-2009). 
These versions use two different spatial interpo-
lation techniques, ordinary Kriging interpolation 
and inverse distance weighted regressing (IDWR). 
Implementing any of the three versions into the 

SWE retrieval was found to improve retrieval when 
compared to the baseline GlobSnow v3.0 product 
and differences between different versions are 
relatively small. The overall best results were ob-
tained by implementing IDWR interpolated densi-
ties into the algorithm. Implementing these IDWR 
interpolated snow densities in the SWE retrieval 
reduced RMSE (Root Mean Square Error) and 
MAE (Mean Absolute Error) by about 4 mm and 
5 mm when compared to the baseline GlobSnow 
product, respectively. Additionally, implementing 
varying snow densities into the SWE retrieval im-
proved the accuracy of snow mass estimates at the 
hemispheric scale when compared to the baseline 
product and the product post-processed with va-
rying snow densities.

Venäläinen, P., Luojus, K., Lemmetyinen, J., Pulliai-
nen, J., Moisander, M., and Takala, M.: Impact of 
dynamic snow density on Globsnow snow water 
equivalent retrieval accuracy. The Cryosphere, 15: 
2969–2981, https://doi.org/10.5194/tc-15-2969-
2021, 2021.

Luojus, K., Pulliainen, J., Takala, M., Lemmetyinen, 
J., Mortimer, C., Derksen, C., Mudryk, L., Moisan-
der, M., Venäläinen, P., Hiltunen, M., Ikonen, J., 
Smolander, T., Cohen, J., Salminen, M., Veijola, K., 
and Norberg, J.: GlobSnow v3.0 Northern Hemis-
phere snow water equivalent dataset. Scientific 
Data, 8:163, https://doi.org/10.1038/s41597-021-
00939-2, 2021.
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The Mountain Cryosphere in a Changing Climate: a View from Within Science-
Policy

Carolina Adler (carolina.adler@unibe.ch)
Mountain Research Initiative, University of Bern, Switzerland

In 2022, the Intergovernmental Panel on Clima-
te Change (IPCC) adopted the Working Group II 
contribution to the sixth assessment (AR6) on 
impacts, adaptation and vulnerability, in which a 
cross-chapter paper dedicated to a synthesis as-
sessment on “mountains” was included. Together 
with the IPCC’s Special Report on the Ocean and 
Cryosphere in a Changing Climate (SROCC), ad-
opted by the Panel in 2019 and which featured a 
chapter on “High Mountain Areas”, meant that – 
for the first time in almost 30 years - ‘mountains’ 
have a dedicated space in the IPCC reports. This 
not only stimulated scientific research efforts in 
response to assessment knowledge needs but 
also inspired engagement in advocacy efforts to 
elevate mountains at the so-called science-policy 
‘interface’. This talk presents some observations 
and reflections based on this experience from a 
standpoint and role as lead author involved in the 
IPCC’s AR6 syntheses efforts on mountains, but 
also that of a network facilitator that straddles the 
science-policy space on mountains. The talk high-
lights some of the research gaps identified in AR6 
that can serve as a useful springboard for ongoing 
and future assessment efforts by the mountain 
research community, as well as offer entry points 
for broader outreach in society and policy. Building 
on previous assessments, while improving the 
existing knowledge base, is key to substantiating 
options for decision-making and actions going for-
wards, making a case for considering the mountain 

cryosphere as an integral component of the wider 
mountain context in which the mountains and 
lowlands are integrally linked.
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Snow Cover Dynamics In The Hindu-Kush Himalayas Using Improved Modis Snow 
Products

Sangya Mishra (sangya.785508@cdhm.tu.edu.np), Darwin Rana, Arnab Singh, Dibas Shrestha 
Tribhuvan University, Nepal

Snow cover is an important element of Earth’s cli-
mate, hydrological cycle and energy budget, thus 
regarded as a proxy indicator of climate change 
(Robinson et al., 1987, Kropacek et al., 2010). The 
Hindu-Kush Himalaya (HKH) region, often referred 
to as the third pole, is the fundamental source of 
discharge for 10 major Asian rivers (Immerzeel et 
al., 2010; Gurung et al., 2011), supporting life and 
livelihoods of more than 1.3 billion people (Jianchu 
et al., 2007) and known to be a climate sensitive 
region (Bednorz et al., 2004, Beniston et al., 2003; 
Bradley et al., 2006, Barnett et al., 2005). For every 
°C increase in temperature, the snowline is predic-
ted to rise by about 150m (Beniston et al., 2003). 
In this study, we analyze and compare the tempo-
ral and spatial variability of Snow Cover Area (SCA) 
and Snow Line Elevation (SLE) across the 10 ma-
jor basins of HKH using an improved MODIS snow 
product (M*D10A1GL06) for 2002-2019 (Muham-
med et al., 2020). We found the North-Western 
basins to have highest annual SCA followed by 
North-Eastern and Central basins, with Brahma-
putra (Central) sharing similar characteristics with 
North-Eastern basins. The annual snow cover for 
North-Western basins is observed falling steeply 
after February with minimum during August and 
increasing thereafter unlike North-Eastern basins 
which have plateaued minima around monsoonal 
months; Southern basins don’t show any signifi-
cant patterns. Overall highest snow cover is found 

during winter season. The annual SLE in HKH is 
clustered at around 5300m. Overall monthly SLE 
is highest for the months of July-September. We 
found the snow cover of westerly impacted ba-
sins to be generally higher than ones impacted by 
monsoon.



114



11510th EARSeL Workshop, 6. - 8. February 2023, University of Bern, Switzerland

Next-Generation Snow Products For Entire Mountain Ranges

Hendrik Wulf (hendrik.wulf@exolabs.ch), Bernhard Sassik, Gillian Milani, Reik Leiterer 
ExoLabs GmbH, Switzerland

Snow in alpine areas is arguably a crucial water 
resource for downstream communities and eco-
systems. Snow monitoring is critical for water and 
risk management, with applications ranging from 
hydropower generation to outdoor activities. Most 
operational snow monitoring approaches on the 
catchment scale estimate snow cover extent (SCE), 
snow depth (HS) and snow water equivalent (SWE) 
in a coarse spatial resolution of 100 m to several 
km. In alpine areas, however, this low resolution 
fails to capture highly variable snow distribution 
patterns caused by pronounced topographic vari-
ations. In this work, we present ExoLabs innovative 
approach to monitor daily SCE, HS and SWE for en-
tire mountain ranges in a 20 m spatial resolution. 
Mapping SCE involves multi-satellite observations 
paired with machine-learning based spatiotempo-
ral modelling. Subsequent modelling of HS further 
includes gaussian process interpolation of ground 
measurements while accounting for fine-scale 
topographic variations. Based on HS, the SWE is 
modelled using a semi-empirical multilayer model 
accounting for snow compaction. All these snow 
products are validated against independent refe-
rence data and demonstrate the value of novel 
approaches to capture snow water resources at an 
operational level.
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Snow Cover Classification over Mountainous Terrains at Optical Wavelengths by 
Machine Learning: Existing Challenges and New Opportunities

Semih Kuter (semihkuter@karatekin.edu.tr), Cansu Aksu, Zuhal Akyurek        
Çankırı Karatekin University, Turkiye

With the recent technical improvements in all 
kinds of data recording instruments, the era of big 
data has revolutionized the earth sciences from 
data-poor field to data-rich field. And in parallel, 
machine learning algorithms have become more 
prevalent for environmental parameter retrieval in 
remote sensing. Snow cover is an important phy-
sical element of the Cryosphere, and two major 
snow-related parameters can be derived by satel-
lite observations. The first parameter is the snow 
water equivalent, which is extracted from passive/
active microwave measurements. The second one 
is the snow cover extent, provided either in binary 
format (i.e., snow/no snow) or as subpixel snow 
cover maps by means of optical remote sensing. 
Even though snow cover monitoring by traditional 
model-based remote sensing techniques at optical 
wavelengths is well-established, there still exist se-
veral challenges and limitations such as cloud and 
canopy obscuration, cloud-snow confusion at land-
snow boundary over snow covered areas, reduced 
reflectance at optical-infrared wavelengths due to 
topography/relief- or cloud-casted shadows, etc. In 
this presentation, it is aimed to introduce the initi-
al results of our efforts for binary snow cover clas-
sification on Sentinel 2 imagery over regions with 
complex and heterogenous topography by random 
forest (RF) algorithm. The selected study areas are 
over European Alps, Tatra Mountain Range, and 
Kaçkar Mountains in the north-eastern Turkey. 
For each region, a single Sentinel 2 tile is selected, 
and three images on that tile acquired on different 

dates (representing different morphological states 
of snow, i.e., fresh, settled, and melting snow) are 
downloaded and preprocessed. The preprocessing 
stage involves resampling of Sentinel 2 bands to 
20 m, as well as atmospheric/topographic correc-
tion by Sentinel 2’s own scene processing module 
Sen2Cor. Various predictor variable combinations 
are employed in the model building stage and 
their impact on the predictive performance of RF 
modelling is investigated. The effects of training 
data size and atmospheric/topographic correc-
tion are also investigated. Even though snow de-
tection over dense forests still remains as a major 
limitation, the overall results indicate that i) larger 
training sample size leads higher rates of accura-
cy, ii) the inclusion of PC bands gives better snow 
classification performance under cloud shadows, 
iii) atmospheric/topographic correction yields 
improved snow detection. The predictor variab-
le combination including the first three PC bands 
extracted from the atmospherically and topogra-
phically corrected Sentinel 2 bands together with 
NDSI, NDVI and NDWI provides the best classifica-
tion performance with overall accuracy of 97% and 
kappa coefficient of 0.89.
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Near-Real-Time Snow Cover Fraction Estimation using Linear Spectral Unmixing of 
Sentinel-2 MSI Top-of-Atmosphere Reflectance Data

Lars Keuris (larskeuris@pm.me), Markus Hetzenecker, Gabriele Schwaizer, Thomas Nagler, Nico Mölg   
ENVEO IT GmbH, Austria

The seasonal snow cover is an important resour-
ce in mountain regions, the monitoring of which 
is crucial for snow hydrology, water management, 
tourism, and natural hazard mitigation. Alpine 
snow is also an important source of headwater 
for drainage basins downstream. AlpSnow (2020-
2022) is a science activity within ESA‘s Alpine Regi-
onal Initiative, addressing the development of no-
vel Earth Observation techniques and algorithms 
for the generation of innovative snow products op-
timized for specific scientific and operational appli-
cations. In this presentation we present a method 
for monitoring fractional snow cover in mountain 
areas exploiting the spectral bands on high resolu-
tion satellites such as Sentinel-2 and Landsat-8/9.

The fractional snow cover is estimated from Sen-
tinel-2 MSI top-of-atmosphere reflectance data 
through linear spectral unmixing. All 13 spectral 
bands of the Sentinel-2 multi-spectral instrument 
(MSI) are used for this estimation. Fully snow-free 
and fully snow-covered endmembers are detec-
ted in the scene by using a pre-classification step 
which combines a hierarchical decision tree and a 
similarity measure. To estimate the FSC at a query 
point several near-by fully snow free and fully snow 
covered endmembers are selected. The linear un-
mixing problem is then solved iteratively using 
different combinations of these endmembers ac-
counting for different illumination conditions and 
shaded areas. Finally, the snow cover fractions 
from the different endmember combinations are 
merged and the associated uncertainty is deri-

ved. The algorithm has been successfully applied 
on scenes in different environments and climate 
zones in the world, including Alps, North Ameri-
ca and High Mountain Asia. The performance has 
been assessed through intercomparison with very 
high resolution satellite data (Worldview), with 
products from standard algorithms (e.g Salomon-
son and Appel; 2006) as well as with products from 
the Copernicus High Resolution Snow and Ice Ser-
vice. The procedure is fully automatic and is opera-
ting in near real time for the Alps using Sentinel-2 
data during the winter period 2022/23. Examples 
of the prototype service will be presented.
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High-resolution Wet Snow Mapping in the Karakoram: A Probabilistic Method 
Based on SAR Imagery and Topography Data

Shiyi Li (shiyi.li@ifu.baug.ethz.ch), Lanqing Huang, Philipp Bernhard, Irena Hajnsek 
ETH Zurich, Switzerland

Mapping wet snow cover (WSC) in the Karakoram 
region is of particular interest, as the WSC is a key 
element in various applications such as hydrology, 
alpine ecology, and local meteorology. To map the 
WSC, SAR images acquired by the co-polarized (VV 
& VH) Sentinel-1 satellite show distinctive advan-
tages because of the high spatial-temporal reso-
lution, wide image footprint, and invulnerability 
to clouds. On SAR images, a widely used method 
for WSC detection is to set hard thresholds on 
backscattering ratios (Rbsc), as wet snow shows 
respectively lower backscattering coefficient than 
dry-snow or snow-free surfaces. Although using 
an absolute threshold value has been shown ef-
fective in WSC detection, it was found that the 
threshold value may vary on different land cover, 
surface roughness, and snow wetness. Therefore 
the operational WSC mapping on a very large scale 
is hampered.

In this work, we propose a probabilistic method 
to map the WSC in the Karakoram using Sen-
tinel-1 imagery and Digital Elevation Models 
(DEM). Instead of using an absolute value as a 
hard threshold, our method transforms Rbsc into 
wet snow probabilities using a Gaussian Mixture 
Model (GMM), and incorporates the elevation in-
formation by calculating the probabilities of having 
wet snow at different altitudes. Based on both 
probabilities, joint probability for wet snow is cal-
culated, and wet snow maps are generated by set-
ting thresholds on the joint probability. Using the 
probabilistic method, we can better account for 

uncertainties caused by surface properties, and in 
the meantime accommodate the complex terrain 
in alpine regions.

The proposed method was validated using snow 
maps generated from Sentinel-2 optical images 
over selected regions. We also compared it with 
the classical hard-thresholding method to better 
understand the advantage of the proposed me-
thod. The developed probabilistic model was then 
applied to map the WSC in the Karakoram using 
Sentinel-1 SAR images acquired during 2017-2020, 
and the obtained map was cross-checked and in-
terpreted together with simulated metrological 
data. The results showed clear annual changes 
in snow melting patterns and strong correlations 
between the changes and local climate variations.

In conclusion, our work showed a feasible imple-
mentation of regional WSC mapping in the Karako-
ram, and demonstrated a new framework of fusing 
multi-mode data for wet snow detection under the 
perspective of probability.
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Machine Learning and LiDAR Snowheight Maps from UAVs Reveal Clusters of Snow 
Variability in a Sub-Alpine Forest.

Joschka Geissler (joschka.geissler@hydrology.uni-freiburg.de), Markus Weiler          
Albert-Ludwigs University of Freiburg, Germany

Snow plays a crucial role in the hydrological cycle 
as it serves as an intermediate storage of winter 
precipitation and renews groundwater reserves. 
It is therefore of central importance for, among 
others, our drinking water supply and agriculture. 
Snow interacts with its environment in many ways, 
is constantly changing with time, and thus has a 
highly heterogeneous spatial and temporal distri-
bution. Therefore, modelling snow variability is 
difficult, especially when additional components 
such as forests add complexity. To increase our 
understanding of the spatiotemporal variability of 
snow as well as to validate snow models, we need 
reliable validation data. For these purposes, air-
borne LiDAR surveys or time series derived from 
snow sensors on the point scale are commonly 
used. However, these are disadvantageously li-
mited to one point either in space or in time. In 
this study, we profited from current advances in 
LiDAR and drone technology, as well as machine 
learning, to bridge this gap. We present a new da-
taset on snow variability in forests for the Alptal, a 
sub-alpine, forested valley in the pre-alps, Switzer-
land. The core dataset consists of a dense sensor 
network, repeated UAV-based LiDAR flights and 
manual snow height and density measurements. 
Using modern machine learning algorithms, we 
determine seven clusters of similar spatiotempo-
ral behaviour regarding their snowheight. These 
clusters are characterized and further used to 
derive daily snow depth and snow water equiva-
lent maps. By using the latter, we obtain spatially 

continuous key hydrological variables. The results 
underline the strong relation between topography 
and canopy cover to snow accumulation and abla-
tion. However, we show that the spatiotemporal 
variability of snow occurs in clusters that reoccur 
in space. The presented dataset and derived pro-
ducts are the first to our knowledge that provide 
daily, high-resolution snow height and hydrologic 
variables based on field data. The results of this 
study can therefore improve our understanding of 
the spatiotemporal variability of snow in forested 
environments. Moreover, it is ideally suited for the 
validation of modern snow models.
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Tracing Snow Cover Dynamics Using 4D Level Sets on Near-Continuous Terrestrial 
Laser Time Series Scans

Reuma Arav (reuma.arav@geo.tuwien.ac.at), Katharina Andres, Florian Poeppl, Bernhard Hoefle, Norbert 
Pfeifer
TU Wien, Austria

Accurate monitoring of snow cover dynamics 
contributes to the understanding of the changing 
cryosphere, enables the characterization of hydro-
logical processes, and can help managing natural 
hazards. However, the high-mountain topography 
and the indistinctness of snow upon the surface 
turn such monitoring to a challenge. Furthermore, 
processes which occur at different rates and at va-
rious spatial extents, like deposition through snow 
drift, cannot be recognized at a single point in 
time. Therefore, they cannot be easily separated, 
quantified, and characterized. Recent years have 
seen an increase in near-continuous 3D observa-
tions that capture Earth surface dynamics at a local 
landscape scale. Such measurements enable ad-
vanced detection of surface changes. For examp-
le, by identifying similar change histories, surface 
modifications through time can be delineated. 
This way, changes that originate from different 
processes but coincide spatially and/or temporally 
are still extracted. Such methods benefit from the 
combination of the temporal domain with the spa-
tial one. However, they do not consider the spa-
tiotemporal variability of surface activities. In this 
study, we propose to trace snow cover dynamics in 
near-continuous terrestrial laser scans by utilizing 
a level set framework. We formulate the extraction 
of changes as a minimization problem where the 
zero level-set represents their borders. Using a ful-
ly automated 3D region-based level-set approach, 
we extract entities that share similar change rates 
at a specific point in time directly from the point 

cloud. This way, we identify snow cover dynamics 
in 4D which may be indistinguishable in a single 
scan, but have a distinct signature through time. 
We demonstrate the proposed method on hourly 
terrestrial laser scans of snow cover acquired at 
the Zugspitze (Schneeferner) in Germany over five 
days in April 2018. These scans feature snow melt 
and compaction, avalanches, and anthropogenic 
modifications (e.g., snow farming). Results show 
that using the proposed method, we are able to 
trace different phenomena with a variety of spati-
al and temporal properties (e.g., timing, duration, 
magnitude, change rate, spatial scale). These are 
extracted simultaneously across multiple epochs, 
depending on their duration and in a single ana-
lysis process. The focus on geometric properties 
through time suggests that we are unbound to 
predefined types or numbers of surface processes. 
Thus, the proposed method paves the way to a ge-
neral monitoring which can capture a large variety 
of surface dynamics in complex cryospheric scenes 
through time.
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Spaceborne Snow Depth Measurements From ICESat-2 Laser Altimetry

Désirée Treichler (desiree.treichler@geo.uio.no), Marco Mazzolini, Livia Piermattei, Clare Webster, Luc Girod   
University of Oslo, Norway

Snow depth measurements such as from weather 
stations or targeted remote sensing campaigns 
mainly exist in easily accessible places in wealthy 
regions of the Earth. In remote, mountainous are-
as, the lack of inexpensive methods to measure 
snow amounts strongly limits the monitoring of 
supplies for drinking water, irrigation, hydropower 
or flood hazards for a large part of the Earth’s po-
pulation. We show that data from the spaceborne 
laser altimeter ICESat-2 can provide high-quality 
snow depth measurements when combined with 
an accurate digital terrain model (DTM). ICESat-2 
measures the surface elevation of the Earth along 
profiles with a revisit time of three months, whe-
reby ground tracks are shifted in space between 
overpasses in the mid-latitudes. Data from three 
field studies in Norway and Finland show that 
snow depths derived from the freely available 
ICESat-2 ATL03 data product match the verti-
cal accuracy of snow depth data acquired with a 
drone-based lidar sensor and measurements at a 
nearby meteorological station. This is also true for 
forested areas where snow amounts are difficult to 
measure. Given cloud-free conditions and a very-
high-resolution DTM, one ICESat-2 overpass yields 
six parallel snow depth profiles with ~1 m along-
track spacing and a snow depth accuracy at centi-
meter- to decimeter-scale. Lower-resolution DTMs 
or the presence of moderate elevation bias or spa-
tial shifts in the DTM may still allow for regional 
snow depth averages but require more extensive 
data processing and spatial binning. The method 

is thus limited by the availability of a high-quality 
DTM, whereby the absence of elevation bias is far 
more important than the spatial resolution of the 
DTM. A further limitation is the satellite’s low re-
peat time combined with the sparse ground track 
pattern at mid-latitudes, resulting in few snow 
depth profiles over the course of one winter – in 
particular in cloudy areas such as Western Norway. 
However, an ICESat-2-derived snow depth profile 
can provide valuable information about the spatial 
distribution of snow depths within a region that 
is not captured by point-based snow depth time 
series from a weather station. With the quality 
and accuracy of global DTMs ever improving, we 
expect that the accuracy of snow depth measu-
rements derived from spaceborne laser altimetry 
will continue to improve in the future and provide 
currently lacking snow depth data in remote and 
mountainous areas.
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Less White: Decreasing Alpine Snow Cover derived from a 40-year AVHRR Snow 
Climatology

Helga Weber (helga.weber@giub.unibe.ch), Christoph Neuhaus, Valentina Premier, Arnt-Børre Salberg, 
Stefan Wunderle   
University of Bern, Germany

Satellite-derived, long-term snow cover extent 
(SCE) documents broad-scale climatic variabili-
ty and change of the cryosphere. SCE is a highly 
dynamic Essential Climate Variables (ECVs; e.g. 
GCOS-200, 2016) for the cryosphere used to as-
sess its current state, long-term changes, and the 
rate of these change. Thus, SCE time series fill es-
sential knowledge gaps on past snow occurrences 
and support our understanding of spatiotemporal 
variance in snow cover. This is of special interest in 
mountainous alpine areas, such as the European 
Alps, which are hotspots of biodiversity and par-
ticularly vulnerable to climate change. However, a 
weak correlation was found in summer of greening 
predominated in warming areas and snow cover 
recression, though significant (Rumpf et al., 2022).

This contribution presents a spatiotemporal ana-
lysis for the European Alps based on a novel, pub-
lic accessible Level-2 and -3 fractional snow cover 
(FSC) data set (1981-2021) from the Advanced 
Very High Resolution Sensor (AVHRR). The FSC 
product is canopy-corrected, gap-filled for Level-3, 
and includes an uncertainty estimation as well as 
user-oriented quality flags, while the spatial reso-
lution is defined by AVHRR’s effective footprint size 
of 1.1 x 1.1 km at nadir. Data source is the exten-
ded European daily AVHRR LAC L1C data set (versi-
on v04; processed in 2022) dating from 1981 until 
today, hosted by the University of Bern, Switzer-
land. To avoid misclassification and better discri-
minate between clouds and snow, the newest PPS 
probabilistic cloud mask (PPS v2021.1 by NWSAF/

SMHI, Sweden) has been applied following a sen-
sitivity analysis. Canopy-corrected FSC has been 
estimated using the adapted SCAMOD method 
(Metsämäki et al., 2015, Weber et al., 2021).

Based on this novel data set, we analyze spatiotem-
poral variability in seasonal snow cover related to 
elevation-dependent warming and in combination 
with climate data provide insights into the controls 
of this variability. Our study is focused on the Euro-
pean Alpine mountain region, which is particularly 
vulnerable and sensitive to climate change. In ad-
dition to a decrease in snow cover duration (SCD) 
and spatial extent (Hüsler et al., 2014), it has been 
observed that temperature increases particularly 
rapid at the current boundary of the cryosphere 
(e.g., snowline region) due to the snow-albedo 
effect (Pepin et al., 2022 and therewithin). To as-
sess these changes and temporal trends using the 
novel data set, we derived seasonal snow cover 
metrics for specific Alpine catchments. Seasonal 
and annual SCA anomaly as well as mean SCD 
were calculated for different elevation bands of 
the Alps and subregions of Switzerland over the 
entire time range to analyze long-term changes. 
The future analysis of respective climate data (i.e., 
temperature and precipitation) allows to determi-
ne controls of long-term variability in these highly 
sensitive environments.
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36 Years of Daily Snow Cover Data for Europe Based on AVHRR Data: Results from 
the DLR TIMELINE Project

Andreas Dietz (andreas.dietz@dlr.de), Sebastian Roessler, Stefanie Holzwarth     
DFD-LAX OP - Dynamik der Landoberfläche, Germany

Long time series of remote sensing data are useful 
analyzing the effects of climate change on plane-
tary snow cover. Such studies have been conduc-
ted since the late 1970s relying on multispectral 
sensors such as AVHRR, SPOT VEGETATION, ATSR, 
MODIS, and NPP VIIRS. For analyzing snow cover 
distribution before the year 2000, data originating 
from AVHRR sensors are often the only available 
choice. These datasets come with a variety of chal-
lenges, including geolocation uncertainty, sensor 
degradation, platform drift, and a limitation to only 
5 spectral/thermal channels. These challenges de-
fined some of the objectives included in the DLR 
Timeline project, which aimed at re-processing the 
entire AVHRR data archive available at the German 
Satellite Data Archive (D-SDA) of the German Re-
mote Sensing Data Center (DFD) of the German 
Aerospace Center. Throughout the last years, pro-
cessors to perform calibration, geolocation and 
atmospheric correction, a state-of-the-art cloud 
mask, as well as an entire set of parameters such 
as LST, SST, fire hot spots, NDVI, and snow cover 
have been developed. This presentation will give 
a very brief overview about the pre-processing of 
the AVHRR archive, but then focus on the snow co-
ver product developed within Timeline. The time 
series of processed data will be illustrated, and 
first results from trend analyses and additional 
studied will be shown.
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Semantic Earth Observation Data Cube of AVHRR and Sentinel-3 SLSTR Data for 
Exploratory EO Analysis

Hannah Augustin (hannah.augustin@plus.ac.at), Helga Weber, Martin Sudmanns, Lucas van der Meer, Dirk 
Tiede, Stefan Wunderle, Christoph Neuhaus, Andrea Baraldi
University of Salzburg, Austria

Together we prototypically implemented a seman-
tic Earth observation (EO) data cube containing a 
semantically-enriched time-series of Advanced 
Very High-Resolution Radiometer (AVHRR) image-
ry from 2016-2021 and all available Sentinel-3 Sea 
and Land Surface Temperature Radiometer (SL-
STR) imagery up to today (i.e. ongoing) covering 
the European Alps (i.e. COSMO-1E extent from 
MeteoSwiss). A semantic EO data cube is a spatio-
temporal data cube containing EO data, where for 
each observation at least one nominal (i.e., catego-
rical) interpretation is available and can be queried 
in the same instance. Additionally, we derived and 
included some essential climate variables (ECVs) 
for the same area using a curated time-series 
from the AVHRR archive at the University of Bern 
(1982-2021), as well as from all available SLSTR 
observations: normalized difference vegetation 
index, fractional snow cover estimation, and lake 
surface water temperature. The resulting semantic 
EO data cube implementation encompasses calib-
rated top-of-atmosphere reflectance values, auto-
mated semantic enrichment and ECVs from both 
sensors that can be queried in the same instance.

This implementation delivers climate-relevant 
EO-derived variables together with analysis ready 
data and semantic enrichment, provided in an at-
tractive graphical user interface (GUI) and seman-
tic querying language, called semantique. Both of 
these developments are generic and applicable 
to other sensors, EO imagery interpretations and 
ontologies. The GUI enables users to select a spa-

tio-temporal area of interest and conduct a query 
using existing (or custom) semantic models, faci-
litating shareable and repeatable queries on-de-
mand at a user’s own request. Programming-free 
exploration and analysis of EO archives is possible 
that goes beyond queries for image extent and ob-
servation time, while also enabling more complex 
analysis via reusable and sharable semantic mo-
dels. This means that in just a few clicks, users can 
already analyse calibrated reflectance values and/
or interpreted image content for their own defi-
ned area and timespan of interest on-the-fly. For 
users that prefer programming, Jupyter notebook 
access to the semantic EO data cube is available 
via the Open Data Cube’s Python application pro-
gramming interface (API) as well as the semantic 
querying language’s API.

Instead of providing a single domain or product-
focused implementation, users can create seman-
tic models and derived analysis that explicitly map 
their own ontology to EO imagery and derived 
interpretations, including but not limited to the 
domain of land ice and snow. Given further deve-
lopment and support, this contribution may be an 
asset to better facilitate EO data access and analy-
sis, particularly in professional training and educa-
tional contexts.
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From Glacier to Classroom: Peer-to-Peer Communication to Foster Curiosity in 
Science

Lena Hellmann, Lea Geissmann (lena@girlsonice.org), Kathrin Naegeli, Girls on Ice Switzerland Team 
Girls on Ice Switzerland, Switzerland

After a winter with extreme low amounts of snow 
on all Swiss glaciers and an extraordinary hot sum-
mer particularly in western Switzerland, one could 
literally see the Swiss glaciers vanishing. Climate 
change is more noticeable in our society than ever 
before. Many young people in Switzerland are well 
informed about global climate change and want to 
be part of political debates and actions. However, 
participation and active involvement comes along 
with background knowledge, support from the 
surrounding environment and last but not least 
self-confidence. Some young people - in particular 
young women - lack this support, interactions, and 
access to information, or miss self-confidence to 
take action and adapt themselves to coming chan-
ges.

We, Girls on Ice Switzerland, strongly believe that 
immersion and personal experience are key for a 
profound understanding as well as crucial for mo-
tivation for actions and changes. We hence offer 
tuition-free glacier expeditions for teenage girls, 
where we spend an entire week on a glacier and 
participants return home with a very different 
perspective of how climate change affects our en-
vironment. This provides the basis for our school 
activities led by participant-scientist tandems, 
where we use the personal experience of a peer 
as a unique communication method. The expedi-
tion participants become science ambassadors for 
their peers and at the same time strongly incre-
ase their self-confidence. We open the floor for 
honest, scientific-based and diverse discussions 

among young students, supported by scientists 
and provide the basis for future interest and enga-
gement from the students. The peer-to-peer com-
munication as well as the interactive structure of 
our workshops and excursions open the floor for 
honest, scientific-based and diverse discussions 
among young students, supported by female sci-
entists.

This contribution highlights the core values of our 
organisation, sheds light on all our activities (ex-
peditions, school workshops and excursions) and 
most importantly, presents experience, learnings 
and challenges by a past participant.
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Getting Inspired by the Cryosphere: A Science Program to Empower Young Women 
in Central Asia

Helga Weber (helga.weber@giub.unibe.ch), Aizirek Mederbek, Anouk Volery, Dilara Kim, Perizat Imanalieva, 
Martina Barandun
University of Bern, Switzerland

“Adventure of science: Women and glaciers in 
Central Asia” combines and addresses two urgent 
needs which persistent in Central Asia: 1) Vulnera-
bility through climate change 2) Women empow-
erment in STEM fields. First, the region faces many 
challenges in fields such as water management 
and disaster risk reduction and must develop in-
novative adaptation and mitigation strategies to 
combat Climate change. Second, high disparities 
exist in women’s condition including pay gaps, low 
involvement in decision-making, gender-based vi-
olence, and low access to opportunities in Central 
Asia (UNDP, 2016).

The program “Adventure of science: Women and 
glaciers in Central Asia” fosters science commu-
nication by inspiring young women for science, 
nature, and art. It takes young women between 
18-25 years old from Kazakhstan, Kyrgyzstan, Taji-
kistan, Turkmenistan, and Uzbekistan from diverse 
backgrounds to a ten-day glaciological excursion 
(Imanalieva et al., 2021). Back in the pandemic 
years, Adventure of Science at home started to 
focus also on digital Earth technologies to empo-
wer women in science and thus support global 
problems. Here we will highlight both digital as 
well as field excursions to cover the full spectrum 
of the program. The excursion seeks to strengthen 
young women’s self-confidence in their physical, 
intellectual, and leadership abilities through the 
application of art and science. The age limit targets 
a critical age in their education for future decision-
making. The program creates a free and safe space 

of gender roles with a professional women-only 
team. The regional network is built on collabora-
tion with local institutions and researchers, such 
as UNESCO Almaty and CAIAG, and international 
workshops. The project also has an institutional 
impact by encouraging local institutions to engage 
young female students and scientists into acade-
mic activities and research. The involvement of 
local researchers, mentors, and alumni network 
makes the program sustainable and will lead to 
a self-management of the program by women of 
Central Asia in future. The program finds a unique 
echo in Central Asia because of structural barriers 
women face in the region and because of the regi-
ons’ vulnerability to climate change.

In Summary, “Adventure of Science: Women and 
Glaciers in Central Asia” aims to create lifelong 
advocates for Earth science and wilderness ste-
wardship, and support a network for early-career 
scientists and beyond.
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Addressing Gender Inequality in STEM: Cryospheric Excursions in Central Asia

Dilara Kim (dilara.kim@stud-mail.uni-wuerzburg.de), Helga Weber, Martina Barandun     
University of Würzburg, Germany

The Soviet Union period marked the onset of ac-
tive glaciological research in Central Asian moun-
tains. Despite being male-dominated, the cryos-
pheric sciences became accessible for female 
scholars, albeit as a support of political ideology 
(Hulbe et al, 2010). Following the collapse of the 
Soviet state, the region experienced drastic poli-
tical and societal changes, and many glaciological 
stations in Central Asia discontinued their observa-
tions (Barandun et al, 2020). The number of fema-
le workers in STEM fields has decreased, as well as 
the number of female students majoring in hard 
science. Traditional sets of norms have started to 
re-emerge to a varied extent in Central Asian coun-
tries, inhibiting both opportunity and retention of 
women in STEM fields. Moreover, young women 
in the region face the contradicting societal expec-
tation based on superimposed traditional, Soviet 
and western values (Almukhambetova & Kuzhabe-
kova, 2021).

To bridge the existing gender gap, the program „Ad-
venture of Science: Women and Glaciers in Central 
Asia“ organises ten-days glaciological expeditions 
for participants from Kazakhstan, Uzbekistan, Tad-
jikistan, Turkmenistan and Kyrgyzstan (Imanalieva 
et al, 2021). The program is designed to foster the 
interest of young women in STEM through the sci-
entific and artistic outdoor exploration. It offers a 
space free of stereotypical gender roles, and expo-
sure to high mountainous nature under supervisi-
on of women-only professionals. The combination 
of mountaineering basics alongside the training 

on geoscience topics focuses in particular on the 
cryosphere and aims to strengthen participants‘ 
self-confidence in their physical, intellectual, and 
leadership abilities. Additionally, it creates a sup-
port network, and provides role models, which are 
recognized to be essential for women to persist in 
STEM fields.

Our contribution shows how STEM in the field of 
glaciology in Central Asia can be bridged by con-
ducting hands-on, women-only excursions. This 
includes experimental learning, networking and 
scientific projects.

Hulbe, C. L. et al. (2010). Women in glaci-
ology, a historical perspective. Journal of 
Glaciology, 56(200), 944–964. https://doi.
org/10.3189/002214311796406202

Barandun, M., et al. (2020). The state and future 
of the cryosphere in Central Asia. Water Secu-
rity, 11, 100072. https://doi.org/10.1016/j.wa-
sec.2020.100072

Almukhambetova, A., & Kuzhabekova, A. (2021). 
Negotiating conflicting discourses. Female stu-
dents’ experiences in STEM majors in an interna-
tional university in Central Asia. International Jour-
nal of Science Education, 43(4), 570–593. https://
doi.org/10.1080/09500693.2021.1875150

Imanalieva, P., et al. (2021). A new scientific com-
munications program “Adventure of science: Wo-
men and glaciers in Central Asia”. Conference pro-
ceedings IWRM – “Женщины и ледники”. Central 
Asian Journal of Water Research.
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Automated Classification of Glacier Facies From Sentinel-2 And Landsat Data

Gabriele Schwaizer (gabriele.schwaizer@enveo.at), Johanna Nemec, Thomas Nagler, Nico Mölg, Frank Paul   
ENVEO IT GmbH, Austria

Alpine glaciers are sensitive indicators for chan-
ging climate and are important water reservoirs. 
The melt water from snow on glaciers and glacier 
ice is a major contributor to the runoff during the 
melting and the summer season and is thus sup-
porting the water supply of the civilized regions 
downstream the rivers originating near Alpine 
glaciers. In the past, seasonal snow of the win-
ter season remained throughout the year on the 
highest areas of glaciers building accumulation 
areas. In recent years the snow areas remaining 
at the end of the summer on the glaciers were si-
gnificantly reduced. Additionally, on some of the 
glaciers in the Alps, the extent of debris covered 
glacier areas increased.

Different methods have been presented to esti-
mate the snow line on glaciers at the end of the 
ablation season, and other approaches have been 
used to identify debris covered glacier areas. Most 
of these methods were demonstrated only for se-
lected test sites and with limited data sets. In the 
frame of the ESA EXPRO+ AlpGlacier project (2021 
– 2023), we developed an improved automated 
method for the identification of glacier facies, in-
cluding snow areas, clean ice, and debris covered 
surfaces on glaciers from Sentinel-2 and Landsat 
data. The approach detects glacier facies for Alpi-
ne glaciers during the full melting period.

The processing chain starts with the automated 
download of level 1C (L1C) products from Senti-
nel-2 and Landsat with less than 30 % cloud co-
ver. We tested and evaluated the performance of 

various cloud detection algorithms and products 
over glaciated areas available for Sentinel-2 and 
Landsat. We found that the s2cloudless and the 
CFMask show the best performance for Sentinel-2 
and Landsat, respectively, and selected these me-
thods for the cloud masking.

For the glacier facies classification, atmospherically 
and topographically corrected surface reflectance 
data are used. While detection of glacier facies 
on illuminated glacier areas is performing well, 
the correct classification in shaded areas is still 
a problem. We developed an advanced method 
for detecting shaded areas which is needed for 
topographic correction and estimation of surface 
reflectance in these areas. This procedure enables 
the identification of glacier facies also in cast sha-
dowed glacier areas, where the classification from 
standard L1C top of atmosphere or L2A bottom of 
atmosphere reflectance data from Sentinel-2 and 
Landsat is limited due to low reflectances in all re-
flective spectral bands.

We will present the overall processing chain, 
highlighting the main improvements enabling an 
automated glacier facies classification, and show 
examples of the generated glacier facies products 
from Sentinel-2 and Landsat data for glaciers distri-
buted over the Alps.
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TanDEM-X Elevation Data For Mass Balance Estimation

Sahra Abdullahi (sahra.abdullahi@dlr.de), David Burgess, Birgit Wessel, Achim Roth 
German Aerospace Center DLR, Germany

Ongoing global warming leads to dramatic chan-
ges in the cryosphere. In view of these rapid chan-
ges as well as the large uncertainties regarding 
forecasts, there is a constantly growing need for 
reliable and consistent information on the current 
state and the evolution of the ice sheets, ice caps 
and glaciers worldwide. In this context, satellite-
based remote sensing allows cost-effective data 
collection even for inaccessible areas. Radar alti-
metry, gravimetry and laser altimetry have been 
widely used to detect height and mass changes. 
However, these systems either offer only point-
based measurements or acquire at low spatial 
resolution. Since 2010, the single-pass SAR (Syn-
thetic Aperture Radar) interferometry mission Tan-
DEM-X provides area-wide information with high 
spatial resolution of 0.4 arcsec (i.e. about 12 m) at 
a global scale. The huge amount of globally consis-
tent elevation data could contribute to meet the 
urgent need for information with high spatial reso-
lution to monitor the dynamics of the cryosphere. 
However, the data suffers from an elevation bias 
up to several meters due to signal penetration. The 
penetration bias mainly depends on snow and ice 
characteristics as well as on the continuously chan-
ging acquisition geometry and underlies inter- and 
intra-annual variations. In this regard, we quantify 
the impact of X-band InSAR penetration bias on 
mass balance estimation based on TanDEM-X di-
gital elevation models (DEM). In detail, a multiple 
regression model based on interferometric cohe-
rence and backscatter intensity is used to correct a 

time series of TanDEM-X DEMs acquired between 
2010 and 2018 over the Devon Ice Cap (Nunavut, 
Canada), from which changes in elevation and 
mass are derived. For validation, GPS and laser al-
timeter measurements are used, which show good 
agreement between predictions and observations, 
with mean deviations between 0.1 and 0.5 m. The 
predictions well reflect the inter- and intra-annual 
variations, with a mean penetration bias varying 
between 2.5 and 4 m. Regarding mass balance 
estimation, corrected DEMs yield a 20% higher 
mass loss between 2010 and 2018 for the nor-
thwestern basin of the Devon ice cap compared 
to the uncorrected DEMs, with estimates based on 
the corrected data showing closer agreement with 
in situ mass balance measurements. Our results 
demonstrate the significant impact of X-band In-
SAR penetration bias on measurements of elevati-
on change and mass loss and thus, the importance 
of correcting the TanDEM-X elevation data with re-
spect to cryosphere and climate impact research.
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Spatial Distribution and Decadal Change of Glaciers in the Indus Basin since the 
1990s

Tenzing Chogyal Sherpa (tenzing.sherpa@icimod.org), Sudan Bikash Maharjan
International Centre for Integrated Mountain Development (ICIMOD), Nepal

Stretching from the high mountains of the Hin-
du Kush-Karakoram range in the north to the dry 
alluvial plains of Pakistan in the south, the trans-
boundary Indus River is the third longest river in 
the world. It is distributed across four countries: 
Afghanistan, China, India and Pakistan. We present 
a consistent, multidecadal glacier inventory of the 
Indus Basin for 1990, 2000, 2010, and 2020 based 
on a semi automated approach. Landsat Thema-
tic Mapper (TM), Enhanced Thematic mapper 
(ETM+), and Operational Land Imager (OLI) image-
ries have been used ensuring minimum snow 
and cloud cover. Based on the Landsat images for 
2020, a total of 19,797 glaciers encompassing a 
total area 23,622.40 km2 have been mapped in 
the Basin. There is a heterogeneous distribution 
of the glaciers across the basin with more than 
half i.e. 70 % of the total glacier area in the Upper 
Indus Basin, which only covers 33 % of the total 
area of Indus Basin. Within three decades (1990-
2020), the glaciers in the Basin have experienced 
an overall reduction in their area by 6.4 % and in 
their number by 0.6 %. The Upper Indus sub basin 
has been found to have experienced the most pro-
nounced depletion in glacier area than the other 
two sub basins, with an overall reduction in its 
area by 9.26 %. Strong spatial heterogeneity was 
observed in the glacier area changes in the basin 
which were influenced by surging and advancing 
glaciers. Using the buffer of half a pixel, we also 
evaluated the uncertainty of the glacier polygons, 
which resulted in an average mapping uncertainty 

of ±3.2 %. These kind of regional multi-temporal 
glacier inventories are pivotal in setting the foun-
dation stones for many machine learning approa-
ches and also are very essential data for numerous 
glacio-hydrological and climate models. 
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