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Abstract—This article presents an approach to improve the es-
timation of the glacier mass balance (GMB) of six selected alpine
glaciers in the European Alps. This is achieved by combining three
complementary data sources: hydroclimatological model, remote
sensing (RS) data, and ground measurements. The hydroclima-
tological model provides spatially distributed mass balances. RS
supplies spatially distributed surface characteristics. The ground
point measurements provide the mass balance at the local scale. The
combination of these data sources allows us to improve the spatial
resolution of the model output and its GMB estimates. We used the
alpine multiscale numerical distributed simulation engine model
(AMUNDSEN), which considers the processes of accumulation
and ablation of snow and ice for the area of the entire glacier
(with a given spatial and temporal resolution). In the proposed
integration approach, we first compute the deviations between the
GMB simulation (afforded by the hydroclimatological model) and
the ground measurements. Then, the RS data are used to define a
feature space (which objectively characterizes the glacier surface
properties). The method estimates the adjustment required to the
model, for each unlabeled sample, leveraging on its neighboring
labeled samples in the feature space. This allows us to apply similar
adjustment to samples sharing similar glacier surface conditions.
Experimental results show that the proposed integration approach
achieves an average root-mean-square error of 460 mm (compared
to 732 and 661 mm obtained by the hydroclimatological model
and the standard regression models, typically used for parameters
estimation).

Index Terms—Data integration, glacier mass balance (GMB),
hydroclimatological model, machine learning, parameter
estimation, remote sensing (RS).

I. INTRODUCTION

THE GLOBAL Climate Observing System operated by the
Word Glacier Monitoring Service (WGMS) recognizes
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glaciers as one of the key climate change indicators [1]. High
levels of melting (or diminishing) of glaciers can contribute to
the sea level rise. Glaciers also act as naturally storing and
releasing reservoirs for water in a cyclic manner. Meltwater
from glaciers plays an important role in hydropower generation,
irrigation, and drinking water supply. Monitoring of glaciers is
therefore crucial for scientific disciplines (such as climate sci-
ences and hydrology) but also for water resource management.
Glacier monitoring follows the Global Hierarchical Observing
Strategy, which includes better understanding of glaciers and
snow processes and analysis of glacier mass balance (GMB)
time series [2]. The GMB represents the difference between
accumulation and ablation of a glacier within a given time
period. The glacier mass changes are the response to changing
meteorological conditions at the snow/ice surface of the glacier
in the longer term.

The most common approaches to estimating the spatial dis-
tribution of GMB are: the glaciological, the geodetical, and the
hydrological methods [3]. The glaciological method is based on
local observations of snow accumulation (measured with snow
pits) and local ablation of glacier ice (measured with stakes).
This method is therefore time intensive and limited to a few
glaciers. The geodetic method requires accurate topographies of
the glacier surface for the moment of minimum snow coverage.
In the early days, these were provided by handmade terrestrial
geodetic observations, whereas today mostly remote sensing
techniques, such as laser scanning, are applied. The hydrological
method is usually applied by means of a (more or less) physically
based model that describes (or estimates) the physical processes
of snow and ice mass accumulation, redistribution, and ablation.
For that purpose, a variety of modeling approaches exist [4], [5].
In this article, we apply alpine multiscale numerical distributed
simulation engine (AMUNDSEN) [6]. It is a hydroclimatologi-
cal model that has proven its reliability in many applications [7].
AMUNDSEN computes hourly balances of energy and water
mass (i.e., snow and ice) at the pixel scale, usually in resolutions
of 10–50 m. To consider glacier motion, the ice body geometry
is readapted once a year following the Δh approach [4]. The
model has been intensively validated in all dimensions of time
and space, with a collection of different datasets (including high
resolution time series of local observations, spatially distributed
satellite data, and glacier-wide mass balances) [8].

The AMUNDSEN model facilitates the simulation of all rel-
evant fluxes of energy that strongly depend on the topographical
conditions (affecting all processes in high mountain areas). As
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a result, the model computes hourly melt rates of snow, ice, and
firn, and integrates the hourly computations of accumulation and
ablation to annual mass balances for the entire area of a glacier.
The accuracy of physically-based models largely depends on the
forcing data [9]. Other than empirical models, physically based
models do not require excessive tuning or parameter calibration
from a theoretical point of view. Forcing data, parameter choice,
model initialization, model structure, and the related uncertain-
ties propagate through the model chain and can affect simulation
results in nonlinear ways [10]. This is especially the case when
meteorological forcing data are subject to high uncertainties
(such as for precipitation and its phase, which are difficult to
measure in mountain regions). In these circumstances, the model
results can diverge from ground-truth observations. This can be
problematic in remote regions, with only few stations, where
even nowadays simple models have to be applied. In regions
such as the European Alps, meteorological forcing data are
interpolated from several stations around a glacier or derived
from output of climate models. Their bias may also be corrected
with proper methods. Apart from the difficulties in obtaining
accurate precipitation estimates, the complex topography of high
alpine regions complicates the prediction of wind fields and
solar irradiance. The applied hydroclimatological model also
needs to adjust the simulated spatial discretization to the required
resolution in order to represent a physical process (depending
on topography) in accordance with the scale of the observations.
For fully spatially distributed (gridded) simulations, these con-
siderations often lead to a grid size of 10–100 s.

Glacier processes can also be described by assimilating in-situ
measurements into a physically-based hydrological model. In an
attempt to improve discharge simulations, Thirel et al. [11] as-
similated the snow cover areas of the moderate resolution imag-
ing spectroradiometer products into the LISFLOOD physical
distributed hydrological model using a particle filter. Although
the method provides good results in small basins, the results ob-
tained in spatially heterogeneous areas are not satisfactory. Other
commonly used assimilation filters are the ensemble square root
Kalman filter [12] and the 3-D variational method [13]. However,
these methods are computationally expensive and the obtained
results are highly dependent on the quality of the observations
and the input model. On the other hand, optical RS data can
provide spectral information that can support the estimation
of the annual GMB over wide areas [14]. Callegari et al. [15]
proposed to estimate the GMB by integrating the AMUNDSEN
hydroclimatological simulations with binary snow cover maps
derived from Landsat data. The authors proposed two correction
strategies. The former, correction on disagreement, is limited to
pixels where the binary snow cover map disagrees with the GMB
computed with AMUNDSEN. The latter, spatially distributed
correction, defines a generic parametric function by maximizing
the agreement between a binary snow cover map and a snow
cover map generated by the model. The method improves the
GMB estimates but does not provide spatially distributed GMB
maps, nor does it make use of existing ground-truth measure-
ments.

From this brief analysis of the literature, one can conclude
that the combination of physically-based mass balance model-
ing, remote sensing data acquired over the glacier surface, and

ground measurements could be a promising way of improving
the quantification of a GMB, and to overcome some of the
weaknesses inherent in each of these methods. One of the weak-
ness of physically based models is that the further away we are
from a meteorological station, the higher the uncertainty in the
interpolation method of any model. In contrast, RS data provide a
comprehensive spatial representation of the glaciers, but require
a large number of in-situ measurements to train supervised
methods to determine the glacier surface characteristics. Finally,
the collection of field data is time consuming and hampered
by lack of access in such complex environmental areas, so
typically only few measurements are collected [16]. The aim
of this article is to propose a novel integration approach, which
makes use of the complementary advantages afforded by model
simulations, RS data, and in-situ measurements. This could help
to estimate a spatially distributed annual GMB that is better than
any of the classical methods can provide. Even though RS data
with bias deviation correction strategies have been proposed
in the literature to improve model parameter estimation [17],
this approach has never been used to improve existing physical
models and GMB model calculations. The main contributions
of this work are as follows:

1) using an existing (state-of-the-art) distributed hydrocli-
matological model to compute the processes of mass
accumulation and ablation;

2) using RS data to define an informative feature space
(where samples characterized by similar glacier surface
characteristics can be easily detected); and

3) efficiently integrating the hydroclimatological model, the
RS data and in-situ observations to accurately estimate the
spatially distributed annual GMB.

The method was applied to two clusters of glaciers: one in the
Austrian Alps, and another in the Italian Alps. We used high-
resolution Sentinel-2 multispectral images for the experiments
performed after 2015, whereas Landsat-5 and Landsat-7 were
considered for the ones carried out before 2015. A 10-m spatial
resolution digital terrain model (DTM) was used to extract the
topographic parameters of all four glaciers in high resolution.

The rest of this article is organized as follows. Section II
presents the study areas, the RS data, and the local observations.
Section III describes in details the proposed integration method,
and Section IV presents the results obtained with our integration
approach. Finally, in Section V, we draw the conclusion of the
article and propose ideas for future developments.

II. STUDY AREAS AND DATASET DESCRIPTION

A. Study Areas

To carry out the experimental analysis, we considered two
study areas located in the Austrian and Italian Alps (see Fig. 1).
The first one is the Rofental valley, which belongs to the Ötztal
Alps, in the Tyrol region, Austria. This valley, which is one
of the most studied in the Austrian Alps, is characterized by
well-instrumented and equipped test sites with weather stations
from which measurements are used to drive AMUNDSEN sim-
ulations [18]. In particular, we considered Kesselwandferner,
Hintereisferner, and Vernagtferner glaciers. The second study
area is located in Ortles-Cevedale group in South Tyrol (Italy).



PODSIADLO et al.: INTEGRATING MODELS AND REMOTE SENSING DATA FOR DISTRIBUTED GLACIER MASS BALANCE ESTIMATION 6179

Fig. 1. (a) Location of the study area with the outlines of the considered glaciers in red. (b) Test site in the Ötztal Alps three studied glaciers: Kesselwandferner,
Hintereisferner, and Vernagtferner. (c) Test sites on the Ortles-Cevedale group with three considered glaciers: Langenferner Lunga Vedretta, Careser, and
Weissbrunnferner Fontana Bianca. The images (b) and (c) also represent the location of the in-situ measurements marked as blue dots for ablation stakes and green
triangle for snow pits. The red line represents the glacier outlines.

The Ortles-Cevedale is the largest glacierized group in the
Italian Alps. In this study, we focused on the following glaciers
within the group: Langenferner (Lunga Vedretta), Careser, and
Weissbrunnferner (Fontana Bianca). We would like to remark
that in our study area the considered glaciers represent mainly
ablation, and thus glacier zero balance line is not present.

B. Field Reference Data

The GMB reference data were downloaded from the WGMS
[19], the service of the International Association of the
Cryospheric Sciences. Since 1984, the WGMS has collected
glacier data from over 30 countries. Hintereisferner, Kessel-
wandferner, and Langenferner GMB measurements available
at the WGMS website were collected by the Institute of Atmo-
spheric and Cryospheric Sciences of the University of Innsbruck.
For the Vernagtferner, the data were provided by the Commis-
sion for Geodesy and Glaciology of the Bavarian Academy of
Sciences. The GMB information for Careser was provided by
the Comitato Glaciologico Trentino of the Societ degli Alpinisti

Tridentini, and for Weissbrunnferner by the Ufficio Idrografico
of the Provincia Autonoma di Bolzano—Alto Adige.

The spatial distribution of the GMB in-situ point measure-
ments is shown in Fig. 1(c) for the Rofental valley and in Fig. 1(b)
for the Ortles-Cevedale group. Table I presents the number of
GMB point measurements available for each glacier per year.

C. RS Data

To define an informative feature space for modeling the
glacier environmental conditions, we exploited the multispec-
tral information provided by optical satellite sensors and the
DTM acquired by the airborne laser scanner systems. For the
experimental analysis carried out between 2006 and 2013, the
multispectral data acquired by the Landsat were used, whereas
between 2015 and 2017, the most recent high-resolution multi-
spectral Sentinel-2 data were considered (see Table I).

1) DTM Topographic Maps: The DTM is used to represent
topographic parameters of the considered glaciers, such as al-
titude, slope, and aspect. In Tyrol (Austria), we used the DTM
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TABLE I
DATASET DESCRIPTION OF THE GLACIERS LOCATED IN (a) TYROL (AUSTRIA) AND (b) SOUTH TYROL (ITALY)

For each glacier, the number of in-situ measurements (reference samples) available per year and the considered multispectral satellite optical image employed are reported.

coming from the Land Tirol, available at Open Data Austria [20].
In South Tyrol (Italy), the DTM was provided by the Istituto
Nazionale di Geofisica e Vulcanologia [21]. Both DTMs were
acquired by the airborne laser campaign and are characterized
by 10-m spatial resolution.

2) Sentinel-2 Multispectral Images: Sentinel-2 is a mission
of the European Space Agency, which comprises two twin
polar-orbiting satellites. It provides multispectral images of both
high spatial (10–20 m) and high temporal resolutions (five days
on the equator under cloud-free condition). In our study, the
20-m spectral bands are resampled to 10 m with the nearest
neighbor approach. The Sentinel-2 images are used over the
Rofental valley for the years 2015–2017.

3) Landsat-5 and Landsat-7 Multispectral Images: Landsat-
5 and Landsat-7 provide high-resolution images at 30-m spatial
resolution with temporal resolution of 16 days. The Landsat-5
is used over the Ortles-Cevedale group for the years 2006 and
2007, whereas the Landsat-7 is used over Rofental valley for
the years 2012 and 2013 and over the Ortles-Cevedale between
2010 and 2011.

D. Hydroclimatological Model

The GMB estimates are derived from the hydroclimatological
model AMUNDSEN [6]. This physically based model, designed
to simulate snow and ice accumulation and ablation in high
mountains areas, has been widely used and evaluated in different
climatological conditions [6], [22]–[24]. AMUNDSEN distin-
guishes four types of snow and ice, namely fresh snow, old snow,
ice, and firn. New snow is considered as the snow coming from
the recent snowfall. It is converted into old snow when settling
and/or melting processes increase the density of the new snow
above 200 kg/m3. On September 30th, old snow is converted into
firn by definition and firn turns into ice when the density reaches
900 kg/m3 [25]. For each grid cell, AMUNDSEN computes the
energy and mass balance of these four snow and ice types and,
hence, provides separate predictions of the water equivalent of
fresh snow, old snow, firn, and ice at each time step. The sum of
water equivalents of firn, old snow, fresh snow, and ice represents
the annual GMB, which is by definition the difference of the
GMB calculated on the September 30th of the considered year
and the GMB on October 1st of the previous year.

As a forcing data model, AMUNDSEN uses hourly me-
teorological variables observed at climate stations, such as:
precipitation, wind speed, relative humidity, air temperature,
and global radiation. Other variables are parameterized (e.g.,
longwave fluxes). The location of the meteorological stations
is presented in Fig. 2. The model and its particular features are
described in [8], [22], [6], and [26]. All meteorological forcing
variables are distributed across the simulation domain by using
a topography-considering inverse distance weighting scheme
[22]. From the DTM of the considered area, the following
topographic features were computed: slope, aspect, openness,
and sky-view factor, all in the original resolution of 50 m, i.e., the
one from DTM grid. In a postprocessing step, the model results
are resampled with linear interpolation to 10-m resolution. The
model solves the coupled energy and mass balance of the snow
pack, and does not rely on parameter calibration for meaningful
predictions. The initialization of the glacier areas is described
in [8], which established the model in the Öetztaler Alps [7]. In
this work, we extended the simulations to include the glaciers
of the Ortler group, by utilizing climate station data provided by
the Meteorological Office of Trentino, which include stations up
to 2600-m a.s.l. Initial glacier ice thickness distributions for the
year 2003 were provided by Matthias Huss and are obtained by a
method based on glacier mass turnover and ice flow mechanics.
The method requires glacier outlines and a DTM [27].

III. PROPOSED GMB ESTIMATION METHOD

The proposed integration method aims to correct the down-
scaled GMB estimates, provided by the hydroclimatological
model AMUNDSEN, by efficiently integrating in-situ measure-
ments, the high resolution multispectral optical images, and the
DTM. In contrast to previous studies, the proposed integration
approach does not assimilate in-situ measurements into a model
but performs the fusion of RS data, physical model, and in-
situ measurements. This fusion preserves the generalization of
AMUNDSEN (to properly describe the physical processes of the
whole glacier) while improving the accuracy of its estimates.
The AMUNDSEN model is run for the whole study area to
generate a spatially continuous GMB map. The proposed inte-
gration method assumes that the in-situ measurements and the
physical model data are available on the considered test sites



PODSIADLO et al.: INTEGRATING MODELS AND REMOTE SENSING DATA FOR DISTRIBUTED GLACIER MASS BALANCE ESTIMATION 6181

Fig. 2. Overview of the meteorological stations (cyan circles) used as input to the AMUNDSEN model for the test glaciers in (a) Öetztal Alps and (b)
Orltes-Cevedale group (highlighted in red).
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Fig. 3. Architecture of the proposed integration approach. The method takes advantage of the complementary information provided by in-situ measurements,
RS data, and hydroclimatological model to accurately estimate GMB.

over the same time period. The joint use of these complementary
data sources allows us to: improve the accuracy of the GMB
estimates; and increase the spatial resolution of the GMB maps
provided by the AMUNDSEN model.

Fig. 3 represents the block diagram of the proposed integration
method that can be divided into two steps: first, physical model
deviation computation—where the hydroclimatological model
outputs and the in-situ measures (reference data) are used to
compute the model residuals on a small set of available reference
data; and second, physical model correction—where the topo-
graphic and spectral information provided by the RS data defines
a feature space to accurately model the environmental properties
of the glaciers. By representing the problem in a feature space,
for each unlabeled sample (i.e., glacier pixel without associated
in-situ measurement), we are able to detect the reference samples
sharing similar glacier conditions (i.e., located in the same
feature subspace). Finally, by leveraging the deviations of the
reference data (computed in the previous step), we correct the
model estimates. In the following sections, each step of the
proposed integration approach is described in detail. Moreover,
the feature space used to perform the deviation estimation is
presented. In particular, we explain the physical meaning of the
multispectral and topographic variables employed to model the
glacier environmental conditions.

A. Feature Space Definition

Selecting a proper feature space is a crucial step in order to
effectively represent the variables affecting the environmental
conditions of a glacier, and thus the behavior of GMB. To define
a representative feature space, we select the most informative
spectral bands and topographic parameters for snow and ice
monitoring, in accordance with the earth observing system
analysis [28] and experimental analysis performed. From the
DTM, we extract the altitude, slope, and aspect parameters that
characterize the topography of a glacier, which is correlated to
the GMB.

From the multispectral optical data, we consider the blue
spectral channel (450–520 nm), which provides information
about potential snow pixels, and the short-wave infrared bands
(SWIR) (1050–2500 nm), which are typically used for snow
and ice detection. Moreover, due to the sensitivity of the SWIR
bands to moisture content, they can distinguish old snow from

fresh snow. This is due to the fact that old snow often develops a
solid crust, which corresponds to a rise in moisture content, and
thus it is less reflective in the SWIR than fresh snow. In addition,
we also include the normalized difference water index (NDWI),
which is correlated to the amount of water per unit area. This
metric has been proven to be correlated to the beginning of the
snow melt period [29], [30].

It is important to mention that the annual GMB is reported
on the September 30th. However, in the proposed integration
method, we utilize multispectral images acquired at the end of
August or at the beginning of September (see Table I). This is
because the maximum ablation of the considered glaciers can
be observed in this period. On the 30th of September, glaciers
are usually fully covered with fresh snow. Thus, we are no
longer able to differentiate the types of a glacier cover (such
as firn, old snow, fresh snow, or ice) as the spectral signatures
correspond to fresh snow only. The experimental results and
wider literature review suggest [15] that these images are a good
proxy for estimating the maximum glacier ablation. Moreover,
these images are typically characterized by a low level of cloud
coverage leading to a good approximation of annual GMB.

B. Physical Model Deviation Computation

In the first step, the proposed integration method takes ad-
vantage from the availability of a small set of in-situ GMB
measurements to compute the deviation between the refer-
ence samples and the corresponding physical model estimates.
Let {yref

1 , yref
2 , . . . , yref

N } be the set of measured GMB and let
{gref

1 , gref
2 , . . . , gref

N } be the corresponding hydroclimatological
model estimates. Due to uncertainties associated with numerical
simulations, for each sample, we can compute the deviation
between the physical model and the true GMB value. This can
be expressed as follows:

δref
i = yref

i − gref
i

where i = 1, . . . , N. (1)

The computed training sample deviations are then used to per-
form the physical model correction. This helps to estimate the
final GMB values of the unlabeled samples (i.e., samples for
which no ground reference data are available). In order to infer
the deviation correction, the method exploits the information
provided by the RS data. This enables us to model the physical



PODSIADLO et al.: INTEGRATING MODELS AND REMOTE SENSING DATA FOR DISTRIBUTED GLACIER MASS BALANCE ESTIMATION 6183

properties of different parts of the glaciers. In particular, for each
unlabeled sample, we aim to detect the most similar reference
ones, for which the model deviation has been computed. Then,
based on the reasonable assumption that samples having similar
physical properties are affected by similar model deviations,
we estimate the model deviation. For each unlabeled sample
(δun), we compute a correction as an average deviation from the
reference samples located in the δun’s neighborhood.

C. Physical Model Correction

The aim of this step is to estimate for each unlabeled sample
its deviation δ̂un

j , thus leading to an accurate GMB estimate ŷj .
To this end, the proposed integration method takes advantage
from the spectral and topographic information provided by the
high-resolution optical data and the DTM, to define a feature
space where the reference and the unlabeled samples are repro-
jected. Let {xref

1 ,xref
2 , . . . ,xref

N } be the RS features associated
to the reference samples, with xref

i ∈ Rd made up of d com-
ponents derived from the multispectral RS information and the
DTM. Let us define with {xun

1 ,xun
2 , . . . ,xun

M} the RS features
associated to the unlabeled samples, with M >> N , and let
{gun

1 , gun
2 , . . . , gun

M} be the corresponding hydroclimatological
model estimates. By analyzing this feature space, we can identify
for each xun

j the reference samples characterized by similar
environmental and snow/ice conditions, i.e., those located in
the same subspace. Based on the reasonable assumption that
the physical model estimation accuracy varies in the different
portions of the feature space, we exploited a local deviation
correction strategy. Therefore, in our proposed approach, the
correction is computed and applied to local feature subspaces.

To partition the feature space, we considered a simple and
efficient nonparametric k-nearest neighbors (k-NN) algorithm
as proposed in [17]. First, the distances (similarities) between
each unlabeled sample xun

j and the training reference samples
{xref

1 ,xref
2 , . . . ,xref

N } are calculated. The estimated correction
value is computed as an average of the k nearest (most similar)
samples deviations. Let us consider that after applying k-NN
partition, the feature space is divided intoR regions and let rz be
a generic region. For each region rz , we compute the correction
value as follows:

δ̂un
j =

1

k

k∑
i=1

δref
i =

1

k

k∑
i=1

yref
i − gref

i

where δref
i ∈ rz and j = 1, . . . ,M (2)

where δ̂un
j is the correction for the samples within rz . The tuning

of the k-parameter is performed with cross-validation. Here,
the distance is computed as Euclidean distance. However, other
metrics can be applied. It is worth mentioning that this strategy
partitions the feature space according to the training reference
data distribution. The final estimation of the GMB is calculated
as the sum of the estimates provided by the physical model and
of the correction computed according to the local strategy, i.e.,

ŷun
j = gun

j + δ̂un
j

where j = 1, . . . ,M. (3)

This strategy allows the correction of the GMB estimates by
using the average deviation of the reference samples (located in
a neighborhood of the unlabeled samples to be corrected).

IV. EXPERIMENTAL RESULTS

In this section, we present the GMB estimates obtained by
applying the proposed integration method to both RS datasets
(i.e., Sentinel-2 and Landsat data). First, we present the ex-
perimental setup by analyzing the correlation between the RS
features and the GMB in-situ measurements. Then, the quantita-
tive and qualitative results are reported. The quantitative results
are presented in terms of: GMB estimates evaluated over the
in-situ measurements; and GMB of the whole glacier. Moreover,
a sensitivity analysis is reported to evaluate the impact of the
number of in-situ measurements on the proposed integration
approach. Finally, to allow a visual interpretation of the results,
we also present the following:

1) scatter plots (between in-situ measured and estimated
GMB aggregated per year);

2) altitudinal GMB profiles of in-situ measured and estimated
GMB; and

3) GMB maps.

A. Experimental Set-Up

To generate the feature space used to estimate the bias devi-
ation, we extracted the blue and the SWIR spectral bands from
the multispectral images. In greater detail, for the Sentinel-2, we
considered band 2 (490 nm), band 11 (1610 nm), and band 12
(2190 nm), whereas for the Landsat Thematic Mapper, we used
band 1 (485 nm), band 5 (1650 nm), and band 7 (2220 nm). We
also computed the NDWI as below

NDWI =
NIR − SWIR
NIR + SWIR

(4)

where for the Sentinel-2, we used band 8 (842 nm) and band 11
(1610 nm), whereas for the Landsat, we used band 4 (840 nm)
and band 5 (1650 nm). Fig. 4 presents the correlation between the
RS features and the in-situ measured GMB for both datasets. As
expected, the altitude is strongly correlated to the GMB since it is
strictly related to the snow distribution over glacier. Moreover,
for both sensors, the blue band and the NDWI present good
correlation with the GMB values. Note that even though it is
interesting to evaluate the correlation between each feature and
the GMB, the whole feature space enables accurate modeling of
the complex environmental properties of the glacier thanks to
the complementary information provided by each feature.

To improve AMUNDSEN GMB estimates in the considered
feature space, we exploited the k-NN correction strategy by
using Euclidean distance. A parameter selection was first carried
out to tune the k parameter that was set equal to 4 for all the
experiments. Due to the small number of reference points, we
adopted a fivefold cross-validation procedure to evaluate the
proposed approach. First, the reference samples were randomly
divided into five subsets. At each iteration, one subset was used
for evaluating the correction (validation subset), and the other
subsets were used for computing the deviation correction. After
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Fig. 4. Correlation between the RS features and in-situ measured GMB for the two datasets. (a) DTM and Sentinel-2 features. (b) DTM and Landsat features.

TABLE II
MAE [MM], RMSE [MM], RMSD, AND CORRELATION COEFFICIENT (R) OBTAINED FOR GMB ESTIMATION OF HINTEREISFERNER AND KESSELWANDFERNER

GLACIERS IN 2015, 2016, AND 2017

The error metrics are computed on reference samples using fivefold cross-validation for AMUNDSEN, the proposed integration approach, SVR linear, and
SVR RBF.

five iterations, all the samples were used four times for the
deviation correction and once for the validation. The evalua-
tion metrics were averaged on the five validation subsets. This
condition allows us to ensure that the obtained results are reliable
from the statistical view point.

To evaluate the performance of the proposed integration
method, the resulting GMB estimates were compared with the
true GMB values (i.e., reference samples), considering the fol-
lowing metrics: the mean absolute error (MAE), the root-mean-
square error (RMSE), root-mean-square deviation (RMSD), and
the correlation coefficient (R). For comparison purposes, we
also included the error metrics achieved by an AMUNDSEN
model with no correction technique applied. Moreover, to assess
the effectiveness of the proposed integration method, we com-
pared it with the standard supervised support vector regression
(SVR) technique. SVR is often used for geo/biophysical variable

estimation as this technique achieves good estimation
accuracy and demonstrates strong generalization capabilities
[31], [32]. We tested both linear and radial basis function
(RBF) kernels. The SVR parameters were tuned with a standard
cross-validation. The SVR was trained on the GMB in-situ
measurements by using as input the same variables as the one
considered for the feature space definition.

B. Quantitative Results of the Physical Model Correction

To evaluate the proposed integration approach to GMB
estimation, first we present the results obtained using high-
resolution Sentinel-2 data, AMUNDSEN simulations, and in-
situ measurements available over Hintereisferner and Kessel-
wandferner glaciers in the Rofental valley (Austria), for 2015,
2016, and 2017. Table II reports the results obtained by the pro-
posed integration approach, the original AMUNDSEN model,
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TABLE III
MAE [MM], RMSE [MM], RMSD, AND CORRELATION COEFFICIENT (R) OBTAINED FOR GMB ESTIMATION OF VERNAGTFERNER GLACIER IN 2012 AND 2013

The error metrics are computed on reference samples using fivefold cross-validation for AMUNDSEN,
the proposed integration approach, SVR linear, and SVR RBF.

the linear SVR, and the RBF SVR. The results were derived
on the reference points collected per year separately. One can
notice that the proposed integration method sharply reduces the
estimation error with respect to the AMUNDSEN model for all
the cases. For instance, for the Hintereisferner glacier in 2016,
the proposed method compared to the original AMUNDSEN
achieves MAE of ∼382 mm versus ∼940 mm, RMSE of ∼560
mm versus∼1207 mm, RMSD of∼10% versus∼33%, andR of
0.94 versus 0.91. Moreover, the proposed integration approach
achieves better results compared to the baseline methods for
almost all the cases. By focusing the attention on the Hintereis-
ferner glacier in 2016, the proposed method compared to SVR
RBF achieves MAE ∼382 mm versus ∼430 mm, RMSE of
∼560 mm versus ∼598 mm, RMSD of ∼10% versus ∼11%,
and R of 0.94 versus 0.93. The error reduction is even more
significant with respect to the linear SVR, where for Hintereis-
ferner glacier in 2016, we obtained MAE of ∼382 mm versus
∼556 mm, RMSE of ∼560 mm versus ∼756 mm, RMSD of
∼10% versus ∼16%, and R of 0.94 versus 0.90. However, when
many in-situ samples are available, the RMSDs obtained by the
baseline methods are slightly lower than the one obtained by
the proposed method e.g. Kesselwandferner in 2015 RMSD of
∼18% for the proposed method versus ∼15% for SVR Linear
versus ∼16% for SVR RBF.

In order to further analyze the capability of the proposed
integration approach of improving the GMB estimation, we ex-
tended our analysis to historical data by considering the Landsat-
7 optical images. According to the availability of AMUNDSEN
simulations and the RS images representing maximum ablation,
we analyzed Vernagtferner in the Rofental valley (Austria) in
2012 and 2013. The results are reported in Table III. From the
table, one can notice that the proposed integration approach
significantly reduces the MAE, RMSE and RMSD values com-
pared to the original AMUNDSEN, i.e., ∼245 mm versus ∼578
mm, ∼321 mm versus ∼ 756 mm and RMSD of ∼10% versus
∼38%, respectively. However, in some cases AMUNDSEN
shows slightly higher correlation coefficient than the proposed
method e.g., on the Vernagtferner in 2012, R of 0.91 versus
0.90. The proposed integration approach also obtained reduction
of the MAE and RMSE errors and increase of the correlation

coefficient compared to the SVR. For instance, by focusing on
the Vernagtferner in 2013, the proposed method compared to
the linear SVR achieves MAE of ∼245 mm versus ∼890 mm,
RMSE ∼321 mm versus ∼1127 mm, RMSD of ∼10% versus
∼24%, and R of 0.96 versus 0.64.

Similar results were obtained in the Ortles-Cevedale group
in Italy, where we considered three glaciers Careser, Weiss-
brunnferner, and Langenferner. Table V reports the results
obtained for the 2006, 2007, 2010, and 2011. The missing data
in the table are either due to the lack of reference data or of
cloudless Landsat images representing the maximum ablation
condition of the glacier. Similarly to the previous analysis,
the proposed method strongly improves AMUNDSEN GMB
estimates (see Table V). For instance, in Careser in 2007,
the RMSE is ∼303 mm compared to AMUNDSEN one of
∼610 mm. Nevertheless, in some cases, it shows slightly smaller
linear correlation with in-situ measurements than the original
AMUNDSEN model, i.e., Weissbrunnferner in 2006, R of 0.70
versus 0.72. Moreover, the proposed approach confirms its
effectiveness compared to the SVR baselines, which in few
cases provides results similar to the proposed method (e.g.,
Weissbrunnferner in 2006, where the RMSE of the proposed
method is∼376 mm and the one of the linear SVR is∼362 mm).
However, for most of the cases, the baseline methods achieve
poor accuracy due to the small amount of labeled samples
available (e.g., Langenferner in 2011, where the RMSE of the
proposed method is ∼518 mm and the one of the linear SVR is
∼825 mm).

To allow a visual interpretation of the results obtained,
we present the scatter plots aggregated per year of the in-situ
measured versus AMUNDSEN GMB [see Fig. 6(a), 6(c), 6(e),
and 6(g)], and scatter plots aggregated per year of the in-situ
measured GMB versus the predicted one with the proposed
method [see Fig. 6(b), 6(d), 6(f), and 6(h)]. The red line cor-
responds to the perfect linear correlation, and the blue one
represents the considered method correlation. These scatter
plots demonstrate the capability of the proposed approach to
sharply improve the GMB estimates compared to the initial
AMUNDSEN estimates, regardless of the number of samples
and the RS dataset. Consequently, good results are obtained
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Fig. 5. (a), (c), (e), and (g) Scatter plots of correlation between GMB in-situ measured and AMUNDSEN modeled and (b), (d), (f), and (h) scatter plots of
correlation between in-situ measured and GMB estimated by the proposed integration approach in the Ortles-Cevedale group. (a) AMUNDSEN 2006. (b) Proposed
Method 2006. (c) AMUNDSEN 2007. (d) Proposed Method 2007. (e) AMUNDSEN 2010. (f) Proposed Method 2010. (g) AMUNDSEN 2011. (h) Proposed
Method 2011.
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TABLE IV
MAE [MM], RMSE [MM], RMSD, AND CORRELATION COEFFICIENT (R) OBTAINED FOR GMB ESTIMATION FOR CARESER AND WEISSBRUNNFERNER GLACIERS IN

2006, 2007, 2010, AND 2011

The error metrics are computed on reference samples using fivefold cross-validation for AMUNDSEN, the proposed integration approach, SVR linear, and
SVR RBF.

TABLE V
MAE [MM], RMSE [MM], RMSD, AND CORRELATION COEFFICIENT (R) OBTAINED FOR GMB ESTIMATION FOR LANGENFERNER GLACIER IN 2010 AND 2011

The error metrics are computed on reference samples using fivefold cross-validation for AMUNDSEN,
the proposed integration approach, SVR linear, and SVR RBF.

in 2006 [see Fig. 6(b)] even though the in-situ measurements
available are much less compared to those of 2016 [see Fig.
5(h)]. However, one of the limitations of the proposed approach
is that, for some samples, there might not be in-situ samples
representing similar glacier condition, which will lead to poor
correction accuracy. One example of this can be seen in Fig.
5(e) and (f), where the measured accumulation is ∼1000 mm
and the proposed method estimates ∼100 mm (similarly to
AMUNDSEN). This is due to the few accumulation measure-
ment points available in 2010. The closest accessible samples are
mainly ablation measurements, which leads to low correction
values. Fig. 7 reports the glacier-wide mass balance obtained
over different glaciers for the different years, considering the
in-situ measurements (in black), AMUNDSEN (in green), the
proposed integration approach (in blue), the SVR linear (in

orange), and the SVR RBF (in yellow). These results confirm the
importance of the correction performed by the proposed method
at the glacier scale. The proposed approach obtains results very
similar to those provided by the WGMS for all the glaciers by
strongly improving AMUNDSEN estimates (see Kesselwand-
ferner in 2016 or Careser in 2010). Moreover, it achieves better
glacier-wide mass balance with respect to both the baselines
methods.

Finally, to investigate the impact of the number of avail-
able in-situ measurements on the method accuracy, we per-
formed a sensitivity analysis. As an example we considered,
Hintereisferner in 2016, where 54 samples were available. In our
experiment, we subsampled the data into 5 sets made up of 10,
20, 30, 40, and 54 samples. Similarly to the other experiments,
we adopted a fivefold cross-validation procedure. The results are
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Fig. 6. (a), (c), (e), and (g) Scatter plots of correlation between GMB in-situ measured and AMUNDSEN modeled and (b), (d), (f), and (h) scatter plots of
correlation between in-situ measured and GMB estimated by the proposed integration approach in the Ötztal Alps. (a) AMUNDSEN 2013. (b) Proposed Method
2013. (c) AMUNDSEN 2015. (d) Proposed Method 2015. (e) AMUNDSEN 2016. (f) Proposed Method 2016. (g) AMUNDSEN 2017. (h) Proposed Method 2017.

shown in Fig. 8. For instance, the proposed method with only
10 samples, compared to the original AMUNDSEN, achieves
MAE of∼440 mm versus∼890 mm, RMSE of∼495 mm versus
∼981 mm and R2 of 0.93 versus 0.93. The result obtained by
considering all 54 samples is nearly the same with MAE of
∼340 mm, RMSE of ∼428 mm, and R2 of 0.94. Thus, we
can conclude that the method performs well, regardless of the

number of considered samples, as the MAE and RMSE are
always improved.

C. Qualitative Results of the Physical Model Correction

Fig. 9 presents the altitudinal GMB profiles per glacier per
year obtained through in-situ measures (in black), AMUNDSEN
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Fig. 7. Glacier-wide mass balance for (a) Hintereisferner, (b) Kesselwandferner, (c) Weissbrunnferner, and (d) Careser. The glacier-wide mass balance was
estimated by in-situ measurements (in black), AMUNDSEN (in green), the proposed integration approach (in blue), SVR linear (in orange), and SVR RBF (in
yellow).

Fig. 8. (a) Sensitivity analysis of the MEA and (b) RMSE obtained for GMB estimation of Hintereisferner in 2016 for different number of considered samples
(10, 20, 30, 40, and 54).

model (in green), and the proposed approach (in blue). As
expected for most of the profiles, the in-situ GMB increases
when the altitude increases. A similar trend is visible in both
AMUNDSEN and the proposed method GMB estimates. How-
ever, from the analysis of the obtained profiles, one can notice
that the proposed method is able to match the altitudinal GMB
provided by the in-situ measurements by sharply improving
AMUNDSEN GMB values.

Finally, Fig. 10 presents the corrected GMB maps obtained
by the proposed integration approach, the original AMUND-
SEN GMB simulations, and the true color compositions of
the Sentinel-2 data acquired in August 2015, 2016, and 2017,
respectively. The corrected maps [see Fig. 10(c), (g), and (i)]
are characterized by a better geometrical detail than the original
AMUNDSEN simulations [see Fig. 10(b), (e), and (h)], due to
the higher spatial resolution of Sentinel-2 data (10 m) compared
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Fig. 9. Altitudinal GMB profiles of in-situ measured (in black), modeled by AMUNDSEN (in green) and corrected by the proposed integration approach (in
blue). (a) Hintereis F. in 2015. (b) Hintereis F. in 2016. (c) Hintereis F. in 2017. (d) Kesselwand F. in 2015. (e) Kesselwand F. in 2016. (f) Kesselwand F. in 2017.
(g) Vernagt F. in 2012. (h) Vernagt F. in 2013. (i) Caresar in 2010. (j) Caresar in 2011. (k) Langen F. in 2010. (l) Langen F. in 2011. (m) Weissbrunn F. in 2007. (n)
Weissbrunn F. in 2010. (o) Weissbrunn F. in 2011.
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Fig. 10. True color compositions of the Sentinel-2 bands acquired respectively on (a) August 26, 2015, (d) August 27, 2016, and (g) August 30, 2017, (b), (e),
and (h) related AMUNDSEN GMB simulations, and (c), (f), and (i) corrected AMUNDSEN simulations using the proposed integration approach.

to AMUNDSEN simulation one (50 m). The high correlation
between the Sentinel-2 images and the obtained GMB maps
demonstrates the capability of the proposed method to accurately
detect pixels characterized by similar environmental conditions
when applying the deviation correction. This allows us to gener-
ate GMB maps that are more representative of the environmental
properties of the glacier than the original AMUNDSEN ones.
We would like to remark that consistent results are provided
also for Vernagtferner glacier, for which no reference samples
are available for 2015, 2016, and 2017.

V. DISCUSSION AND CONCLUSION

In this article, we presented a novel integration approach to
GMB estimation. The proposed approach takes advantage of the
complementary information provided by the hydroclimatologi-
cal AMUNDSEN simulations, multispectral RS data, DTM, and
in-situ measurements to generate accurate estimation results.
The novelties of the proposed method are as follows:

1) the definition and use of a feature space that can represent
the environmental properties of the glaciers;



6192 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 13, 2020

2) the use of a deviation correction strategy to improve the ac-
curacy of the GMB provided by the AMUNDSEN model
and its spatial resolution while preserving the reliability
of the hydroclimatological model; and

3) an efficient integration of the complementary information
coming from physically based simulations, RS data, DTM,
and in-situ measurements, which overcomes their individ-
ual limitations.

To assess the performance of the proposed integration method,
an extensive analysis of the GMB correction was carried out in
Tyrol (Austria) and South Tyrol (Italy), in 2006, 2007, 2010,
2011, 2012, 2013, 2015, 2016, and 2017. While for the analysis
before 2015, we considered the Landsat-5 and Landsat-7 data,
after 2015, we employed multispectral data from Sentinel-2.
Compared to the AMUNDSEN model, the proposed approach
demonstrates a significant reduction of the RMSE and MAE
values for all the considered cases and an increase of the cor-
relation coefficient factor in most of the cases. Overall, it can
be noticed that the proposed approach performs better with RS
data coming from Sentinel-2 despite the relevant spectral bands
of both Sentinel-2 and Landsat being very similar (i.e., band blue
490 nm for Sentinel-2 versus 485 nm for Landsat). This can be
explained by the better spatial resolution of Sentinel-2 (10 m
versus 30 m for Landsat), which leads to better exploitation of
the spectral information (i.e., pure spectral pixels). At a spatial
resolution of 30 m, the probability of having a mixed spectral
signature is higher than at 10 m (e.g., both accumulation and
ablation may be present in an area of 30 × 30 m2). Moreover,
since the proposed method was applied at a pixel level, the
obtained GMB maps have a better spatial resolution compared
to the original GMB simulations (50 m). This is due to the
better geometrical information provided by the multispectral
sensors.

The results obtained were compared with a standard su-
pervised SVR regression technique, which is widely used for
geo-/biophysical parameter estimation. In the analysis, we con-
sidered both linear SVR and RBF SVR. As expected, RBF
SVR achieves better accuracy than the linear SVR. However,
the proposed approach outperforms the baselines in most of
the cases. This is because the SVR obtains accurate estimates
when enough training samples are available. However, due to
the complex application scenario, the collection of in-situ data is
expensive and hampered by lack of access. Hence, the capability
of the proposed method to exploit the complementary informa-
tion provided by the different data sources is fundamental to
obtain accurate results when few labeled samples are available.
Moreover, since the method is data driven, it can be easily
applied to different test sites by tuning only the value of the
k parameter, depending on the available number of training
samples, without the need of tuning any other parameters.

We would like to remark that the definition of a representative
RS feature space is crucial to accurately model the various envi-
ronmental conditions on glaciers. The feature space was defined
by exploiting the spectral and the topographic information of
the RS data. The effectiveness of the considered feature space is
confirmed by the obtained GMB maps (both from the qualitative
and quantitative view points).

A possible limitation of the proposed method is the difficulty
in applying subannual temporal transferability. This is because
the approach relies on RS data. In order to properly represent
the glacier cover (i.e., firn, fresh snow, and old snow), the RS
image has to represent the maximum ablation on a glacier.
The maximum ablation typically can be observed at the end
of August or beginning of September. For the rest of the year,
the glacier is usually covered by fresh snow. Thus, the spectral
signature all over the glacier corresponds only to the fresh snow
and it is not possible to properly identify glacier accumulation
or ablation. The transferability of corrections across years is,
from an operational viewpoint, an extremely interesting open
research question. To answer it, it might prove helpful to analyze
the correlation between the AMUNDSEN outputs across years
and environmental condition of the study areas (e.g., possible
changes on the ground). If the hydroclimatological processes
strongly vary from year to year, the deviations cannot be simply
inherited, but require an automatic adaptation step that should
be properly defined.

As future developments of this work, we plan to investigate
the possibility of extending the correction to other glaciers where
no in-situ data are available. This is expected to be successful for
close glaciers and with similar properties to the glacier for which
correction was performed. However, the method transferability
most likely depends on both: the number of available in-situ
samples and the aggregation of in-situ samples coming from
different glaciers.

Moreover, integrating synthetic aperture radar (SAR) data
(e.g., Sentinel-1) would be helpful as this data include infor-
mation about snow wetness (crucial for GMB). A final future
development could consist of different validation scenarios.
A possible option here is the validation of the glacier-wide
mass balance by using the geodetic method or the continuous
time series of ablation (from an ultrasonic depth gauge). Both
methods could be informative and should be further analyzed.
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