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The behavior of the valley glaciers of the Italian Alps as a result of the climate
changes expected for the 21st century has been investigated. From 1980 to
2017 the average length reduction of these glaciers has been 13% and their
average areal reduction was around 22%. The mean climate sensitivity of the
considered glaciers is 410 mK™ and their mean observed shortening was about
500 m for a temperature increase of 1.4°C. To quantify the valley glacier life
expectancy, a model estimating their length variations from the air temperature
variations of the EuroCordex climatological projections of six different models
under the RCP4.5 and RCP8.5 scenarios has been used. The ensemble mean
temperatures in the Italian Alps region under these scenarios indicate increases
in the temperature of ~2°C and ~4°C from 2018 to 2100 respectively. The glacier
projections are mean values, taking into account the errors due to the model
(6-16%) and the different climatological forcings (up to 20-30%). Under the
RCP4.5 scenario, the glacier model projections show a constant retreat until the
2080s, with a weakening around 2090s and the 87% of glaciers surviving. Under
the RCP8.5 scenario, only three glaciers could reach the end of the century,
while 80% of them will probably disappear between the 2060s and the 2080s.
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1 Introduction

The fluctuations of glacier fronts are mainly due to their response to year-to-year
variability of the air temperature and precipitation. This variability alone can explain
kilometric variations in length on a secular scale also in constant climatic conditions (Roe,
2011). The retreat rate of the last decades leaves no doubt about the incidence of the
current climate anomaly and focuses interest on the behavior of glaciers and the incidence
of different morphometric factors on their shrinkage (e.g., Charalampidis et al., 2018).
The highly variable response of glaciers to climate changes involves changes in length,
area and flow velocity that complicate the assessment of future glacier behavior (Carturan
etal,, 2013). The acceleration shown by the glacial retreat in recent decades also raises new
questions about the glacier life expectancy also regarding the influence of their geometry
on their response to climate variations.
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In recent decades, the response of glaciers to the rise in
temperature since the 1980s has been analyzed using models that
use the concept of climatic sensitivity (i.e., the relation between
glacier length decrease and temperature increase) and attribute to
temperature the role of the main forcing (Oerlemans, 2005;
Oerlemans, 2012). Models frequently use mass balance
(Brown et al., 2010; Braithwaite et al., 2013; Christian et al.,
2018), but a generalization of the glacier behavior, and more
specifically how the glaciers respond to the climatological
variations, seems also obtainable through models dealing with
the glacier length variations, given the large amount of data that
are collected annually at their terminus, at present available at the
World Glacier Monitoring Service (2017 and earlier reports). For
this reason, several studies on the Alps have analyzed the effects
of climate changes on glacier snout fluctuations (Calmanti et al.,
2007; Bonanno et al., 2014; Nigrelli et al., 2015; Peano et al,
2016).

According to Oerlemans (2011) a first order linear
differential the
temperature the
reproduce climatic changes such as those observed in the

equation linking glacier snout to air

fluctuations is simplest approach to
Alps. Similar versions of this model have been proposed by
Johannesson et al. (1989) and by Roe and O’Neal (2009): the both
describe the glacier’s tendency toward a new equilibrium
following a climate perturbation throughout the same
differential equation.

The application of the model proposed by Oerlemans
(2005) to the Tauern Alps glaciers (Eastern Italian Alps),
obtained after a recalibration of the climate sensitivity and
response time, verified its ability to reproduce the retreat of
the glacier fronts even for the glaciers for which length
fluctuations data are not available (Zecchetto et al., 2017).
In the Tauern Alps in the last 35 years, the frontal retreat of
valley glaciers has been less than that of mountain glaciers and
this lower climatic sensitivity is also reflected in the
projections provided by the model, which are less dramatic
for the valley glaciers with respect to mountain glaciers
(Serandrei-Barbero et al., 2019). The present work extends
these analyses to all the valley glaciers located on the Italian
side of the Alps from 2023 to 2100. It is aimed to study their
future behavior in terms of their length reduction under the
increase of air temperature according to mid-range and high-
end scenarios, i.., the Representative Concentration
Pathways (RCPs) RCP4.5 and RCP8.5 scenarios.

2 The data

The data presented in this section are of two kinds: the
observed data, available from 1980 to 2017, which include the
glaciers’ snout positions and the air temperatures and
precipitation at annual frequency, and the climatological
model data derived from the Euro-Cordex projections until 2100.
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2.1 The glacier data

Given the subjectivity of the primary glacier classification
and the possible transition of some glaciers to a different typology
due to their severe recent decline, this study examines only the
Italian glaciers classified as valley glaciers, i.e., glaciers flowing
down a valley and in consequence having a distinct tongue
(Cogley et al,, 2011). Although some other Italian glaciers are
defined as valley glaciers in literature (see for example Bonanno
etal, 2014), those classified as valley glaciers in the Italian Glacier
Inventory (Smiraglia and Diolaiuti, 2015) represent 3% of the
totality, that is 25 glaciers (96.06 km?®) compared to a total of
901 glaciers (369.86 km?), 57% being mountain glaciers and 40%
glacierets. Valley glaciers are few, but their length variations are
measured for a long time; the presence of the valley tongue,
generally easily accessible, and their frequent large dimensions
favored their choice for the annual measurements, i.e., the
distance year to year between some points of the glacier
terminus and the corresponding fixed landmarks on the
ground. The 25 glaciers reported as valley glaciers by
Smiraglia and Diolaiuti (2015), are mapped in Figure 1, which
reports their position along with that of the in situ meteorological
stations providing air temperature and precipitation. The area
including them is a part of the Alps of about 700 km in longitude
and 200 km in latitude. Among them, three glaciers have been
discarded from the analysis: the Miage glacier is a debris-covered
glacier, the front of which is inaccessible; the Belvedere glacier
between 2001 and 2005 was traveled by a surge, a phenomenon
believed to be cyclical (Van de Wal and Oerlemans, 1995); the
Predarossa glacier is split since 1993 into two sectors at different
altitudes and scarcely connected to the sides of a rocky outcrop:
an upper-altitude sector seems active as a probable circus glacier,
a lower-altitude sector, extended along the slopes on the
orographic left, is fed by avalanche and classifiable as slope
glacier. The splitting of the Predarossa Glacier is part of the
ongoing glacier fragmentation in the Alps. On the Italian Alps,
between 1960 and about 2010 the increase of 67 glaciers occurred
with aloss of glacierized area equal to 156.96 km2, corresponding
to about 30% (Smiraglia and Diolaiuti, 2015).

For the considered 22 valley glaciers, the annual ground
measurements of snout fluctuations collected by the Italian
Glaciological Committee are available since the 70s of the last
century, that is, from the beginning of the last positive fluctuation
before the current retreat. Through the annual reports of these
measurements (Comitato Glaciologico Italiano, 1981-2018), the
length and slope of the considered glaciers were updated to 2017.
Only at the front of glaciers Osand Sud, Vitelli, and Vallelunga,
the measurements are so few that these glaciers have to be
considered as unmeasured (Table 1).

Finally, for four glaciers, snout measurements stopped before
2017 due to major morphological changes induced by the
predominant processes of down-wasting during the early 21st
century: on the Tza de Tzan glacier the measurements at the
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FIGURE 1

The position of the glaciers and in situ climatological stations considered in this work. Circles indicate the stations providing air temperature,

crosses the precipitation.

front stopped in 2001 with the emergence of the rocky escarpment
which prevents the feeding of the tongue and converts the valley
glacier into a hanging glacier; for the Lys Glacier, snout
measurements stopped in 2008 when the valley tongue separated
from the feeder basin; on the Pisgana glacier, since 2011 the tongue
has been interrupted by a rocky outcrop that limits its feeding; the
Verra Grande glacier tongue is not accessible since 2014 for the
repositioning of the glacier terminus above a rocky outcrop. These
are almost all south-facing glaciers, for which the aspect seems to
have favored the predominant down wasting processes during the
early 2Ist century. Table 1 shows the main morphometric
parameters of the 22 valley glaciers considered. The glacier
length and area data were collected on the ground between the
end of the 70s and the early 80s during the campaigns for the
compilation of the World Glacier Inventory (WGMS et al., 2017 and
earlier reports) and 1980 constitutes the reference year for the
length, area and slope values. The data collected for the WGI include
the accuracy rating, expressed with a number from 1 to 5, relating to
the area, volume and elevation data of each glacier. For the glaciers
considered, the accuracy rating values are 1 (excellent), 2 (good) or 3
(fair) and define the reported data as reliable. The lengths in
2017 are from the annual field measurements of Comitato
Glaciologico Italiano (1981-2018) starting from 1980 lengths.
The accuracy rating is not reported in the systematic field survey
at the glacier fronts, whose displacement are rounded to half a
meter. The 2015 area values are derived from orthophotos or
satellite images taken between 2007 and 2011 (Smiraglia and
Diolaiuti, 2015).
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2.2 The meteorological data

The air temperature and total precipitation used in this work
are both historical and forecast data. The former, obtained from
the HISTorical instrumental climatology surface time series of
the greater ALPine region (HISTALP, www.zamg.ac.at/histalp/,
Auer et al., 2007), are available from 1980 to 2014. The stations
selected are positioned between 1300 m and 2470 m of altitude:
their location is reported in Figure 1, with circles and crosses.

Figure 2 reports the historical time series of temperature
fluctuations (left panel) and annual total precipitation (right
panel) derived from the data of the available stations; the
latter sorted for their longitudinal location. The temperature
fluctuations, i.e., the temperature values with respect to their
mean, exhibit a similar trend, an increase of about 1.4°C in the
period 1980-2015, while the total precipitation shows no trends
but larger values in the western than in the eastern part of the
region under study. Total precipitation data have been used to
compute C; and 7 (see Section 3, Eqs. 2-3 for all the glaciers.

The atmospheric climatological model data used are the Euro-
Cordex (Jacob et al, 2014) (https://euro-cordex.net/) temperature
and precipitation projections of the climatological Representative
Concentration Pathways (RCPs) RCP4.5 and RCP8.5 scenarios. The
Euro-Cordex are regional climate model simulations for the
European domain with a resolution of 0.11° (EUR-11, ~12.5 km).
The two climatological scenarios are based on greenhouse gas
emissions corresponding to the stabilization of radiative forcing
after the 21st century at 4.5 W/m? (RCP4.5), rising radiative forcing
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TABLE 1 Main parameters of the 22 valley glaciers considered. The slope is the angle between the glacier surface and the horizon.

Alpine Glacier WGI code latitude N Longitude E Orientation Area Area A Length Length A Slope
sector 1980 2015 area 1980 2017 length 1980

2 2 o

(km?)  (km?®) (%) (m) (m) (%) 0

Western Soches- IT4L01514011 45° 28’ 51" 7° 03" 41" NE 3.32 2.77 17 3400 2781 18 12

Alps Tsanteleina

Gliairetta-Vaudet IT4L01515021 45° 30" 17" 7°01' 31" N 441 3.72 16 3200 2810 12 19

Tza de Tzan* IT4L01522024 45° 58’ 40" 7° 33" 44" SE/S 3.95 327 17 3700 3600 (2001) 3 19

Verra Grande* IT4L01504004 45° 55" 34" 7° 45' 33" S 7.28 6.6 9 5100 4425 (2014) 13 18

Lys* 1T4L01502002 45° 54/ 31" 7° 49 58" NON 11.82 9.89 16 5600 5357 (2008) 4 20

Osand Sud* 1T4101216015 46° 23’ 34" 819’ 39" NE 3.64 221 39 2810 e 15

Osand Nord 1T4L01216018 46° 24" 29" 8" 18" 20" E 1.98 1.31 34 2878 2703 6 14

Eastern Alps Ventina IT4L01122009 46° 16" 02" 9°46' 17" NE 2.26 1.89 16 3171 2684 15 23

Vitelli* 1T4101139003 46° 30’ 03" 10° 27" 39" NO 1.82 1.89 4 3100 o 16

Cedech 1T4L01137018 46° 27' 00" 10° 36’ 22" NO 2.84 2.07 27 3085 2565 17 20

Forni 1T4L01137024 46° 23" 32" 10° 35" 28" N 13.24 11.34 14 5062 4363 14 15

Dosegli 1T4101137031 46° 22" 34" 10° 33' 07" SO 3.44 2.16 37 3149 2606 17 14

Pisgana Ovest* 1T4101028006 46° 11’ 59" 10° 32" 40" N 247 2.49 0 2650 2190 (2010) 17 15

Venerocolo 1T4101028011 46° 09" 46" 10° 29’ 56" NO 1.18 0.82 31 2144 1968 8 17

Presanella 174100102413 46° 13’ 35" 10° 39’ 24" N 3.92 2.79 29 3200 3093 3 18

La Mare IT4100102516 46° 26' 05" 10° 38’ 00" E 475 3.53 26 3470 2982 14 24

Forcola IT4L00112125 46° 27' 07" 10° 38’ 26" 252 1.77 30 3500 2596 26 19

Cevedale 1T4L00112126 46° 27' 20" 10° 37’ 45" E 3.20 - - 3700 2841 23 17

Vedretta Lunga 1T4L00112128 46° 28’ 05" 10° 36’ 55" NE 322 1.76 45 3600 2680 26 13

Solda 1T4L00112417 46° 29’ 23" 10° 34’ 05" N 6.48 5.5 15 4200 4020 4 21

Vallelunga* 1T4100112907 46° 48’ 41" 10° 43’ 57" [¢) 8.55 7.35 14 3900 ke 20

Gran Pilastro 1T4L00121313 46° 57" 51" 11° 43" 45" 0] 2.62 1.73 34 3700 3060 17 14

mean values 4.54 3.66 22 3606 3122 13 17

*Glaciers not considered in the projections (see Section 5).
**Unmeasured glacier.
Mean values are in bold.
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Time series of experimental air temperature variations (top panel) and annual total precipitation (bottom panel) from the in situ stations

available.

crossing 8.5 W/m” at the end of the 2Ist century (RCP8.5)
(Naki¢enovi¢ et al., 2000; Van Vuuren et al, 2008; Moss et al.,
2010). Six different regional climatological models providing air
temperature and total precipitation, i.e, CCLM4-8-17.v1 (Rockel
et al,, 2008), HIRHAMS5.v3 (Christensen et al., 1998), Racmo2.2
(Van Meijgaard et al., 2012), RCA4.vl (Samuelsson et al., 2011),
WREF (Skamarock et al., 2008), and REMO 2009 (Jacob et al., 2012),
have been used in order to derive ensemble averages of the glacier
future length variations. In the following, we will refer as ensemble
averages the mean of the time series from the different climatological
models.

3 The glacier model

The glaciers of the Italian Alps studied in this work were
regularly observed through measurements of their annual
snout position: the main parameters describing their
morphological characteristics, i.e., the slope and length, are
known but other important parameters such as their ice
thickness are unknown. This limited drastically the choice

of the glacier model to use for the climatological projections: in

Frontiers in Earth Science

05

fact, the (slope, length, and snout

fluctuations) and meteorological (precipitation and air

available glacier

temperatures) experimental data led us to address the
model proposed by Oerlemans (2005), simply relating the
glacier length fluctuations L'(t) to the air temperature T'(t)
fluctuations. Other more sophisticated glacier models, such as
that by Roe and O’Neal (2009), cannot be applied to the valley
glaciers of the Italian Alps essentially because the ice thickness
is not available. The model adopted in this work writes as

dL'(t) -CT'(t)+L'(t)

dt

. 1
where C; is the climate sensitivity (m K™') and 7 is the glacier
response time (year), L'(t) (m) is the variation in the glacier
length with respect to its average value over the period
considered. The climate sensitivity C; is defined as

5172

Cs — ann,

C1¥s

3

o)

where P, (my™') is the mean annual precipitation at the glacier
site and s is the glacier slope. The response time 7 is
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3

where the constant ¢3 = 0.006 was obtained from calibration with
numerical 2005). the
morphological differences (orientation, area, length, slope) of
the glaciers considered in this study, it has been necessary to

simulations  (Oerlemans, Since

calibrate them separately, avoiding to use the same values of ¢; and
¢, as in Oerlemans (2005), Zecchetto et al. (2017) and Serandrei-
Barbero et al. (2019). This has been done deriving them though a
non-linear least-squares fit using the experimental T” and L’ from
1980 to 2017 for all the 19 measured glaciers. The analysis of the
Root Mean Square difference RMSd between the experimental and
modelled glacier length, ranging between 6% and 16%, with a
mean value of 11%, tells us that the model is suitable to describe
their variations with a different amount of precision. At present, we
are unable to understand why the model works well for some
glaciers and worse for others, but it is clear that this depend on the
shape of the variations they exhibited in the period 1980 to 2017
(Figure 3) which can be very different among them.

The model can be used (Oerlemans, 2011; Leclercq and
Qerlemans, 2012) if

oL / L1, (4)
where o7, is the standard deviation of the glacier length and L the
characteristic glacier length over the considered period. This
condition states that the model can be applied only if the glacier
variations are small with respect to its length; thus, implicitly,
that the model does not account for all the non-linear and local
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factors influencing a glacier’s life. For the climatological
projections, Eq. 4 has been computed over time windows of
15 years. The results provided in this paper are all compatible
with Eq. 4, and all the conclusions reached must be viewed in
light of this constraint.

C, and 7 are not constant, because they depend, among
others, from the variations of Pann, In Oerlemans (2005)
model formulation, the only time dependent variables are L’
and T’, and C, and 7 seem constant. In this paper, both seem have
been treated as time dependent, as they should be, but in Leclercq
and Oerlemans (2012), they have been assumed as constants
(p. 1069). To clarify this aspect, we modified the original
formulation of Oerlemans (2005) reported in Eq. 1 allowing
variations of C; and 7 with time though the variations of the
annual mean precipitation Pann (already implicit in the
Oerlemans, 2005 model) and of the characteristic glacier
length L.

In the climatological projections spanning long periods, it
is unlikely that the values of mean annual precipitation are
constant with time; also the representative glacier length L
cannot be taken as constant, since the expected glacier
reduction due to climate temperature rise. Unfortunately,
the Oerlemans model does not use the precipitations as a
forcing, but only in the definition of Cs and tau. In the attempt
to mitigate this shortcoming, we modified the original
formulation reported in Eq. 1 allowing variations of L and
P, with time, impling that C; and 1 Eqs. 2-3 are not constant
any more but time dependent. This in the attempt to enhance
the role of the mean precipitations on the model not
considering their forcing explicitly. Therefore, Eq. 1 becomes:

dL' (t) _G ®OT' () + L' (1)

= s , )
a first order non-linear differential equation of the
type % =F(L),
with
~C.(OT' (1) + L' (1)
F(t,l')= —+———-,
( ) T(t)
5 12
Ci(t) = M, and
C1*S
T(t) = .

3P ()2 (1 +20s) 2L ()"

where P, () and L(¢) are the climatological precipitation and
representative glacier length low pass filtered over a 15-years
window Tests run considering C; and T constant or slowly
than 5% of the
determination of the glacier length variations.

variable yielded differences smaller
In the climatological projections, we have used Eq. 5, solved
numerically using the well-established Runge-Kutta method

(Atkinson, 1989).
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TABLE 2 Climate sensitivity (C;) and experimental A length between
1980 and 2017 of the measured glaciers.

Glacier Cs (mK™) Experimental
A length (m)

Soches- 387 619
Tsanteleina

Gliairetta-Vaudet 377 390
Tza de Tzan* 168 100
Verra Grande* 784 675
Lys* 433 243
Osand Nord 94 175
Ventina 353 487
Cedech 343 520
Forni 602 699
Doseg 384 543
Pisgana Ovest* 484 460
Venerocolo 216 176
Presanella 135 107
La Mare 463 488
Forcola 698 904
Cevedale 588 859
Vedretta Lunga 644 920
Solda 279 180
Gran Pilastro 437 640
Mean value 410 483

*Glaciers not considered in the projections (see Section 5).
Mean values are in bold.

4 Glaciers retreat until 2017

Compared to 1980, the length of valley glaciers in 2017 shows
an average contraction of 13% (about 500 m). The average area
reduction was 22% (0.88 km?) for a total loss of 19.36 km?.

Among the considered glaciers (Table 1), Tza de Tzan, Verra

Grande, Lys, and Pisgana Ovest glaciers underwent
morphological variations before 2017 (Section 2.1); they
cannot be anymore considered valley glaciers and

consequently will be not considered in the projections.
Figure 3 reports the observed retreat from 1980 to 2017 of the
measured glaciers which can be projected under future scenarios:
all exhibit a continuous shrinkage since 1990, but with very
different rates. Three different behavior are highlighted: Osand
Nord, Presanella, and Solda glaciers show a length loss of around
5%; Forcola, Cevedale, and Vedretta Lunga glaciers lose about
25% of their length; the majority of glaciers shrink by about 15%
of their 1980 length. Within these three glacier groups, the
do
differences in the variability range of length, elevation, and

morphometric  characteristics not show significant
slope, as well as the exposure, for all E or NE.

The accentuated differences in the size of the length loss
could lie in the way the valley tongue is fed. The Presanella and

Solda glaciers seem to benefit from a greater supply: on the Solda
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glacier the contribution of avalanches is added to the direct
precipitations and the valley tongue of the Presanella glacier is fed
by two distinct accumulation basins that flow into the tongue. A
confirmation of the possible influence of the methods of feeding
the tongue is suggested by the particular morphology of the
Forcola and Cevedale glaciers, characterized by a small
accumulation basin due to the morphology of the slopes.

Table 1 provides an overview of the length and area
variations that occurred between 1980 and 2017.

These experimental values have been compared with the
modelled results obtained from the calibration of the model. For
the measured glaciers, Table 2 provides the C, values obtained
from Eq. 2 after calibration. The climate sensitivity C, ranges
between 94 mK ™' (Osand Nord glacier) and 784 mK ™' (Verra
Grande glacier) with a mean value of 410 m K™'. The glacier
response time 7 obtained from Eq. 3 is < 3 years.

5 Glaciers projections to 2100

The ensemble air temperature anomalies at the glaciers
position are reported in Figure 4 for the two scenarios
considered. While for the milder RCP4.5 there will be a rise
in temperature of about 1.6°C from 2023 to 2086 and then a light
decrease to 2100, RCP8.5 indicates an increase of about 4.5°C
from 2023 to 2095, followed by a slight decrease of some tenths of
a degree. The mean increase of temperature is 0.020 + 0.014 °Cy™’
and 0.053 +£0.017 “Cy" respectively.

In some periods, such as from 2023 to 2040 and from 2080 to
2100, the air temperature variations T’ vary significantly (~
0.3°C) according to the glacier position.

Climatological glacier lengths have been obtained by forcing
the glacier model (Eq. 5) with the annual air temperature
variations and the total precipitation derived by each of the
six atmospheric climatological models chosen (see Section 2.2) at
the grid point closest to the glacier location.

The results are shown as ensemble means, derived by
averaging the glacier length variations obtained from each
atmospheric climatological model.

The ensemble values of UL/I:, reported in Figure 5, show
values 07/L<0.1 for the whole projections period for all the
glaciers under the RCP4.5 scenario (top panel); under the
RCP8.5 scenario (bottom panel), oi/L is > 0.1 around the
2070s for Forcola and Vedretta Lunga glaciers. Therefore, the
climatological variations of these glaciers cannot be computed
beyond these years.

The percent glacier length variations are mean values, subject
to errors due to the model and to the different climatological
forcing used in the projections. In Section 3, the RMS difference
between experimental and modelled glacier length ranges
between 6% and 16%, according to the glacier. The mean
percentage error due to the six different climatological
forcings has been estimated for each glacier computing the
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RMS of the projections resulting from the different forcings. The
total error, i.e., that due to the model used and that due to the
different forcing, has been derived as the root square of the sum
of their squared values, considered as independent errors: this is
shown in Figure 6. The total percent error results different for
each glacier but substantially stable until the 2050s, with similar
values (mean value of 8%+-2%) for both scenarios. Afterward, it
increases since the 2080s for RCP4.5 and since the 2060s for
RCP8.5, reaching values of 20% and 30% at the end of the century
for some glaciers. The mean value of the total error in the last
10 years of the century is 11% for RCP4.5 and 16% for RCP8.5.
This total error has been used in deriving the percent glacier
length variations until 2100. These have been obtained by
the every
climatological model respecting the constraint of Eq. 4 (see

averaging projections  derived by single
Figure 5), taking only the ensemble glacier length variations
that, summed to the total error estimates, are less than 50% of the
original glacier length. This limit value is arbitrary: due to the
medium size of the considered glaciers (about 3000 m in length),
a length loss >50% could probably imply the loss of the tongue
with a transformation of their morphology.

Figure 7 reports the ensemble glacier length variations in
percent from 2023 to 2100 under the RCP4.5 (top panel) and
RCP8.5 (bottom panel) scenarios for each glacier whose
variations do not exceed 50% of their 2023 length.

For the RCP4.5 scenario, only one glacier, the Cevedale,
cannot be projected until 2100 because since the late 2080s it
exceeds 50% of variations.

For the RCP8.5 scenario, instead, the total error discussed
above prevents projecting the glacier length until 2100 for
12 glaciers over 15.

Frontiers in Earth Science

08

Considering the glaciers projectable until 2100, in the
RCP4.5 scenario there is a constant retreat until the 80s of
this century, weakening towards the end of the century, with
a length loss between 5% and 30%. Under the most severe
RCP8.5, Forcola, Vedretta Lunga, and Cevedale glaciers are
seen to survive, at least as valley glaciers, only until the 2060s
and the 2070s respectively. All the others, except Osand Nord,
Solda, and Presanella reaching 2100, seem to disappear in the
2080s.

6 Discussion

Studies dealing with alpine glaciers generally group them
based on their geographic location (Carturan et al., 2013; Fischer
et al.,, 2015 among others) or their size (DeBeer and Sharp, 2009;
Huss and Fischer, 2016) while their primary classification, as
valley vs. mountain glaciers, is not considered, which seems to
have some influence on the climatic sensitivity.

On the valley glaciers, from 1980 to 2017 the mean length loss
is 13%. Their average areal shrinkage of 22% between 1980 and
2015 (Table 1). In the same period on the Italian side of the Alps,
the glacierized area loss was 238.66 km” corresponding to 39%
with respect to the 1980 glacierized area (Smiraglia and Diolaiuti,
2015) in agreement with the severe glacier shrinkage observed in
the European Alps in the last decades (Paul, 2002; Zemp et al.,
2006; Lambrecht and Kuhn, 2007; Knoll and Kerschner, 2009;
Nigrelli et al., 2015; Zemp et al., 2015).

In the Eastern Alps, a previous comparison between valley
and mountain glaciers belonging to the same size classes
highlighted the lower retreat of valley glaciers (Serandrei-
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Barbero et al., 2019). All the 22 valley glaciers considered in this
paper have an area > 1 km?, except one, while 90% of the glaciers
in the Italian Alps (812 glaciers) have areas < 1 km®. In general,
larger glaciers show regresses inversely proportional to their size
(Serandrei-Barbero et al., 1999; Paul et al., 2004; Paul et al., 2011;
Diolaiuti et al., 2012; Carturan et al, 2013); this could
significantly contribute to their expected minor retreat.
However, on the valley glaciers considered here, it does not
seem to be any relationship between size and frontal retreat as it
can be inferred from Figure 3, which reports past percent retreats
sorted according to the glacier size.

The frontal variations, as shown in Section 3, result
influenced by the slope, in accordance with Hoelzle et al.
(2003) and Huss and Fischer (2016), the latter describing
values of Cs and 1 generally higher on gently sloping glaciers
which slow down the feeding of the valley tongue. On the valley
glaciers considered in this study, the short t values obtained, <
3 years, seem due to the glacier steepness and they agree with the
response time of 2-4 years pointed out for valley glaciers like
Kesselwandferner Glacier and Palti Glacier on the northern side

Frontiers in Earth Science

09

of the Eastern Alps (Oerlemans 2007; Oerlemans 2012); in this
regard, it should be remembered that, although in the last years
the Palu glacier has visibly changed shape, with the almost total
disappearance of the valley tongue, it was still present in the years
considered by Oerlemans to estimate the response time.

The results of the glacier’s shrinkage due to the simulated
changes of air temperature and total precipitation as foreseen by
the RCP4.5
RCP8.5 climatological scenarios result slightly modulated (2%)

six ~ atmospheric models under and
by the variations of the climatological total precipitation which
enters in the definition of the glacier sensitivity Cs and response
time T.

Under the RCP4.5 scenario, the majority of the glacier
simulated projections satisfies the constraint that the glacier
variations are much smaller than the glacier length (Eq.4),
thus longer preserving the present glacier morphology; the
results of the model show length reduction between 5% and
30% (Figure 7), with a mean value of 19%. Under the most severe
scenario RCP8.5, only three glaciers reach 2100 with a length

loss < 30%, while all the other glaciers cannot be modeled since
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Total uncertainty due to the different climatological forcing and to the model error (RMSd) estimated for each glacier.

the 1980s due to shrinkage close to 50% with possible loss of their
characteristics of valley glaciers.

The climatological results show a behavior similar to that
observed in the period 1980-2017: Osand Nord, Presanella, and
Solda glaciers undergo a small shrinkage, <10% under the
RCP4.5 scenario and around 20% under the RCP8.5 scenario;
Forcola, Cevedale and Vedretta Lunga retreat by 30% under the
RCP4.5 scenario, while under the RCP8.5 scenario they cannot be
modeled beyond the 60s and 70s; the other nine glaciers decrease
by about 20% under the RCP4.5 scenario, while under
RCP8.5 they are no longer modelable since the 1980s and
their behavior confirms what indicated in the literature for the
majority of glaciers in the Alps.

Glaciers behave differently under the same climatological
forcing: these differences are possibly due to the values of Cs and
T of each glacier and, in consequence, to their characteristic
length and slope, as well as to the annual total precipitation in the
glacier site. The results of the model should be considered as first-
order estimates, even because it cannot account for the changes

Frontiers in Earth Science

introduced by positive feedbacks, such as the decrease in albedo
and the thermal emission from increasing rocky outcrops, as well
as possible negative feedbacks, such as the contribution of
avalanches or the increasing debris cover or shaded area. The
results obtained however are consistent with the estimates in the
literature.

The observed reduction in length of 13% between 1980 and
2017, corresponds to an area loss of 22%. For the modelled
average length loss of 19% obtained under the RCP4.5 scenario,
the estimate based on the scaling relationship between glacier
area and length derived for the mid-latitudes glacier regions
(Machguth and Huss 2014) indicates for 2100 an average area
loss of about 27% (0.98 km?).

On the glaciers of the European Alps, the projections for the
end of the century indicate volume losses between 75% and 89%
under RCP4.5 and between 90% and 98% under RCP8.5
(Marzeion et al, 2012; Radic et al., 2014; Huss and Hock
2015; Zekollary et al., 2019) with the possible disappearance
between 69% and 92% of all the glaciers in the Alps (Zebre et al.,
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2020). Both mountain and valley glaciers are included in this
severe estimate, but the behavior of the few valley glaciers is
undetectable from that of the great majority of alpine glaciers.

A comparison is instead possible with the projections of some
glaciers on the southern side of the Alps: on the Italian Western
Alps, on 14 glaciers considered as valley glaciers by Bonanno
etal. (2014), the mean length loss projected to 2050 is quantified
in 300-400 m compared to the 2010 length with the
RCP4.5 with the
RCP8.5 scenario. Even though these glaciers are smaller
(mean area 2.79km?®) than the glaciers considered in the

scenario, larger  retreats  under

present study (mean area 3.66 km?), their projected retreat is
consistent with the average retreat of 10% (about 300 m) and 15%
(about 450 m), expected for valley glaciers in 2050 under
RCP4.5 and RCP8.5 respectively (Figure 7). The smaller
decline of the valley glaciers with respect to the totality of
Alpine glaciers is also confirmed by the comparison with the
projections of Peano et al. (2016): on the studied mountain
glaciers in the Italian Western Alps, the expected average
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length shrinkage in 2100 under the future scenario RCP4.5 is
47% with respect to the 19% loss for valley glaciers here
considered. This does not happen under the most severe
conditions of the scenario RCP8.5: starting from the 1960s,
the rapid decline of valley glaciers heralds the disappearance
of almost all glaciers, conforming to what is foreseen in the
literature for the generality of glaciers in the Alps.

It has been suggested that, in the coming decades, only the
few, largest glaciers will be in a condition to survive (Citterio
et al., 2007). But, within the limits of the temperature increase
expected under scenario 4.5, glacier size and typology could both
play a role in the glacier retreat.

7 Conclusion

Although the literature indicates that the majority of glaciers
will disappear in the coming decades, the valley glaciers seem able
to better resist the changing climate.
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Between 1980 and 2017 the valley glaciers of the Italian Alps
lost on average 13% of their length and 22% of the surface, a
much lower value than the general retreat of the glaciers of the
Alps. By 2100, the the
RCP4.5 climatological scenario indicates for these glaciers a

model projection under
general survival with a shortening between 5% and 30%,
lower values than the expected retreat of the majority of
glaciers in the Alps, as reported in the literature. Under the
RCP 8.5 scenario, the considered glaciers resist at least until 2060.
After this date, part of them are no longer projectable because
they do not satisfy Eq. 4 or because they exhibit variation
exceeding the 50%: for all these glaciers the persistence of
their morphology as valley glaciers is uncertain.

The differences in observed length reductions are up to 20%
in the last 40 years. In the projections, for the next 40 years, the
differences are up to 20% for the RCP4.5 scenario, consistent
with observed, while the
RCP8.5 scenario the difference raises to 35%.

Summarizing our results: a) given the form of the model used,

those under most severe

the main forcing is the air temperature variation, while total
precipitation changes have a weak impact on the results; b) the
impact of different atmospheric climatological models on the error
of the simulated results is time-dependent, larger towards the end of
the century, reaching values of 20% and 30% for RCP4.5 and
RCP8.5 respectively; ¢) under the RCP4.5 scenario the model
mean shortening is 19% from 2023 to 2100, suggesting that the
valley glaciers will probably resist the climate change maintaining
their characteristics of valley glaciers; d) under the RCP8.5 scenario,
only three of the valley glaciers seems to resist the climate change,
while the majority will undergo to such a morphological changes
preventing to consider them as valley glaciers.

The simulated glacier retreats have been derived by a glacier
model that does not account for possible non-linear effects and
consequent geometric changes: possible disintegration and down
wasting could deliver some of the valley glaciers to the typology
of mountain glaciers, threatened by a much more pronounced
retreat. Moreover, progressive glacier shrinkage and
fragmentation will lead to a general increasing glacier melt,
even under the same climatic conditions, with expected heavy
implication to future water resource potential.

Although the effect of climate change indicates a severe ice masses
decline for the Alps, due to the minor retreat of the valley glaciers in
the last 40 years with respect to the generality of the alpine glaciers, the
model suggests that the valley glaciers are less sensitive to the air
temperature and precipitation. Their slow retreat will be conditioned
by the anthropic pressure: only under the RCP4.5 scenario the limited
length losses will longer preserve the glacier typology and make the
valley glaciers possibly able to resist climate change till 2100. This will
not be possible under the RCP8.5 scenario which foresees that almost

all valley glaciers will disappear.
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