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Abstract: The Infierno glacier is located in Aragon (Spain), Pyrenees mountain range, southern slope,
the only one in this country that still preserves white glaciers. These are the southernmost glaciers
in Europe and are currently in rapid regression. The work analyzes the evolution of the glacier be-
tween 2016 and 2022 (taking as "year zero" or starting point, 2015). In addition to the observations
on the glacier itself, the variables (precipitation, temperatures, snow volumes and thicknesses) that
allow understanding this evolution are studied. The results offer strong regression, with thickness
losses in that period of 4.6 m and retreat of its front of 14.9 m. The evolution has frequent trend
changes, linked to the interannual climatic irregularity characteristic of this mountain range. The
main explanatory factor is the thermal increase. The thermal anomalies with respect to the average
reference values have increased, in this period, +0.55° C. The year 2022 has been particularly warm
and has recorded the greatest regression of the glacier (between May and August, the thermal anom-
alies were between +4° C and +2° C). Regarding precipitations, they have irregular tendencies and
show a decreasing trend (-9% in the same period of time).
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1. Introduction

The Pyrenees mountain range is home to the only glaciers in Spain. All of them are
located in the region of Aragon, province of Huesca. Its environmental interest is enor-
mous, since they are the most southern glaciers of Europe. They are in a situation that is
limit for the ice persistence due to different factors as the strong Mediterranean influences
in the climate environment, the southern latitude (between 42° 37' and 42° 50' N) and
moderate altitudes, in bulks that surpass the 3000 m above sea level (a.s.l.), being the
Aneto (3404 m a.s.l.) the culminating point. In the last decades, due to temperature in-
crease, glaciers are experiencing fast losses of surface and volume. Assuming that these
climatic conditions will continue, these ice masses would completely disappear. The first
reviews of these glaciers were published in the early nineteenth century and are due to
enlightened explorers [1]. Later, at the end of the nineteenth and early twentieth centuries,
naturalists, geographers and geologists presented them [2-6]. At a later time, in the last
decades of the 20th century, there was a surge of interest in the glaciers of this mountain
range, when several authors carried out specific studies and general surveys [7-20].

The retreat of the Spanish Pyrenean glaciers is too evident. Their estimated surface
area in the mid-19th century, at the end of the Little Ice Age, was 1291 ha. In 1980, 641 ha
were measured, representing a loss of 50%. In 2012 there were just 160 ha left, distributed
among 10 small glaciers, representing a 75% regression in three decades. Altogether, the
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losses of surface area between the mid-19th century and 2012 was 87.5% [16]. For the glac-
iers of the French side of this mountain range, the global data are similar [21-23]. For 2016,
242 ha are calculated on both sides of the Pyrenees (Spain + France), distributed between
19 glaciers [24]. In recent years, the strongly regressive trend has continued, with glacier
area decreasing by more than 20% between 2011 and 2020 [25]. This evolution can be re-
lated to the one observed in the French Alps, located at a more northerly latitude and
altitudes above 4000 m a.s.l., which have lost over 40% of their surface area since the end
of the Little Ice Age and up to the beginning of the 21st century [26]. The global loss from
1980 to the middle of the last decade is somewhere just over 25 and 40%, with significant
variations depending on sectors [27-29], similar values to those registered in the Italian
Alps [30-31]. Mass loss rates in the Alps, although high, are much lower than those re-
ported for the Pyrenees.

The western sector of the Spanish Pyrenean glaciers is located in the upper valley of
the Gallego River. This is a mountainous area with several peaks over 3000 m a.s.l. in
altitude (Balaitus, 3151 m a.s.l,, Infierno, 3082 m a.s.l,, etc.), in which the Infierno glacier is
located (Figure 1).

Figure 1. Location of the Infierno glacier. Upper Gallego River valley, northern of the Huesca prov-
ince (Aragon, Spain). Own elaboration.

The Infierno mountain is made up of metamorphic materials, mainly limestone,
quartzite and marbles from the Devonian, which overlie the Cauterets-Panticosa granitic
batholith. The Infierno glacier is located in a deep cirque on the north-northeast slope, be-
tween the Central (3082 m a.s.l.) and Western (3075 m a.s.l.) peaks of the Infierno, and
flanked by two ridges that separate it from two other glacial cirques (Figure 2). Very close
to the glacier there are several dead ice (from the ancient glaciers that disappeared in re-
cent decades) and a large rocky glacier of 14 ha. The Infierno glacier has been specifically
studied [32-35].
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Figure 2. View of the Infierno mountain. Infierno glacier (central position), former eastern glaciers
(left) and western (right), now just become dead ice-snow patch. September 20, 2018. Photo by the
authors.

This glacier is now a small mass of ice that has experienced a significant shrinkage:
from 40 ha in the Little Ice Age to 14 ha in 1980 [16]. Since this date, the shrinkage has
continued at an accelerated rate, reaching just 5.52 ha at the end of the summer of 2022,
between 2929 m a.s.l. and 2698 m a.s.l. elevations, with an average slope value close to
50%. The length of the ice mass is 477 m, with a maximum width of 231 m. These meas-
urements have been assessed by means of images captured from drones, in which we can
see -as in the walk along the glacier itself- a profile that is becoming more concave every
year, which indicates significant losses of power in the ice body. The cross-slope profiles
of the glacier, made from drone images, confirm this view. The lower level is the lowest
of all the Spanish Pyrenean glaciers. At present, despite its small surface and its concave
and beveled appearance, some rims and crevasses persist. The surface measured in 2022
is smaller than the one the glacier had in the immediately previous years (7.06 ha al the
end of summer 2020), as can be seen in Figure 3. 2022 have been catastrophic year for
Pyrenean glaciers, with extremely high temperatures in crucial months for their evolution,
notably between May and August, that were highly warm, resulting in early fusion of the
nival cover and strong ablation of the ice glacier. The high temperatures, with values well
above the reference averages, have extended throughout October, as has similarly oc-
curred in other European mountain ranges, like in the Alps.
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Figure 3. Aerial view of the Infierno glacier, August 31, 2020, outline in blue. In yellow, outline of
the glacier on August 30, 2022. Photo and composition by Carlos Martin.

Owing to the mountain range location, between the Cantabrian and Mediterranean
seas, the climatic conditions reflect the transition from Atlantic to Mediterranean climate,
yet altered by the altitude and locally modified by the orientation. There are no meteoro-
logical data for the glacier altitude in this area. Establishing the altitude-temperature cor-
relations analysed for other sites in the High Pyrenees [36-38], an approximate average
temperature of 0° C and a precipitation over 2300 mm in the central area of the Infierno
glacier, at the 2850 m a.s.l. can be estimated -according to the logarithmic correlation cal-
culated [39]-. Around 65% of this precipitation would fall in the form of snow, which
makes it possible to calculate an annual snow addition to the glacier of 1516 mm of equiv-
alent water.

Along with the significant loss of surface that the glacier has experienced in recent
decades, over the past few years a progressive covering of rocks has been observed. This
covering has partially affected the surface of the ice, largely in its eastern third and in its
middle-bottom side, as well as in other quite dispersed sectors. The average percentage of
glacier cover, which varies every year, can be considered around 1/4 -1/3 of the surface of
the glacier, and is certainly increasing over the last few years. This phenomenon might be
related to the progressive melting of permafrost at these altitudes and to increasing peri-
glaciar dynamics (Figure 4). It is acknowledged that the upper covers of washout located
at some centimeters isolate the ice and reduce the melting process [40-44]. In spite of it,
these glaciers are becoming thinner, their velocity is modified, and it has been observed a
compression of the ice through the weight of the melt [45]. This dynamic leads to expect
an evolution of the Infierno glacier -or part of it- towards a black glacier, as noted in [34];
a fact that we are able to confirm now, five years later. Either way, despite the general
trend indicated here, this evolution is not uniform, since some years the white glacier re-
covers part of its domain. This was the case, for example, in 2018 and 2020.
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Figure 4. Eastern sector of the Infierno glacier, with progressive rock cover. September 5, 2021. Photo
by the authors.

In the last years, the surface of the glacier may be considered divided in four sectors,
when this one reaches the annual minimums, normally in the last days of August-first of
September, the usual summer-autumn transition dates at these high Pyrenean altitudes.
The four sectors indicated are presented below, with their approximate percentage value.
1: High area of snow accumulation, which marks the area of glacial equilibrium range
(20%). 2 and 3: Intermediate area of outcropping ice (40%) and rock cover (30%). 4: Low
area with lower slope and covered with firn (10%). This division into subunits is the most
common in recent years of observations. However, the significant inter-annual variability
in the state of the glacier causes frequent changes from year to year into this structuring
“type”, which is strongly influenced by the changing volume of protective snow cover at
the indicated dates. This can be seen in Figure 5, with just one year difference (2020-2021).

Figure 5. Aerial view of the Infierno glacier, August 31, 2020 (left) and September 5, 2021 (right).
Snow-firn cover is very different between two successive years. Photos by Carlos Martin.

The Infierno glacier is part of a Protected Natural Space (“Natural Monuments of the
Pyrenean Glaciers”) since 1990, due to its high scientific, cultural and landscaping interest
and aiming to protect those ice mass sourroundings [46]. At the present time, the regula-
tion of uses of this Natural Space is determined by the "Master Plan for the Use and Man-
agement of Natural Monuments of the Pyrenean Glaciers", issued in 2020.

We would like to emphasize the idea that the study of the Inferno glacier is of great
scientific interest. It entails to study a glacier set in the Pyrenees mountain range, where
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the most southerly glaciers in Europe are located. Many have already been lost. The few
remaining Pyrenean glaciers are absolutely unique ice masses.

Our starting hypothesis is well known today: these are glaciers in rapid retreat and
are expected to have an end in sight. Acknowledging they are located in the south of
Europe, within a physical space and meteorological limited conditions for the existence of
these ice masses, the aim of this study is to be able to validate this hypothesis by means of
an "in situ” study of the Infierno glacier. To this end, annual monitoring campaigns have
been carried out. This paper synthesizes the achieved results in the last years the glacier
has been monitored (between 2016 and 2022) and analyzes its evolution in relation to
climatic, hydrological and nivological data. The results confirm a rapid regression of the
glacier, which is clearly related to an upward trend in temperatures affecting this area.

2. Materials and Methods

This study aims to examine the evolution of the Infierno glacier. The study has been
carried out by this team since 1998 till the end of 2022.The categories of basic numerical
reference data used, and their source are listed below:

- Meteorological data: Agencia Estatal de Meteorologia (AEMET) - (State Meteorological
Agency of Spain) [47, 48].

- Hydrological data: Confederacion Hidrogrdfica del Ebro-Sistema Automatico de Informa-
cién Hidroldgica (CHE-SAIH) - (Hydrographic Confederation of the Ebro River-Automatic
Hydrological Information System) [49].

- Snow data: CHE-SAIH and AEMET [49, 50].

There is neither climatological nor a nivological station in the glacier area or in its
immediate surroundings, therefore different proxy data have been used:

- Rainfall and thermal anomalies, accumulated snow volumes and persistence of
snow cover. In all cases, the territorial reference framework is the upper basin of the
Gallego River, up to the Bubal reservoir (to which the Infierno glacier belongs).

- Evolution of snow cover thicknesses, in two mountain refuges close to the glacier,
as well as in the upper basin of the Gallego River.

Rainfall and temperature evolution -monthly deviations from normal reference val-
ues- (DRV-Deviation from Reference Values-, from here), are shown in Figures 6 and 7.
The data come from the monthly climate summaries issued by AEMET [47, 48]. The vol-
umes of snow accumulation (expressed in hm? of water equivalent) and its evolution over
the hydrological years (1 October to 30 September), allow to approximate the snow accu-
mulation rates on the glacier (Figure 8). The persistence of snow cover should be consid-
ered another salient variable for the analysis of glacier behavior. Figure 9 and table 1 show
the duration of the annual period with more than 10 hm?. The data are from the CHE-
SAIH -snow measuring network- [49]. This temporal duration can be cross-checked with
the snow accumulation volume. The result is shown in Figure 10.

A complementary nivological variable is the evolution of snowpack of layer thick-
ness. Based on hydrological years, data are presented for two mountain refuges, with al-
titudes ranging between 1636 m a.s.l. and 2200 m a.s.1. These data are managed by AEMET
[50] and the results are shown in Figures 11 and 12.

The glaciological observations and measurements carried out in situ on the Infierno
glacier are a key part in this study. For this purpose, the glacier was visited between 1998
and 2022. In the first year, 1998, two topographic control stations were set up, using fixed
measurement positions installed on stable rocks, right on the sides of the ice mass. These
stations enable to estimate the glacier fluctuations (ice plus snow cover, if any). In the
indicated period, the measurements were taken in the days of climatic transition from
summer to autumn. In the high Pyrenees, this usually occurs in late August and early
September, when the ice masses reach the annual minimum, and immediately before the
coming autumn brings snow precipitation again to these high altitudes.

The distance to the glacier surface is measured from these two topographical stations.
One of the stations is located at the end of the glacier tongue ("glacier front", meaning the


https://doi.org/10.20944/preprints202212.0113.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 December 2022 d0i:10.20944/preprints202212.0113.v1

7 of 26

ice front or firn/snow -depending on the year- at the end of the glacier area). Its measure-
ments indicate the longitudinal changes of the tongue. This tongue, in previous years, was
embedded in a narrow glacio-karstic canyon (less than 5 m wide), but in 2022 it has re-
ceded and it is above. The second station is located on the right-east margin of the glacier
("lateral glacier"), at the height of its lower third, and the measurements taken from here
are used to assess the variations in glacier thickness (or power). These measurement re-
sults and the annual variations, are shown in Table 2 and Figures 15 and 16.

In this study, we present evolution data of the Infierno glacier for the period 2016-
2022. Results from previous years, since 1998, were published [35].

3. Results

3.1. Climatic analysis

Figures 6 and 7 show the inter- and intra-annual rainfall and thermal irregularity,
characteristic of the climate with strong Mediterranean influences that affects the Spanish
or southern slope of the Central Pyrenees. Both express the DRV values. The data come
from AEMET [47, 48]. The period analyzed comprises from September 2015 to September
2022. Its detail allows us to appreciate the rhythms of the different hydrological years.

Figure 6 reflects very pronounced DRVs, ranging from 25% to 200% (over 100% mean
value), with values from 50% to 150%-175% being very common. The lowest DRV values,
25%, are spread over most of the years, but increase from 2021. The highest DRV values,
175%, only occur from 2016 to 2018, although the peak, 200% is obtained later (2020). The
DRV trend line was declining, with a variation of -9%, within a period of time of seven
years.

250%
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Figure 6. Rainfall anomalies in the upper Gallego River basin. September 2015-September 2022 (over
1981-2010 reference period, as determined by AEMET for these comparisons). Trend line. Data
source: AEMET [47, 48]. Own elaboration.

Figure 7 is very expressive: the months with positive thermal DRV are much more
abundant than the months with negative DRV. And the positive DRV are of greater im-
portance than the negative ones. Among the positive DRV, the value DRV +3° C appears
on several occasions, and in one case (May 2022), DRV +4° C is reached (record in our
series). DRV +2° C and +1° C are very abundant. In the case of negative DRV, the values
are more moderate. There is no DRV -3° C, the top values are DRV -2° C, which are re-
peated with some frequency (although to a lesser extent than DRV +2° C). And DRV -1° C
are also less frequent than DRV +1° C. The DRV trend line is clearly upward, with a vari-
ation that reaches +0.55° C in a period of seven years. This evolution is very negative for
the survival of the Infierno glacier, as it increases the energy available for nival and glacial
ice ablation [51].
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Figure 7. Thermal anomalies in the upper Gallego River basin. September 2015-September 2022
(over 1981-2010 reference period, as determined by AEMET for these comparisons). Trend line. Data
source: AEMET [47, 48]. Own elaboration.

3.2. Snow analysis

Based on data series provided by the CHE-SAIH [49] and by AEMET [50], the graphs
included in this section have been prepared, which refer to snow accumulations (equiva-
lent volumes of water) in the upper Gallego River basin, up to the Bubal reservoir, and to
snow column thicknesses in two mountain refuges, located in different places of the head
of this basin.

The volumes and thicknesses of snow shown in these graphs indicate variations of
great magnitude, which are the result of different interrelated meteorological variables:
dates and volumes of snowfall -and liquid precipitation, rain is a factor that accelerates
snowmelt-, temperatures, their respective behaviors throughout the year, dates on which
certain meteorological events occur (such as heat or cold waves), episodes of intense pre-
cipitation or prolonged droughts... In short, these graphs are indicative of the remarkable
interannual climatic irregularity in the mountains of the southern slope of the central Pyr-
enees.

Figure 8 shows the snow accumulation in the upper basin of the Gallego River. Its
detail allows us to appreciate the rhythms of the different hydrological years, between
2015/2016 and 2021/2022. Three periods can be roughly discriminated: a) 2015/2016 and
2016/2017; b) 2017/2018 to 2019/2020; c) 2020/2021 and 2021/2022.

In the first, the maximum snow volumes are of the order of 120 hm3. In the second,
there are the two best years of our series (2017/2018 and 2019/2020), with values exceeding
180 hm? and 160 hm?, respectively, but separated by a year (2018/2019) that is worse, in
which 100 hm? is narrowly exceeded. Finally, the third is very similar to the first. The trend

line indicates an increase in snow accumulation in the upper basin of the Gallego River,
within the period analyzed. It is the years 2018 and 2020 that explain this upward trend,
while four years of the seven included in this time series, show very stable values.

The general trend of precipitations shows a decreasing trend in precipitations (Figure
6). This difference with respect to the variable volumes of snow -with an upward trend-
is due to the fact that during the period of our study, the driest months have been mainly
registered over the summer. On the contrary, there have been significant cases of cold

months (with snow precipitation), in which precipitation has been recorded well above
normal values.
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Figure 8. Evolution of accumulated snow in the upper Gallego River basin (up to the Bubal reser-
voir). September 2015-September 2022. Trend line. Base data: weekly snow volumes, expressed in
hm3 (equivalent water volume). Data source: CHE-SAIH [49]. Own elaboration.

On the other hand, Figure 9 shows the duration expressed in number of days of the
annual period with snow accumulation greater than 10 hm? in this basin, by hydrological
years. It is between 184 and 235 days. The trend line is slightly negative, with the last two
years (2020/2021 and -with the lowest value, 2021/2022-) having the worst records, while
2019/2020 has the best.
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Figure 9. Number of days with snow accumulation higher than 10 hm? (equivalent water volume)
in the upper Gallego River basin (up to the Bubal reservoir), by hydrological years. 2015/2016 to
2021/2022. Trend line. Data source: CHE-SAIH [49]. Own elaboration.
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In addition to Figure 9, Table 1 shows additional data: as a complement to the num-
ber of days with uninterrupted snow accumulations greater than hm? (equivalent volume
of water), this table includes the dates of the beginning and end of this period, the maxi-
mum value reached for each hydrological year and the date on which this value occurs.
Normally, this reference value is exceeded between November and June, but -as in the
other variables analyzed above- there is marked interannual variability, with two years in
which the start of the period is delayed until December and one in which the end is
brought forward to May. The start dates range from November 5, 2019, to December 9,
2017. As for the end dates, they range from May 29, 2022, to June 28, 2016. In 2019/2020,
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with 235 days, the start date is the earliest in the series (November 5) and the end date is
the second latest (June 26). In 2021/2022, with 184 days, the start date is the third latest in
the series (November 27) and the final is the earliest (May 29).

Table 1. Start and end dates of uninterrupted accumulations of more than 10 hm? of snow (equiva-
lent water volume) in the upper Gallego basin River (up to the Bubal reservoir), by hydrological
years. 2015/2016 to 2021/2022. Includes number of days for each hydrological year, value and date
of maximum accumulation. Data source: CHE-SAIH [49]. Own elaboration.

Date of maximun
Hydrologic year Start End Total days and volume of
equivalent water
March 21
2015-2016 November 25 June 28 217
119,9 hm3
March 6
2016-2017 November 21 June 9 201
121,7 hm3
April 13
2017-2018 December 9 June 21 195
184,1 hm3
February 5 to 12
2018-2019 November 6 June 17 224
105,6 hm3
March 9
2019-2020 November 5 June 26 235
168,7 hm3
February 27
2020-2021 December 5 June 13 191
123,2 hm3
March 13
2021-2022 November 27 May 29 184
128,5 hm3

The number of days with snow accumulations greater than 10 hm? (equivalent water
volume) has greater interannual stability than the nivological variable of accumulated
snow volume. This conclusion is derived from their respective analyses by hydrological
years (Figures 8 and 9, Table 1). The visual comparison of both variables is shown in Fig-
ure 10, in which the number of days and volumes of more than 10 hm? are compared.
Years with very little accumulated snow, such as 2018/2019, present a greater volumetric
variation, with respect to the best years of snow accumulation, than that derived from the
respective comparisons referring to the number of days with more than 10 hm?. There is
also the paradox that there is not always a direct relationship between these two variables.
There are years with large volumes of snow, but which have a moderate number of days
with more than 10 hm?, such as 2017/2018. There is also the opposite situation. The reasons
have to do with the pluviometric and thermal rhythms of each hydrological year. All this
is reflected in the interannual behavior of the Infierno glacier.
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Figure 10. Comparative study between the evolution of accumulated snow and the number of days
with snow accumulation higher than 10 hm?, in the upper Gallego River basin (up to the Bubal
reservoir), by hydrological years. 2015/2016 to 2021/2022. Base data: weekly snow volumes, ex-
pressed in hm?® (equivalent water volume). Blue: snow volume; red: number of days. Data source:
CHE-SAIH [49]. Own elaboration.

2015-201
2016-201
2017-201
2018-201
2019-202
2020-202
2021-202

Another nivological variable of great glaciological interest is the evolution of the
thickness of the snowpack. For its study in the upper Gallego River basin, data have been
taken from meteorological stations that systematically measure this variable and that have
acceptably long time series of data. The chosen stations are two, located in mountain ref-
uges owned by the Aragonese Mountaineering Federation, whose meteorological data are
managed by AEMET. The two stations are located in the fluvial basin of the Caldarés
River, a tributary of the Gallego River at its headwaters: Casa de Piedra (1636 m a.s.l.) and
Bachimafia (2200 m a.s.l.). Figures 11 and 12 show data, respectively, from both stations.
Their detail allows us to appreciate the rhythms of the different hydrological years, be-
tween 2015/2016 and 2021/2022.

Despite the geographical proximity of the two stations (only 2.25 km in a straight
line), they show annual rhythms that are not always homogeneous, with both similarities
and differences depending on the year. Such behavior should not be surprising: on the
one hand, the notable variation in elevation between the two refuges, close to 600 m; on
the other hand, the topographic characteristics of their respective enclaves. Casa de Piedra
occupies the bottom of a deep glacial cirque; Bachimaria is more exposed to strong winds
and snow sweep. The varied nivological conditions of the Pyrenees and their pronounced
interannual variability have been studied in different studies [52-56].

The inter and intra-annual evolution of snow thicknesses for the indicated period, in
the two stations, certifies important variations both in maximum thicknesses and in the
shape of the curve. There are years with long periods of snow on the ground, others are
much shorter. There are years in which high thicknesses are reached, but which quickly
melt (as in 2021/2022); in other years, with lower thicknesses, snow persistence is more
prolonged (as in the cases of 2017/2018 or 2019/2020). The trend of snow thicknesses for
this period, is slightly upwards (in accordance whit the trend of snow volumes, Figure 8).
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Figure 11. Evolution of snowpack thickness at the Casa de Piedra Refuge, weather station
(1636 m a.s.l.). September 2015-September 2022. Trend line. Base data: daily columns of
snow accumulation. Pyrenean mountain refuges. Data source: AEMET [50]. Own
elaboration.
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Figure 12. Evolution of snowpack thickness at the Bachimaria Refuge, weather station (2200
m a.s.l.). September 2015-September 2022. Trend line. Base data: daily snow accumulation
columns. Pyrenean mountain refuges. Data source: AEMET [50]. Own elaboration.

The variables presented in the preceding sections (precipitation and temperature
anomalies, accumulated snow volumes, snow thickness), are detailed in terms of their
annual behavior in the 3.3. Subsection, “Glacier evolution”, below.

3.3. Glacier evolution

The evolution of the Infierno glacier can be seen in table 2 and figures 15 and 16. The
measurements carried out at the two monitoring stations described above are shown: glac-
ier front and glacier side. These data (retreats/advances of the glacier front and losses/gain
of thickness/power at the lateral station) have been analyzed in relation to the monthly
climatological summaries of AEMET [47, 48] and with the snow data series of CHE-SAIH
[49] and AEMET [50], as detailed in figures 6 to 12 and table 1. We present below the


https://doi.org/10.20944/preprints202212.0113.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 December 2022 d0i:10.20944/preprints202212.0113.v1

13 of 26

evolution of the glacier during the period 2016-2022. The starting data ("zero" position) is
the situation of the previous year, 2015.

The mentions of the seasons of the year, refer to the climatic seasons, not astronomical
ones. For the present work, season are grouped as presented: Spring (March to May);
Summer (June to August); Fall (September to November); Winter (December to February).

Before analyzing the 2016-2022 period, we should point out that, as mentioned in
section 2 (Materials and Methods), we have monitored the evolution of the Infierno glacier
from 1998 to 2022. We note here briefly that during this 25-year period there are numerous
fluctuations and interesting changes in trend, with predominantly years of retreat and
also years of advance. But the overall result is one of clear recession. In 2022, the glacier
front has retreated 38.8 m with respect to the 1998 position, while the thickness/power loss
at the side station has been 8.7 m. The evolution data for the period 1998-2015 indicate
2006, 2012 and 2015 as the years of greatest losses. While the most outstanding positive
balances occurred in 2013 and 2014 [35], years in which the glacial ice remained protected
by continuous snow cover, until the end of summer and the beginning of the climatic fall
(first days of September).

However, 2015 shows a very bad evolution for the Infierno glacier. In 2015 (date of
measurements: September 5), the positive balance gained in the previous two years was
lost. The ice is exposed on most of the glacier surface and there are significant retreats in
the glacier front and thickness losses (-3.1 m) laterally, compared to 2014 (date of meas-
urements: September 3). The entire month of March at July 2015 period was very dry, with
little snowfall and low snow accumulation. The same period, extended until August, was
also very warm (April, May and July, extraordinarily warm, +3° C DRV). All this caused
particularly intense melting processes of the snow cover and of the glacier ice itself. This
dismal year 2015 for the evolution of the Infierno glacier is in line with the situation of
other Pyrenean glaciers. The Maladeta glacier can serve as a comparative reference: in this
year, it presents the third most negative mass balance since 1991/1992 [57].

Between 2016 and 2020, the dynamics of the glacier certify an extreme interannual
irregularity. There is a continuous succession, year after year, of trend changes. A good
year is systematically followed by a bad one, and vice versa.

Year 2016. Date of measurements: September 3.

The situation is better than in 2015. The glacier gains (+18.4 m and +2 m, compared to
our "year zero", in frontal and lateral measurements, respectively). The January-March
quarter was very wet (150% DRV), although the rest of the spring proved dry (75% DRV).
The March-May period was cold (March, very cold, -2° C DRV), followed by normal June
and warm July and August (August, very warm, +2° C DRV). The rainfall behavior of the
winter and early spring, with heavy snow accumulations, as well as low temperatures and
a normal June (which delayed snowmelt), even though the summer was warm, explain
the gain of the glacier compared to a previous very bad year.

The values of snow thicknesses in the mountain refuges are in accordance with these
rainfall and thermal rhythms. In Casa de Piedra, the greatest thickness of the entire
2015/2016 hydrological year is reached in mid-March. And so are the volumes of accumu-
lated snow in the upper basin of the Gallego River, which reaches its highest values for
the hydrological year between late February and mid-May, recording a moderate maxi-
mum value (119.9 hm?), but with the particularity that is reached on March 21, the second
latest date in our series, with a secondary maximum in mid-April. This behavior is re-
flected in the number of days (217) with snow accumulations higher than 10 hm? for the
hydrological year, the third highest value of our study period, highlighting that the final
day in which this value is reached is very late (June 28, the most advanced of our series),
so that in the full of the climatic summer, there were still important volumes of snow at
high altitudes.

Year 2017. Date of measurements: September 2.

Itis a bad year for the glacier, with marked losses compared to 2016. The glacier front
has retreated (-12 m), and the loss of thickness at the side station is strong (-2.2 m). Relative
to "year zero" 2015, the position is respectively +6.4 m and -0.2 m. November 2016 and
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February 2017 proved to be very wet, with strong snow inflows (150% and 175% DRV,
respectively), although, in between, December was extraordinarily dry (25% DVR) and
January, normal. On the other hand, the period from November to January was predom-
inantly cold (November and January, -1° C DRV). However, the subsequent months are
adverse for the glacier: spring is dry (close to 70% DRYV), while February and the whole
spring are very warm (+2° C DRYV), followed by an extraordinarily warm early summer
(June, +3° C DRV), normal July and warm August. As a result, there was little snowfall
since March, accompanied by high temperatures that caused snowmelt at high altitudes
from mid-spring, accelerated by a very warm start to the summer. All this explains a sit-
uation of the glacier significantly worse than that of the previous year.

Snow thicknesses in the mountain refuges reflect this meteorological behavior. At
Casa de Piedra, snow thicknesses are higher than in the previous year in January and
February, but in March the opposite happens, with a strong decrease in snow cover. In
Bachimafia, the decrease in snow cover in April is much faster than in 2016. The accumu-
lated snow volumes in the upper basin of the Gallego River are also in line with these
behaviors. Moderate maximun value (121.7 hm?), reached early (March 6), with rapid de-
clines from the first decade of April. This has its correspondence with the number of days
(201) with snow accumulations higher than 10 hm? for the hydrological year, but espe-
cially with an end date for this value, June 9, which is 19 days earlier than that of the
previous year, indicative of faster snowmelt processes.

Year 2018. Date of measurements: September 1

In this year, the trend of 2017 is broken and the glacier has net gains at its two moni-
toring stations (+29.7 m at the front station and +2.3 m at the side station, compared to
2017). The comparative balance with "year zero" 2015 is as follows: +36.1 m and +2.1 m,
respectively. Winter 2017/2018, spring and early summer were very wet, predominantly
wet months since December (125% DRYV), with March and June reaching 175% DRV. A
similar period, from November to June, was cold on average. Only January and April had
above average temperatures (+1° C DRV). But all the others were cold (-1° C DRV), with
February and March being very cold (-2° C DRV). The rest of the summer (July and Au-
gust) was not hot either, with normal temperatures (0° C DRV). The coincidence from late
autumn to early summer of a long wet and cold period, causes significant snowfall and
late melting of snow. This results in a positive glacial evolution.

Figure 8, allusive to the accumulated snow in the upper basin of the Gallego River,
corroborates this assessment, being 2017/2018 the best year of our series, with maximum
values of volumes that exceed the average by 30%, reaching the top (184.1 hm?) on April
13, the latest in the series. This very good year of snowpack reserves has no correspond-
ence with the number of days (195) with snow accumulations higher than 10 hm? for the
hydrological year, a low value in the series as a whole, which has its explanation in the
initial date on which it was reached, December 9, the latest in this series of years, due to a
very dry September-November quarter (40% DRV), with weak snowfall. On the other
hand, the final date for the 10 hm? value, June 21, is among the latest in the series. The
snow thicknesses in the reference mountain refuges are in agreement with the data pre-
sented so far. Casa de Piedra shows clearly higher values than in previous years, with a
maximum at the end of March and high accumulations until the third week of April.
Bachimana, on the other hand, presents higher values than in any other year of the serie,
in a period that goes from the beginning of March to the middle of April. Figure 13 shows
the state of the glacier on September 1, 2018.
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Figure 13. Detail of the Infierno glacier. September 1, 2018. Most of the surface is covered with firn.
Photo by the authors.

Year 2019. Date of measurements: August 31.

This year turns out to be very negative for the evolution of the glacier. Everything
gained in 2018, and more, is lost. In the frontal station there is a big retreat (-32.9 m), and
in the lateral, the loss of thickness is also strong (-2.6 m), in both cases with respect to 2018.
The balance with the "year zero" 2015 indicates a thickness loss (-0.5 m), leaving the frontal
measurement at +3.2 m. These are the worst records since 2016, remaining even, in the
case of the lateral thickness measurement, below the "year zero", which corroborates a
negative trend that, despite its notable irregularities, is evident.

In the fall, winter and early spring of the 2018/2019 hydrological year, almost all
months are dry. Indeed, between September and March, only January is wet (125% DRYV),
the others being dry and even extraordinarily dry (December and March, 25% DRV; Feb-
ruary, 50% DRYV). The rest of spring and summer are predominantly normal. During the
autumn, winter and spring, temperatures are very variable, with normal, cold and warm
months, without following clear patterns. However, summer is warm-to very warm (July,
+2° C DRV; June and August, +1° C DRV). The predominance of dry months in key peri-
ods for snow accumulation and the melting derived from a warm summer, lead to the
negative situation described.

The snow accumulated in the upper basin of the Gallego is in accordance with these
weak snow inflows, with the lowest values of all our series. In addition, the date on which
the annual maximum is reached is the earliest of the entire series (February 5 to 12, with
a poor 105.6 hm?3). From here, a progressive decrease in volumes begins, which only
slightly goes up again in some phases of April, to fall again rapidly from the end of this
month. As for the period with snow accumulations above 10 hm?, the values recorded are
surprising in a first reading, since it covers 224 days, a high figure for this variable, which
is due to a very premature start (November 6, the second earliest in the series). Although
October and November were on average dry (75% DRYV in both cases), from mid-October
and during the first week of November there were several episodes of intense precipita-
tion, accompanied by low temperatures, which were snowy at medium and high altitudes.
Thus, on November 6, in the refuges of Bachimafa and Casa de Piedra, snow precipita-
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tions of 40.5 mm and 38 mm were recorded, leaving thicknesses of 26 cm and 42 cm, re-
spectively (the lower value of Bachimafia is due to its windy location). This episode, to-
gether with those that have occurred since mid-October, explain the early date on which
the aforementioned value of 10 hm? was reached.

It should be added in this respect that, subsequently, snow accumulations were very
scarce in the Alto Gallego basin. It does not reach up to a modest 26 hm? until December
14 (on that date, in the 2016/2017 hydrological year, which was also bad for the glacier,
there were already 40 hm?); while the 2017/2018 hydrological year, qualified as good for
the glacier, on November 30 had already reached 67 hm?). The snow thicknesses recorded
in the mountain refuges and their rates of evolution certify the above data. Bachimaria
yields the lowest thickness values of all our series, which are also reached very early, at
the end of January, to drop rapidly in February and March. There are only slight recover-
ies at the beginning of April, to drop again to values close to 0 cm during the rest of the
spring. Casa de Piedra reaches a normal maximum value, similar to that of other years,
but at a very early date (beginning of February), starting a rapid decline since then.

Year 2020. Date of measurements: August 31.

2020 again represents a change in the behavior of the glacier in relation to the previ-
ous year. It advances at the front station (+11.3 m) and gains of thickness at the side station
(+1.9 m), compared to 2019. Its comparative position with respect to "year zero" 2015 is as
follows: +14.5 m (frontal) and +1.4 m (lateral). In the 2019/2020 hydrological year, after a
normal October, November and December were very wet (150% DRV), as was March
(200% DRYV), with January normal, but February proved extra dry (25% DRV). After a
normal April, May and June were again very wet (150% and 125% DRYV, respectively).
There were, therefore, strong snow inflows from late autumn to late spring. On the other
hand, the thermal rhythms show clear predominance of warm months during a long
stretch spanning autumn, winter and spring. Except for November, which was very cold
(-2° C DRV), the other months were warm or very warm (+2° C December, April and May;
February +3° C DRV). But June was very cold (-2° C DRV), although the rest of the summer
was warm (+1° C DRV). Despite the high temperatures, heavy precipitation during many
months (snow, at these high altitudes) caused high accumulations of snow on the glacier.

A key to this good year for the glacier is the thermal and pluviometric behavior of
the months of May and June. The first month had high precipitation and was very warm,
despite the fact that, at the glacier's heights, most of the precipitation was snow, at least
during the first fortnight, the wettest. And June was very cold. That is to say, in May there
was still snow accumulation on the glacier and in June the losses were weak.

The rainfall and thermal rhythms just described are reflected in the accumulated
snow reserve in the upper Gallego River basin, which reaches 168.7 hm? (the second high-
est value in our series). It is interesting to add that the number of days in which the 10 hm?
of water reserve in the form of snow is exceeded in this basin is very high (235), being this
the highest value of the series, which was due to the date (5 November) on which this
volume was reached, being the earliest date of all our series for this variable. In addition,
the final date for this volume, June 26, is also very late, the second in the series. The result
is the presence of important volumes of snow at high altitudes at the beginning of the
climatic summer.

The snow thickness curves in the mountain refuges are in accordance with the previ-
ous data. Bachimana, at 2200 m a.s.l,, is characterized by the width of the period of maxi-
mum snow accumulations, from the beginning of November to the beginning of March,
with maximum thicknesses in the range of the good years of our series. The case of Casa
de Piedra is different. The curve is more irregular, with maximums between the beginning
of November and the end of January (but with frequent changes of rhythm), and modest
values of maximum thicknesses. This was undoubtedly influenced by the moderate alti-
tude of this refuge (1636 m a.s.l.), where, despite the numerous snowfalls recorded, the
high temperatures during most of the months of the hydrological year caused rapid snow-
melt.
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After the five-year period 2016-2020 just analyzed, characterized by annual trend
changes, we enter the last two years of our study period (2021 and 2022). Both present
very negative dynamics for the evolution of the glacier.

Year 2021. Date of measurements: September 5.

Ice losses at both monitoring stations are strong and much of the previous year's gain
has been lost. The glacier retreats at front station (-11.7 m) and loses thickness at side sta-
tion (-1.2 m), with respect to 2020. Its comparative measurements with our "year zero"
2015 give these values: +2.8 m frontal and +0.2 m lateral. The 2020/2021 hydrological year
is characterized by strong contrasts in monthly precipitation values. After normal October
and very dry November (50% DRYV), there are three consecutive very wet months with
high snow input: December, January and February (150% DRV). In contrast, spring is dry.
Only April is normal, but March and May are extremely-very dry (25% DRV and 50%
DRYV, respectively). After normal June, the rest of the summer is very dry. As for temper-
atures, after a very warm late autumn (November, +2° C DRV), winter starts cold (Decem-
ber and January, -1° C DRV and -2° C DRYV, respectively), but February is extraordinarily
warm (+3° C DRV). Spring is normal in temperatures, but summer is warm, with June and
August +1° C DRV. The regressive behavior of the glacier is explained by the low snowfall
in spring and the rapid summer melting.

The hydrological year yielded normal values in snow reserves, with a maximum of
123.2 hm?, which was reached early, on February 27, although it remained at similar val-
ues over a long period from February 10 to March 25. This was undoubtedly due to the
strong winter snow input. On the other hand, we are in the second worst year of our series
in terms of the number of days (191) with snow accumulation higher than 10 hm?. In fact,
the starting date on which this value is reached is the second latest in our series (December
5, derived from a very dry November), while the final date is somewhat early (June 13).
Snow thicknesses in the mountain refuges are in accordance with the precipitation rates
described. Maximum values reached between the end of December and the end of Febru-
ary for Bachimana, while in Casa de Piedra the final date of maximum values is brought
forward to the first decade of February, due to the high temperatures of this month and
the greater effect of these on the moderate elevation of this refuge (1636 m a.s.1.).

Year 2022. Date of measurements: 30 August.

The last year of our series of observations has been by far the worst for the evolution
of the glacier. Strong retreat at the front station (-17.7 m) and large thickness loss at the
side station (-4.8 m). In both cases with respect to the previous year. Taking as reference
our "year zero" 2015, the losses are largest (-14.9 m and -4.6 m, respectively). If we focus
the analysis on the worst year of our series from 2016 to 2021, which was 2019 for the
lateral station, the glacier has lost -4.1 m of thickness. These are dramatic values, which
not only affect this glacier, but the whole Pyrenean mountain range. The result for the
Infierno glacier is a considerable reduction in surface area, being 5.52 ha at our measure-
ment date (August 30, 2022), when only two years earlier, on date August 31 2020, it was
7.06 ha (Figure 3).

The 2021/2022 hydrological year was predominantly dry, although with several wet
and normal months on key dates for snow accumulation. After a dry autumn, the winter
was, on average, normal, but with notable internal variations. December started out very
wet (150% DRV) and January was normal. But February was extra dry (25% DRV). And
in early spring, March was normal. The rest of the spring, dry (May, extra dry, 25% DRV).
We have three months (December, January and March) with snow accumulations, on av-
erage, higher average. The result is snow volumes in the upper basin of the Géllego River
reach normal maximums for our series (128.5 hm?) on March 13, in the usual range for this
variable, and that remain at relatively high values until the end of April, to begin a rapid
decline during May, to the point that at the end of this month, less than 10 hm? remain.
The number of days with snow accumulation higher than 10 hm? is in accordance with
this behavior. The result is 184 days, the lowest in our series, due to a late start date (27
November, after a dry autumn) and an end date that is the earliest in the series (29 May),
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a date that is explained by the low precipitation in April and May and by the very high
temperatures of this month.

The main factor explaining the very bad year 2022 was undoubtedly thermal. The
very high temperatures in key months for the evolution of the glacier are behind the result
explained above. In the hydrological year as a whole, there was only one year below the
average (November, very cold, -2° C DRV). The rest were normal (in only three cases:
October, March, April) and, mostly, warm-very warm, with several records of +3° C DRV.
After the very cold November, the whole winter was warm (December and January, +1°
DRYV), but February reached extraordinary values (+3° C DRV). The spring began normal
(March and April), followed by an ultra-warm May (+4° C DRV). The summer continued
with extraordinary hot values (June and July, +3° C DRV; August, +2° C DRV). That is,
between May and August, without interruption, it is between +4° C and +2° C DRV. These
very high and persistent temperatures caused rapid melting of the glacier snow cover and,
once lost, of the glacier ice itself. Yet another factor further contributed to this process:
August was not only very warm; but also very wet (150% DRV), and liquid precipitation
on the glacier ice accelerated its melting.

The evolution rhythms of snow thicknesses in the mountain refuges support the be-
havior of the preceding variables. The highest values are reached in mid-December, due
to intense precipitation between the end of November and mid-December. Casa de Piedra
exceeded 320 mm (not all in the form of snow, there were days of rain), giving high thick-
nesses for the moderate elevation of this refuge (1636 m a.s.l.): more than 100 cm between
9 and 18 December, with a peak of 162 cm on the 11th. Bachimafia has a similar behavior
(peak, 160 cm, December 8). This is in accordance with a very wet December (150% DRYV).
However, this good start of the winter season in terms of snow accumulations was quickly
truncated. January was a normal month, but from the first ten days of February onwards,
at Casa de Piedra, the thicknesses are less than 20 cm, except for occasional moments. The
curve of maximums is very narrow, indicative of rapid melting due to the adverse rainfall
and thermal conditions described above. Bachimafia maintains acceptable thicknesses un-
til mid-March (the altitude factor, 2200 m a.s.l., is noticeable), with a curve in which there
are alternating losses and gains. But from this moment on, except for an occasional in-
crease (April 23, 46 cm), the losses are sharp, quickly reaching zero from the beginning of
May.

Figure 14 shows the state of the glacier on August 30, 2022.
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Figure 14. Mid-upper sector of the Infierno glacier. August 30, 2022. Stones cover most of the surface.

Ice emerges.

Table 2. Evolution of the Infierno glacier (front and lateral), period 2016-2022. References over posi-
tion in 2015 and over the previous year. Data in meters. Glacier front: longitudinal variation. Lateral
glacier: thickness variation. Reference to surface prevalence of ice or firn. Data provided by the writ-
ing team. Own elaboration.

Glacier front

Lateral glacier

Lateral glacier

Year/date (value Glacier front (value (over previous
measurementes reference (over previous reference year) Ice/ firn (predominance)
2015=0) year) 2015=0)
2015/09/05 0 0 0 0 ice
2016/09/03 +18.4 +18.4 +2 +2 firn
2017/09/02 +6.4 -12 -0.2 -2.2 ice
2018/09/01 +36.1 +29.7 +2.1 +2.3 firn
2019/08/31 +3.2 -32.9 -0.5 -2.6 ice
2020/08/31 +14.5 +11.3 +1.4 +1.9 firn
2021/09/05 +2.8 -11.7 +0.2 -1.2 firn
2022/08/30 -14.9 -17.7 -4.6 -4.8 ice
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Figure 15. Evolution of the Infierno Glacier (glacier front). Period 2016-2022. Longitudinal
variation, data in meters. References on position in 2015 and trend line. Data from the
writing team. Own elaboration.
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Figure 16. Evolution of the Infierno Glacier (glacier side). Period 2016-2022. Thickness
variation, data in meters. References on position in 2015 and trend line. Data from the
writing team. Own elaboration.

4. Discussion

The evolution of the Infierno glacier shows a clearly regressive trend in the period
2016-2022. The loss of 4.6 m in thickness and 14.9 m in length with respect to the "year
zero" of our work, 2015, is significant. But if we extend the comparison to 1998, when we
started measurements on this glacier, the values are even more striking: loss of 8.7 m in
thickness and 38.8 m in length.

This regressive dynamic has not followed a regular pattern. On the contrary, trend
changes have been the norm. Between 2016 and 2020, each year has had opposite behavior
with respect to the previous one. A year of gains has been followed by a year of losses.
Only in 2021 and 2022 has the loss trend remained stable. This has much to do with the
inter-annual (and intra-annual) climatic irregularity characteristic of the climate of much
of the Spanish Pyrenees, also of the upper basin of the Gallego River, where the glacier is
located, with strong Mediterranean influences. The years in which the glacier has had
gains with respect to the immediately preceding one have been 2016, 2018 and 2020. The
years of losses, 2017, 2019, 2021 and 2022.

The annual evolution of the glacier has been analyzed according to the meteorologi-
cal conditions. The relationship has been clear. In this sense, two years are particularly
significant, as they represent the extremes in the highly variable behavior of the glacier.
They are 2018 and 2022. The first is the one with the greatest gains in our series; the second,
the one with the greatest losses. 2018 had a long period (winter, spring and early summer)
very wet and -also including November- cold, with the rest of the summer normal in tem-
peratures. The coincidence from late autumn to early summer of a long wet and cold pe-
riod led to significant snow inflows and late snowmelt. The result was a positive glacial
balance. In the case of 2022, conditions were very different. There was no serious deficit
of snow inflows, as several months of the winter and spring had normal or even high
precipitation. Others in the same period, however, were very dry. But the key factor this
year has been the high temperatures in many months: winter, late spring, summer, with
in many cases extraordinary values. The result is a rapid snowmelt, followed by mass loss
of glacial ice, with the most pronounced negative glacier balance of our entire series.

Several graphs help to understand this very different behavior between 2018 and
2022. For the respective hydrological years, the precipitation curves -according to DRV
values- are significant, with records well above average in 2018 since December, being
clearly lower in 2022 (Figures 17 and 18). As for temperatures -DRV values- while low
records predominate in 2018, the positive deviation for 2022, since December, is extraor-
dinary, with progressive increase as the hydrological year progresses (figures 19 and 20).
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Figure 17 (Left) - Figure 18 (Rigt). Rainfall anomalies in the upper Gallego River ba-
sin. Hydrological year 2017/2018 (left) and 2021-2022 (right). Over reference period 1981-
2010, as determined by AEMET for these comparisons. Data source: AEMET [47, 48]. Own

elaboration.
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Figure 19 (Left) - Figure 20 (Rigt). Thermal anomalies in the upper Gallego River
basin. Hydrological year 2017/2018 (left) and 2021-2022 (right). Over reference period
1981-2010, as determined by AEMET for these comparisons. Data source: AEMET [47, 48].
Own elaboration.

Another key variable to understand these 2018-2022 differences is the volume of
snowpack reserves in the upper basin of the Gallego River (Figures 21 and 22). In the
former, it is difficult to reach high volumes, in the vicinity of 100 hm3, until the beginning
of February, but then very high values are reached, exceeding 180 hm3, and in early June
still exceed 40 hm3. In 2022, on the other hand, 100 hm? are reached one month earlier, but
the maximum is just over 120 hm?3. And although the values remain acceptable until the
end of April, the decline is very rapid, and from the beginning of June the reserve is zero.
Some significant data help to understand the differences: April 13, 2018: 184 hm3; April
13, 2022: 113 hm?. May 15, 2018: 100 hm? May 15, 2022: 54 hm?.
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Figure 21 (Left) - Figure 22 (Rigt). Evolution of accumulated snow in the upper
Gallego River basin (up to the Bubal reservoir). Hydrological year 2017/2018 (left) and
2021-2022 (right). Base data, weekly snow volumes, expressed in hm? (equivalent volume
of water). Data source: CHE-SAIH [49]. Own elaboration.

As a final variable in our 2018-2022 comparison, we include snow thicknesses at the
Casa de Piedra mountain refuge. (Figures 23 and 24). Recall that it is located at a moderate
altitude (1636 m a.s.l.), which makes it difficult for the snowpack to persist for prolonged
periods. Despite this, in 2018, from the end of December to the third week of April, 40 cm
are exceeded. The maximum value, although high (138 cm, March 31) is, however, lower
than that of 2022 (162 cm on December 11). But the former is reached well into spring,
while the latter is at the beginning of winter. And in 2022, at the beginning of February, it
drops below 40 cm, a value that is not recovered again during the whole season and de-
creases rapidly.
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Figure 23 (Left) - Figure 24 (Rigt). Evolution of snowpack thickness at the Casa de
Piedra Refuge, weather station (1636 m a.s.l.). Hydrological year 2017/2018 (left) and 2021-
2022 (right). Base data, daily columns of snow accumulation (in meters). Pyrenean moun-
tain refuges. Data source: AEMET [50]. Own elaboration.

A very important aspect for the analysis of the evolution of the Infierno glacier is the
comparison between the values recorded at the two monitoring stations: frontal and lat-
eral. There are logical coherences between the two, but also some differences. In this re-
gard, we should point out several interesting details.

The years that offer advances in the front station with respect to their respective pre-
ceding years (2016, 2018 and 2020), have been characterized by an aspect of the glacier
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that still retained snow cover (firn) on an important part of its surface, on the dates of
climatic summer-autumn transit. This was reflected in the lateral season, with increases
in thickness between +1.4 and +2.1 m (not so much of glacier ice, but of firn).

In the case of the years that have recorded net losses in the terminal tongue with
respect to their preceding years (2017, 2019, 2021 and 2022), it should be noted that the
comparison with our "year zero" 2015 yields mostly positive values. The only year with
regression respect to 2015 is 2022. But it should be noted at this point that 2015 was a very
special year, to the point that in the entire 1998-2015 period of monitoring of the Infierno
glacier, 2015 was the most regressive. However, the side station measurements do not
follow identical pattern. In all the years noted, there are thickness losses relative to 2015
(except in 2021, with a negligible gain). The losses in 2017 and 2019 are minor (-0.2 and -
0.5 m, respectively), with the loss in 2022 being much larger (-4.6 m). These data confirm
the progressive ablation of the glacier ice mass. From this we can infer that the evolution
measured at the lateral control station seems to us to be more in line with the real behavior
of the Infierno glacier, showing a regressive trend. The frontal position, on the other hand,
is more conditioned by variations in snow cover (snow or firn, depending on the year),
with greater interannual variability.

A complementary data for the analysis of the evolution of the Infierno glacier, is the
confirmation of the last date of each hydrological year in which snow accumulation of
more than 10 hm? is still measured in the upper basin of the Gallego River, up to the Buibal
reservoir. In the 2016/2022 period, this date is in June, except for one year (2021/2022), the
year of greatest glacier regression, when it was on May 29. We can appreciate that in the
three years of positive evolution (2016, 2018, 2020), that date occurs at the end of the month
(June 28, 21 and 26, respectively). But in the years of negative evolution, the date is earlier
(between the end of May and mid-June), according to CHE-SAIH data [49].

5. Conclusions

The Infierno glacier presents a clear regressive dynamic, within the general context of
the Pyrenean glaciers. Its behavior in the 2016/2022 period certifies this.

There is a remarkable correlation between the annual climatic conditions (tempera-
tures and precipitation recorded in weather stations near the glacier) and the behavior of
the glacier. It can be affirmed that the latter has very variable rhythms, often even oppo-
site, between successive years. In the study area, thermal and pluviometric anomalies are
common, both intra and inter-annual. This behavior is directly reflected in the glacier and
explains the interesting variations between the years analyzed.

The thermal anomalies (DRV) show a clear upward trend in this seven years period.
The thermal value has increased by +0.55° C. With regard to precipitations, their anoma-
lies (DRV) show very irregular trends. Precipitations data show a decreasing trend (-9%
in the same period of time), having rainfalls a higher influence than snowfalls (with an
upward trend of the snow accumulation volumes).

It is therefore the temperature factor that best explains the regression suffered by the
Infierno glacier, which can be seen throughout our 2016/2022 series, but especially in the
last year, 2022, with an exceptionally warm late spring and summer. The result is that the
glacier has lost 4.6 m in thickness with respect to 2015 (and 8.7 m with respect to 1998, the
year when our work on this
glacier began).

The analysis of snow accumulation rates and monthly thermal irregularities has al-
lowed us to understand the behavior of the glacier in each year. There are winters with
heavy snowfall, followed by warm springs and summers, which make these winter snow
thicknesses disappear rapidly, resulting in the retreat of the glacier. In a different sense,
heavy snowfall in late spring can explain a good year for the glacier, sometimes being
more decisive than winter snowfall, because it helps to protect the ice mass during the
period of high summer temperatures (although it is difficult to transform it into ice and
incorporate it into a positive balance of glacier ice).
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