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Abstract

The retreat of glaciers is a reality throughout the Andes Mountain range, especially in low-altitude mountains. One
of these cases is the loss of the remaining ice mass in Carihuairazo (Tungurahua, Ecuador), which in recent years has
experienced a considerable retreat. This research aims to characterize the retreat of this glacier and its implications
for the nearby community (Cunucyacu) through the application of a multi-source methodology, which includes the
collection of glacier aerial photographs, data from nearby meteorological stations, the use of global climate reanalysis
data, interviews with community members, and mountaineers who work and frequent the area. To characterize the
glacier’s mass evolution, a hydroglaciological model was applied, using input data from meteorological series, and
its parameters were calibrated with the photographic record of the glacier’s outline. The results show a glacier loss of
99 % of its surface in 1956 (0.34 km?) by 2021. The model successfully simulates the glacier area variation over 67 years,
revealing a continuous decrease since 1978, with short periods of recovery and equilibrium, where temperature is
the variable that best explains the glacier’s retreat. However, the model fails to consider the effect of external factors,
such as the eruption of the Tungurahua volcano that could enhance the glacier retreat. The Carihuairazo glacier is in
a situation of inevitable disappearance, highlighting the vulnerabilities of communities facing this phenomenon as a
consequence of climate change.
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Carihuairazo glacier retreat and its perception in the Cunucyacu community

Resumen

El retroceso de los glaciares es una realidad en toda la cordillera de los Andes, sobre todo en montafias de baja altitud.
Uno de estos casos es la pérdida de la masa de hielo remanente en el Carihuairazo (Tungurahua, Ecuador), que en los
altimos afos ha experimentado un retroceso considerable. En esta investigacion se intenta caracterizar el retroceso de
este glaciar y su implicacién en la comunidad mas cercana (Cunucyacu) por medio de la aplicacién de una metodolo-
gia de multiples fuentes que incluye la recopilacion de aerofotografias del glaciar, datos de estaciones meteoroldgicas
cercanas, uso de datos de reandlisis del clima global, entrevistas a miembros de la comunidad y a andinistas que traba-
jany frecuentan la zona. Para caracterizar la evolucién de la masa del glaciar aplicamos un modelo hidroglaciolégico
que usa como entrada datos de series meteoroldgicas y cuyos parametros fueron calibrados con el registro fotografico
del contorno del glaciar. Como resultados se puede evidenciar una pérdida del glaciar para el 2021 equivalente al 99 %
de su superficie en 1956 (0.34 km?). El modelo logra simular la variacién del 4rea del glaciar durante 67 afios, en donde
se observa un decrecimiento continuo del glaciar a partir de 1978, con cortos periodos de recuperacién y equilibrio, en
donde la temperatura es la variable que mejor explica el retroceso del glaciar. El modelo no logra considerar el efecto
de factores externos como el caso de la erupcién del volcdn Tungurahua que podria favorecer el retroceso del glaciar.
El glaciar Carihuairazo se encuentra en una situacién de inevitable desaparicién y revela las vulnerabilidades de las
comunidades que se enfrentan a este fenémeno como consecuencia del cambio climatico.
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1 Introduction

Glaciers play a significant role in the sustainability
of ecosystems and the environmental balance of
the regions where they are located, as in the moors
(Aguilar-Lome et al., 2019; Garcia, 2022). Glaciers
act as water reservoirs, affecting all aspects related
to their use, both for irrigation and consumption, in
addition to their use for mining and hydroelectric
generation processes (Vuille, 2013; Naranjo-Silva,
2024). The decrease in water flows associated with
glacial retreat causes scarcity and generates con-
flicts for the rights of use between the inhabitants
of mountain areas and companies that want to con-
trol access to water (Vuille, 2013). In addition to
contributing to water supply, regulating the climate
and maintaining a habitat for biodiversity, for Vilela
(2011), they influence in the culture, identity, imagi-
naries and tourism.

The Carihuairazo is an extinct stratum of vol-
cano located in the Western Cordillera of Ecuado-
rian Andes. The glacier contributes to several tri-
butaries, but mainly to those located towards the
eastern flank of the mountain. One of the closest
populations to the glacier is the community of Cu-
nucyacu, belonging to the parish Pilahuin, south-
west of Ambato in the province of Tungurahua, in
the central area of Ecuador and located north of the
Carihuairazo. Currently, in the community there
is a decrease in the amount of water originated in
the mountain. Considering the previous studies of
Céceres and Cauvy (2015), the setback of Carihuai-
razo has been observed since 2003, and this process
points towards its inevitable extinction (Francou
et al., 2011), which could occur in the coming years.
Postigo (2013) highlights the interest of knowing
the impact of the glacial retreat from the perspec-
tive of the various actors involved in underlying
conflicts, each of them with interests and priorities
different and opposed to each other. In this sense,
the testimonies and perception of different actors in
this environment, as well as social agents involved
with conservation experiences, are valuable.

Over the last decades, glaciers around the world
have experienced a reduction in their volume (Bahr
and Peckham, 1997; Basantes, 2010; Condom et al.,
2011; Favier et al., 2008; Hugonnet et al., 2021). Gla-
cial retreat is defined by Johansen et al. (2019) as the
inability to store water during cooler periods and
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release them in the form of melt fluid during the
dry season. 99 % of the world’s tropical glaciers are
located in the Andes (Condom et al., 2011), the same
ones that have experienced a negative mass balance
of 0,42+0,24 m/year (Dussaillant et al., 2019), and
there is evidence with satellite imagery and aerial
photography (Basantes, 2010; Condom et al., 2011).
This rapid retreat has caused global concerns about
the availability of water resources, as a consequence
of climate variability (French et al., 2016).

Considering the effect of climate change, there is
a need to raise awareness in populations near gla-
ciers about changes in climate patterns, and their
socio-environmental consequences, since as propo-
sed by Rhoades (2008), there is a better understan-
ding of the urgency for adopting community miti-
gation and adaptation strategies that involve and
favor local farmers against new climate scenarios
(Pacheco-Pena et al., 2023), taking into account the
need to preserve the moors as an ecosystem sensiti-
ve to glacial retreat, as pointed out by Cabrera and
Romero (2013), in its qualitative assessment of the
vulnerability to climate change of the main ecosys-
tems of the Metropolitan District of Quito.

Volume changes in tropical glaciers are subject
to atmospheric conditions (Favier et al., 2008; Sicart
et al., 2008), glacier morphological conditions and
topographic conditions (Vuille, 2013). Precipitation
is stored as snow and ice, contributing to glacier
mass accumulation (Favier et al., 2008). Melting is
controlled by the variation of energy flows from the
atmosphere, such as turbulent flow influenced by
the temperature gradient between air and ice; and
latent flow influenced by humidity (Sicart et al.,
2008). There is also a correlation between tempera-
ture and melting in glaciers (Sicart et al., 2008). In
the case of a sustained retreat of a glacier, the main
feature of this phenomenon is the melting of the hu-
ge ice masses without the possibility of regenerating
(Sandoval, 2021). For analyzing this phenomenon in
tropical glaciers, Ramirez (2008) mentions among
its main causes variations in climatic patterns such
as precipitation and temperature, since, if there is
no coincidence of precipitation and low temperatu-
res, it is not possible to form permanent snow that
renews and maintains the cycles of water regulation
associated with glaciers. However, this is a complex
multi-variable phenomenon, which is not contro-
lled only by the amount of rainfall and temperatu-
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re, but is also influenced by factors such as albedo,
orientation, slope, among others. For example, ash
deposition on the glacier caused by volcanic erup-
tions can change the albedo coefficient, altering the
energy balance (Salcedo, 2019).

Various models have been developed to simula-
te volume variation in glaciers. The ITGG-2.0 model
proposed by Juen (2006), is based on a vertical mass
profile, where the density change is calculated as a
function of altitude. In this model, the energy varia-
tion from altitude is based only on albedo and tem-
perature gradients. In addition, a complete energy
balance is performed including the estimation of
latent and sensitive turbulent flows. On the other
hand, the WEAP model proposed by Condom et al.
(2011) is broader. Unlike the previous model, it does
not employ a complete energy balance that consi-
ders all glacier processes, which requires detailed
data and complicated calculations. Instead, the mo-
del divides the area of the basin into strips of height,
some without a glacier, others with and without a
glacier, and others completely with a glacier. The
total volume is determined from the interactions
between these bands. A more general model is the
ICE-KISS model proposed by Pouget (2011), which
considers a dynamic division of glaciers based on a
temperature limit in the accumulation and ablation
zones. In this way, sublimation and other explana-
tory variables are taken into account. The model
uses a separation of areas of the glacier in accumu-
lation zone and ablation zone (which is subdivided
into high and low), being the main difference the
temperature. In the country, several empirical and
physical models have been proposed that have ad-
dressed the past and future of glaciers depending
on the climate and the morphological conditions
where the glacier is located. There are several mo-
dels to evaluate 15th glacier of Antisana (Céceres
et al., 2006; Basantes-Serrano et al., 2016) and 12 of
Antisana (Gualco et al., 2022) and a model of glacial
dynamics to evaluate the state of the entire ice cap.
Dominguez et al. (2012), proposed a model for the

2.2 Meteorology

To characterize the glacial retreat of Carihuairazo
and to know the perception of the Cunucyacu com-
munity to its extinction, we have used a methodo-
logy from multiple sources as Rhoades (2008), did
in his study on the disappearance of the glacier of
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15th glacier of Antisana.

This research aims to characterize the retreat of
the Carihuairazo glacier through the use of a hydro-
glaciological model, a photographic record and the
analysis of the influence of climatic factors and ex-
ternal factors. Additionally, it is intended to analy-
ze the problems derived from the glacial retreat of
Carihuairazo, considering the perception of clim-
bers and other social agents who live or work in
this area. In this sense, it is intended to confront
the scientific information that validates the physical
loss of the glacier thanks to hydrological and glacio-
logical works, with the perception of some inhabi-
tants and other social actors working in the area.

2 Materials and methods

2.1 Glacial surfaces

The area of the research corresponds to the Ca-
rihuairazo volcano and the Cunucyacu community
(Figure 1), belonging to the Pilahuin parish. This
community is located at an altitude of 4057 m.a.s.1.
and 9.25 km from the Carihuairazo volcano. Ca-
rihuairazo is geographically located at the coordi-
nates 1°2425S 78°4500W and reaches an elevation
of 5018 m.a.s.l. It is a stratovolcano that collap-
sed towards the WNW (West-Northwest), located
10 km northwest of the Chimborazo volcano and
35 km from the Tungurahua volcano. The date of
its last eruption is unknown, however, Clapperton
(1990) points out that it may have occurred eleven
thousand years ago. Rivers (Figure 1) emerge from
the moors of Carihuairazo, which will irrigate arid
areas of the provinces of Tungurahua and Chim-
borazo. This is where the Blanco River originates,
which downstream joins the Colorado or Pucuyacu
River, which forms the Ambato River by descen-
ding through the Chimborazo sandwaters (Moreno,
2023).

Cotacachi, including: repetitive photographs, data
from weather stations, interviews to members of
the Cunucyacu community and climbers who work
and frequent the area, interviews to social actors
with conservation experiences of moors since the
1970s. In this study we have collected different mea-
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Figure 1. Map of the study area corresponding to the Carihuairazo glacier, location of the community of Cunucyacu and drainage
of water sources in the community of Cunucyacu. Additionally, the location of the weather stations closest to the glacier is
identified. Source: Digital Terrain Model (DTM) of Ecuador.

Source: Sigtierra Metadata Catalog.

surements of the glacier since 1956, considering the
previous works ofCaceres and Cauvy (2015). This
glacial contour was the reference to compare the
percentage of loss until now. To complement this
information, a photographic record of the moun-
tain since the 1950s was also compiled. We also ha-
ve meteorological data provided by the INAMHI
(National Institute of Meteorology and Hydrology)
stations closest to the study areas. Finally, to con-
trast the meteorological information with the per-
ception of the population involved, as La Frenierre
and Mark (2017) did in the study of the Chimborazo
deglaciation, we also conducted interviews with the
leaders of the community of Cunucyacu, climbers
who frequent the area and social agents involved
with preservation experiences. Likewise, we are in-
terested in relating the climatic variables with the
volcanic activity of Tungurahua and its influence on
the evolution of the Carihuairazo glacier.

98

2.2.1 Glaciological data

The oldest data is the surface of the Carihuaira-
zo glacier in 1956, which then reached an area of
0.34 km?, from there we consider the measurements
of the glacial contour made by Caceres and Cauvy
(2015); Villacis (2008) and Rosero et al. (2021). In ad-
dition, an updated measurement was made to con-
trast with the available measurements since its first
monitoring in 2003. In the data, there is a gap of in-
formation between the year 2010 and 2015.

2.2.2 Climate data and on-site weather instrumenta-
tion

The meteorological data were provided by stations
belonging to the National Institute of Meteorology
and Hydrology (INAMHI). The “Glaciar 11 Chim-
borazo” station (M5151), located on the southwes-
tern flank of the Carihuarizo at 1 km and at an
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altitude of 4428 m.a.s.l., was used as a reference
for studying the glacier. For the treatment of tem-
perature data station “Querochaca” (M0258) was
used, located in the canton Cevallos at an altitude
of 2865 m.a.s.l. The precipitation data were obtai-
ned from stations M0258, M1107 (Laguacoto) and
M1036 (Riobamba Polytechnic) at a distance of 18,
35 and 28 km from station M5151, respectively. The
validation and data filling process for the reference
station included: homogeneity tests, linear regres-
sion and orthogonal regression, using distance as a
weighting (Guijarrom, 2023).

In order to run the model from the year in which
the first record of its surface is held (1956), data from
the fifth generation of ERA5 reanalysis (Hersbach
et al., 2020) from 1956 to 2022 were used. This infor-
mation was calibrated to the observed data of the
reference station by means of a statistical de-scaling
from the calibration of the cumulative probability
distribution of the variable with respect to a gamma
distribution. From the calibration, the error corres-
ponding to the reanalysis data was estimated.

Data on relative humidity and wind speed are
scarce in these four seasons (especially for the years
before 2010), for that reason data from the ERA5
reanalysis was used with their respective error
(Hersbach et al., 2020).

2.2.3 Volcanic activity of Tungurahua

The Tungurahua volcano is located 35 km from Ca-
rihuairazo, its recent volcanic activity was affected
with ash deposition on the glaciers of Carihuairazo
and its neighbor Chimborazo. The opaque surfa-
ce produced by the ash layer can affect the albedo
values of ice masses, contributing to the melting
process.

The eruptive process of Tungurahua began in
1999 and continued until 2016. According to re-
ports from the Geophysical Institute of the (Institu-
to Geofisico de la Politécnica Nacional, 2015) and
the newspaper (El Comercio, 2009, 2016). For mo-
re than 16 years, the eruption process of the Tugu-
rahua volcano was permanent and affected several
areas of the central region of Ecuador, especially the
provinces of Chimborazo and Tungurahua, mainly
because of the continuous emission of ash, which
damaged agriculture, livestock and even involved
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at some point the evacuation of nearby populations.

2.3 Hydroglaciological model

The hydroglaciological model used to simulate the
variation of the volume of the Carihuairazo gla-
cier is a simplification of the model made by Piedra
(2021) in Antisana. The model calculates the varia-
tion of the glacier volume monthly from an energy
balance that is made with vertical profiles of the
mass variation at different altitudes. Unlike other
more complex models where a hydrographic basin
with a glacial surface is considered and the flow
produced by the non-glacial glacier assembly is esti-
mated (Fernddez, 2018; Piedra Santillan, 2021), this
model is limited to the glacier. A dynamic division
of the glacier is considered for applying the model,
which depends on a temperature limit in the area of
accumulation and ablation. The equilibrium height
line (EHL) represents the height separating the two
zones (Juen, 2006).

2.3.1 Change in glacial volume

The model is applied to an annual (i) and monthly
timescale (j). The relationship between volume and
area of the glacier is given by the equation (Bahr and

Peckham, 1997):
Ve 1/t
aa= (")

Where Ag is the area of the glacier, Vg is the volu-
me of the glacier ab,c Vg is the calibration constants
(section 2.3.5). The variation in glacial volume (AVg)
for a given year is given by:

(1)

AVg, = (AVab; + AVac;) %

h
Where AVab is the volume variation in the abla-
tion zone, AVac is the volume variation in the accu-
mulation zone, p, and p; are the density of water

and ice, respectively.

2)

2.3.2 Ablation zone

The ablation zone is divided into two zones with
different contributions, the high (1) and low ({) zo-
ne, the delimitation of the zones is explained in sec-
tion 2.3.4. The variation in the ablation zone is es-
timated from the monthly sum in one year, the to-
tal precipitation volume (V p,), the melting volume
(V4er) and the sublimation volume (Vy,;):
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12
AVab; = Z (Vpabj —Vierj— Vsubj)

J=1

3)

Precipitation and sublimation volume are es-
timated by multiplying the ablation area by pre-
cipitation and sublimation height, respectively. It
should be emphasized that these terms are calcu-
lated separately for their use in equation 3. The
monthly sublimation was estimated with an empi-
rical relationship considering the latent heat turbu-
lent flow that depends mainly on wind speed and
humidity (Francou et al., 2004):

“4)

Where a is a constant for the homogeneity of the
equation, u is the average monthly wind speed in
m/s, q is the specific humidity and gs is the specific
humidity for the ice or snow surface under melting
conditions in each month. The calculation of speci-
fic humidity is based on the methodology proposed
by Pouyaud et al. (1995).

For the case of the melt volume, its estimation
is the sum of the melt volume in the high and low
ablation zone:

Snj=axuj*(q;—qs;)

Vaer TV j= Fj*Map T *Aap 11, 4)

Where F is a correction factor that depends on
the variation of the incident radiation by geographic
position, azimuth and slope,M,;, 1| is fusion in the
high and low ablation zone, and A, 1| is the high
and low ablation area. For the case of the Carihuai-
razo glacier, from the slope distribution analysis
and the altimetry of the mountain, a constant slope
of 25° and an azimuth of 270° have been estimated.
The correction factor is estimated as the monthly in-
cident radiation for the average incident radiation,
regardless of cloud cover because no data are avai-
lable. Melting is calculated as a function of tempe-
rature, where melting will only occur if the tempe-
rature in the zone is higher than the melting limit
temperature:

My T j=max{0(an 11)(Top T1; —Tim 1)} (6)

Where aj is the melting constant, 7, is the tem-
perature and 7, is the limit temperature in the
high and low ablation zone, respectively. The mel-
ting constants of each zone were calibrated (section
2.3.5). The limit temperature Tj;, 1 (separates the
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ablation zone from the accumulation zone) used has
been —1°C and for Tj;,, |(separates the ablation zone
in high and low) 0,5°C (Favier et al., 2004; Francou
et al., 2004; Pouget et al., 2017). According to Favier
et al. (2004), these thresholds represent the best co-
rrelation between daily accumulated snow values
and albedo variation for the case of Antisana. For
the monthly case, the temperature threshold sepa-
rates precipitation in liquid and solid state (Francou
et al., 2004).

2.3.3 Area of accumulation

The volume variation in the accumulation zone is
estimated from the difference between precipitation
and sublimation, since there is no melting in this zo-
ne. The equation is as follows, where S, is sublima-
tion in the accumulation zone and Aac is the area of
the accumulation zone.

12
AVacumi = Z (P/ — Sacj) *Aacj
j=1

)

2.3.4 Limit of altitudes, areas and temperatures

The limit altitudes are important variables that
allow the dynamic division of the glacier in the th-
ree zones (accumulation, high and low ablation).
The upper limit height (separates the accumulation
and ablation zone) and the lower limit height (se-
parates the upper and lower ablation zone) are esti-
mated with:

Til ~T, j
Hiim 1= % ®

Where T, is the air temperature at the refe-
rence station, H,. is the altitude of the reference
station and AT is the temperature gradient relative
to altitude, which is associated with variations in
atmospheric circulation and relative humidity avai-
lability (Villacis, 2008). This gradient is in the order
of -0,77°C,100 m~! to -0,31°C,100 m~! for the levels
of 500 and 600 hPa (Villacis, 2008). The temperatu-
re gradient used in the model was -0,34°C,100 m,
obtained from the stations and adjusted to the gla-
cier. This value is similar to -0,35°C,100 m~! used by
Pouget (2011) in the Paute basin (Ecuador).

+Href'

Using the evidence of the glacier contour with
the height limit of the extent, the area of the diffe-
rent zones of the glacier was estimated from a poly-
nomial function with respect to elevation. Using the
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equation, the area of direct accumulation zone (Aac)
and the area to the separation of the high and low
ablation zone (Aacab) are determined. Where the
areas of the high and low ablation zone are deter-
mined with:

Aab 1= Aacab 1; —Aac; ©

Aab | j=Ag; —Aacab T (10)

Finally, the temperature in the high and low
ablation zone for calculating the fusion is calculated
by estimating a mean height in each zone and using
a polynomial function that relates the temperature
with respect to the elevation.

2.3.5 Calibration of the parameters of the glaciolo-
gical model and estimation of uncertainty

The glaciological model requires four parameters
for its calibration (a, b, a; 1, a, ). Both the para-
meters of the glacier area-volume relationship, as
well as the melting constants of each zone were
calibrated using as an objective function the Nash-
Sutcliffe estimator between the available annual
observations of the glacier area and the model si-
mulation from a Newton second order optimization
method (Byrd et al., 1995). For calibration, calibra-
ted weather series of the reanalysis and the values
observed at the reference station were used. These
parameters are called model reference parameters.

To estimate the uncertainty regarding the annual
area of the glaciological model, the following proce-
dure was performed. First, 10000 series of monthly
data for each input weather variable were genera-
ted randomly. For each endpoint and each month,
the value was generated randomly following a nor-
mal distribution with a mean equal to the calibrated
value of the reanalysis or the observed value of the
endpoint and with a standard deviation correspon-
ding to the error between the calibrated values of
the reanalysis and the observed values of the refe-
rence station. For each set of series generated, cali-
bration of the parameters of the glaciological model
was performed. Subsequently, the model was run
with calibrated series of reanalysis and all calibra-
ted parameter sets (10000) were used to demonstra-
te the influence of calibrated parameters in the mo-
del. Finally, the 10000 runs of the model were per-
formed again with the different sets of weather se-
ries using the reference parameters. In this sense, it
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was intended to evaluate the effect of uncertainty of
the input data of the model.

2.4 Community perception

The present study confronts the scientific informa-
tion that validates the physical loss of the glacier
thanks to hydrological and glaciological works with
the perception of the communities of the area. To
do this, we resorted to semi-structured interviews
addressed to two members of the community of
Cunucyacu. We participated in a general assembly
of the whole community, we interviewed eight gui-
des and climbers who frequently visit this moun-
tain, in this way we recorded and compared their
observations and perceptions on the retreat of the
Carihuairazo glacier in the last thirty years. We also
interviewed seven socio-environmental actors rela-
ted to the care of the wasteland that broadened the
view of this situation and its implications.

The community welcomed us at its general as-
sembly, held on September 11, 2020. The 56 partici-
pants of this meeting expressed that their main con-
cern regarding this phenomenon is limited to a pos-
sible decrease in visitors to the place. On the other
hand, they consider that water was not lacking since
the time of their grandparents, and although the re-
treat of the glacier is evident to them, they trust that
the loss of the Carihuairazo glacier will not affect
them significantly, and would have no problems in
the future associated with water management in the
area. Climate change and its consequences are not a
relevant problem in their discussions.

Interviews were also conducted with several
members of the community of Cunucyacu, such as
Mr. Luis Punina, who is a community guide of Cu-
nucyacu. The other interview was held on Septem-
ber 1, 2020. The other interview was held on Sep-
tember 11, 2020 to the five members of the commu-
nity board. The interview of Mr. Segundo Enrique
Punina (President of the council of the Cunucyacu
community) was done on September 16, 2020. Both
the community members and the eight climbers in-
terviewed agree on the dramatic glacial retreat in
Carihuairazo. Their concerns and motivations may
be different but they refer to the same origin of the
problem, the loss of the ice mass, leaving a serious
trauma in their perception of this environment, fe-
wer tourists, more dangers on the ascent routes, less
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water availability, and uncertainty about a future
without glaciers in the Andes.

3 Results and discussion

3.1 Results
3.1.1 Rainfall and temperature timeseries

A good correlation was determined between the
meteorological stations used in the study. The co-
rrelation coefficient reached a value of 0.67 and 0.82
for precipitation and monthly temperature, respec-
tively. From the validation process and data filling
with meteorological stations, the precipitation se-
ries was defined in the reference station from 2002
to 2017. For temperature, the series was defined
from 1995 to 2012 (Figure 2). Regarding the calibra-
tion with the data of the ERA5 reanalysis, statistical
de-escalation produced a reconstructed series from
1956 to 2022 for precipitation and air temperature
(Figure 2). The correlation coefficient between the
calibrated reanalysis series and the reference station
was 0.59 and 0.74 for precipitation and temperature,
respectively.

3.1.2 Climatic conditions on the glacier

The annual variation of precipitation and tempera-
ture in the study area can be seen in Figure 3. Pre-
cipitation varies between 458 and 1281 mm and the

Figure 4 was elaborated thanks to the photo-
graphic archive of the mountaineer Marco Cruz, in
which we show the temporal sequence of the gla-
cial retreat in Carihuairazo. According to the defini-
tion of the Chilean National Glacier Strategy (CECS,

3.2 Modeling of the Carihuairazo Glacier

The model was run from 1956 to 2022 and its results
can be seen in Figure 6. The model shows the re-
covery of the area of the glacier from 1956 to 1963,
followed by a stagnation period of several years and
then a significant increase between 1973 and 1976.
Starting this year, the glacier is showing a conti-
nuous retreat over time, with few recovery periods.
It can be observed that the model satisfactorily si-
mulates the evolution of the glacier area until 2010.
The model captures the general decreasing trend
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average is 770 mm. No trend can be seen in the tem-
poral variation of precipitation (positive percentage
variation factor of 3%). The wettest years are 1983,
1984, 1994, 1998, 2008 and 2017. On the contrary,
the driest years are 1961, 1962, 1986, 2003, 2009 and
2013. Regarding temperature, the average value is
0,7° and ranges from —0,3 to 1,7°C. Unlike precipi-
tation, temperature has a clear positive trend (per-
centage variation factor of 137 %). Excepting 1998,
the warmest year is 2013.

3.1.3 Glacier boundary between 1956 and 2021

There are barely 12 records of the contours of Ca-
rihuarizo glacier between 1956 and 2021 (Figure 4).
The records are based on aerial photographs and to-
pographic measurements, especially from 2003 on-
wards. There is only one previous record (1956). A
downward trend in the glacier’s surface area has
been identified from the first estimate for the year
1956. This surface will be considered as reference
for future estimates of the glacier contour for both
photographic records and model outputs. By 2003,
the glacier had already lost 30 % of its reference area.
Unfortunately, there is an information gap between
1956 and 2003, so it cannot be observed if there we-
re recovery periods of the glacier. By 2015, it was
already recording a 90 % loss compared to 1956. In
2017 and 2021, glacial loss reaches 96 % and 99 %,
respectively.

2009), a glacier is an ice mass of at least 0.1 km?
in length. If we consider that in 2017 the measured
area is 0.015 km?, confirming that the remaining ice
mass can no longer be considered as a glacier.

and variations in the area, including the recovery of
the glacier mass in 2008. For this period, the Nash-
Sutcliffe (nse) estimator is 0.82 and the mean square
error (rmse) is 0.01 km>. However, the model fails
to simulate the glacier area in 2015, 2017 and 2021.
Considering the whole period, the nse and rmse
reach a value of 0.77 and 0,03 km?, respectively.

The uncertainty associated with the input varia-
bles and model parameters are represented in Figu-
re 6. The smallest range corresponds to 10000 model
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Figure 2. Monthly Precipitation (blue surface) and mean temperature (red surface) for a 95% confidence interval in the area
near Carihuairazo glacier after calibrating ERAS reanalysis data with observations of the reference station (black line) within the
period 1956 to 2022.
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Figure 3. Accumulated precipitation (blue bars) and mean temperature (orange line) in the area near the Carihuairazo glacier in
the period 1956 to 2022 obtained from the calibration of the ERAS reanalysis data with the reference station.

simulations with changes in input variables using
calibrated model reference parameters (Table 1). In
this case, the band increases in size in relation to the
years, and that the greatest uncertainty is seen in
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the last two decades. The second larger range co-
rresponds to 10000 model simulations with calibra-
ted parameters for each of the 10000 sets of input
variables.

103



Scientific paper / Articulo cientifico
EARTH SCIENCES

Hidalgo et al.

749000 749200 749400 749600
N N N N

749800
N

750000
N

750200
N

S

9845000
J

%
¥
T

=&
-

9844800

1
+
+

9844600

9844400
1

9844200

190 95 0 190 Metros
N TN

Leyenda

[ 1956. 034 km2
[ 2003.022km2
[J2004.0,21 km2
[ 2005. 0,18 km2

2006. 0,17 km2
2007.0,15 km2
2008.0,16 km2

[]2009.0,17 km2
2010.0,17 km2
2015.0,03 km2

[J2017.001km2
[J2021.0003km2 |-

9845000

9844800

9844600

9844400

9844200

T T T T
749000 749200 749400 749600

T T T
749800 750000 750200

Figure 4. Map of the study area showing the evolution of the glacial retreat of Carihuairazo. The contours of the glacial surface
were first measured in 1956 through aerial photographs. There are different topographic field measurements from 2003 to 2021,
carried out by different research teams, which reveal the decrease of this ice mass. The blue outer contour shows the area consi-
dered as a reference recorded in 1956. On the other hand, the red polygon illustrates the last field measurement made in 2021.
Source: Adaptation of Caceres and Cauvy (2015) and Rosero et al. (2021).

In this case, it can be seen the greatest uncer-
tainty in the first 25 years and in the last 7 years
of the simulation. The range of uncertainty between
the 1980s and 2010 is similar to that of the first ran-
ge. Regardless of the combination, it can be seen
that the model clearly simulates the loss of mass of
the glacier, which increases from the second part of
the 80s.

Table 1. Calibrated hydroglaciological model parameters. The
range corresponds to 95 % of the 10000 values around the me-

shows these variables in the run period of the mo-
del. The predominant variable is fusion, being the
highest variable in 58% of the time. Precipitation
is the highest variable on 28 occasions, being 69 %
before 1980 and only on one occasion after 2000.
The sublimation is low in relation to the other varia-
bles, oscillating around 100 mm of water equivalent
height. In relation to the balance between inflows
and outflows, there is a deficit in 61 % of the time.
This explains the loss of glacier mass that is evident
in the variation behavior of the glacier area, where
a recovery can be observed in a few years

dian.
Parameter Range Calibrated value
a 0.013 - 0.028 0.014
b 1.27-2.01 1.35
a1 [mm/month/°C] 214 - 234 218
ay, J [mm/month/°C] 227 - 328 228

3.3 Discussion

3.3.1 Hydroglaciological model and influence of cli-

The model allows estimating the input and out-
put variables of the glacier that increase and re-
duce the size of the glacier, respectively. Figure 7
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matic and external factors

The hydroglaciological model was run since 1956,
corresponding to the first available measurement
of the glacier. To complement the data of the cli-
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Figure 5. Photointerpretation. The images correspond to the same perspective of the central summit of Carihuairazo, from the
southern flank belonging to the Marco Cruz archive. The circles of the same color show the same point on the mountain and how
it has varied from the 1970s to the early 2000s. The changes in the mountains in the five reference points considered during the
last decades of the 20th century can be seen. Today, the glacier can be considered practically extinct.
Source: Personal collection of Marco Cruz.

matic variables, the product of the reanalysis ERA5
was used. Reanalysis data have been used in other
studies in the region such as the case of the Anti-
sana volcano (Bradley et al., 2009; Manciati et al.,
2014; Basantes-Serrano et al., 2022). Manciati et al.
(2014) found that the variables of the NCEP-NCAR
reanalysis (Kalnay et al., 1996) combined with data
from regional stations have a good correlation with
glacial mass loss. Basantes-Serrano et al. (2022) used

The reconstituted temperature series presents
a clear positive trend that magnified more from
the year 2012. This trend is in accordance with re-
sults obtained at global (Hugonnet et al., 2021; In-
tergovernmental Panel on Climate Change (IPCC),
2022) and regional levels (Morédn-Tejeda et al., 2016;
Aguilar-Lome et al., 2019; Imfeld et al., 2021). The
temperature shows an increase of 0,14°C, a value si-
milar to 0,10°C found in the Peruvian Andes (Sei-
ler et al., 2013) and less than 0,25°C found in Ecua-
dor (Morén-Tejeda et al., 2016). Regarding precipi-
tation, no clear trend was found. In a study of cli-
mate trends in Ecuador,Moran-Tejeda et al. (2016)
did not find a significant trend in annual preci-
pitation in the inter-Andean region. Wet periods
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the ERAS reanalysis to estimate the effect of clima-
te and topography on the variation of Antisana vo-
lume, where it was found that the reanalysis series
was able to capture the seasonality of precipitation
and temperature on the west side of the volcano.
In this study, ERA5 reanalysis was used because it
showed a better correlation with the reference sta-
tion for temperature than NCEP-NCAR reanalysis.

such as 1965-1966, 1983-1984, 1993-1994, 1997-1998
and 2008 coincide with the standardized precipi-
tation evapotranspiration index found by Vicente-
Serrano et al. (2017) in the interandean region. A
clear increase in precipitation in the period 1983-
1984 coincides with the extreme El Nifio phenome-
non in that period. However, there is no signifi-
cant increase in the other extreme period of El Nifio
(1997-1998). This behavior coincides with the study
of dry and humid extremes in the city of Quito by
Dominguez-Castro et al. (2018). Dry years such as
1961-62, 1967, 1979, 1986, 1991, 2003 and 2009 coin-
cide with the results of Vicente-Serrano et al. (2017)
and Dominguez-Castro et al. (2018).
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Figure 6. Variation Simulation of the Carihuairazo Glacier area (1956-2022) as a product of the hydroglaciological model. The

red crosses correspond to the observed measurements of aerial photos (the first measurement in 1956 is represented in the model

as the final value in 1955). The dotted dark solid line represents the model simulation with the calibrated reanalysis series.

The light blue surface represents 95 % of the 10000 simulations performed with the variation of the input variables using the

calibrated parameters. The dark blue surface represents 95 % of the 10000 simulations performed with the calibrated reanalysis

input variables and the different parameter sets calibrated for the input variable variation. The darker blue band represents the
intersection of the bands described above.

The parameters calibrated from observations of
the glacier area are within typical values as eviden-
ced in the literature (Table 1). The parameters rela-
ting the area and volume of the glacier (a = 0,014
and b = 1,35) are similar to those recommended for
the study of the area-volume relationship of several
glaciers of Bahr and Peckham (1997), where values
of a=0.048 and b=1.36 are recommended. The pa-
rameter values obtained from the optimization of
10000 runs for different variations in the input va-
riables reveal a large dispersion (Table 1). Bahr et al.
(2015) performed a review of the area-volume re-
lationship of glaciers for parameters a and b, and
indicates that while parameter a can vary from gla-
cier to glacier and can even change over time, the
parameter should be fixed and its value should be
between 1,167 and 1.5, otherwise it could cause
inconsistencies in the mechanical equilibrium equa-
tions in glaciers. Grinsted (2013) also finds the value
of b within this range. However, Radi¢ et al. (2007),
in a study of the evolution of 37 synthetic glaciers,
found b values of 1.56 for stationary conditions, and
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even higher values (up to 2.90) for non-stationary
conditions, concluding that parameter b is higher
in warming scenarios (loss of glacial mass) and that
it tends to increase with a smaller initial glacial
size. This finding is in agreement with an evolu-
tion study of the small Chacaltaya glacier in Bolivia
(Ramirez et al., 2001), where parameter b can be
estimated from 2.05 in the period 1860-1998 from
annual topographic measurements and geophysi-
cal studies carried out on the glacier. In this study,
in 39% of cases parameter b is within the range re-
commended by Bahr et al. (2015). In 98 % of cases, b
is below 2.05. For the melting constants in the high
and low ablation zone, the calibrated values are clo-
se to the values recommended by Fernandez Yanez
(2010), of 180 and 240 mm/month/°C, respectively.
However, the values found are lower than the ran-
ge of 284 to 434 mm/month/°C used by Caro et al.
(2023) in a simulation of glacier mass loss in the tro-
pical Andean zone.

The development of the model allowed estima-
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Figure 7. Annual mass balance in the Carihuairazo Glacier (1956-2022). The bars represent the variables of entry (precipitation)
and exit (fusion and sublimation) that influence the mass balance of the glacier.

ting the variation in the volume of the glacier in
a period of 68 years. The model shows an increa-
se in the mass of the glacier until 1975 and later a
constant loss of its mass, except for a few years (e.g.
1999-2000 and 2007-2008) where there is a slight
recovery as a result of an excess in precipitation in-
puts or by the decrease in losses by sublimation and
fusion, the last reduced by the reduction of tempe-
rature in those years. This accelerated loss of glacier
volume since the late 1970s has been evident in the
Andean glaciers of the tropical zone (Rabatel et al.,
2013). Also, a worldwide significant decrease in
the volume of glaciers has been reported since the
beginning of the 21st century that coincides with
the increase in sea level (Hugonnet et al., 2021). In
Ecuador, a recession study of the Cotopaxi volcano
glacier (Jordan et al., 2005) showed a similar beha-
vior to that found in this study, where in the period
1956-1976 the Cotopaxi glacier maintained its mass,
and subsequently suffered a 30 % retreat of its mass
until 1997. In another study in the glacier of the
volcano Antisana (Basantes-Serrano et al., 2022), a
similar behavior can be evidenced except for the
period 1956-1964, where there was a significant re-
treat of the glacier, and the period from 2000, where
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although the glacier had losses of mass, the retreat
was not as significant as the period in the late 70’s
until 2000. This behavior differs from the retreat of
the Carihuairazo glacier, where mass loss is similar
between the 80s and the end of 2010. For the case of
the Chimborazo volcano glacier, the closest to Ca-
rihuairazo, the loss of the glacier area between 1962
and 1997 was 57 % (Caceres, 2010), which is similar
to the 48 % found in this study.

Although the model manages to successfully
simulate the glacier area until 2010, it cannot re-
produce the abrupt decline that occurs from 2011.
Looking at the precipitation and temperature in this
period, the temperature undergoes a considerable
increase in 2011 to 2016, and subsequently a slight
decrease (Figure 2). This variation in temperature is
reflected in the decrease of the glacial area, but the
loss of mass is not sufficient as seen in the observa-
tions. One factor that could explain the difference is
the relationship between the volume and the area of
the glacier. The model uses a constant ratio regard-
less of the size of the glacier. But this relationship
can change especially when the area is reduced, sin-
ce the influence of the topography of the mountain
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will be more prevalent (for example the presence of
bumps or depressions). This phenomenon could be
explained by the edge effect that Santos and Telle-
ria (2006) define as “the set of processes associated
with the increase of the perimeter/area relationship
that occurs with the advance of fragmentation”. Al-
s0, it should be considered that the reduction of the
glacier mass to such a small size (less than 0.1 km?)
can produce a change in the microclimate around
the glacier, producing an increase in temperature
that has not been evident. For example, the small
Chacaltaya glacier in Bolivia, which had an area of
0.25 km? at the beginning of the 1940s, has suffered
a retreat to extinction. By the beginning of the 21st
century, the retreat meant an outlet from the heat
supply for the melting of the glacier of 10 W /m?
(Ramirez et al., 2001), equivalent to an increase of
1,5°C.

Another factor that could be considered in the
simulation of the retreat of the Carihuairazo gla-
cier is the influence of the eruptive process of the
Tungurahua volcano. Vasconez et al. (2021) deter-
mined that in November 2015, 1.83E+06 m> of ash
were released into the atmosphere. According to
this same study the average wind direction during
the eruption was towards the west, northwest and
southwest. This research determined that the ac-
cumulated volcanic ash reached <100 g/m? in the
highlands of the eastern flank of Chimborazo vol-
cano. Due to the proximity of Carihuairazo to Tun-
gurahua volcano, the ash emanations of the volcano
were deposited in the glacier, partially covering the
surface of ice and snow, causing a reduction in al-
bedo. As a result, the ability to reflect shortwave
radiation to the glacier may have been diminished,
favoring melting and the subsequent glacier retreat
dynamics. The accumulation of ash on the glacial
surface of Chimborazo and Carihuairazo from the
eruptions of Tungurahua exacerbated the degla-
ciation process, as Cruz points out (2020, personal
interview): “A high albedo will reflect up to 90%
of the light energy, on the contrary, the Tungurahua
ash reduced the albedo in the glaciers of Chimbora-
zo and Carihuairazo, so that up to 80% of the light
energy was absorbed by the glacier, causing the for-
mation of large penitent fields”.

La Frenierre and Mark (2017) points out that
the decrease in albedo exacerbates the effect of gla-
cial surface warming, as observed in Kilimanjaro,

108

in West Africa, where glacial retreat has been more
sensitive to the decrease in albedo, due to reduced
snowfall, than to increased temperatures.

The simulation of the model, the observations of
the glacier area and the record of the volcanic acti-
vity of Tungurahua have been elaborated (Figure 8)
with the information collected in the meteorological
stations, which relates for each year the behavior of
each of these variables in order to establish a possi-
ble connection between them and the glacial retreat
of Carihuairazo. In the period 2003 to 2017, it can
be observed that the variation in the glacier area
is mainly related to the temperature variation in
both the model results and the observations. On
the contrary, precipitation shows an inverse rela-
tionship in several years. Regarding the activity of
the Tungurahua volcano, an attempt has been ma-
de to characterize its activity in a qualitative way.
There is no obvious relationship between activity
and glacial area variation, but activity may explain
some differences between the model and observa-
tions.

For the period 200- 2009, despite the favorable
climatic conditions for a possible considerable re-
covery of the glacier, the coincidence of this pe-
riod with one of the most violent eruptive phases
of the Tungurahua volcano, we verify only a small
recovery of the Carihuairazo glacier. For the period
2010-2015, there is no significant increase in the ac-
tivity of the volcano that could explain the abrupt
reduction in the glacier area. In this sense, the sig-
nificant retreat in the area would be more related to
the edge effect in the upper part of the glacier.

3.3.2 Impacts on socioeconomic, environmental and
cultural systems

An attempt has been made to characterize the im-
pact of the glacier retreat on the Cunucyacu com-
munity. Both the community members and the
climbers interviewed agree on the dramatic glacial
retreat in the Carihuairazo, their concerns and moti-
vations may be different, but they refer to the same
origin of the problem, the loss of the ice mass leaves
a cultural trauma in their perception of this environ-
ment. More perils on the ascent routes, less water
availability, and uncertainty about a glacier-free fu-
ture in the Andes. The wasteland areas are the ones
that ensure the provision of water for populations at
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lower elevations. According to the research carried
out by Buytaert et al. (2017), it was determined that
the glacial contribution from Carihuairazo to the
flows of the area is not representative, since it is
below 4 %. Although the retreat of Andean glaciers
in Ecuador does not necessarily imply a decrease
in water availability by itself, it is a clear indicator
of the changes in conditions and temperatures of
this ecosystem, and it also reveals a number of vul-
nerabilities associated with climate change, such as
forced migration in search of better fields of cultiva-
tion, search for new water sources, better pastures,
etc.

For Ana Segovia (2021, personal interview), the
loss of the link with nature, specifically in the com-
munity of Cunucyacu, is due to the precarious li-
ving conditions that these people face. The lack of
quality education, the distances that children have
to travel to reach the community school, for exam-
ple, makes that people who can afford send their
children to study elsewhere, generating the condi-
tions of future migration. One consequence of this
phenomenon is that currently agriculture and lives-
tock are managed by older adults. Segovia believes
that it is also a problem of self-esteem, because it is
considered that having some kind of binding belief
with the mountains is wrong, not properly valued.
In addition, the general perception that associates
life in these areas with poverty and marginaliza-
tion is very present. This uprooting of communi-
ties in front of the paramo has its interpretation in
the change of land tenure, which for Luis Chicaiza
(2021, personal interview) is a structural problem,
since many communities were displaced from low,
more productive areas, to high land, less productive
for agriculture, forcing them to change land use in
their search for resources for their subsistence.

As for Susana Escandén (2021, personal inter-
view), water is one of the elements around which
conflicts, knowledge, economic dynamics, etc. oc-
cur, so it is important to consider this multidimen-
sionality of water when making comprehensive de-
cisions about it. In this sense, it explains another
way of understanding this process of disconnection,
due to the decrease of resources in these territories,
and which now no longer turn out to be as visible
or powerful as before.
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Based on the interview with Mr. Luis Punina, a
local community guide, the main concern they ha-
ve about the glacial retreat of Carihuairazo is the
consequences in the tourist area, above even the
possible implications in the availability of water for
the community. Since they have the idea that visits
to the sector are only due to the interest of approa-
ching the snowy mountain, and once the glacier
has disappeared, they have noticed a decrease in
tourists. It is important to consider that this study
has coincided temporarily with the confinement
measures decreed in the context of COVID-19. At
the meeting held with the community assembly on
September 11, 2020, the members expressed their
confidence that since the time of their grandparents,
they have not lacked water, and they are confident
that they will not be lacking in the future, regardless
of whether the Carihuairazo glacier will disappear
completely. So they show a complete disinterest
in generating plans and actions that allow them
to adapt to possible threats. Despite this, they ha-
ve already begun to look for new sources of water
supply from the Chimborazo glaciers.

Great respect for nature was one of the values
rooted in the worldview of the high Andean indige-
nous communities, but the new generations today
have a new way of understanding their environ-
ment as Mesias Usigfia (2021, personal interview)
points out. Factors such as religion, dispossession of
arable land, migration, changes in the ways of con-
sumption of communities and especially cities have
generated inadequate living conditions around the
mountains, the search for more resources has made
people separate from their symbols and beliefs.

The choice we face as a society shows on the one
hand the demand of care of the wasteland towards
the communities for all people who benefit from it,
and on the other hand is the legitimate remunera-
tion that cities owe to communities for their con-
servation actions of the wasteland. It is necessary
to establish the link between the urban and the ru-
ral, understand the origin of the water coming to
our cities, since it will help to make visible the need
for fair treatment with the communities that are res-
ponsible for the protection of the moors. It is im-
portant to value family peasant production systems,
which are those that provide the cities.
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Figure 8. Relationship between the variation of the surface of the Carihuairazo glacier, precipitation, temperature and volcanic

activity of Tungurahua between 2003 and 2017. The first graph shows the increase or loss of the area between each year in

relation to the year 1956 (0.34 km?), the bars correspond to the simulation of the hydroglaciological model and the red crosses to

the measurements of the glacier contour (only years followed by observations were included). In the second graph, standardized

precipitation is observed for each year. The third figure shows the standardized temperature in each year. The fourth graph shows
the characterization of the volcanic activity of Tungurahua in relation to ash emission and point events.
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Water should be considered “as a dynamizer
of the peasant community organization” (Chicaiza
2021, personal interview). This perception of water
as something more than just a resource, would faci-
litate the commitment of conservation of the sour-
ces from cities, towns and communities. Tensions
around the paramo reveal deeper issues of inequa-
lity and marginalization that motivate migration
processes in several aspects: land tenure, access to
quality education, access to basic services, access
to water of the same quality as that reaching the
big cities, etc. Attempts to slow the advance of the
agricultural frontier, care for water that others use,
are some of the many faces of this crisis. In the last
ten years, we have been able to generate data and
models on the possible climate scenarios that our re-
gion could face; however, this information has not
reached farmers and less so the communities that
inhabit the moors, so part of this awareness process
of climate change must be crossed by the democra-
tization of climate information, which allows them
to understand and adapt to the changes that are evi-
dent and that sooner or later will affect their ways
of life.

Although currently indigenous communities do
not specifically discuss climate change, it does not
mean that they are oblivious to this reality, since for
them a substantial change in their agricultural ca-
lendar is noticeable. Perhaps their discussions are
more focused on issues that are considered priori-
ties for their daily subsistence, and they will not be
able to properly articulate a climate change agenda
as long as their most basic needs are not met.

3.3.3 Adaptation needs, challenges and opportuni-
ties

The socio-economic context of Cunucyacu is com-
plex, since out of its 12,218 inhabitants, 95% of the
population live under poverty conditions, in an en-
vironment where not everyone has access to basic
services, and do not reach to cover the basic family
basket (GAD Parroquia Rural de Pilahuin, 2015).
Irrigation to support crops that are not normally
irrigated could become more important in the co-
ming years due to rainfall variability. Therefore,
irrigation infrastructure should enable this type of
assistance, through mobile spraying or drip irriga-
tion systems, and thus ensure food security for this
population (Gobierno Provincial de Tungurahua,
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We still do not fully understand the importance
of glaciers in hydrological cycles, and despite this
we do not have a network for monitoring and sur-
veillance of glacial behavior in the Andes, causing
serious uncertainties in the attempts to model the
behavior of these ice masses and their future in-
fluence on the water supply for our fields and cities.

3.3.4 Limitations of the research

Regarding the implementation and validation of
the hydroglaciological model, one of the limitations
was the available measurements. There are no sta-
tions on the glacier and the nearby weather stations
are rare. In addition, it is necessary to consider the
uncertainty of the reconstruction of the series from
the use of the ERA5 reanalysis. For this reason, there
is uncertainty in the time series of the input meteo-
rological variables used in the model that reaches
an error in the estimates of the area of the glacier
of 0.02 km?. However, the main limitation is the
limited number of measurements that serve to va-
lidate the model, which in this case are the measu-
rements of the glacier area. Unfortunately, between
1957 and 2000, there is no data for the glacier area.
The limited number of measurements of the glacier
area generates uncertainty in the values of the ca-
librated parameters of the model since there may
be the problem of equifinality, because there are not
enough restrictions to include the uncertainty of the
meteorological variables of entry. In this sense, the
average error in the estimations of the area reaches
0.05 km?* and is greater in the decades where there
are no observations. However, the model manages
to simulate the glacier retreat satisfactorily.

Regarding the perception of the community re-
garding the retreat of the glacier, the greatest limi-
tation faced by this research was the restrictions of
the COVID-19 pandemic that coincided with the ti-
me of field work. Another limitation was the com-
munity’s refusal to conduct perception surveys af-
ter meetings and agreements with the community’s
leadership. Therefore, it was not possible to have
a statistical input, to contrast with other preserva-
tion experiences of the paramo; interviews were
conducted with different actors working in research
tasks, water funds, leadership of indigenous organi-
zations, private reserves and international agencies,
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to obtain a broader view of the socio-environmental
situation of the paramos in Ecuador.

4 Conclusions

From a photographic record, community testimo-
nies and measurements of the contour of the Ca-
rihuairazo glacier, it is concluded that the Carihua-
rizado glacier has experienced a significant retreat.
Relative to the year 1956, the glacier has lost 97.1%
and 99.1% of its surface area by 2017 and 2021, res-
pectively. The use of a hydroglaciological model
evidences the loss of the glacial area from the late
70s, except for a few years where a slight recovery
is evident. The decline coincides with the positive
trend in temperature increase over the years, this
variable being the one that would have the grea-
test influence on the reduction of glacier volume.
The model used has some limitations and cannot
incorporate external factors such as ash fall from
the Tungurahua volcano.

The climatic and altitude conditions to which
this small mass of ice is subjected place it in a situa-
tion of inevitable extinction. Although the retreat
of Andean glaciers in Ecuador does not necessa-
rily imply a decrease in water availability by itself,
because it is mainly the moors that ensure the pro-
vision of water for populations, it is a clear indicator
of the changes in conditions and temperatures fa-
ced by this ecosystem.

It is necessary to persist on the need to collect
meteorological information in the areas near the
glaciers of the Ecuadorian Andes and to adjust mo-
dels that allow predicting their behavior in the co-
ming years to constitute a scientific basis that facili-
tates proposing adaptation measures.

The glacial retreat will affect some areas such as
the landscape and with it there could be an impact
on local tourism, but its impact on water supply
will be limited, however an articulated conserva-
tion process moor - glacier, considering it as com-
plementary elements, would allow better manage-
ment of policies and actions to implement.

Finally, the scientific community must maintain

links with the communities that are affected by this
glacial retreat, since finally it is the people who ma-
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ke this reality evident beyond the behavior of the
weather series.
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