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Abstract Overthe past several decades, glacier retreat in the tropical Andes has accelerated. Given the role
glacier melt plays for water supply, ecosystem integrity and glacier-related natural hazards, improving
projections of glacier changes in the region is critical. The accuracy of global climate models in this region
remains an issue as the complex terrain and climate characteristics are difficult to realistically simulate. Here,
we examine historical changes of freezing level height (FLH) on four tropical Andean glaciers: Antisana 15
glacier in Ecuador, Artesonraju glacier and Quelccaya ice cap in Peru, and Zongo glacier in Bolivia. The
changes in FLH at each site are estimated based on ERAS reanalysis data and then compared with historical
simulations from 35 different CMIP6 models. Constraints are then placed on future projections via correction of
model bias, selection of “best-performing” models, and excluding models with an equilibrium climate
sensitivity outside the Intergovernmental Panel on Climate Change ARG likely range. By utilizing the
significant empirical linear relationship observed between FLH and glacier equilibrium-line altitude, we
estimate the future shrinkage of the glaciers' accumulation zone under two emissions scenarios, SSP2-4.5 and
SSP5-8.5. By the year 2100, the Quelccaya ice cap will likely have passed a point of no return, committing to
losing its entire accumulation zone, regardless of emission pathway. The same is true for Antisana 15-alpha
glacier under SSP5-8.5 while a small accumulation zone remains under SSP2-4.5. Thanks to their higher
accumulation area, Zongo and Artesonraju glaciers are more likely to survive beyond 2100, albeit in a strongly
reduced extent.

Plain Language Summary Glaciers are visible indicators of the effects of climate change throughout
the globe, with tropical glaciers being especially sensitive to changes in climate. The portion of the Andes
mountains located in the tropics contains more than 99% of the world's remaining tropical glaciers, thus making
it important to understand how these glaciers will respond to future changes in climate. In this study, we use
global climate models to calculate the freezing level height (FLH) through time (1850-2100) at the location of
four monitored glaciers in the tropical Andes region of Ecuador, Peru, and Bolivia. Using the FLH, we can
estimate changes in the equilibrium-line altitude at each glacier, which describes the change in the mass balance
of the glacier through time. This study found that each of the four glaciers will continue to shrink rapidly, with
lower elevation glaciers reaching a point of no return by the year 2100.

1. Introduction

The tropical Andes mountains (~5°N-20°S) contain more than 99% of the remaining tropical glaciers
(Kaser, 1999). These Andean glaciers provide important socioeconomic and environmental services and their
rapid retreat thus poses a significant challenge for adaptation to changing hydrological conditions downstream for
both natural and human systems (Bury et al., 2011; Carey et al., 2014; Drenkhan et al., 2015; Mark et al., 2017;
Motschmann et al., 2022). As the glaciers in this region act as a hydrologic buffer, they contribute to maintaining a
relatively constant river discharge downstream during the region's dry season which is critical for use in agri-
culture, mining, hydropower, and human consumption (Kaser et al., 2010; Mark, 2007; Saberi et al., 2019; Soruco
et al., 2015; Vuille et al., 2018). However, it has been shown that, in many watersheds, the critical point of peak
water has already passed and that the dry season river discharge is already decreasing (Baraer et al., 2012; Caro
et al., 2024; LaFreniere & Mark, 2016). Even though glaciers are not the only water buffer, and in many regions
may be supplemented or replaced by other storage systems, such as water reservoirs, wetlands (paramos), or
groundwater extraction (e.g., Drenkhan et al., 2023; Somers et al., 2019), understanding how these glaciers will
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respond to future changes in climate and where glaciers may disappear completely, is relevant for informing
future adaptation strategies. Historically, such assessments have been challenging, as the rate of warming is
amplified at higher elevations due to elevation-dependent feedbacks, which are seen in mountain regions across
the globe (Pepin et al., 2015, 2022; Rangwala & Miller, 2012), including the Andes (Chimborazo & Vuille, 2021;
Chimborazo et al., 2022; Urrutia & Vuille, 2009; Vuille & Bradley, 2000; Vuille et al., 2015). As global climate
models (GCM's) struggle to accurately resolve the complex Andean topography, and therefore produce inaccurate
mountain-top surface temperatures (Yarleque et al., 2018), relying on free-tropospheric temperature trends in
GCM's tends to provide better insight into how tropical glaciers are affected by continued warming in the tropical
Andes (Bradley et al., 2006, 2009; Schauwecker et al., 2014, 2017).

Recent studies have shown that Andean glaciers are among the fastest shrinking glaciers globally (e.g., Hugonnet
et al., 2021; Gorin et al., 2024; The Glambie Team, 2025). Due to this rapid retreat, snow and ice melt in this
region contributes up to 50% of total runoff in some basins (Caro et al., 2024). Glacier mass change estimates have
previously been documented using different strategies, including extrapolation of field measurements, geodetic
estimates derived from digital elevation models, low-resolution remote sensing methods which do not resolve
individual glaciers, and using both global and regional climate models (Braun et al., 2019; Carrivick et al., 2024;
Dussaillant et al., 2019; Fernandez & Mark, 2016; Rabatel et al., 2013; Seehaus et al., 2019, 2020; Taylor
etal., 2022; Vuille, Francou, et al., 2008). Dussaillant et al. (2019) found that glacier mass balances in the tropical
Andes were overwhelmingly negative from 2001 to 2017, with rapid thinning of small tropical glaciers. Indeed,
most studies suggest that many tropical Andean glaciers are out of balance with the current climate and bound to
continue in a state of rapid decline.

Several studies have documented a close relationship between the free troposphere 0°C isotherm (freezing level
height, FLH) and the ELA of tropical glaciers (Schauwecker et al., 2014, 2017; Vuille et al., 2018; Yarleque
et al., 2018). The glacier mass balance in the tropical Andes is very sensitive to increases in FLH as this de-
termines the rain-snow line which in turn affects the albedo and the energy balance of the ablation zone (Rabatel
et al., 2012, 2013; Schauwecker et al., 2017). Several studies have thus analyzed changes in the FLH in the
tropical Andes using various reanalysis data sets, including ERA-Interim, ERAS, and NCEP/NCAR (Bradley
et al., 2009; Rabatel et al., 2013; Schauwecker et al., 2014, 2017; Vuille et al., 2018; Yarleque et al., 2018).
Bradley et al. (2009) further employed high-elevation in-situ data at Quelccaya Ice Cap (5760 m a.s.1.) to validate
the FLH changes derived from multiple reanalysis data sets for the period from 1975 to 2009. They found a robust
relationship, suggesting that reanalysis data sets can provide accurate assessments of free-tropospheric and near-
surface temperature changes in this region that can be used to calculate FLH on monthly and annual timescales.

Since reanalysis data sets can only give insight into historical FLH changes, studies focused on future projections
of FLH changes in the tropical Andes have relied on CMIP models. By using reanalysis data as the observational
baseline, model simulations can be bias-corrected over the historical period, thus allowing to better constrain
model projections for the end of the 21st century. Studies such as Bradley et al. (2006, 2009), Schauwecker
et al. (2014, 2017), Vuille et al. (2018), and Yarleque et al. (2018) have all used previous generations of CMIP
simulations to investigate projected changes in FLH over the tropical Andes throughout the 21st century.
However, such assessments have generally relied on just a handful of models, and to our knowledge, no studies
have taken advantage of the improvements in global climate modeling since CMIP3 and CMIP5.

However, a number of CMIP6 models are characterized by a rather high climate sensitivity compared with
previous CMIP generations and climate sensitivity estimates derived from other sources, such as paleoclimatic
evidence, theory, or modern observations (Smith et al., 2021). CMIP6 models include different and more so-
phisticated feedback processes, as well as a larger variety of physical processes when compared with earlier
model generations (Hausfather et al., 2022; Meehl et al., 2020). One or multiple of these feedbacks are at the
source of the “hot model” problem, resulting in excess warming in the tropics (Voosen, 2022). Indeed, in the
CMIPS5 generation, the highest equilibrium climate sensitivity (ECS) across all models was 4.7°C. Over one
quarter of CMIP6 models have an ECS of at least 4.7°C, with around one-fifth having an ECS of 5°C or higher
(Hausfather et al., 2022). Many studies have also found that these high ECS models poorly reproduce historical
temperatures; specifically, often showing little warming over the twentieth century with a sharp increase in
temperatures in the past few decades (Hausfather et al., 2022). The Intergovernmental Panel on Climate Change
(IPCC) in its Sixth Assessment Report (AR6) has approached this problem by focusing on specific warming
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targets as well as exclusion of models which are known to be too hot
(Hausfather et al., 2022). Studies which take these “hot models” into
consideration are likely to project temperatures which become too warm too
quickly.

Here, we aim to provide a better constrained estimate of future changes in
FLH and glacier ELA at four tropical Andean glaciers with a long history of
on-site monitoring. Using a large CMIP6 data set, we first compare the his-

torical model runs to reanalysis data. The individual historical model simu-
lations are based on fully coupled models and thus all contain different

Elevation (m)

2000 realizations of internal variability, affecting their phasing of interannual and

decadal-scale variability. Our comparison is thus only focused on model
performance in terms of the models being able to reproduce the long-term
1000 mean and standard deviation of FLH at our study sites, but not their
phasing or historical trends. Relying on updated quantitative FLH-ELA re-
lationships at all four sites, we then use the bias-corrected FLH in CMIP6
models to project future changes in the ELA under future emissions scenarios
SSP2-4.5 and SSP5-8.5 using both a multi-model mean as well as estimates

Figure 1. Topographic map outlining the spatial area of interest (5°N-20°S that exclude models that fall outside the ECS likely range. While the ECS is
and 85°W-60°W), as well as the four locations of interest. Topography calculated at the global scale, this selection is nonetheless justified. As we
obtained from Global Land Data Assimilation System (GLDAS) elevation. show in this paper, models with a higher ECS also produce a stronger

warming (a stronger FLH increase) over the Andes. In addition, we also
assess the results when only considering those models which perform best over the historical period. Finally, these
estimates are being compared with earlier ELA projections published for these same sites in Vuille et al. (2018)
and Yarleque et al. (2018).

Section 2 presents the data and methods used in this study. Section 3 presents both FLH and ELA estimates for the
historical period and future projections as seen in reanalysis data and models, respectively, while Section 4
discusses how these results compare to previous studies. We end with a brief summary and outlook on future work
in Section 5.

2. Data and Methods
2.1. Glacier Locations and Glacier ELA Data

Here, we focus on four glaciers in the tropical Andes: glacier 15-alpha on Antisana volcano in Ecuador, glacier
Artesonraju in the Cordillera Blanca in Peru, the Quelccaya Ice Cap in the Cordillera Vilcanota, Peru, and Zongo
Glacier in the Cordillera Real, Bolivia (Figure 1 and Table 1). Thanks to their location extending up to high
altitude summits (>5,680 m), all these glaciers still have a permanent accumulation area. The glacier surface area
ranges between 0.3 km? for Antisana 15-alpha Glacier to more than 40 km? for Quelccaya. Antisana 15-alpha
Glacier extends over the Antisana volcano which has not shown any sign of activity over the last four cen-
turies (Basantes-Serrano et al., 2016). The studied glaciers are all free of debris-cover, except for the edges along
the lowermost reaches of the tongue of the Artesonraju Glacier; hence, the impact on the surface mass balance is
very limited. Antisana 15-alpha Glacier belongs to the inner tropics, where precipitation can occur year-round and
the ablation rates on the lower tongue are almost constant year-round, reaching approximately 250 mm w.e./
month. The other glaciers belong to the outer tropics where the seasonality of precipitation is well marked,

Ij?;:iolns and Length of Equilibrium-Line Altitude Measurements on Glaciers Analyzed in This Study

Glacier Mountain range Latitude (°) Longitude (°) Max altitude (m) Time period

Antisana 15 Glacier Antisana —0.48 —78.15 5,760 1995-2012

Artesonraju Glacier Cordillera Blanca —8.95 —77.45 5,979 2000-2009

Quelccaya Ice Cap Cordillera Vilcanota —13.93 —70.85 5,680 1992-2017

Zongo Glacier Cordillera Real —-16.25 —68.16 6,000 19912014
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resulting in a more pronounced seasonality in accumulation and ablation processes at the glacier surface, even if
ablation can be encountered year-round at the lowermost elevations of the glacier. These locations have been
chosen due to the long-term monitoring carried out at these sites (e.g., Al-Yaari et al., 2023; Autin et al., 2022;
Basantes-Serrano et al., 2016, 2022; Favier et al., 2004; Francou et al., 2004; Gualco et al., 2022; Hurley
et al., 2015; Rabatel et al., 2012, 2013; Reveillet et al., 2015; Sicart et al., 2005, 2011, 2014; Vuille, Kaser, &
Juen, 2008; Wagnon et al., 2001) allowing for a long-term assessment of ELA and glacier mass balance changes at
each site. Furthermore, earlier research based on CMIP5 models focused on these same locations, allowing for a
comparison across CMIP model generations and a temporal extension of earlier results (Vuille et al., 2018;
Yarleque et al., 2018). Here, we use the annual mean ELA values reported in Vuille et al. (2018), and Yarleque
et al. (2018), spanning varying time periods between 1991 and 2017, depending on the glacier considered (see
Table 1). The annual mean was calculated using the hydrologic year, which is January to December in Ecuador
and September through August in Peru and Bolivia. These ELA time series were further complemented with more
recent unpublished estimates provided by the French GLACIOCLIM program (https://www.ige-grenoble.fr/
GLACIOCLIM).

It is important to note that the ELA represents an estimated value based on spatial interpolation of individual
point-based measurements of the mass balance on the glacier. Most mass balance measurements are taken in the
ablation zone at lower elevations of the glacier using an ablation stake network, while measurements in the
accumulation zone at the upper reaches of the glacier using a network of snow pits are less frequent, leading to
some uncertainty in ELA measurements. At Quelccaya, instead of actual ELA measurements, end of the dry
season snowlines were used as approximations of the ELA. The validity of this assumption is discussed and
demonstrated in detail in Rabatel et al. (2012) and Yarleque et al. (2018). In general, the uncertainty in deter-
mining the ELA, quantified from in situ measurements, depends mostly on the number of available data points.
The ELA is computed by linearly regressing the surface mass balance measurements against the altitude of these
point-measurements. The ELA uncertainty is then calculated based on the standard error of this linear regression.
It varies between £10 m to £55 m, depending on year and location, with an average of =27 m. On the Quelccaya
ice cap, the ELA is quantified using the dry season snowline. Here, the uncertainty depends on several factors,
discussed in detail in Yarleque et al. (2018), and ranges between 70 and 110 m, with an average of 90 m.

A spatial analysis of temporal FLH trends was also completed over the tropical Andes region, as defined by 5°N—
20°S latitude and 85°W-60°W longitude and shown in Figure 1.

2.2. CMIP6 Model Data

Earlier studies used only a small subset of CMIP5 models (Vuille et al., 2018; Yarleque et al., 2018) while here we
rely on a much larger set of CMIP6 models to better constrain future FLH and ELA projections. A study
completed by Almazroui et al. (2021) used 37 models from CMIP6 and investigated their performance over South
America. It was found that these models successfully captured the main climate characteristics of the region.
Here, we make use of 35 of the 37 models analyzed in Almazroui et al. (2021) (see Table 2). Two models included
in Almazroui et al. (2021) were omitted here as they were not available in the Earth System Grid Federation
(ESGF) model repository. In a portion of the results section, these models are differentiated numerically based on
their model number from Almazroui et al. (2021), which is replicated in Table 2. Monthly model output was
obtained for each of the variables of interest, air temperature (ta), and geopotential height (z) at three pressure
levels (600 hPa, 500 hPa, and 400 hPa). These variables were resampled for each model onto a 1° lat. X 1° lon.
grid across the entire globe using the Climate Data Operators (CDO) package command “remapnn,” which uses
nearest neighbor remapping, to ensure all grid points matched in latitude and longitude across models for a more
precise comparison. Finally, for the spatial analysis, data for the region defined above, were selected using the
CDO command “sellonlatbox,” as data from the rest of the globe were discarded.

Three CMIP6 experiments were used in this study: historical, SSP2-4.5, and SSP5-8.5. The historical experiment
is primarily for model validation in comparison to observational data and covers the time period 1850-2014. It is
forced by both natural forcings such as volcanic aerosols and solar variability, as well as anthropogenic forcings
such as CO, concentration, aerosols, and land use changes (Eyring et al., 2016). However, coupled models also
contain unforced variability which can cause differences in the phasing of internal variability between obser-
vations and historical simulations.
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Table 2 There are a total of nine shared socio-economic pathways (SSP) scenarios
Description of Each Model Used in This Project for the 21st century and beyond. Only two were used in this project to ideally
i el nstitution country Variant label ECS (°C) bracket the most.plau31ble range of ELA_ changes between_ 2005 'fmd .the year
2100. SSP2-4.5 is a part of the second tier of SSP scenarios which includes
1 ACCESS-CM2 Australia rlilplfl 472 “middle of the road” scenarios, with an increase in radiative forcing of
2 ACCESS-ESM1-5 Australia rlilplfl 3.87 4.5 W/m?, roughly corresponding to RCP-4.5 in CMIP5 (Meinshausen
3 AWI-CM-1-1-MR Germany rlilplfl 3.16 et al., 2020). SSP5-8.5 represents the upper end of the SSP scenarios, with
4 BCC-CSM2-MR China rlilplfl 3.04 the world being heavily reliant on fossil fuels throughout the 21st century,
5 CAMS-CSM1-0 China i 229 and radiative forcing increasing to 8.5 W/m? (Meinshausen et al., 2020).
) Both scenarios were included in the IPCC ARG6 as “high-priority scenarios.”
6 CanESM5-CanOE Canada rlilp2fl 5.62
7 CanESM5 Canada rlilplfl 5.62 2.3. Reanalysis Data
8 CESM2 USA r4ilplfl 5.16
9 CESM2-WACCM USA ARl 475 Data from the fifth generation of the European Center for Medium-Range
) Weather Forecasts (ECMWF) atmospheric reanalysis (ERAS, Hersbach
10 CMCC-CM2-SR5 Italy rlilplfl 3.52 . . .
et al., 2023) were used for analysis based on their superior performance over
11 CMCC-ESM2 Iraly rlilplfl 357 the tropical Andes as shown in Schauwecker et al. (2017) and Birkel
12 CNRM-CM6-1 France rlilplf2 4.83 et al. (2022). Monthly-averaged ERAS5 geopotential and temperature data
13 CNRM-CM6-1-HR France rlilplf2 4.28 from 1959 to 2015 for the 400 hPa, 500 hPa, and 600 hPa pressure levels were
14 CNRM-ESM2-1 TRFES rlilplf2 4.76 obtained from the ECMWF Climate Data Store (CDS). Geopotential height
15 EC-Earth3 icarse il 431 was then calculated by dividing the geopotential by Earth's gravitational
o EC_Earth3-Veg LR Burope Hilpifl a5 acceler.atlon (9.80665 m/s). The ERAS data were resampled to a 1.° lat. X 1°
lon. grid to match the resolution of the CMIP6 models for analysis, and the
X AR EE I Alplll Bl data over the domain of analysis were selected using the same method as
18 FGOALS-f3-L China rlilplfl 3 discussed in Section 2.2.
19 FGOALS-g3 China rlilplfl 2.88
20 FIO-ESM-2-0 China rlilplfl - 2.4. Determination of FLH
2l SEDLES A B ghliple 248 The FLH was calculated at each grid point and for each month by linearly
22 GISS-E2-1-G USA rlilplf2 2.72 extrapolating temperature between the two pressure levels bracketing the 0°C
24 IITM-ESM India rlilplfl - isotherm using the xarray package in python, as well as by defining two
25 INM-CM4-8 Russia rlilplfl 1.83 functions to complete the algebraic steps. The first function was defined as
26 INM-CMS5-0 Russia rlilplfl 1.92 “grad.” This function calculated the linear temperature lapse rate between the
28 MCM.UA-1-0 USA lilplf2 3.65 two pressure levels. The next function was defmeq as “h_elght.” This function
used the lapse rate and the slope of the geopotential height between the two
2 MIROC6 Japan rlilplfl 261 encompassing pressure levels to determine the height of the 0°C isotherm. By
30 MIROC-ES2L Japan rlilplf2 2.68 doing this, four different data sets were created which, when combined,
31 MPI-ESM1-2-HR Germany rlilplfl 2.98 created a 3-dimensional data set at 1° spatial resolution, containing the FLH at
32 MPI-ESM1-2-LR Germany rlilplfl 3 every latitude and longitude through time. Finally, the monthly FLH values
33 MRILESM2-0 Japan rlilplfl 3.15 were converted to yearly averages. This analysis was applied separately to
24 NESM3 China Hilplfl a7 each model/scenario and at each of the four glacier locations.
35 NorESM2-LM Norway rlilplfl 2.54 Both temporal and spatial analyses were completed for ERAS and all CMIP6
36 NorESM2-MM Norway rlilplfl 25 models. Temporal analyses were completed only for the four mountain re-
37 TaiESMI Taiwan HlilplfI 431 gions discussed above, by calculating the FLH at the grid box encompassing

Note. The ECS for each model was obtained from IPCC AR6 Chapter 7
supplementary material (Smith et al., 2021). Note that 35 models were used
in total as models # 23 and 27 were not available in the ESGF repository.

the glacier of interest, and the eight surrounding grid boxes. The nine FLH
values were then averaged to obtain the final FLH at that time.

2.5. Trend Calculation and Significance Testing

The trend of the FLH was calculated at each grid box across the domain to
allow for a spatial analysis and a comparison between models and reanalysis

products over the historical period. The trend was calculated for the period of overlap between CMIP6 models and
ERA 5, 1959-2015. For the future projections, the trends were calculated for the period 2015-2100 for both
scenarios. To calculate the trend, a pandas data frame was created and using the stats package from scipy, the
slope of the FLH in this array was calculated using ordinary least squares regression. For the historical scenario,
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this was completed for each of the 35 models for the 1850-2015 and 19592015 time periods, as well as for ERAS
for the 19592015 period. This analysis was also completed for the two future scenarios for each of the 35 models
for the 2015-2100 time period.

An F-test was used to calculate the significance of the FLH trend by finding the p-value of the trend at each grid
point for the historical simulations and the two future projections for all CMIP6 models and for ERAS. The p-value
describes the probability that the slope is not significantly different from zero. Unless noted otherwise, a p-value of
less than 0.05 is considered a significant trend.

2.6. Bias Correction

Here, we consider the ERAS reanalysis data to be the observational target against which the CMIP6 model data
are compared. Reanalysis data, unlike CMIP6, is based on assimilated data from satellites, radiosondes, and
surface observations. Previous studies such as Birkel et al. (2022) have shown ERAS to be more accurate than
other reanalysis products in this region, leading us to rely on ERAS.

Each CMIP6 model's bias, when compared with ERAS5 was calculated using the delta change method for bias
correction (Ho et al., 2012). The mean value of the FLH was calculated from 1959 to 2015 (ERAS time period) for
each model as well as for ERAS at each of the four glacier locations. To minimize individual grid box un-
certainties, these values were based on the FLH averaged over the closest grid box and the eight surrounding grid
cells. These values were used to find the average FLH difference between the model and ERAS, resulting in a bias
estimate (in m) for each of the 35 models over the four glacier locations of interest. The appropriate bias-
correction was then applied to the calculated projected FLH to obtain the bias-corrected FLH for each location
and time.

The interannual variability of the FLH simulated by CMIP6 historical runs was also compared with the FLH
interannual variability in ERAS at each glacier site. This was achieved by calculating the standard deviation of the
FLH in ERAS and each of the CMIP6 models during the period of overlap (1959-2015). The standard deviation of
the FLH time series was calculated using the NumPy package in python. This comparison was used together with
the bias estimate to rank CMIP6 models and select models that perform the best over the historical period for one
set of future FLH change analyses.

2.7. ELA Calculation

As shown in Vuille et al. (2018) and Yarleque et al. (2018), there is a significant linear relationship between ELA
and FLH in the tropical Andes. At each glacier location, a linear regression was thus performed to determine the
linear dependence of the ELA on the FLH as determined by ERAS. This linear relationship between FLH and
ELA, determined at each glacier for the time period specified in Table 1, was then applied to the bias-corrected
CMIP6 model projections to obtain estimated future ELA changes. However, this method includes several as-
sumptions and simplifications. As will be discussed in Sections 3 and 4, there are many additional factors that
impact the ELA, such as snow accumulation, elevation feedbacks, and ice-albedo feedbacks. However, the close
correlation between ELA and FLH suggests that the role played by these other factors is either relatively minor
compared with the dominant role played by variations in the FLH, or that these aspects are incorporated in the
observed empirical relationship. As discussed in more detail in Vuille et al. (2018), these assumptions result in
future ELA estimates that likely err on the conservative (low) side of potential future outcomes.

3. Results
3.1. Historical Comparisons

The FLH values found in ERAS at the four investigated glacier sites agree in range with previous analyses such as
Rabatel et al. (2013), Schauwecker et al. (2017), Vuille et al. (2018), and Yarleque et al. (2018). The temporal
analysis for the four glacier locations shown in Figure 2 suggests that the difference in the mean FLH between
ERAS and the CMIP6 multi-model mean becomes larger, the farther away from the equator the glacier is located.
At Antisana 15, being the glacier located the closest to the equator, the differences in the mean FLH between the
two data sets are minor. The FLH of ERAS falls well within one standard deviation of the CMIP6 multi-model
mean for both Antisana Glacier and Artesonraju Glacier. However, at the Quelccaya ice cap and on Zongo
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Figure 2. Annual mean freezing level height (FLH) in meters during the historical period (1850-2015), with the CMIP6
multi-model mean in green, =16 shaded in green, +2¢ shaded in gray, and ERAS in purple for the four glaciers and ice caps
of interest: (a) Antisana 15 Glacier, (b) Artesonraju Glacier, (c) Quelccaya Ice Cap, and (d) Zongo Glacier.

Glacier, the CMIP6 multi-model mean FLH begins to stray from the ERAS5 FLH values. At Zongo Glacier, the
ERAS FLH values are nearly two standard deviations higher than the CMIP6 multi model mean.

The typical FLH at each mountain region varies based primarily on each location's distance from the equator.
Antisana Glacier has the highest FLH throughout the time period, with CMIP6 historical FLH values starting at
around 4,800 m in 1850 and ending around 5,000 m in 2015. The farther away the mountain range is located from
the equator, the lower the FLH, with the lowest FLH in 1850 being about 4,600 m on Zongo Glacier, with FLH
increasing by ~200 m to 4,800 m by 2015. The majority of this increase occurs at the end of the time period,
between 1975 and 2015.

The CMIP6 multi-model mean FLH remains nearly constant for all four mountain regions until around 1975,
when it begins to increase. This is consistent with the enhanced warming observed in the region over recent
decades (e.g., Vuille et al., 2015). However, this increase is less dramatic in the ERAS, when compared with
CMIP6, as shown in the spatial trend analysis (Figure 3). The FLH change across all CMIP6 model may not
follow a normal distribution given that there may be some “hot” models that result in a long tail at the upper end of
the distribution. We thus also plot the median trend in Figure 3c. Finally, we also consider results based on a
subset of models, analyzing only CMIP6 models with an equilibrium climate sensitivity that falls within the
Intergovernmental Panel on Climate Change “likely” range (Figure 3d). In general, the results do not deviate
significantly from one another, regardless of the criterion used for the model selection, or whether the mean or the
median are considered. The trend in the FLH is slightly larger in the ECS-constrained case, likely because this
model subset also excludes a few “cold” models.

There exist also large differences in the spatial pattern of the FLH trends between ERAS5 and CMIP6. In the
CMIP6 data, the weakest trends occur in the southernmost part of the domain while ERAS5 data show the opposite
effect, with the strongest trends located over the southernmost part of the domain. These model results are
consistent with Schauwecker et al. (2017) who performed a similar analysis based on a CMIP5 multi-model mean
and who also found the same spatial pattern as identified here for CMIP6.

Comparing trends between CMIP6 and reanalysis data sets needs to consider that a multi-model CMIP6 average
will cancel out internal variability and only reflects the anthropogenically forced trend, while the individual
reanalysis products also contain internal variability, which can modulate trends, especially on shorter timescales
and over the eastern Pacific region. Nonetheless, these results suggest that CMIP6 models contain a significant
bias in their FLH estimates; hence, corrections to the CMIP6 FLH values are necessary to better constrain
projections of FLH and ELA. The removal of identified “hot” models with a high ECS could also potentially
correct the strong trend of CMIP6 models near the end of the twentieth century. Applying both corrections to
future scenarios should result in better constrained estimates of future changes in FLH and ELA.

TURNER ET AL.

7 of 20

‘11 °STOT "9668691C

:sdny woiy p

AsUR0I suowwo)) aanea) a[qearjdde oy £q pauraA0s are sa[oNIE Y Lasn JO SN 10 AIRIQIT dUI[UQ K3[IAY UO (SUOIIPUOD-PUE-SULIA) W0 Ka[1m’ KIeIqIjaut[uo//:sdny) suonipuo)) pue swia, ayy 33§ *[S707/11/90] uo Areiqiy autjuQ Lo[ip “‘Kueqpy 1y Ansieatun) Aung £q €967H0AHFC0T/6201°01/10p/wod" Kajim A,



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/20241D042963

b) CMIP6 multi-model mean

6
5
0°
4
5°5 s
2
S
3=
©
10°s o
=
2
15°5
1

c) CMIP6 multi-model median d) CMIP6 constrained ECS multi-model mean

5
0°
5°S
10°S
15°S.

1

0

Figure 3. (a) Mean freezing level height (FLH) trend for ERAS, (b) as in panel (a) but for CMIP6 multi-model mean, (c) as in
panel (b) except based on median FLH, (d) as in panel (b) except for subset of models with equilibrium climate sensitivity
within Intergovernmental Panel on Climate Change “likely” range. All analyses are for period 1959-2015. Trends (p-value
<0.05) are significant everywhere. White dots indicate locations of the four glaciers and ice caps investigated.
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3.2. Bias and Standard Deviation Comparisons

The CMIP6 FLH bias (difference in the mean FLH when compared with the reanalysis data set) and standard
deviation difference was calculated for each of the 35 models for the four mountain regions. Figure 4 shows the
bias and standard deviation of each model when compared with ERAS at each location quantified for the period
1959-2015.

Overall CMIP6 models perform quite well near the equator, with mean FLH values being very similar to ERAS.
However, in the outer tropics (Quelccaya ice cap and especially on Zongo glacier), the models place the FLH at an
elevation that is significantly too low, revealing that the models tend to be too cold in this region. The majority of
CMIP6 models simulate a higher FLH standard deviation than ERAS, with only between two and five models
(depending on location) having a FLH standard deviation that is lower than in ERAS. This suggest that in general
the CMIP6 models are overestimating the interannual variability of the FLH compared to ERAS. Based on this
analysis, we select a subset of “best-performing” models that we use for further analysis to assess to what extent
model choice affects the outcome of the results. For this subset, we choose models whose FLH bias is less than
250 m (i.e., the simulated FLH is within a range of 250 m from the ERAS FLH) and whose interannual vari-
ability, as expressed by the standard deviation, differs by less than 40 m from the ERAS standard deviation. This
analysis was performed separately at each of the four glacier locations and resulted in 16 “best-performing”
models for Antisana, 9 for Artesonraju, 11 for Quelccaya Ice Cap, and 12 for Zongo.
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Figure 4. CMIP6 model bias and standard deviation for freezing level height (FLH) estimates when compared with ERAS for
each glacier location. ERAS FLH is shown as yellow star; models with an equilibrium climate sensitivity inside (outside) the
Intergovernmental Panel on Climate Change “likely” range are represented by a red cross (blue dot), respectively. Each
model is labeled with the corresponding model number (from Table 2). Note that scale for y- and x-axes varies between
panels.

3.3. Future CMIP6 FLH Projections

Similar to the analysis for the historical period shown in Figure 3, a spatial analysis of projected future FLH
changes was completed for CMIP6 SSP2-4.5 and SSP5-8.5 (Figure 5). There is a large difference in the
magnitude of the trend in FLH between the two scenarios. The multi-model mean trend from 2015 to 2100 for
SSP2-4.5 ranges from 4.9 m/yr to 5.7 m/yr throughout the region while for SSP5-8.5 it ranges from 10.7 m/yr to
12.3 m/yr. The two scenarios agree spatially, with the largest trends occurring to the east of the Andes near 5°S.
This pattern is driven by the enhanced release of latent heat during condensation resulting from intensified
convection, which leads to strong warming of the mid- and upper troposphere in the tropics and subtropics, as
outlined in Bradley et al. (2006). This trend of warming of the lower and mid-troposphere generally tends to
decrease polewards, with the lowest warming in both scenarios occurring in the subtropics over the SE Pacific.
For the investigated glacier locations this implies that Antisana and Artesonraju Glacier show a similar increase in
the FLH throughout the 21st century, with the FLH trend at both locations being around 5.6 m/yr (SSP2-4.5) and
12.1 m (SSP5-8.5), respectively. Quelccaya Ice Cap and Zongo experience slightly smaller trends of around
5.4 m/yr and 5.3 m/yr (SSP2-4.5) and 11.7 m/yr and 11.5 m/yr (SSP5-8.5), respectively.
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Figure 5. The change in annual mean freezing level height (FLH) (in m/yr) from 2015 to 2100 in the CMIP6 multi-model
mean for the (a) SSP2-4.5 and (b) SSP5-8.5 scenario. Note that the scale is different in (a) and (b). The trend is significant
everywhere (p < 0.05). Small white dots indicate locations of the four glaciers and ice caps investigated.

Figure 6 shows the yearly-averaged and bias-corrected FLH for each mountain region from 1850 to 2100 in SSP2-
4.5 and SSP5-8.5. The bias correction leads to a significant reduction of the FLH spread across CMIP6 models
and to an upward shift in mean elevation, as the model bias was mostly negative (Figure 4).

The higher emissions scenario SSP5-8.5 shows a much larger increase in FLH than the moderate emissions
scenario at each location, which is expected. There is a nonlinear increase in the FLH trend throughout the 21st
century in SSP5-8.5 while the rate of growth decreases in the SSP2-4.5 scenario. The variation of FLH through
time is similar for each mountain region, but the magnitude does change depending on the latitudinal position.

The projected multi-model mean FLH increase from 2015 to 2100 ranges between ~375 m (Zongo, Quelccaya)
and ~500 m (Antisana) in SSP2-4.5 and between ~875 m (Quelccaya) and ~1,000 m (Antisana) in SSP5-8.5. By
the year 2100, this results in the multi-model mean FLH being located between ~5400 m (Artesonraju) and
~5,500 m (Antisana, Quelccaya, Zongo) for SSP2-4.5 and between ~5950 m (Artesonraju) and ~6,000 m
(Antisana, Quelccaya, Zongo) in SSP5-85. As a result of this increase, in the SSP5-8.5 scenario, the FLH emerges
above the maximum glacier elevation on Quelccaya ice cap sometime between the years 2052 and 2063,
depending on which model subset is used to calculate the mean FLH (Table 3). In the SSP2-4.5 scenario, this
emergence occurs later, between 2059 and 2075, although the FLH never emerges above the maximum glacier

6750
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Figure 6. Bias-corrected annual mean freezing level height (FLH) for each location between 1850 and 2100 in models and
reanalysis: (a) Antisana Glacier, (b) Artesonraju Glacier, (c) Quelccaya Ice Cap, and (d) Zongo Glacier. The CMIP6
historical multi-model mean is shown in green, ERAS in purple, the SSP2-4.5 multi-model mean in blue, and SSP5-8.5 in
red. The colored shading represents +1c from the corresponding simulation's multi-model mean, and the gray shading
represents +2¢ from the multi-model mean.
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T elevation in this scenario if all models are considered. “Emergence” here
able 3

“Emergence” (the First of Five Consecutive Years) of the Freezing Level
Height Above the Maximum Glacier Elevation as a Function of Emission
Scenario, Glacier Location, and Model Choice

SSP2-4.5 Antisana Artesonraju Quelccaya Zongo
All - - - -
Bias-Corrected - - 2068 -
ECS-Constrained - - 2075 -
Best-performing - - 2059 -
SSP5-8.5 Antisana Artesonraju Quelccaya Zongo
All 2080 - 2063 -
Bias-Corrected 2079 - 2052 -
ECS-Constrained 2083 - 2056 -
Best-performing 2079 - 2052 -

a) Antisana Glacier

refers to the first of five consecutive years with a FLH above the maximum
glacier elevation. On Antisana, this emergence occurs between 2079 and 2083
in SPP5-8.5, but the FLH stay below the maximum glacier elevation in all
cases under the SSP2-4.5 scenario (Table 3). The same is also true for both
scenarios on Artesonraju and Zongo glaciers (Table 3).

3.4. ELA-FLH Relationships

At each location, ELA observations were used to find the linear relationship
between FLH and ELA. Figure 7 shows the ordinary least-squares linear
regression between FLH and ELA at each location, as well as the equations
used to derive the ELA from the FLH. Both the r- and p-values for all locations
reveal a close relationship between ELA and FLH, consistent with previous
studies (Vuille et al., 2018; Yarleque et al., 2018). The p-values, which in this
case indicate the significance of the correlation, are at or below 0.05 at all the
locations. Artesonraju glacier (Figure 7b) shows the most sensitive ELA, with
a 0.92 m rise in the ELA for every 1 m rise in FLH. Quelccaya Ice Cap
(Figure 7c) resides at the other end of the spectrum as the ELA rises by only
0.56 m for each 1 m rise in FLH.

b) Artesonraju Glacier
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Figure 7. Scatter plots of equilibrium-line altitude (ELA) vs. bias-corrected freezing level height (FLH) for each location:
(a) Antisana Glacier, (b) Artesonraju Glacier, (c) Quelccaya Ice Cap, and (d) Zongo Glacier. The ordinary least-squares
linear regression is plotted with the equation, r-value, and p-value indicated. Note that scales for y- and x-axes vary between
plots. The blue shading indicates the 95% confidence interval for the slope of the regression (F-test).
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Figure 8. The annual mean estimated equilibrium-line altitude (ELA) for each location: (a) Antisana Glacier, (b) Artesonraju
Glacier, (c) Quelccaya Ice Cap, and (d) Zongo Glacier. The CMIP6 historical multi-model mean is shown in green, ELA
observations are plotted in black, the SSP2-4.5 multi-model mean is shown in blue, and the SSP5-8.5 scenario in red. The
colored shading indicates +1c from the corresponding simulation's multi-model mean, and gray shading represents +2c
from the multi-model mean. The horizontal black dashed line indicates the highest altitude of the glacier at each location.

While the correlation coefficient (r) is significant at all locations, the r-values vary in strength across the four
sites. This can be attributed in part to uncertainties in the ELA measurements, which are heavily skewed toward
the ablation zone, but also to the short data periods (especially at Artesonraju), and the dependence of the ELA on
factors other than the FLH. At Antisana and Artesonraju glaciers in particular, the relationship is susceptible to the
accuracy of a few measurements that were made during years with high FLH. Nonetheless, the F-test reveals that
the slope (dependence of the ELA on FLH variations) is significantly different from zero at all four locations, as
indicated by the confidence intervals of the regression slope (blue shading in Figure 7).

3.5. ELA Projections

By applying the observed ELA-FLH relationship to historical and future FLH estimates, the bias-corrected FLH
values were converted to ELA estimates, resulting in estimated ELA changes from 1850 to 2100 at each glacier
location, as shown in Figure 8. The dashed line in each plot signifies the highest altitude of the glacier at each
location (as shown in Table 2). This allows interpreting the ELA changes from a glacier change perspective, as the
mass balance of a glacier is positive only above the ELA. Hence, once the ELA moves beyond the highest reaches
of the glacier, this glacier will have lost its accumulation zone and eventually disappear. The ELA results are
broadly similar to the FLH results explained in Section 3.3, in the sense that the higher emissions scenario is
showing a larger model spread, as well as a significantly larger rate of increase than the intermediate emissions
scenario for each location.

Figure 8 suggests that the accumulation zone of Antisana Glacier and Quelccaya Ice Cap are projected to
disappear before the year 2100 under the high-emission scenario. However, only Quelccaya Ice Cap is projected
to disappear by 2100 in both the high- and intermediate-emission scenario. The high-emission scenario multi-
model mean ELA is projected to be around 6,000 m in 2100 at Antisana Glacier, ~5,900 m at Artesonraju
Glacier, just above 6,000 m at Quelccaya Ice Cap, and ~5,900 m at Zongo Glacier. The intermediate emission
scenario multi-model mean ELA is expected to be just over 5,500 m at Antisana Glacier, 5,400 m at Artesonraju
Glacier, ~5,700 m at Quelccaya Ice Cap, and ~5,500 m at Zongo Glacier.

As shown in Figure 9, there is a clear linear relationship between the CMIP6 model's ECS and their projected
future FLH changes (and thus, also their ELA changes). Indeed, the projected future FLH change (year 2100-year
2015) under the SSP5-8.5 scenario is more than twice as large in models with an ECS >4.5°C, when compared
with models with an ECS <2.5°C.

Given the strong dependence of the future FLH on the individual models' ECS, we further constrained these ELA
estimates by only considering models with an ECS that lies within the “likely” range defined by the IPCC ARG6:
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Figure 9. Relationship between equilibrium climate sensitivity (ECS, in °C) and projected future change in freezing level
height (2100-2015, in m) at (a) Antisana Glacier, (b) Artesonraju Glacier, (c) Quelccaya Ice Cap, and (d) Zongo Glacier)
under the SSP5-8.5 scenario for 33 CMIP6 models. Numbers next to each point refer to the corresponding model number
from Table 2. Note that two of the models used did not report an ECS value, hence they were omitted in this analysis.

2.5°C—4°C. Table 2 lists the ECS of each model, with only 17 of the 35 CMIP6 models used having an ECS within
the IPCC ARG likely range, 13 of the models having an ECS above, and 3 below that range. For the remaining two
models, no ECS value was indicated in Smith et al. (2021), hence these models were not included in the following
analysis.

The impact of using a more constrained ECS can easily be seen when looking at Figure 10, which shows a much
narrower range of model-estimated ELA. This applied constraint also decreases the projected ELA in 2100 at each
location; however, it does not decrease the ELA below the maximum altitude in any location or scenario where it
rose above that altitude in the full model ensemble.

Finally, we also show the results when only considering the “best-performing” models (Figure 11). Overall, the
differences are minor compared with the results when including all bias-corrected models (Figure 8), suggesting
that model skill over the historical period may not be as relevant of a predictor for model choice. It is further
noteworthy that selecting the “best-performing” models only does not lead to a reduction in uncertainty. In fact,
the model spread is significantly larger than when constraining model selection based on their ECS (Figure 10).

4. Discussion

The current FLH at the four glacier locations investigated in this study is consistent with earlier estimates by
Rabatel et al. (2013), Schauwecker et al. (2017), Russell et al. (2017), Vuille et al. (2018a), and Yarleque
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Figure 10. The annual-mean equilibrium-line altitude (ELA) at each location, including only the models which have an
equilibrium climate sensitivity between 2.5°C and 4°C, for: (a) Antisana Glacier, (b) Artesonraju Glacier, (c) Quelccaya Ice
Cap, and (d) Zongo Glacier. The CMIP6 historical multi-model mean is shown in green, ELA observations are plotted in
black, the SSP2-4.5 multi-model mean is shown in blue, and the SSP5-8.5 scenario in red. The colored shading indicates +1c
from the corresponding simulation's multi-model mean, and gray shading represents +2¢ from the multi-model mean. The
dashed line indicates the highest altitude of the glacier at each location.

et al. (2018), although comparisons are hampered by the use of different time periods and reanalysis products
across the various studies. The average FLH increase over the historical period documented in this study is also
largely consistent with prior work. Bradley et al. (2009) found that the average FLH increase throughout the
tropics was 10-20 m/decade from 1977 to 2007, which aligns well with the trends found in this study over the
tropical Andes. Rabatel et al. (2013) looked at changes in the FLH from 1955 to 2011 over Antisana, the
Cordillera Blanca, and Cordillera Real using NCEP/NCAR reanalysis. They showed an increase in FLH of
10.7 m/decade at Antisana, 28.9 m/decade at the Cordillera Blanca, and 27.1 m/decade at the Cordillera Real,
which also lines up well with the results found using ERAS in this study.
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Figure 11. The annual-mean equilibrium-line altitude (ELA) at each location when considering only the “best-performing”
models which have a bias of less than £250 m and a difference in the interannual variability of less than 40 m compared with
ERAS for: (a) Antisana Glacier, (b) Artesonraju Glacier, (c) Quelccaya Ice Cap, and (d) Zongo Glacier. The CMIP6
historical multi-model mean is shown in green, ELA observations are plotted in black, the SSP2-4.5 multi-model mean is
shown in blue, and the SSP5-8.5 scenario in red. The colored shading indicates 1o from the corresponding simulation's
multi-model mean, and gray shading represents +2c from the multi-model mean. The dashed line indicates the highest
altitude of the glacier at each location.
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The observed FLH trends in ERAS tend to be smaller than those simulated by CMIP6, although a meaningful
comparison is difficult given that CMIP6 represents coupled models which cannot accurately capture the phasing
of natural variability while reanalysis products represent a realistic realization of internal variability, such as the
observed warm and cold phases of ENSO and the PDO, which significantly affected temperature trends in the
Andes over the past decades (Vuille et al., 2015). Furthermore, when averaging across all CMIP6 models, internal
variability is effectively canceled out and only external forcing remains.

In addition, our results also show that ERAS in this region is warmer on average than the majority of the CMIP6
models used, with the average free-tropospheric temperatures of CMIP6 being significantly cooler than those of
ERAS. Applying raw CMIP6 FLH estimates to derive Andean glacier ELA values, would thus inflate the pro-
jected lifespan of the investigated tropical glaciers. Applying a bias correction to the CMIP6 data is therefore
critical to derive realistic estimates of future changes in FLH over the tropical Andes.

Strong correlations were found between the observed ELA and the ERAS FLH at each of the four locations,
documenting the significant empirical linear relationship that exists between these two variables. This rela-
tionship was employed to project ELA changes through the year 2100 using a large CMIP6 model ensemble as
well as a subset of these models with a more consensus-based ECS between 2.5°C and 4°C and based on a model
subset that performs the best over the historical period. Constraining the ECS reduces the model spread in the
future ELA estimates and results in slightly lower ELA estimates. The differences between applying a basic bias
correction and further constraining model choice based on their historical performance does not significantly
change the outcome in most cases.

Based on our results, Antisana Glacier will likely persist through 2100 in the intermediate emission scenario, with
all of the ECS-constrained and “best-performing” models placing the ELA below the maximum glacier elevation
(Figure 12a). However, Antisana Glacier will likely lose its accumulation zone under SSP5-8.5. As shown in
Figure 12a, the vast majority of bias-corrected, ECS-constrained, and “best-performing” models place the ELA
above the peak of Antisana Glacier by 2100 under the SSP5-8.5 scenario. The outcome for Artesonraju and Zongo
Glaciers is slightly more optimistic, as the multi-model mean shows a small accumulation zone persisting through
2100 in the low emission scenarios at both sites (Figures 12b and 12d). Under the high-emission scenario, the
situation is more mixed. The multi-model mean ELA remains at or below the maximum glacier elevation at both
sites, but there is a significant fraction of models which project an ELA above that critical elevation, especially for
the bias-corrected and “best-performing” model subsets (Figures 12b and 12d). The slightly more optimistic
outlook on Zongo and Artesonraju glaciers, when compared with Antisana, is primarily reflecting the higher
elevation of those glaciers that extend up to ~6,000 m a.s.1., ensuring that a small accumulation zone may remain
by the year 2100. Our results leave Quelccaya Ice Cap with the worst outcome out of the four mountain regions
investigated. The accumulation zone will likely disappear in both scenarios, regardless of whether all models or
only a subset of models is considered. Under the high emission scenario virtually all models project its disap-
pearance (Figure 12c), with the ELA moving above the maximum elevation of the ice cap sometime after 2050. In
the case of the SSP2-4.5 scenario, the bias-corrected, ECS-constrained and “best performing” multi-model means
also all project the ELA to rise above the ice cap, but there are a few models where this is not the case (Figure 12c).

When looking more generally at the impact of bias-correcting, ECS-constraining, or selecting “best-performing”
CMIP6 model subsets, it becomes apparent that each choice leads to a significant reduction in the uncertainty of
future ELA projections as compared with a raw model application (Figure 12). Applying a bias correction or
selecting the “best-performing” subset also leads to a higher end-of-century ELA when compared with ELA
estimates using raw CMIP6 output, especially over the more southern glacier locations Zongo and Quelccaya.
Constraining future estimates based on the models' ECS, on the other hand, further reduces the error estimate,
especially for the SSP5-8.5 scenario, but it does not dramatically change the estimated ELA by the end of the 21st
century, compared with the results using the full model envelope.

Finally Figure 12 also compares the results obtained in this study with earlier estimates based on CMIP5, pub-
lished in Vuille et al. (2018) (Antisana, Artesonraju, and Zongo Glaciers) and Yarleque et al. (2018) (Quelccaya
Ice Cap). However, this comparison needs to be made with caution as the results obtained in Vuille et al. (2018)
and Yarleque et al. (2018) are based on a much smaller model ensemble (8 and 16 models, respectively), and rely
on the older RCP scenarios used in CMIPS, which are slightly different from the SSP scenarios used in CMIP6.
The RCP scenarios are similar to the SSP scenarios in that they both employ the same radiative forcing changes at
the end of the century; however, SSP scenarios also provide socio-economic context to each scenario
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Figure 12. The multi-model mean (dot) equilibrium-line altitude (ELA) and one standard deviation away from the mean ELA
(whiskers) for the year 2100 based on the raw CMIP6 data, bias-corrected CMIP6 data, ECS-constrained CMIP6 data, “best-
performing” CMIP6 data, and CMIP5 data from Vuille et al. (2018) and Yarleque et al. (2018) for both SSP2-4.5 (shades of
blue) and SSP5-8.5 scenarios (shades of red). The dashed horizontal line represents the highest glacier altitude at each
location. The number above each bar indicates the fraction of models where the ELA is above the maximum glacier elevation
by the year 2100. Note that the scale of y-axis varies across the four panels.

(IPCC, 2021). Also, the earlier studies used FLH estimates from two reanalysis data sets (ERA-Interim and
NCEP/NCAR) to calculate ELA. As a result, the FLH-ELA slopes differ slightly between the studies (Table 4).
Nonetheless, this comparison clearly documents that our new results put the ELA at a higher altitude by the end of
the 21st century than the older estimates based on CMIPS5. This result applies to both emission scenarios and is
valid at all four locations, although the difference between CMIPS and CMIP6 is most pronounced at Artesonraju
and Zongo glaciers (Figure 12). The difference between the 2 model generations ranges from less than 50 m to
more than 300 m, depending on location and scenario considered. It is further noteworthy that the older CMIP5
estimates published by Yarleque et al. (2018) indicated that Quelccaya might be able to retain a small accu-
mulation zone by the end of the century under the RCP4.5 scenario. Our newer results suggest that Quelccaya will
likely lose its entire accumulation zone even under this scenario.
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Table 4
Comparison of r-Values and FLH-ELA Slopes Between This Study and Those Found in Vuille et al. (2018) for Antisana,
Artesonraju, and Zongo Glaciers, and Yarleque et al. (2018) for Quelccaya Ice Cap

Antisana Artesonraju Quelccaya Zongo
r-value Vuille et al. (2018)/Yarleque et al. (2018) 0.74 0.75 0.82 0.67
This study 0.60 0.70 0.80 0.75
Slope (m/m) Vuille et al. (2018)/Yarleque et al. (2018) 0.90 0.92 0.56 0.64
This study 0.86 0.92 0.56 0.79

5. Summary and Conclusions

The primary motivation behind this study was to better constrain ELA projections in the tropical Andes region
using the latest generation of GCM's, that is, CMIP®6, to gain a better perspective on the lifetime and future extent
of tropical Andean glaciers.

Our results highlight the importance of bias-correcting and constraining data from CMIP6 to obtain more accurate
and useful information, as the ELA estimates based on uncorrected CMIP6 data reveal a wide range of outcomes
than span a vertical ELA range of several hundred meters. This large uncertainty stems primarily from the strong
dependence of future ELA estimates on the models' ECS and the models' ability to accurately simulate present-
day conditions, which vary widely across the CMIP6 model generation.

While our study provides new and better constrained results of future ELA changes across a set of glaciers in the
tropical Andes, our results broadly agree with those found in Vuille et al. (2018) and Yarleque et al. (2018).
Glaciers located in the inner tropics, such as Antisana, will be exposed to the largest increase in the ELA. Indeed,
Antisana Glacier is expected to continuously retreat and eventually disappear under a high-emission scenario and
might persist as a very small glacier only in the intermediate emission scenario. The accumulation zones of
Artesonraju and Zongo Glaciers on the other hand, have a better chance to persist through 2100, albeit in reduced
size, although a small subset of models project their disappearance under a high emission scenario. This result is
maybe not that surprising given that at both sites the mountains on which the glaciers are located are higher,
reaching ~6,000 m in both cases. In addition, subtropical glaciers, such as Zongo tend to be less sensitive to direct
temperature changes and show a stronger dependence on changes in the hydrologic cycle, including early season
snowfall (Autin et al., 2022). Finally, Quelccaya Ice Cap, due to the comparatively large ice mass and low
maximum altitude, has different mechanics at play than the three other glaciers. The summit will likely enter the
ablation zone of the glacier between 2050 (SSP5-8.5) and 2075 (SSP2-4.5), which only partially agrees with the
findings of Yarleque et al. (2018), who had suggested that Quelccaya might be able to maintain a small accu-
mulation zone under RCP4.5, based on their analysis of CMIP5 model results. Indeed the Quelccaya Ice Cap may
persist into the 2100s as an ice-wasting remnant even in the new scenarios considered here, but it is destined to
shrink until it will eventually disappear. Another factor to note for Quelccaya Ice Cap is the elevation feedback
which will strengthen as the ice continues to thin out (Yarleque et al., 2018). As the ice cap thins, its maximum
elevation will be lowered and the ice will thus be exposed to a warmer atmosphere and melt even faster (Bolibar
et al., 2022). Such positive feedback mechanisms are not considered in our analysis; hence, our estimations of
ELA changes throughout the 21st century are likely conservative.

The question arises as to whether the results presented here for a few glaciers can be generalized in terms of the
future evolution of glaciers in the tropical Andes. Recent studies conducted at regional and global scales (e.g.,
Dussaillant et al., 2019; Caro et al., 2024; The Glambie Team, 2025) show that mass balances of tropical Andean
glaciers are negative everywhere, and on the order of —0.5 m w.e./year over the first two decades of the 21st
century. Of course, there is some spatial variability in mass losses, depending mainly on the maximum altitude
reached by glaciers in the different glacierized cordilleras. Rabatel et al. (2013) had already shown that the annual
mass loss rate of tropical Andean glaciers whose summit is below 5,400 m a.s.l. is twice as negative as that of
glaciers whose maximum altitude is above this value, and in some places reaching over 6,000 m a.s.l., that is,
allowing them to have a perennial accumulation zone. We show here that, for each of the four glacierized regions
studied, which are distributed across the intertropical zone, the multi-model annual mean ELA will be over
5,800 m a.s.l. everywhere by the end of the 21st century. This necessarily implies a disappearance of glaciers
whose entire surface lies below this limit, and a major reduction in the surface area of those whose maximum
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altitude lies above it. As discussed in Vuille et al. (2018), there are additional limitations to our approach. This
investigation relies solely on the empirical relationship between ELA and FLH, which is only one of the many
factors of ELA change. While there is a strong correlation at each site between ELA and FLH, it does not explain
all the changes seen in the ELA. Glacier surface mass balance is also a function of snow accumulation. To better
estimate ELA changes, it is necessary to examine future changes in the hydrologic cycle at each of these locations.
ELA changes are also dependent on various feedbacks not considered in this study, such as elevation-dependent
warming and local ice-albedo feedbacks (Chimborazo et al., 2022; Magalhaes et al., 2019; Pepin et al., 2022;
Vuille et al., 2018). Investigating the effects of these feedbacks at each location would likely result in even better
constrained ELA projections, but would require numerical downscaling of CMIP6 and reanalysis data sets, which
was beyond the scope of this study.
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ERAS reanalysis data are available at the ECMWEF CDS (Hersbach et al., 2023). CMIP6 data are available at the
Earth System Grid Federation (ESGF) model repository at https://aims2.1Inl.gov/search/cmip6/. Glacier ELA
data are available from the World Glacier Monitoring Service at WGMS (2025).
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