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Abstract.

Robust glacier projections are essential for mountain communities adapting to climate change, yet current projections are

limited by climate data that either have coarse spatial resolution or span only a narrow range of future scenarios, thereby

obscuring the true scale of predictive uncertainty. In this study, we quantify the cascading impact of uncertainty in climate

projections on glacier surface mass balance (SMB) projections. We simulate the SMB of the Folgefonna glacier complex in5

western Norway for 1970–2100 using the energy-balance and snowpack model BESSI. To represent future climate forcing, we

use the EURO-CORDEX ensemble, but show that the dataset is systematically too cold and too wet and exhibits unrealistic

precipitation patterns for the western Norway region. We therefore develop a downscaling framework in which each EURO-

CORDEX member is represented by analogs drawn from a high resolution convection-permitting model (NorCP). This enables

SMB projections that account for a plausible spread in climate models and are based on high-resolution climate data with10

explicitly resolved physical processes. Using this method, we present the most detailed SMB projections of Folgefonna to date

for three emission scenarios until 2100. Whether the glacier complex retains any accumulation zone by 2100 depends on the

emission scenario. Ensemble medians indicate that Midtfonna loses its accumulation zone in all scenarios, Nordfonna does

so in RCP4.5, and no accumulation zone remains on Folgefonna in RCP8.5. However, cumulative SMB (2026–2100) has an

uncertainty of 65–75 m w.e. within each scenario due to climate model spread (25th to 75th quantiles). We furthermore find15

that the choice of global circulation model has a stronger influence on Folgefonna’s SMB than the choice of regional climate

model. These findings underscore the need for improving upon agreement between climate models. Detailed glacier mass

change projections based on only a subset of the available and hence plausible climate projections underestimate uncertainty

and should be considered with caution.
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1 Introduction20

Mountain glaciers and ice caps are retreating worldwide (Hugonnet et al., 2021), changing water supply systems and plac-

ing stress on downstream communities. Around 10% of the global population lives in such high-mountain regions severely

impacted by climate change (Viviroli et al., 2011). Glacier loss has a multitude of consequences for downstream agriculture,

drinking water security, hydropower, and downstream ecosystems (Milner et al., 2017). Making informed adaptation decisions

in mountain areas therefore hinges on robust glacier projections that 1) can accurately reproduce past climate events, 2) convey25

a range of possible scenarios and their likelihood, and 3) are available at temporal and spatial resolutions that are relevant to

affected parties and decision-makers.

How a glacier evolves is largely controlled by its surface mass balance (SMB) which describes the glacier’s mass budget

at the surface and shows how it responds to changes in the climate. Especially in a regime dominated by melt, a realistic

representation of the SMB is a prerequisite for making projections on downstream water availability. Positive SMB terms are30

solid precipitation or water that is retained by the snowpack, while negative ones are mass that is removed typically through

runoff, sublimation, or wind erosion. SMB models range from simple positive degree-day (PDD) estimates to models that

resolve physical firn processes in high detail (Fettweis et al., 2020; Zekollari et al., 2022).

However, any SMB model is only as good as the climate data forcing it and uncertainty in climate projections will necessarily

propagate into SMB projections. While glacier model uncertainty is the greatest source of uncertainty for glacier projections35

until the middle of the century, climate scenario uncertainty dominates thereafter (Marzeion et al., 2020). In addition to scenario

choice, individual climate models typically exhibit a wide spread in their projections due to structural differences between

models, especially at small regional scales (Radić et al., 2014; Tebaldi et al., 2021). How climate variability is represented in

climate models or included in glacier models also substantially influences glacier projections (Reichert et al., 2002; Farinotti,

2013; Malone et al., 2019; Zolles and Born, 2024). Sources of climate model uncertainty compound and combine so that the40

dominant source of uncertainty to glacier projections tend to stem from different climate model setups and does not depend as

much on, i.e., SMB model parameters (Aschwanden et al., 2019; Holube et al., 2022; Weathers et al., 2025).

Currently, state-of-the-art glacier projections are heavily based on global- and regional-scale studies that address sea level

rise and ice melt for large areas. These studies primarily use input data from global and regional climate modelling efforts with

spatial resolutions coarser than 10 km (see e.g. Clarke et al., 2015; Zekollari et al., 2019; Compagno et al., 2021b, a; Aguayo45

et al., 2024). Such climate models often have large biases when considering specific regions, which must be accounted for to

represent locally accurate climate conditions where a glacier is situated. Another approach is to model single glaciers or ice caps

using domain-specific high-resolution climate products. Such climate data are often limited to a few model runs (Eidhammer

et al., 2021; Schmidt et al., 2020; Åkesson et al., 2025) which arguably undersample uncertainty arising from model spread.

Some regions do have downscaled climate ensembles, allowing for high-resolution climate forcing with a realistic spread (see50

e.g. Jouvet and Huss, 2019), but this is not the case for most regions worldwide.

Recently, finely resolved convection-permitting models (CPMs) have emerged and have been shown to improve the simu-

lated precipitation and representation of other complex topography features in comparison to regional climate models (RCMs)
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of coarser resolutions (e.g. Fosser et al., 2015; Lind et al., 2020; Médus et al., 2022). These advancements are expected to

reduce overall uncertainty in climate projections (Lucas-Picher et al., 2021) and may improve glaciological projections and55

adaptation planning in mountain communities, particularly when paired with complex SMB models. CPMs are, however, com-

putationally demanding to run. Therefore, such efforts provide model data that is limited in number of boundary forcing and

also in time periods. How the glaciological community can benefit from these new developments remains a challenge as glacier

projections require transient climate data and a representation of likely climate futures.

In this study, we present an approach that combines the breadth of an ensemble of relatively coarsely-resolved RCMs with60

the level of detail of a CPM that covers only a few decades of the current century. This case study centres on the Folgefonna

ice cap complex in western Norway. Our research is focused on improving SMB estimates by utilizing both highly resolved

climate models and a wide range of possible climate futures. The contribution of this study is twofold:

1. We present a new framework to represent RCMs by analogs found in a spatially higher resolved dataset. This allows us

to include small-scale climate processes important to mountain-valley systems while evaluating a wide range of climate65

model futures. In this way, we combine the benefits from climate model ensembles and detailed small-scale climate

modelling, thereby unifying the range and resolution needed for glacier projections.

2. Using this framework and the SMB model BESSI (Born et al., 2019), we provide detailed SMB simulations of the

Folgefonna ice cap on a 100 m spatial resolution until 2100 for three emission scenarios (RCP2.6, 4.5 and 8.5) and 117

climate model runs.70
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2 Data and methods

2.1 Folgefonna and the state of Norwegian glaciers

This case study centres on the Folgefonna in western Norway at around 60°N (see Fig. 1a). Although commonly referred to

as a single ice cap, it consists of three plateau glaciers: Nordfonna, Midtfonna and Sørfonna. These translate to North, Middle

and South fonna, respectively, where "fonna" in Norwegian means a heap of snow. Sørfonna, the largest of the three, is also75

the third largest ice cap in Norway, following Jostedalsbreen and Svartisen. In 2018 (our most recent dataset), the highest

elevation on Sørfonna was around 1650 m a.s.l. and the lowest at around 460 m a.s.l. while its thickest ice was around 540 m

(Ekblom Johansson et al., 2022).

Folgefonna is situated within the Hardanger region, and experiences a maritime climate with both high rates of snowfall in

winter and melt in summer. Southern Norway has a distinct separation between a coastal climate in the west and an inland80

climate in the east. Air masses of high humidity are carried eastward and encounter steep terrain which leads to high precip-

itation rates in western Norway (Konstali and Sorteberg, 2022). Previous research suggests that the mass budget of maritime

glaciers in western Norway is mainly controlled by the winter mass balance (Andreassen et al., 2005; Nesje, 2023) which

depends strongly on the North Atlantic oscillation index. One weather station is present on the ice cap itself, on Nordfonna at

1212 m a.s.l. For 2015–2024, the average summer (JJA) temperature was 7.3°C, while the average winter (DJF) temperature85

was -4.8°C (extracted from https://seklima.met.no/).

Downstream from Folgefonna, numerous communities depend on glacier runoff for agriculture, hydropower, drinking water,

and tourism. Until recently a summer ski centre operated on Nordfonna, but it has now closed, partly due to the ice retreating too

far. These local actors may all benefit from trustworthy glacier projections, but such knowledge is sparse on a highly resolved

spatial scale. Scandinavian glaciers are expected to shrink substantially as a consequence of climate change. Hock et al. (2019)90

suggest that mass losses will vary from ∼60% (RCP2.6) to ∼80% (RCP8.5) by 2100 compared to 2015, while Compagno

et al. (2021b) find a more pessimistic estimate of 67±18% (RCP2.6) to 90±7% (RCP8.5) by 2100 compared to 2018. A few

published studies have focused specifically on Folgefonna. Ekblom Johansson et al. (2022) use a PDD model based on weather

data from a station in Bergen (65 km west of Folgefonna) with a simple scaling of temperature and precipitation to represent

RCP2.6 and RCP8.5. They expect Sørfonna to disappear completely for the high-emission scenario by 2170. Furthermore,95

Nesje (2023) estimates that Blomstølskardsbreen (Fig. 1b) will lose around 85 m w.e. in 2100 under RCP8.5 relative to 2001.

In summary, we have an understanding of how severely climate change will affect Scandinavian glaciers, but no detailed spatial

projections to inform e.g. adaptation policies.
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Figure 1. a) Map of western Norway where glaciers are marked in white. The region simulated with BESSI is marked with a black square

containing Folgefonna, while the entire domain was used for the analog search described in Section 2.4. Map data are provided by Esri,

TomTom, FAO, NOAA, USGS. In b) an overview of named outlet glaciers on Folgefonna is displayed. "Breen" and "brea" are Norwegian

words meaning "the glacier". Glacier masks are provided by NVE, Kartverket, Geovekst og kommuner, Geodata AS.

2.2 SMB model setup

To simulate future SMB of Folgefonna, we utilize the snowpack and energy balance model BESSI, the BErgen Snow SImulator100

(Born et al., 2019). It accounts for physical principles while achieving computational efficiency, allowing us to run it for a

range of climate scenarios at high spatial resolution, with reasonable computational costs. The model calculates daily energy

and mass balance on a three-dimensional grid (latitude, longitude and firn layers). As its climate forcing, BESSI requires

temperature, precipitation, humidity, long-, and shortwave radiation. The model takes into account firn densification, heat

conduction, percolation and refreezing of water, as well as snow aging and its effect on albedo. Thus, when we refer to SMB,105

we also include internal processes in the near-surface firn. For full model description and explanation of the model architecture,

we refer readers to Born et al. (2019) and Zolles and Born (2021).

2.3 Climate forcing

Robust SMB projections require both the width of multi-model climate futures and the credibility of region-specific climate

data which resolve small-scale climate effects. To achieve this we combined various sources of climate data. A convection-110
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permitting model, NorCP (Lind et al., 2020), has been run for the Folgefonna area at a high spatial resolution, but the runs are

not transient nor do they cover the amount of likely climate futures presented by different ensembles. The EURO-CORDEX

ensemble (Jacob et al., 2014) provides such a range, but has e.g. unrealistic precipitation patterns for western Norway. Con-

sequently, interpolating ensemble member data to the Folgefonna region would likely give unphysical data. Therefore, we

developed an analog downscaling method to bridge range and resolution. For each day of a coarse transient simulation, the115

algorithm selects the most similar day from another high-resolution dataset to represent it. This analog day may then also pro-

vide variables that were not available in the original transient simulation. In the following, we first introduce the three climate

datasets that are used for this work. These are NorCP (high resolution climate data), EURO-CORDEX ensemble (representing

a range of climate futures), and SeNorge (observational data providing realistic historical climate data; Lussana et al., 2018b).

After introducing each climate model, we outline the analog downscaling methodology in Section 2.4, how it employs the three120

datasets, and validation of the method. An overview of the entire processing of climate data can be found in Figure 2.

Objective: Ensure a realistic 
climate for the region

For each EURO-CORDEX 
member to SeNorge for 
temperature and precipitation

Bias correction

Objective: Identify the most 
similar day in NorCP
1. Determine pool of NorCP 

days
2. Find closest analog based 

on RMSD

Analog search

Objective: Correct bias from 
analog search

Apply distribution correction to 
precipitation

Quantile mapping

Objective: Make output from 
EURO-CORDEX model runs 
uniform

Remove leap days
Add days to 360 day datasets

Pre-processing

Objective: Run BESSI on 100 m 
resolution

Bilinear interpolation from 3 km 
to 100 m
Lapse rate correction in BESSI

Post-processing

Repeat for every day 
of EURO-CORDEX 
member dataset

Figure 2. Schematic of the entire workflow for processing climate data.

2.3.1 High resolution: NorCP

NorCP is a convection-permitting climate model with a high spatial resolution (3 km) provided for Fenno-Scandinavia (Lind

et al., 2020, 2023). It uses the HARMONIE-Climate model and is forced by dynamically downscaled GCMs EC-EARTH and

GFDL-CM3. It is run for two emission scenarios (RCP4.5 and 8.5) for three 20 year periods (1985–2005, 2041–2060, and125

2081–2100). The dataset also contains one historical run forced by the reanalysis dataset ERA-INTERIM for 1998–2018. This

amounts to nine runs that are outlined in Table 1. To our knowledge, this dataset provides state-of-the-art simulations of climate

for the Folgefonna region. However, the temporal gaps in data makes it impossible to apply directly to our SMB model since a

transient climate is essential to model the snowpack and accurately project glacier changes.
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Table 1. Overview of NorCP model runs.

Time period Boundary forcing Climate scenario

1985–2005 GFDL-CM3/EC-EARTH Historical

1998–2018 ERA-INTERIM Historical

2040–2060 EC-EARTH RCP4.5/RCP8.5

2080–2100 EC-EARTH RCP4.5/RCP8.5

2040–2060 GFDL-CM3 RCP8.5

2080–2100 GFDL-CM3 RCP8.5

2.3.2 Wide range: EURO-CORDEX130

The EURO-CORDEX initiative (Jacob et al., 2014, 2020; Kotlarski et al., 2014) provides a wide range of RCM simulations

over Europe until 2100. The ensemble has a spatial resolution of 0.11° (∼12.5 km) and numerous combinations of GCMs

(7) and RCMs (11). The three emission scenarios RCP2.6, 4.5, and 8.5 are represented each by 30, 25, and 68 model runs,

respectively. For this work, we have used a total of 117 runs, with a few excluded due to missing historical data (see Appendix

A). The climate models are all continuous and cover the period from 1971 until 2100. A few exceptions have their last full year135

in 2098 or 2099.

Across Europe, EURO-CORDEX simulations tend to be wetter and colder than both observations and reanalyses (Vautard

et al., 2021). Our analysis of the western Norway area echoes this. For the entire domain in Fig. 1a, we compared median

precipitation and temperature over the 1971–2005 period of each EURO-CORDEX model to SeNorge. Most models are colder

(Fig. 3a) and all models are wetter (Fig. 3b) than SeNorge. The data will consequently lead to an unreasonably high SMB.140

Furthermore, we see that model runs with the same RCM display similar patterns. Investigations into spatial distribution found

that several models (especially HIRHAM, REMO, and RCA) exhibit spurious hot spots for precipitation (up to 35 mm/day

daily average) close to steep topographic changes. These models tend to have lower precipitation values at high altitudes,

concealing the spatial trends when considering total precipitation for the grid.

When using the dataset in the analog downscaling method, a realistic climate is ensured by bias correcting each model145

run with daily climatologies for temperature and precipitation from the SeNorge model run for 1971–2005. For each EURO-

CORDEX model run, we estimate the average precipitation and temperature for each grid cell for every day of the year.

The resulting difference between the modelled and interpolated dataset is used to correct temperature by simply adding the

daily bias. We scale the modelled precipitation by the fraction between the interpolated and modelled values. The fraction is

furthermore constrained to be between 0.1 and 10 to avoid unrealistic values. Both bias corrections assume stationarity of the150

correction function – that is, the same bias persists into the future. We make this necessary simplification since accounting for

time dependent biases is outside the scope of this work. However, note that there is evidence that biases are non-stationary

especially in glacial regions due to their changing albedo under climate change (Maraun, 2012).

7

https://doi.org/10.5194/egusphere-2026-1090
Preprint. Discussion started: 24 March 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure 3. Median and maximum values (95th quantiles) of a) temperature and b) precipitation for EURO-CORDEX ensemble members in

the past (1971–2005). Observational data (SeNorge) is marked by a black cross.

Although the EURO-CORDEX ensemble’s spatial resolution is excellent for a range of purposes, it is clear that it still falls

short in resolving complex topography. Small-scale processes such as mountain-valley circulations, atmospheric convection155

and cloud physics are typically parameterised by the RCMs (Pontoppidan et al., 2017) and not resolved as well as by NorCP.
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2.3.3 Accurate representation: SeNorge

SeNorge (Lussana et al., 2018b) is a very highly resolved (1 km) gridded climatological dataset over Norway spanning from

1957 to present day. It contains spatially interpolated data of temperature and precipitation based on observations from weather

stations. The dataset presents state-of-the-art past climatological conditions in Norway – and Folgefonna by extension. It160

therefore provides us with past data that we can utilize to bias correct EURO-CORDEX data and calibrate BESSI parameters

to achieve a highest possible accuracy.

Lussana et al. (2018a) find that SeNorge sometimes underestimates precipitation in data-sparse areas, such as mountainous

regions. However, they also show that Hardanger, where Folgefonna is situated, is well represented by SeNorge. Though there

is only one weather station on the ice cap itself (on Nordfonna), there are several at sea level by the fjord and SeNorge has been165

shown to represent precipitation well in station dense regions (Lussana et al., 2019). Thus, though a high mountain region, the

dataset does not have the same data scarcity issues for Folgefonna as other similar areas in Norway. Obviously, an observation-

based dataset lacks future data. In addition, BESSI requires radiation and humidity which makes SeNorge impossible to use

directly as climate forcing.

2.4 Analog downscaling method170

A possible way of representing different climate models by a high resolution RCM would be to calculate the offset between

one NorCP run and each EURO-CORDEX run for all variables. For each run, a dedicated bias correction would be applied to

NorCP. However, we believe that this conserves the climate variability of the high-resolution dataset, and therefore does not

properly represent the coarse resolution one. Studies where climate variability is not dealt with, but rather removed by aver-

aging, likely underestimate the impacts of climate change (Thornton et al., 2014). Climate variability is important for glacier175

length fluctuations and mass balance (Reichert et al., 2002; Malone et al., 2019; Zolles and Born, 2024), with a more pro-

nounced effect when daily, rather than monthly, fluctuations are included (Farinotti, 2013). Frequency of extreme precipitation

or dry periods may differ between models, and may also vary in time for the various climate scenarios. We therefore developed

a framework that preserves characteristics of individual EURO-CORDEX models while resolving the local climate as NorCP

would. This method can also be used for climate data which lacks required climate variables.180

We represent one day in a coarse resolution climate dataset, the target, by finding the most similar day in a high-resolution

dataset, an analog. This process is repeated for every day in the target dataset (each EURO-CORDEX member). The chosen

analogs (chosen NorCP days) are patched together and constitute a climate dataset. From here on, an asterisk will show that we

discuss a dataset that is made from analogs, i.e. modelA* is the analog downscaled dataset representing modelA. This dataset

represents the target and preserves its variability and systematic biases, while also resolving the small scale climate effects185

provided by NorCP. A schematic of the workflow can be found in Fig. 4.
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T

P
1985

1986
1987

1988

2098
2099

2100

chosen 
analog date

T

P

1 2 3 4 5 6 7

dataset and dataset*

For a target day, the pool of possible 
analogs is determined.

RMSD between target and all pool days are 
found. Smallest RMSD is chosen as 
analog.

Process is repeated for every day in 
the target dataset, and a dataset* of 
analogs is created.

a) b) c)

Figure 4. A visual representation of the analog downscaling process where T is temperature and P precipitation. a) The pool is determined as

± 15 days from the date of the target day, in all simulation runs and years within the high-resolution dataset. b) The day closest resembling

the target is determined based upon the smallest RMSDpool. c) All chosen analogs are patched together as a dataset* representing the

original target.

The algorithm bases its choice on the patterns of only precipitation and temperature. We justify this as these variables

are the most important climate forcing for SMB, and that it makes the algorithm more computationally efficient. However,

the framework can easily be modified to include more climate variables. Note that the method does not account for any

interdependency among climate variables.190

For every day in the target data, we determine a pool of possible analogs that could represent this day. The pool is constrained

to be ± 15 days from the target day in question to ensure realistic downwelling shortwave and longwave radiation values. At

∼60°N (where Folgefonna is situated), there are 19 hours of daylight in the summer and less than 6 hours at the peak of winter.

Downwelling radiation may therefore be dominated by shortwave radiation in summer and longwave radiation in winter.

Selecting a constrained pool thus ensures that a short winter day does not represent a long summer day, even if they have195

similar temperature and precipitation patterns. This means that when searching for an analog for the 15th of May, the pool of

possible analogs ranges from 1st of May to 30th of May for all simulation years and runs contained in NorCP (see Table 1). We

suggest that the criterion (±15 days) is reevaluated for regions at other latitudes. The pool of possible analogs always consists

of 5580 days due to the ±15 day criterion and 20 years in each of the 9 NorCP runs (31 · 20 · 9 = 5580).

Each day in the pool of possible analogs is then compared to the target day. The root mean square deviation (RMSD) of the200

two-dimensional precipitation and temperature fields of the target day is calculated compared to all pool data. This is performed

over the western Norway grid shown in Fig.1a. The RMSDs are normalised by dividing by the mean of all values in the pool.
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Then, the normalised RMSDs for temperature and precipitation are summed, creating a single measurement of how close each

possible analog is to the target day. Since the climate data are on a two-dimensional grid, the summation of squared differences

is done for every grid cell i. For each day in the pool, RMSDpool is thus estimated by205

RMSDpool =

√∑N
i=0(ti,target− ti,pool)2

N
· 1
tpool

+

√∑N
i=0(pn,target− pi,pool)2

N
· 1
ppool

, (1)

where N is total amount of grid cells, and t and p are temperature and precipitation, respectively. After estimating RMSDpool

for each day in the pool, the day with the smallest value is considered to be the one closest resembling the target day and is

therefore chosen as an analog for the target day (see Fig. 4b). The method is repeated for all days in the target dataset, and the

analogs (chosen NorCP days) are patched together in their original high spatial resolution representing the target (a EURO-210

CORDEX run). As an example, we show how the temperature of one target day is represented by its analog (Fig. 5).

The algorithm requires the two datasets to be on the same grid to compute the difference between the same grid boxes

(Fig. 5). The higher resolution dataset (Fig. 5c) is therefore interpolated (nearest neighbour) to the grid of the lower resolution

dataset (Fig. 5b), since this is more computationally efficient than the other way around. For EURO-CORDEX*, we work with

the entire domain in Fig. 1a, while for SeNorge*, we use the square domain around Folgefonna.215

Figure 5. Example of how the bias corrected 3-Jan-2006 in the EURO-CORDEX run ICHEC-EC-EARTH-r1i1p1-RACMO22E-v1 (a) is

represented by 29-Dec-1987 from the NorCP GFDL-CM3 dataset (b), as well as the same field on NorCP’s original resolution of 3 km (c).

An outline of Folgefonna is marked in orange on all three maps.
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Validation

To validate that the analog downscaling method can mimic a realistic climate, we investigate whether it leads to any systematic

biases. For this purpose, we use the analog downscaling with the NorCP ERA-INTERIM (NorCP-ERAi) run over 1998–2018

as target. The algorithm was constrained to not choose itself to avoid a duplicate dataset, but was otherwise kept the same.

Systematic biases are investigated by looking at the median differences in precipitation and temperature between the analogs,220

NorCP-ERAi*, and target, NorCP-ERAi, for each season. We find no noticeable bias in temperature (Fig. 6d), but a slight

underestimation of precipitation (Fig. 6b). Independently of precipitation amount, the analogs have 3-7% less precipitation

than the target. This amounts to a median difference of less than 0.15 mm/day. We attribute the underestimation to the shape

of the precipitation distribution (Fig. 6a). It has most events at no and low precipitation, and quickly tapers off for higher

values. Consequentially, for any given target, there are more suitable analogs that underestimate, rather than overestimate,225

precipitation. The underestimation is corrected for by applying quantile mapping to NorCP-ERAi*. This is done by finding

the cumulative distributions of precipitation in NorCP-ERAi* and NorCP-ERAi. The differences between quantiles in the

datasets are found and added to NorCP-ERAi*. Since the pool always consists of NorCP data and the precipitation distribution

is constant, we use the same quantile mapping-distribution independently of target dataset. The correction reduces the bias to

2.7% in the summer months (JJA) and an overestimation of 1.8% in the winter months (DJF).230
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Figure 6. Upper panel shows a) the distribution of spatially averaged precipitation in the pool data, and b) in blue is the median difference

in precipitation between target and analogs for each grid point, averaged over a season. Darker whiskers show the standard deviation and the

lighter show 5th and 95th quantiles. Orange shows the same for the bias corrected data. The lower panel shows similarly the c) distribution

and d) median difference for temperature. Here, no bias correction has been performed.

2.5 Calibration

BESSI’s parameters have previously been calibrated to climatic conditions of the Greenland ice sheet (Born et al., 2019;

Zolles and Born, 2021). In a milder western Norway climate, we expect parameters in the SMB model (such as snow albedo)

to change. We therefore ran BESSI with a range of parameters for 1960–2020 using SeNorge*. The parameters chosen for

calibration were sensible heat flux, as well as albedo of fresh snow, wet snow, and bare ice. In total, 100 different parameter235

sets were tested whose combinations were determined by latin hypercube sampling (McKay et al., 2000) which samples

randomly within parameter ranges while covering the full parameter space using the framework provided by Perrette (2013).

The parameters, ranges and chosen best parameter set are shown in Table 2.
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Table 2. Parameters calibrated in past simulation runs. The tested range and found optimal value are also depicted.

Parameter minimum maximum chosen value

Fresh snow albedo 0.65 0.9 0.85

Firn albedo 0.45 0.7 0.56

Ice albedo 0.3 0.4 0.33

Sensible heat flux (Wm−2K−1) 5 25 8.95

Each of the calibration ensemble members were evaluated by how well they could reproduce historical mass balance pro-

vided by the Norwegian Water and Energy directorate (NVE). Outlet glaciers on Folgefonna have been monitored in two240

periods between 1963–1981 and 2003–2017. Midtfonna, Ruklebreen, and Bondhusbrea only have measurements for the early

period, while Blomstølskardbreen and Møsevassbrea only have measurements from the latter. Gråfjellsbrea, Breidablikkbrea,

and Svelgjabreen have measurements from both periods (see Fig. 1b for basin overview). To use a range of calibration criteria,

we compared the 100 runs both to basin estimates and single stake measurements (obtained by pers. comm. with B. Kjøllmoen,

NVE). The stakes are solely on Sørfonna, but are well distributed along both north-south and west-east gradients (Fig. 7b).245

Hence, we approached the calibration in two different ways:

1. Calculating the SMB for the basins: The cumulative SMB over the measurement period is estimated for each grid point

within the basin and averaged.

2. Calculating the SMB for each stake: The cumulative SMB over the measurement period for each stake is estimated for

the corresponding grid point in BESSI. Onset of accumulation and ablation seasons vary in the dataset, and we use the250

same dates to estimate SMB in BESSI for each stake measurement. Measurements that are missing the start date of

accumulation season are discarded and not used in the calibration.

Working with several criteria can illuminate which parameter sets perform best for different conditions. We therefore tested

a few, which are RMSD, mean absolute error (MAE) and Nash-Sutcliffe efficiency (NSE) (Nash and Sutcliffe, 1970; Gupta and

Kling, 2011). To further create several evaluation criteria, we split the stakes into high and low elevation stakes (above/below255

1300 m a.s.l.). However, only minor differences were found. Out of the four consistently best parameter sets, two of them

contained extreme values for albedo parameters, while the other two had similar values well within the expected ranges.

Therefore, we chose one of these as our final tuning of the parameters as shown in Table 2. The modelled SMB values are

plotted against the observed in Fig. 7a along with the identity line. We found that the performance of the different runs is

highly dependent on the sensible heat flux. None of the quality measurements (RMSD, MAE, and NSE) showed any apparent260

dependence on the three albedo parameters (albedo of fresh snow, firn, and ice). We hypothesize that this could be due to the

cloudy climate in western Norway and recommend recalibration for new regions. The average RMSD for the 10 best runs is

88 cm w.e. (stakes) and 61 cm w.e. (basins), indicating that we can expect an error in our SMB model of ±0.88 m.w.e..
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Figure 7. In a) the modelled SMB using calibrated parameters (Table 2) is plotted against the observed SMB along with a dashed identity

line (x = y). In b) the location of stake measurements are indicated.
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3 Results265

We integrate the SMB over the entire Sørfonna plateau and look at the median of models along with the spread (represented by

25th and 75th quantiles) of each scenario for every year. The probability of Folgefonna occasionally experiencing years with

positive mass balance decreases quickly and it becomes highly unlikely after 2050 for all scenarios (Fig. 8a). Until 2060, the

three emission scenarios are indistinguishable within their uncertainty. From 2060–2100, the bounds of RCP2.6 and RCP4.5

generally overlap, while RCP8.5 shows a much more severe response to climate change. Similarly, the temperature in the three270

emission scenarios start to diverge mid-century (Fig. 8c). Median net SMB is ∼0.9 m w.e./year for 1970–2000. Averaged over

2090–2100, the median annual net SMB decreases to −0.4± 0.8, −0.9± 0.9, and −3.1± 1.0 m w.e./year for the low, middle,

and high emission scenarios, respectively.

The cumulative SMB shows how mass loss will compound until the end of the century (Fig. 8b). When looking at the median

cumulative SMB among model runs, we find that for the most optimistic scenario, the entire ice cap will experience around -15275

m w.e. of mass loss until 2100 from today (2025). For RCP4.5, the cumulative SMB decreases to -50 m w.e. and for RCP8.5, it

reaches around -105 m w.e. As the mass loss compounds, so does its spread due to climate models. At the end of the century,

RCP2.6, 4.5, and 8.5 have spreads of 65, 67, and 75 m w.e., respectively. For the calculation of net and cumulative SMB, we

used a static glacier mask for Sørfonna. We exclude Nordfonna and Midtfonna as we expect them to have larger relative area

changes over the century as they are smaller from the onset.280
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Figure 8. In a) the ensemble median of spatially averaged SMB for Sørfonna is plotted per simulation year. Medians of RCP2.6, 4.5 and

8.5 are shown by solid lines, while shaded areas indicate their 25th and 75th quantiles. The same is plotted in b), but for median cumulative

SMB over Sørfonna from today (2025) until 2100. Finally, in c) the annual temperature for the entire western Norway domain is plotted for

each scenario. The historical curve is an average of all EURO-CORDEX* models.
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3.1 Inter-model differences

After having established the differences between emission scenarios, we have a closer look at inter-model differences within

the scenarios. For each of the model runs in RCP8.5, we average SMB over the entire Sørfonna ice cap, similarly to Fig. 8a. In

addition, we average SMB over the last simulated decade (2090–2100) for every BESSI model run with the EURO-CORDEX*

ensemble. We sort the models after which GCM and RCM they are forced by (Fig. 9). We see that the spread between models285

belonging to the same GCM groups are smaller than between the models forced by the same RCM. When looking at the GCM

groups, model runs based on HadGem2-ES result in the most negative SMB, while those based in MPI-ESM yield the most

positive (Fig. 9b). For every RCM group, HadGem2-ES also gives the most negative SMB, and MPI-ESM the highest (Fig.

9a), despite there being overlap with other GCM groups (Fig. 9b). We found similar tendencies for the same GCMs in the

smaller sub-ensembles RCP2.6 and RCP4.5 (Appendix B).290

Figure 9. Spatially (over Sørfonna) and temporally (over 2090–2100) averaged SMB for each BESSI model run in the EURO-CORDEX*

RCP8.5 scenario. Mean SMB is sorted after which a) RCM, and b) GCM the climate data stems from. The data is colour coded by which GCM

they belong to in both plots. Data with same RCM and GCM differ from different ensembles or RCM version (Aladin53_v1/Aladin63_v2

and REMO2009_v1/REMO2015_v1).

3.2 Spatial changes

We consider how the SMB is distributed over the ice cap as an average of 25-30 year time periods (Fig. 10). By the end of

the century, there are accumulation zones on both Sørfonna and Nordfonna for RCP2.6. For RCP4.5, there is only one on

Sørfonna, and for RCP8.5 all accumulation zones have disappeared by 2100. A model median seems to represent past climatic

response of the SMB well. For 1970–2000 it overestimates SMB on the Northern part of Sørfonna, while for 2001–2025 it295

reaches a similar equilibrium line altitude (ELA) as the one resulting from the SeNorge* run. Note that in the historical runs,

the emission scenarios differ because they contain different sets of EURO-CORDEX* models.
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Figure 10. Median SMB of all models in 25-30 year periods for each of the emission scenarios. ELAs for both median of the EURO-

CORDEX* ensemble (solid contour) and the SeNorge* run (dashed contour) are indicated.
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Furthermore, we notice that the ice cap has a more negative SMB on the eastern part, with positive SMB becoming slightly

skewed towards the west. This is also visible for Midtfonna in the past. The eastern glaciers tend to have a more negative SMB

that stretches further in on the ice cap, especially after 2050. To test if this indeed is the case, we conducted additional analysis.300

For every grid point on Sørfonna, we fitted a linear regression to SMB over time (2026–2100) to RCP8.5. Slope is plotted

against elevation in Fig. 11b, where the basins are divided into groups terminating on the eastern or western side (Fig. 11a).

The western area is larger and therefore contain more data points. Each of the "tails" belong to specific basins. For elevations

higher than 1300 m a.s.l., the western and eastern parts are mostly overlapping. At lower elevations, however, the eastern side

seems to consistently yield smaller slopes i.e. be more robust to climate change. The lower elevations are naturally also where305

the longitudinal distance is furthest between the western and eastern sides.

Figure 11. Slope of SMB from a linear regression of net SMB 2026–2100 for each grid box on the ice cap. In a) it is plotted after location,

where main eastern and western basins are marked, while in b) the slope of each grid cell is plotted against its elevation and coloured

dependent on whether it belongs to the eastern (orange) or western (blue) part of Sørfonna.
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3.3 Seasonal dependence

Following up on the discussion about mass budget drivers of maritime glaciers (Section 2.1), we identify the dominant cli-

matic controls on Folgefonna’s SMB. We evaluate correlations between total SMB and winter/summer SMB, precipitation,

and temperature. The hydrological year is defined with accumulation season from October to May and ablation season be-310

tween June and September. Analyses were conducted for Sørfonna as a whole, without adjusting for future lengthening of the

ablation season. However, we ran experiments changing seasonality to DJF and JJA as well as only Blomstølskardsbreen. All

configurations gave similar results.

We find the correlation for each climate model, and report the median with their standard deviation in Table 3. The results

show a more complicated picture than what has been suggested by Andreassen et al. (2005) and Nesje (2023). Total SMB315

is highly correlated with both its summer and winter parts as expected (being a sum of the two). More surprising is that its

correlations with seasonal temperature (averaged) and precipitation (summed) are not clear for neither the past, nor for RCP2.6

and RCP4.5. One trend that does become clear, however, is that as temperatures rise further in RCP8.5, both winter and summer

temperatures are negatively correlated to the total SMB. In addition, the correlation with summer SMB is significantly larger

for RCP8.5 than the other scenarios.320

Table 3. Pearson correlation coefficients reported for the total yearly SMB with its summer and winter components as well as winter and

summer temperature, and winter precipitation. Uncertainty is simplified to the standard deviation. Presented here are the median of all

models, with the past model ensemble being the models contained in RCP8.5 (since it contains highest number of models).

SMBtotal correlation SMBwinter Twinter Pwinter SMBsummer Tsummer

Past (1970–2025) 0.79± 0.07 −0.02± 0.00 0.13± 0.13 0.72± 0.08 −0.12± 0.12

RCP2.6 (2026–2100) 0.78± 0.10 −0.03±−0.01 0.11± 0.13 0.72± 0.08 −0.05± 0.10

RCP4.5 (2026–2100) 0.79± 0.05 −0.10± 0.14 0.01± 0.10 0.77± 0.07 −0.17± 0.18

RCP8.5 (2026–2100) 0.81± 0.05 −0.47± 0.09 −0.04± 0.15 0.87± 0.05 −0.53± 0.15

3.4 Changes in runoff timing

As summer and winter temperatures increase, the accumulation season will shorten, while the melt period will lengthen. How

will runoff patterns change in a warming climate? With no ice flow model, we cannot give estimates of total water released

from the glacier. Instead, we investigate the timing of runoff resulting from melting of the snow and water that is not retained

by the snowpack as well as rain that falls where the snowpack is already melted away (within one glacier basin). For each325

model run, and the decades 2000–2010 and 2090–2100, we integrate runoff over a glacier basin and find daily averages for

the decade. We further smooth the data over 3 day periods to avoid spurious effects. Typically, any year has a melt period that

starts in spring and quickly reaches its peak before it decreases throughout late summer (Fig. 12a). To find the onset of melt, we

determine a threshold above which we assume runoff to be part of spring melt, and not e.g. due to spurious winter precipitation

events. The first day above this threshold we define as the onset of spring melt that year. This is repeated for every model run330
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for one glacier basin. As an example, we show how timing of runoff changes for Møsevassbrea (see Fig. 1b) over the century

for one model (Fig. 12a). We determine the threshold to be half of the average annual maximum runoff for the basin. The

probability density function (PDF) of days earlier (expedited) runoff within each emission scenario is plotted in Fig. 12b. From

the distribution peaks it can be seen that spring runoff is projected to occur about 6, 16 and 27 days earlier for RCP2.6, 4.5,

and 8.5, respectively.335

Figure 12. Changes in onset of runoff at the end of the century (2090–2100) compared to the beginning (2000–2010) for Møsevassbrea. In

a) an example of the mean melt over the two decades is shown for the RCP8.5 model EC-EARTH-r1i1p1-RACMO22E-v1. Onset of melt

seasons is marked by vertical lines for the two periods. In b) probability density functions of earlier runoff from models contained in each

scenario are shown.
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4 Discussion

4.1 Effect of emission scenario

By the end of the century, different emission scenarios have a clear impact on Folgefonna’s future in terms of accumulation

zone extent. Our simulations show that Midtfonna will completely lose its accumulation zone by 2050 for all emission scenarios

(Fig. 10). Nordfonna loses its accumulation zone by the end of the century under RCP4.5. Since melt elevation feedback is340

not included in the BESSI simulations, these estimates should be regarded as conservative. Accounting for elevation changes

would further increase mass loss, making it likely that even the small accumulation zone projected on Nordfonna under RCP2.6

will disappear. Whether any part of Folgefonna will have an accumulation zone beyond 2100 is contingent on warming not

exceeding RCP4.5 levels. The future of Folgefonna hinges on emission scenario, in agreement with projections for glaciers

worldwide (Rounce et al., 2023; Marzeion et al., 2020) and in Scandinavia (Compagno et al., 2021b).345

The ice cap’s total mass loss and changes in spring melt timing depend on both emission scenario and the choice of climate

model. The three scenarios yield comparable net SMB until they begin to diverge around 2050 (Fig. 8a). Net SMB over

the ice cap under RCP8.5 is distinct from that under the two lower emission scenarios, as indicated by the non-overlapping

interquartile ranges. Meanwhile, the two lower emission scenarios remain indistinguishable within their interquartile ranges.

Similarly, we see differences in earlier spring melt that depend on emission scenario (Fig. 12b). While the full distributions350

overlap across scenarios, the magnitude of change increases clearly with warming. Both net SMB changes (Fig. 8a) and days

of earlier spring melt (Fig. 12b) approximately double from RCP2.6 to RCP4.5, and double again from RCP4.5 to RCP8.5.

For the western Norway grid, the temperature anomaly compared to 1970–2000 is expected to do the same (Fig. 8c). Mean of

EURO-CORDEX* temperatures (2090–2100) indicate a western Norway warming of 1.3°C, 2.3°C, and 4.3°C for respectively

RCP2.6, 4.5, and 8.5. Changes in SMB and days of earlier melt therefore seem to change in step with temperature rise, and355

not respond nonlinearly to climate change as other studies find for the Greenland ice sheet (Mikkelsen et al., 2018; Born et al.,

2019) and mountain glaciers (Bolibar et al., 2022).

4.2 Climatic drivers of SMB

The western side of Folgefonna is not more robust to climate change than the eastern. Since precipitation is mostly carried along

a west-east gradient (Konstali and Sorteberg, 2022), we expected the western side of the ice cap to experience a climate change360

alleviation due to the increased precipitation. However, our simulations rather suggest that the eastern side is more robust to

climate change (Fig. 11). The coastal-continental transition which is clear for all of Southern Norway is not detectable over

spatial scales covered by the strongly maritime Folgefonna. Instead we detect an elevation-dependent difference in the ice

cap’s robustness to climate change (Fig. 11b), where SMB decreases faster at lower elevation. This effect is not caused by

melt elevation feedback since BESSIs elevation is static in the simulations. Instead, we expect that it is due to a feature of the365

maritime, mild climate around Folgefonna. A small uniform temperature offset across the ice cap is more likely to increase

temperatures above freezing at lower elevation than at higher elevation.
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According to our simulations, total SMB becomes more dependent on temperature as warming increases, especially seen

for RCP8.5. We confirm that ablation season temperature will increase its influence on SMB (Nesje et al., 2008; Giesen and

Oerlemans, 2010), but add that this is also true for winter temperatures. However, our results do not support previous findings370

(see e.g. Andreassen et al., 2005) that the total SMB of maritime glaciers depends more on winter mass balance than on summer

mass balance. We furthermore found no robust correlation between total SMB and winter precipitation. These results suggest

that the processes governing annual SMB are not well captured by seasonal mean temperature or accumulated precipitation

alone. This could indicate that other climatic variables, such as radiative fluxes, may play an important role in Folgefonna’s

SMB. Alternatively, SMB sensitivity may be dominated by short-lived events, rather than seasonal averages. For example, a375

few warm summer days may contribute disproportionally to melt compared to an overall warm summer.

4.3 Climate model uncertainty

These results show that accounting for ensemble spread is important for glacier projections. Each EURO-CORDEX member

undergoes extensive data treatment (Fig. 4) to ensure a realistic climate for western Norway (bias correction) and to represent

important high-resolution effects (analog downscaling). This processing was imperative to create a realistic climate forcing, as380

several EURO-CORDEX members strongly disagree with observational data (Fig. 3), and are not of a spatial resolution that can

represent Folgefonna (Fig. 5a). We anticipated that this level of processing might substantially reduce inter-model differences,

particularly because all final forcing fields are drawn from the NorCP dataset. Yet, we find large differences between the

models (Fig. 8). This is likely due to the preserved climate variability of the climate model data. Following this, we highlight

the importance of resolving ephemeral climate events for SMB estimates, consistent with previous research (Farinotti, 2013;385

Malone et al., 2019; Zolles and Born, 2024). Similarly to the study by Zekollari et al. (2019), we find that choice of GCM

is important for SMB (Fig. 9) and that this contribution is detectable throughout the entire downscaling framework. This

persistence likely reflects the role of large-scale circulation biases and differences in climate variability, which are not removed

by local bias correction or high-resolution representation. These findings make it clear that projecting glacier change at a fine

spatial resolution can yield results that do not carry a realistic uncertainty unless the spread in climate futures is taken into390

account. Highly resolved glaciological models may therefore convey a false sense of security in the absence of climate models

commensurate in their ability to project highly resolved processes.

In this study, we have presented the analog downscaling method which is a novel, yet simple, approach to account for ensem-

ble spread using detailed climate models that only contain a few runs. The method provides a pragmatic solution that enables

end-users to benefit from recent advances in climate modelling, even though these models are too computationally demanding395

to be run continuously over a full century. This was, for example, the case for the convection-permitting model, NorCP, used

in this study. The method can therefore be used to fill gaps in climate data. The analog downscaling method was developed to

match analog to target based on their similarity in temperature and precipitation (Section 2.4). Restricting the match criteria to

these two fields is additionally advantageous as it enables the method to be used in cases where climatic variables are missing.

This was, for example, the case for the SeNorge dataset, which provides only temperature and precipitation values. In this400

case, analog downscaling does not strictly "downscale" the data, but produces a dataset (SeNorge*) which has all five climatic
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variables as required by BESSI. While machine learning approaches can potentially address similar challenges, the analog

downscaling method offers a computationally efficient and transparent alternative to benefit from climate modelling advances.

The lack of agreement between climate models remains a main caveat in providing reliable climate information for lo-

cal communities. Åkesson et al. (2017) showed that Hardangerjøkulen, a relatively flat ice cap in Norway, would almost405

completely perish for mass imbalances of 0.2 m w.e.. Thus, changes in SMB much smaller than what is represented by the

EURO-CORDEX* ensemble can be detrimental for an ice cap. Our analysis relies on standard ensemble statistical methods

such as medians and quantiles, which are widely used in the community. We further find that an ensemble median reproduces

historical SMB reasonably well (Fig. 10). Nevertheless, it is important to note that an ensemble median bears no real physical

significance. A multimodel ensemble is a collection of representations of a physical system, rather than measurements with410

varying accuracy of some true value. Importantly, climate models are interdependent since they tend to have shared genealogies

as the community exchanges codes and ideas (see e.g. Masson and Knutti, 2011; Knutti et al., 2013). As a result, they may ne-

glect similar physical processes, leading to shared structural uncertainties (Qian et al., 2016). Similar tendencies are observed

in ice sheet modelling (Aschwanden et al., 2021). Using a median accompanied by its quartiles is a simple way of commu-

nicating glacier projections and their uncertainties, but other approaches may be better suited. Firstly, instead of evaluating415

glacier projections from ensemble statistics, end-users could benefit from weighing the relevance of different climate models.

This requires a well-documented hierarchy of which models perform well under certain topographical and climatic conditions.

Secondly, greater agreement within regional climate models would be a key step toward more robust and trustworthy glacier

projections. Both approaches hinge on the expertise, advice, and scientific advances of the climate modelling community.

4.4 Methodological limitations420

Bias correction of climate data has been found to introduce additional uncertainty to projections, especially for regional scales

(Weathers et al., 2025). Scaled bias correction, like we used to adjust precipitation, risks amplifying precipitation patterns out

of proportions. We mitigated this risk in two main ways. First, we imposed lower and upper bounds for the precipitation scaling

fraction. Second, all data that forces BESSI originate from NorCP rather than bias corrected EURO-CORDEX output. As a

result, none of the downscaled EURO-CORDEX* ensemble members will have unphysical climatic patterns or values as can425

arise from bias adjustment methods.

The focus of this work was the effect of climate data and ensemble spread on SMB. We therefore used BESSI, a medium

complexity model, to gauge the influence of EURO-CORDEX* spread. The application of BESSI to small scale studies may be

improved by adding complexity such as wind redistribution and shading due to topography. Another omission from the SMB

model setup is the lack of elevation feedback as the ice cap melts. This would likely increase mass loss of the ice cap and our430

estimates can therefore be considered conservative. A natural next step in this work is to add ice dynamics to Folgefonna for a

comprehensive glacier model. This allows us to include elevation feedback as well as project total runoff and volume changes

of the ice cap.

Additionally, we acknowledge that the uncertainty carried by the SMB model is high and attribute this to a few peculiarities of

our calibration method. There are 559 stake measurements across Sørfonna which the calibration method tries to accommodate.435
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Firstly, the setup resolution of 100 m cannot resolve stake measurements which vary at smaller scales. Secondly, BESSIs

neglected lateral processes likely play a bigger role for local differences than the entire ice cap. The calibration is potentially

where including small-scale processes would yield the greatest benefits. Finally, the climate forcing used for these runs is

SeNorge*. SeNorge has been proven to overestimate snow depth by about 30% for elevation ranging from 400 to 600 m a.s.l.,

and by 100% for elevations between 1000 and 1200 m a.s.l. (Saloranta, 2012). The dataset is still considered to yield the best440

estimates for snow depth in Norway, and is used to evaluate the performance of climate models such as NorCP (Lind et al.,

2020). When evaluated against mass balance observations, the calibrated BESSI achieves higher accuracy than SeNorge. We

could likely have further improved upon the uncertainty estimate from the calibration method if we had chosen a subset of

data, i.e. by tuning BESSI to one outlet glacier. Improving upon our calibration method could therefore yield a smaller SMB

model uncertainty, but lead to unwarranted confidence in its resulting projections.445

5 Summary and conclusions

In this study, we introduce a novel analog downscaling method designed to bridge data gaps by matching high-resolution, non-

transient climate models (NorCP) with transient simulations at a lower resolution (EURO-CORDEX). This computationally

efficient approach enables end-users, such as glacier modelers, to produce large ensembles of physically relevant climate

forcing. Consequentially, it enables SMB simulations that simultaneously account for small-scale atmospheric processes and450

the documented spread in plausible future climates. Here, all data are bias corrected to the western Norway region and the

SMB model BESSI is calibrated using observed temperature and precipitation datasets (SeNorge) and historical mass balance

measurements.

Applied to the Folgefonna ice cap in western Norway, our results show that future SMB evolution is strongly dependent on

emission scenario. All scenarios considered (RCP2.6, 4.5, and 8.5) result in net mass loss over the 21st century, with severe455

degradation under RCP8.5. Midtfonna is projected to lose its accumulation zone by mid-century under all scenarios, while

Nordfonna loses its accumulation zone by the end of the century under RCP4.5. The persistence of any accumulation area on

Folgefonna beyond 2100 is contingent on warming remaining below RCP4.5 levels. Similarly, we find a progressively earlier

spring melt with higher emission scenarios.

However, accounting for a plausible spread in climate model data has a substantial impact on glacier SMB and makes460

RCP2.6 and RCP4.5 indistinguishable from each other when considering their model spread. We find that the choice of GCM

is more important for end-of-century SMB than choice of RCM. Furthermore, we theorize that the spread is mainly caused by

how climate variability is represented in the climate forcing. We stress the necessity of caution when providing detailed spatial

projections for mountain glaciers to affected communities. Current glaciological models can be run for spatial resolutions

that far exceed resolutions of RCM ensembles. Therefore, glacier simulations that contain only a subset of plausible climate465

futures may give an overconfident impression of the quality of current projections. Providing faulty or lacking information to

decision-makers runs the risk of fostering distrust in science when projections later prove inconsistent with observed outcomes.
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Appendices

A Details on treatment of EURO-CORDEX runs

EURO-CORDEX has not standardized how many time steps the models contain. Both analog downscaling and BESSI require470

365 day time steps, so we have done the following short cuts

– In model runs containing leap years, leap days were removed.

– In model runs with 360 day years (all models forced by HadGEM2-ES), we repeated every 72nd day of the dataset

(1-Jan, 13-Mar, 25-May, 08-Aug, 19-Oct).

– One model run (MOHC-HadGEM2-ES-HadREM3-GA7-05) is missing December of 2005 in its historical run. Filled in475

by repeating December from 2004 instead.

Still, we excluded runs that did not have a historical run. These can be found in Table A1.

Table A1. Overview of model runs in the EURO-CORDEX ensemble that were excluded from this study.

Scenario Driving model Ensemble RCM Downscaling realisation

RCP2.6 EC-EARTH r12i1p1 REMO2015 v1

RCP2.6 MIROC5 r1i1p1 CCLM4-8-17 v1

RCP2.6 MIROC5 r1i1p1 REMO2015 v1

RCP2.6 HadGEM2-ES r1i1p1 REMO2015 v1

RCP4.5 HadGEM2-ES r1i1p1 REMO2015 v1

RCP8.5 MPI-ESM-LR r1i1p1 WRF361H v1

B Inter-model differences: RCP2.6 and RCP4.5

Below, we display how average SMB at the end of the simulation period (2090-2100) changes with different climate forcing.

The same trends as discussed for RCP8.5 are visible to a large extent. HadGEM2-ES results in the most negative SMB for all480

three scenarios, while MPI-ESM mostly gives the most positive SMB (Fig. B1, Fig B2). For RCP4.5, CNRM-CM5 leads to

higher SMB than MPI-ESM in two of four MPI-ESM model runs (Fig. B2a).
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Figure B1. Same as Fig. 9, but for RCP2.6.

Figure B2. Same as Fig. 9, but for RCP4.5.
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ison of global-scale glacier mass-balance models and projections, Journal of Glaciology, 65, 453–467, https://doi.org/10.1017/jog.2019.22,540

2019.

Holube, K. M., Zolles, T., and Born, A.: Sources of uncertainty in Greenland surface mass balance in the 21st century, The Cryosphere, 16,

315–331, https://doi.org/10.5194/tc-16-315-2022, 2022.

Hugonnet, R., McNabb, R., Berthier, E., Menounos, B., Nuth, C., Girod, L., Farinotti, D., Huss, M., Dussaillant, I., Brun, F., et al.: Accelerated

global glacier mass loss in the early twenty-first century, Nature, 592, 726–731, https://doi.org/10.1038/s41586-021-03436-z], 2021.545

Jacob, D., Petersen, J., Eggert, B., Alias, A., Christensen, O. B., Bouwer, L. M., Braun, A., Colette, A., Déqué, M., Georgievski, G.,

Georgopoulou, E., Gobiet, A., Menut, L., Nikulin, G., Haensler, A., Hempelmann, N., Jones, C., Klaus Keuler, S. K., Kröner, N., Kot-

larski, S., Kriegsmann, A., Martin, E., van Meijgaard, E., Christopher Moseley, S. P., Preuschmann, S., Radermacher, C., Radtke, K.,

Diana Rechid, M. R., Patrick Samuelsson, S. S., Soussana, J.-F., Teichmann, C., Valentini, R., Vautard, R., Weber, B., and Yiou, P.:

EURO-CORDEX: new high-resolution climate change projections for European impact research, Regional Environmental Change, 14,550

563–578, https://doi.org/10.1007/s10113-013-0499-2, 2014.

Jacob, D., Teichmann, C., Sobolowski, S., Katragkou, E., Anders, I., Belda, M., Benestad, R., Boberg, F., Buonomo, E., Cardoso, R. M.,

et al.: Regional climate downscaling over Europe: perspectives from the EURO-CORDEX community, Regional Environmental Change,

20, 1–20, https://doi.org/10.1007/s10113-020-01606-9, 2020.

Jouvet, G. and Huss, M.: Future retreat of great Aletsch glacier, Journal of Glaciology, 65, 869–872, https://doi.org/10.1017/jog.2019.52,555

2019.

Knutti, R., Masson, D., and Gettelman, A.: Climate model genealogy: Generation CMIP5 and how we got there, Geophysical Research

Letters, 40, 1194–1199, https://doi.org/10.1002/grl.50256, 2013.

Konstali, K. and Sorteberg, A.: Why has precipitation increased in the last 120 years in Norway?, Journal of Geophysical Research: Atmo-

spheres, 127, e2021JD036 234, https://doi.org/10.1029/2021JD036234, 2022.560

Kotlarski, S., Keuler, K., Christensen, O. B., Colette, A., Déqué, M., Gobiet, A., Goergen, K., Jacob, D., Lüthi, D., Van Meijgaard, E., et al.:

Regional climate modeling on European scales: a joint standard evaluation of the EURO-CORDEX RCM ensemble, Geoscientific Model

Development, 7, 1297–1333, https://doi.org/10.5194/gmd-7-1297-2014, 2014.
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