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Abstract. Light-absorbing impurities in snow and ice con-

trol glacier melt as shortwave radiation represents the main

component of the surface energy balance. Here, we inves-

tigate the long-term effect of snow impurities, i.e., mineral

dust and black carbon (BC), on albedo and glacier mass bal-

ance. The analysis was performed over the period 1914–2014

for two sites on Claridenfirn, Swiss Alps, where an outstand-

ing 100-year record of seasonal mass balance measurements

is available. Information on atmospheric deposition of min-

eral dust and BC over the last century was retrieved from two

firn/ice cores of high-alpine sites. A combined mass balance

and snow/firn layer model was employed to assess the effects

of melt and accumulation processes on the impurity concen-

tration at the surface and thus on albedo and glacier mass bal-

ance. Compared to pure snow conditions, the presence of Sa-

haran dust and BC lowered the mean annual albedo by 0.04–

0.06 depending on the location on the glacier. Consequently,

annual melt was increased by 15–19 %, and the mean an-

nual mass balance was reduced by about 280–490 mm w.e.

BC clearly dominated absorption which is about 3 times

higher than that of mineral dust. The upper site has expe-

rienced mainly positive mass balances and impurity layers

were continuously buried whereas at the lower site, surface

albedo was more strongly influenced by re-exposure of dust

and BC-enriched layers due to frequent years with negative

mass balances.

1 Introduction

Deposition of mineral dust and BC have a fundamental im-

pact on the energy balance of glaciers and snow-covered ar-

eas by increasing the absorption of solar radiation. Along

with the enhanced melting due to the darkening of the snow

surface, the growth of snow grains is accelerated, which fur-

ther reinforces snow melt rates (Painter et al., 2007). While

light-absorbing impurities control the snow albedo mainly

in the visible wavelengths, the snow grain size affects the

albedo in the near-infrared. Shortwave radiation is the domi-

nant energy source for the melting of snow, firn and ice, and

consequently the surface albedo has an important influence

on the mass budget of glaciers (Oerlemans et al., 2009).

Repeated years with negative glacier mass balances lead to

a shift in the equilibrium line to higher elevations and to the

re-exposure of dust and BC-enriched firn layers at the sur-

face. Snow impurities are mainly retained at the surface dur-

ing conditions of melt and surface concentrations might be

enhanced by up to 1 order of magnitude resulting in a pro-

nounced melt amplification (Sterle et al., 2013).

Absorptive impurities consist of mineral dust, carbona-

ceous particles and colored organic matter (Warren, 1984).

Advection of dust-loaded air masses from the Saharan desert

leads to episodic deposition of large amounts of mineral dust

in the Alps. Analyses of firn cores from high-alpine sites,

resolving the signal of the continental background aerosols,

indicated that long-range transported crustal impurities ac-

count for about two-thirds and local impurities for about

one-third of the total mineral dust deposited (Wagenbach and

Published by Copernicus Publications on behalf of the European Geosciences Union.



1386 J. Gabbi et al.: Impact of Saharan dust and black carbon on glacier mass balance

Geis, 1989). One single Saharan dust deposition event may

even supply 30 % of the total annual dust budget at high-

altitude mountain glaciers (Schwikowski et al., 1995). Most

prominent Saharan dust episodes in the Alpine region oc-

curred in the years 1936–1937, 1977, 1990 and 2000 leaving

marked dust horizons in firn/ice cores (Schwikowski et al.,

1995; Jenk et al., 2009; Sigl, 2009).

BC refers to the strongly light-absorbing component of

soot and is emitted naturally and anthropogenically by in-

complete combustion of fossil fuels and by biomass burning.

BC has become a focus of interest as it has been identified

recently as one of the major contributors to global climate

change (Ramanathan and Carmichael, 2008; Bond et al.,

2013). BC contributes to global warming by absorption of

sunlight, firstly when it is suspended in the atmosphere, and

secondarily when it is deposited on snow and ice by reduc-

ing the albedo and hence accelerating melting. Along with

the beginning of the era of industrialization, global BC emis-

sions sharply increased and continued to rise into the 21th

century. In the European region, BC concentrations started

to decrease in the mid-20th century and have stabilized over

the last few decades (Bond et al., 2007).

Recently different studies investigated the impact of light-

absorbing impurities on snow albedo and the melting of

snow. Based on a 10-year record of mineral dust and BC

concentrations, retrieved from an ice core at Mera Peak,

Nepalese Himalaya, Ginot et al. (2014) found that light-

absorbing particulates cause up to 26 % of the total an-

nual surface melting. Another study performed at Mera Peak

shows that mineral dust dominates absorption and may re-

duce the albedo of snow by up to 40 % (Kaspari et al., 2014).

Investigations for the Colorado River basin, western US,

show that the radiative forcing of mineral dust deposition

may shorten the duration of snow cover by several weeks

(Skiles et al., 2012) and also affects the timing and magni-

tude of runoff (Painter et al., 2010). It was suggested that

increasing anthropogenic emissions of black carbon during

the Industrial Revolution have forced the end of the Little Ice

Age in the Alps (Painter et al., 2013).

In this study we assess the significance of natural min-

eral dust and anthropogenic BC particles in snow and firn

on the mass balance of a high-mountain glacier over a cen-

tennial period (1914–2014). Using a unique 100-year record

of seasonal glacier mass balances, ice core records of past

atmospheric deposition of Saharan dust/BC and a sophisti-

cated modeling approach, we examined the contribution of

light-absorbing impurities to glacier melt for (1) a site with

accumulation conditions over the entire period, where dust

is predominately buried by winter snow, and (2) a site at the

glacier’s equilibrium line involving a re-exposure of buried

dust and BC layers at the surface in years with negative mass

balance. We have chosen Claridenfirn (Swiss Alps) for which

the worldwide longest data series of seasonal glacier mass

balance exists. This comprehensive data set enables an ac-

curate and field data-based simulation of ablation and ac-

cumulation processes. In order to simulate the feedback be-

tween melt, accumulation and snow impurities, a mass bal-

ance model was coupled with a snow density model, which

tracks the position and the thickness of deposited snow lay-

ers and impurities. The mass balance model incorporates an

enhanced temperature-index melt model including the short-

wave radiation balance and a parameterization for albedo,

which is based on the specific surface area of snow and the

impurity concentration in the surface snow.

2 Study site and data

Claridenfirn is a mountain glacier with an area of approxi-

mately 5 km2 and is located on the northern Alpine ridge of

the Swiss Alps. The glacier is exposed to the southeast and

covered an elevation range of 2540 to 3267 ma.s.l. in 2003

(Fig. 1).

First mass balance measurements date back to 1914 and

provide a unique data set covering a period of 100 years.

At two different sites, at a lower stake (2680 ma.s.l.) and

an upper stake (2890 ma.s.l.), winter, summer and annual

mass balance have been measured every year using stakes

and snow pits in mid-May and the end of September, respec-

tively. Simultaneously snow density measurements in snow

pits have been carried out. The measurements at Clariden-

firn are the longest continuous glacier mass balance obser-

vations worldwide. More details about the monitoring pro-

gramme on Claridenfirn are provided by Müller and Kap-

penberger (1991) and Huss and Bauder (2009).

The forcing of the mass balance model requires daily air

temperature and precipitation data for 1914–2014. We used

air temperature recorded by the MeteoSwiss weather sta-

tion Säntis (2490 ma.s.l.), the closest station with long-term

records and homogenized time series (Fig. 1, Begert et al.,

2005). Monthly air temperature lapse rates were derived by

comparison of nearby weather stations to transpose the tem-

perature to the elevation of the study sites. Time series of

daily precipitation were taken from a local weather station,

Elm (965 ma.s.l.), situated at a distance of 22 km from Clar-

idenfirn (Fig. 1).

Furthermore, our model requires daily time series of in-

coming shortwave radiation that were derived from a sim-

ple parameterization based on daily temperature ranges (see

Sect. 3). Daily maximum and minimum temperature were

provided from the MeteoSwiss weather station at Davos over

the period 1914–2014 (Fig. 1). For calibrating the parame-

terization, daily values of incoming solar radiation of 1981–

2014 recorded at the same station were used. In addition,

a unique data set of monthly means of global solar radiation

for Davos, covering the period 1936–2014, is provided by

the Global Energy Balance Archive (GEBA; Ohmura et al.,

1989), and was employed to improve the performance of the

cloud factor parameterization.
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Figure 1. Study site overview. The red dots on Claridenfirn indi-

cate the lower and the upper stake. The inset shows the location of

the study site within Switzerland (red point), of the ice core sites

Colle Gnifetti and Fiescherhorn (black dot). The aerosol measure-

ment station Jungfraujoch and the weather stations used to derive

meteorological time series (black triangles) are indicated.

A firn/ice core from the cold glacier saddle of Colle

Gnifetti (4455 ma.s.l., Monte Rosa, Switzerland), retrieved

in 2003, provides a continuous record of annual iron (Fe)

concentrations over 1914–1997 (Sigl, 2009), which was

used to infer the mineral dust concentration in precipitation

(Fig. 2a). For the years 1998–2007, which are not covered

by the Fe data, the Fe concentration was derived from the

calcium record, extending the 2003 data set with a shallow

core collected at the same site in 2008 (Sigl, 2009), taking

advantage of the high correlation between the two dust trac-

ers. Concentrations of BC were obtained from a firn/ice core

from Fiescherhorn (3900 ma.s.l., Bernese Alps, Switzerland)

drilled in 2002 (Fig. 2a; Jenk et al., 2006). This core provides

mean yearly concentrations of elemental carbon (EC) over

the period 1914–2002, which can be used as proxy for BC,

as EC and BC are constituted of the same fraction of carbona-

ceous particles (Lavanchy et al., 1999). For BC and mineral

dust concentrations of the years 2002–2014 and 2007–2014,

respectively, which are not covered by the ice core data, a

mean concentration averaged over the entire period was as-

signed (Fig. 2a). Furthermore, daily BC aerosol measure-

ments of Jungfraujoch (3580 ma.s.l., Fig. 1) conducted in

the frame of the Global Atmosphere Watch (GAW) monitor-

ing programme, covering the period 1995–2000, were used

to derive an annual cycle of BC concentrations in the atmo-

sphere.
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Figure 2. (a) Concentrations of Fe (Sigl, 2009) and BC (inferred

from EC; Jenk et al., 2006) over the period 1914–2014 retrieved

from the Colle Gnifetti and Fiescherhorn ice core, respectively

(Fig. 1). (b) Mean annual cycle of BC concentrations in the atmo-

sphere measured by GAW at Jungfraujoch averaged over the years

1995–2000. Dots refer to the monthly means, and the solid red line

refers to the running mean.

3 Methods

In order to determine the impact of Saharan dust events on

surface albedo and glacier melt, a mass balance model in-

cluding a parameterization for snow, firn and ice albedo was

coupled with a snow/firn density model to track the posi-

tion and thickness of the snow layers and dust. The physical

albedo parameterization is based on the evolution of the spe-

cific surface area of snow grains and includes the option to

simulate the effect of snow impurities on pure snow albedo.

Atmospheric input of mineral dust and BC was derived based

on the ice/firn core data. The mass balance model was forced

by daily time series of air temperature, precipitation and in-

coming shortwave radiation and was run over a 100-year pe-

riod (1 October 1914 to 30 September 2014). Hereafter, the

data series of mineral dust and BC and the individual compo-

nents of the employed mass balance and snow density model

are described in detail.
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3.1 Input of mineral dust and black carbon

3.1.1 Mineral dust

The absorption of mineral dust in the visible spectrum

is highly sensitive to the content of iron oxides. Kaspari

et al. (2014) determined light absorption of mineral dust in

snow and ice of a Himalayan glacier based on gravimetri-

cally determined Fe concentrations. Accordingly, we used

records of iron (Fe), provided by the ice core, to infer min-

eral dust concentrations. Iron oxides mainly consist of the

minerals goethite and haematite (Sokolik and Toon, 1999;

Lafon et al., 2006). Since they have different light absorp-

tion spectra (e.g., Lafon et al., 2006) their relative propor-

tion has to be known for calculating the radiative properties

of dust. According to Shi et al. (2011) the mass ratio of the

mineral haematite to the minerals haematite plus goethite for

Saharan dust is 0.42 on average. Based on the assumption

that about 45–64 % of the total Fe is encompassed in light-

absorbing oxides (Lafon et al., 2004), the mass of goethite

and haematite is calculated following Kaspari et al. (2014)

and used as proxy for the absorption of mineral dust.

Most of the dust peaks can be related to long-range trans-

ported crustal impurities, which account for about 70 % of

the total deposited mineral dust (Wagenbach et al., 1996).

This is a conservative assumption since local dust contains

a lower portion of Fe-oxides. We therefore assume that all

mineral dust is made up by Saharan dust.

Errors in the annual layer counting of the ice cores might

involve uncertainties of ±1–2 years (Eichler et al., 2000).

However, we consider this having a minor impact on mass

balance simulations since dates of intense Saharan dust

events are well known and smaller events might have a minor

effect on average mass balance over a 100-year period.

The annual amount of mineral dust (i.e., Fe-oxide) was

distributed over the year according to the Saharan dust clima-

tology reported by Collaud Coen et al. (2004). They analyzed

the number and duration of Saharan dust events per month

based on measurements of the aerosol scattering coefficient

performed at Jungfraujoch in the years 2001–2002. Higher

probability of occurrence was observed in the March–June

and the October–November period. Extended time series of

the years 2001–2012 confirm this distribution (MeteoSwiss,

2014a). Three different classes of Saharan dust events were

defined: Saharan dust events lasting between 4 and 10 h, be-

tween 10 and 24 h and longer than 24 h. The inferred aver-

age distribution of the number of events per month and the

mean duration of each class were scaled by the annual dust

concentrations obtained from the ice core analysis in order

to derive daily atmospheric deposition rates of Saharan dust.

Days within a month were randomly selected except for ex-

traordinarily large events of the years 1936, 1977, 1990 and

2000 for which the date of deposition is exactly known from

literature (SMA-Annalen, 1864–2014; Prodi and Fea, 1979;

Schwikowski et al., 1995). We assigned 30 % of the total an-

nual dust amount to these extraordinary large events accord-

ing to Schwikowski et al. (1995).

3.1.2 Black carbon

While Saharan dust transport has an episodic character, de-

position of BC is controlled by seasonal variations in atmo-

spheric stability, which is higher in winter than in summer. In

order to mimic the yearly cycle of BC input, daily ambient

BC measurements at Jungfraujoch, performed in the frame

of the GAW monitoring programme, were used. Based on

these measurements, daily anomalies averaged over the pe-

riod 2002–2013 were derived and applied to the annual BC

concentrations provided by the firn/ice core in order to infer

daily atmospheric deposition rates of BC (Fig. 2b).

3.1.3 Scaling to study site

Several studies performed detailed investigations of the re-

gional and altitudinal distribution of major ions in the high

Alpine region (e.g., Nickus et al., 1997; Rogora et al., 2006).

They found a marked regional variability but no clear trends,

neither in distance nor in altitude. Due to a lack of clear in-

dication, we assumed that Fe/BC concentrations at Clariden-

firn are in a similar range as the concentrations observed on

Colle Gnifetti and Fiescherhorn, respectively, and employed

measured Fe/BC concentrations directly without a transfer

function. In order to estimate the influence of potential differ-

ences in their input concentration, we performed a sensitivity

analysis (see Sect. 5).

3.2 Mass balance model

For simulating snow and ice melt, the enhanced temperature-

index (ETI) model (Pellicciotti et al., 2005) was employed.

This model computes melt as a function of air tempera-

ture and shortwave radiation and accounts for the effects of

albedo and cloudiness on melting:

M =

{
TFTa+SRF(1−α)G : Ta > Tτ

0 : Ta ≤ Tτ
, (1)

where Ta is the air temperature, TF (mmd−1 ◦C−1) and

SRF (mmm2 d−1 W−1) are the tuning parameters, α the sur-

face albedo and G the global incoming shortwave radiation

(W m−2). Tτ , the threshold temperature above which melt

occurs, is set to 0 ◦C. G is calculated from a cloud transmis-

sivity factor, cf, and the clear-sky incoming solar radiation,

the latter based on the approaches by Iqbal (1983) and Cor-

ripio (2003).

Snow accumulation was computed by the station precipi-

tation and a correction factor, cprec, accounting for the eleva-

tion difference between the station and the glacier and gauge

undercatch. A threshold temperature of 1.5 ◦C with a linear

transition range of ±1.0 ◦C was applied to calculate the oc-

currence of solid and/or liquid precipitation.

The Cryosphere, 9, 1385–1400, 2015 www.the-cryosphere.net/9/1385/2015/
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Figure 3. Comparison of mean annual global radiation measured at

Davos (bold grey, 1936–2014) and global radiation modeled by the

cloud factor parameterization (blue). The dashed black line shows

annual averages of modeled daily radiation adjusted by the mea-

surements to fit measured monthly means which are used to force

the mass balance model.

Cloud factor parameterization

The cloud transmissivity factor, cf, accounts for the attenua-

tion of solar radiation by clouds and is derived as a function

of daily temperature ranges (1T , Pellicciotti et al., 2011):

cf= d11T + d2 . (2)

The two coefficients, d1 and d2, were derived by linear re-

gression of the daily air temperature range and the differ-

ence between actual and potential clear-sky incoming so-

lar radiation. Using the weather station data from Davos

(Fig. 1), parameters were calibrated over the period 1981–

2013. Monthly means of global solar radiation of 1936–2014

allowed verifying the performance of the cloud factor pa-

rameterization over decadal periods. Despite the simplicity

of the approach, simulated shortwave radiation agreed well

with observations (Fig. 3). During the 1940s, when very high

incoming solar radiation was recorded, the cloud factor pa-

rameterization, however, exhibited difficulties in reproducing

the observations. In order to obtain as reliable as possible ra-

diation values in daily resolution, the monthly averages of

daily incoming shortwave radiation derived from the cloud

factor parameterization were adjusted to match the monthly

means measured at Davos for the years with data (i.e., 78 %

of the study period, Fig. 3).

3.3 Albedo model

Snow albedo was derived according to the physical snow

albedo parameterization by Gardner and Sharp (2010) as the

sum of pure snow albedo and its change due to impurities.

The albedo of ice was kept constant at 0.2 (Pellicciotti et al.,

2005). Pure snow albedo, αSSA, is calculated as a function of

the specific surface area, SSA, of snow as

αSSA = 1.48−SSA−0.07. (3)

Details on the calculation of SSA are given below. The

change in pure snow albedo due to loading of light-absorbing

impurities is derived according to

dαC =

max

(
0.04−αSSA,

−C0.55

0.16+ 0.6SSA0.5+ 1.8C0.6SSA−0.25

)
, (4)

where C is the concentration of BC in mgkg−1 (Gardner and

Sharp, 2010). In order to model the effect of mineral dust on

snow albedo, the mineral dust (i.e., Fe oxides) was converted

to optically equivalent concentrations of light-absorbing car-

bon using mass absorption coefficients (MACs) of BC and

Fe oxides of 6.8 and 0.56 m2 g−1, respectively (Alfaro et al.,

2004; Kaspari et al., 2014). The direct-beam albedo of the

impurity-loaded snow is then obtained as α = αSSA+ dαC.

The effect of the solar zenith angle on the albedo is not con-

sidered as the model runs on daily basis.

3.3.1 SSA model

The specific surface area of the snow grains was calculated

relying on the approach by Roy et al. (2013) that considers

both dry and wet snow metamorphism. In the case of dry

snow conditions, the evolution of SSA is computed accord-

ing to Taillandier et al. (2007), as a logarithmic function of

snow age and snow temperature, Tsnow, as

SSA(t)=[0.629 ·SSAinitial− 15.0 · (Tsnow− 11.2)]

− [0.076 ·SSAinitial− 1.76 · (Tsnow− 2.96)]

· ln

{
t + e

−0.371·SSAinitial−15.0·(Tsnow−11.2)

0.076·SSAinitial−1.76·(Tsnow−2.96)

}
. (5)

The approximation by Brun (1989) is used to simulate the

evolution of snow grains under wet conditions with respect

to the liquid water content of the snowpack. The growth of

the optical radius of snow, 1Ropt (mmd−1), is calculated as

1Ropt =
C1+C2 · θ

3

R2
opt · 4π

, (6)

where C1 = 1.1× 10−3 mm3 d−1 and C2 = 3.7×

10−5 mm3 d−1 are empirical coefficients and θ is the

liquid water content in mass percentage. The SSA decrease

is more pronounced when θ increases. If the liquid water

content is greater than zero, the model-derived SSA value is

converted into its equivalent optical radius, Ropt, with

Ropt =
3

ρice ·SSA
, (7)

where ρice is the density of ice. Then, Eq. (6) is applied and

Ropt is reconverted to SSA using Eq. (7). The initial SSA was

set to 73.0 m2 kg−1 (Domine et al., 2007). Following Tail-

landier et al. (2007), a minimal SSA value of 8.0 m2 kg−1

was used to avoid unrealistically low values. The liquid wa-

ter content of the snowpack is provided by a snow density

model (see below).

www.the-cryosphere.net/9/1385/2015/ The Cryosphere, 9, 1385–1400, 2015
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3.3.2 Snow density model

A snow densification model is required to determine the po-

sition and the thickness of each snow layer. The simple point

model by De Michele et al. (2013) for bulk snow density and

snow depth was employed and applied to each snow layer.

The two-constituent model solves mass balance equations for

the dry and liquid mass of the snow pack, as well as mo-

mentum balance and rheological equations for the dry part.

It results in a system of three differential equations for depth

and density of the dry part of the snowpack, and the depth of

liquid water. Sublimation and evaporation are not considered.

The main characteristics of the model are shortly described in

the following. For more detailed information see De Michele

et al. (2013).

A simplified energetic description of the snowpack as-

suming thermal equilibrium between constituents is used.

The temperature profile, Tsnow(z), is calculated according to

Kondo and Yamazaki (1990) as a bilinear function with snow

depth, hs:

Tsnow(z)=


Ta− at · (z−hs) : hs ≥ z ≥ z0

0 ◦C : z0 ≥ z ≥ 0

,

(8)

where z is the snow depth, z0 the maximum value of z where

the snow temperature reaches 0 ◦C and at ≈ 0.033 ◦Cmm−1

the temperature gradient in the surface-near layer.

The change in snow depth, dhs/dt , is calculated by con-

sidering the effects of snow density changes, fresh snow and

melt M:

dhs

dt
=−

hs

ρd

dρd

dt
+
ρf

ρd

s−M , (9)

where ρd is the density of dry snow, ρf the density of fresh

snow, and s the snow precipitation rate. The fresh snow den-

sity is derived as a sole function of air temperature following

Anderson (1976).

The height of liquid water, hw, is controlled by the amount

of liquid precipitation, melt and outflow of the snow pack.

Water outflow is calculated according to Nomura (1994) and

Singh (2001) by a kinematic wave approximation. If the liq-

uid water content, θ , is larger than the residual water content,

θr, then the outflowO is obtained asO = cρwθh
d
w with c and

d as constants and ρw as the density of water. The residual

water content is computed as θr = Fcρd/ρw with Fc = 0.02

(Tarboton and Luce, 1996; Kelleners et al., 2009) the mass

of water retained per mass of dry snow. The exponent d is

set to d = 1.25 as proposed by Nomura (1994) and the site-

specific coefficient c is assumed to be equal to 1 m−1 h−(d−1)

(De Michele et al., 2013). The change in liquid water height,

dhw/dt , is calculated with

dhw

dt
= p+

ρd

ρw

M − cθhd
w , (10)

where p is the liquid precipitation rate.

The momentum balance equation, σ −ρdghs, and the rhe-

ological equation, η = σ/ε̇, are used to infer snow density

changes, where σ is the vertical stress, g the gravitational

acceleration, ε̇ the vertical strain rate, and η the coefficient

of viscosity computed as an exponential function of snow

density and snow temperature. Accordingly, snow density

changes are calculated as

dρd

dt
= c1hsρ

2
de
(k1(Tsnow−Tτ )−k0ρd) , (11)

where c1, k1 and k0 are constants set to 0.001 m2 h−2 kg−1,

0.08 ◦C−1 and 0.021 m3 kg−1, respectively (Kongoli and

Bland, 2000; Ohara and Kavvas, 2006; Zhang et al., 2008).

Equation (11) describes the change in density due to com-

paction and temperature change, and is calculated as an ex-

ponential function of snow density and snow temperature fol-

lowing Kojima (1967) and Mellor (1975).

3.3.3 Snow layer model

Each precipitation event was considered as a single snow

layer which is stacked atop of the snow pack. Snow layers

with a thickness of less than 1 cm were merged with the un-

derlying layer in order to reduce computational efforts and

to avoid arithmetic errors. If snow density exceeded the pore

close-off density (830 kgm−3), snow was treated as ice, and

the corresponding snow layers were removed from the sys-

tem.

3.4 Snow impurity model

Mineral dust and BC entered the system by liquid or solid

precipitation, as wet deposition is expected to be the pre-

dominant mechanism (Raes et al., 2000; Koch, 2001). Par-

ticulate impurities were supposed to be evenly distributed in

precipitation and consequently also in the snow layers. Par-

ticulates remained in the corresponding snow layer as long

as there was no melt. When melt occurred, impurities of the

melted snow were accumulated in the top 2 cm of the remain-

ing snow layers (e.g., Flanner et al., 2007). When a snow fall

event occurred, the dust and BC-enriched top layer became

an independent snow layer and was buried by fresh snow.

We assumed constant ice albedo and no dust reservoir for ice

since the effects of snow impurities on the ice albedo and

the removal of snow impurities by melt water on ice are only

poorly understood and subject to a high spatial variability.

Hence, when firn turned into ice, the dust and BC of the cor-

responding layer was removed from the system.

Melt water percolation may lead to vertical redistribution

of snow impurities. Different studies have investigated the

removal of particulate impurities by melt water (e.g., Con-

way et al., 1996; Flanner et al., 2007). They found that larger

particles (> 5 µm) remain mostly in the snow and are not

efficiently removed by percolation of melt water (Conway
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Figure 4. Average Fe-oxide and BC concentrations in the surface

snow at the upper and lower measurement site on Claridenfirn for

the period 1914–2014. The crosses mark years with exceptionally

high Saharan dust activity. Note that the scales for upper and lower

stake are different.

et al., 1996), whereas smaller snow impurities (∼ 0.2 µm)

are washed out by about 10–30 % per mass of melt (Do-

herty et al., 2013). According to these results, we assumed

that mineral dust (particle size 2.5–4.5 µm) is not affected by

wash-out due to melt water, whereas for BC (particle size

0.2–0.3 µm) a removal efficiency (the amount of BC which is

removed by melt water with each increment of melt) of 20 %

was assumed (Flanner et al., 2007).

3.5 Calibration

The melt parameters, TF and SRF, and the accumulation pa-

rameter, cprec, were calibrated for each year individually by

means of the seasonal balance measurements. This annual

calibration ensures that simulated mass balances coincide

with observations in order to extract an accurate sequence

of melt and accumulation events controlling the surface con-

centration of light-absorbing impurities. In a first step, cprec

was adjusted according to the measured winter accumula-

tion, then TF and SRF were tuned to the annual mass bal-

ance records. This procedure is repeated until the difference

between simulated and observed mass balance was less than

10 mm water equivalent (w.e.). The ratio between TF and

SRF was kept constant over the entire period in order to re-

duce the degrees of freedom and to avoid changes in air tem-

perature/radiation sensitivity of the model among individual

years. The ratio was set to 0.04 according to extensive testing

for another Alpine glacier (Gabbi et al., 2014). During cali-

bration the complete snow impurity and snow density model

was used.

4 Results

4.1 Snow impurity concentration

4.1.1 Saharan dust

At the upper measurement site, located in the accumulation

area of Claridenfirn, the mean annual Fe-oxide concentration

in the surface layer was 0.92±1.04 mgkg−1 on average. Ex-

ceptionally high surface loads were observed in years with

increased deposition of Saharan dust, particularly in 1936,

1977, 1990 and 2000 (Fig. 4a). Annual Fe-oxide concentra-

tions of up to 6.3 mgkg−1 occurred at the upper stake. Con-

centrations of similar magnitude as in years with high Sa-

haran dust input were reached in the late 1940s. Periods of

intense solar radiation, such as in the 1940s, led on the one

hand to increased melting due to higher transmissivity of the

atmosphere (Huss et al., 2009) and on the other hand to an en-

hanced re-exposure of snow impurities, and thus to a distinct

darkening of the glacier surface which further reinforced ab-

lation.

At the lower measurement site, located near the glacier’s

equilibrium line altitude (ELA), the mean Fe-oxide concen-

tration was more than twice as high as at the upper stake and

was 2.24±3.33 mgkg−1 on average. Consistent with the up-

per site, increased mineral dust amounts were observed dur-

ing years with high Saharan dust activity and during peri-

ods with intense melting (Fig. 4b). In addition to the 1940s,

a second period with pronounced accumulation of mineral

dust due to enhanced melting occurred in the 2000s. In 2007,

the mean Fe-oxide concentration reached a maximum value

of 26.8 mgkg−1 as a result of the almost complete melting

of the firn layers, and thus the re-exposure of heavily dust-

loaded layers (e.g., extraordinarily large Saharan dust events

of 2000). From 2008 onwards, surface Fe-oxide concentra-

tions at the lower stake declined sharply as all firn layers have

been depleted and the bare ice surface was exposed. Thus,

due to the prescribed constant ice albedo, the remaining dust

did not have an influence on albedo and was assumed to be

washed out at the impermeable ice surface.

In the accumulation area (upper stake) most of the min-

eral dust exposed at the surface originated from deposition

occurring during the same year. Only in the few years with

negative mass balances mineral dust of previous years reap-

peared and reinforced the darkening of the glacier surface. In

specific years (e.g., 1947 and 1991), mineral dust of previous

years accounted for 45–65 % of the total mineral dust at the

surface (Fig. 5a). On average, however, the fraction of min-

eral dust of preceding years becoming albedo relevant was

small and made up only 8 % of the total surface dust bud-

get. At the ELA (lower stake) mineral dust of previous years

more effectively influenced surface dust concentrations and

accounted for about 30 % of the total exposed mineral dust.

Particularly in the 1940s and 2000s, but also in the early

1960s and the 1990s, large quantities of previously buried
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Figure 5. Total Fe-oxide amount of the surface snow layer of each year and the amount of Fe-oxides of previous years emerging at the surface

through melt-out over the period 1914–2014 for (a) the upper and (b) the lower stake. (c) and (d) illustrate the age of the oldest mineral dust

present at the glacier surface for each year for both sites. Note that the scales for the upper and lower site are different.

dust were re-exposed at the surface. Up to 97 % of the total

surface dust in 2006 and 2007 originated from deposition in

preceding years (Fig. 5b). Accordingly, mineral dust of much

older layers was re-exposed at the surface of the lower mea-

surement site in comparison to the upper stake. While at the

stake in the accumulation area, surface dust had a maximum

age of 3 years, mineral dust at the lower stake was found to

have an age of up to 21 years (Fig. 5c, d).

4.1.2 Black carbon

Mean surface concentrations of BC showed a distinctly dif-

ferent pattern than mineral dust concentrations. BC concen-

trations at the glacier surface were mainly controlled by the

melt regime and were less influenced by episodic deposition

compared to Saharan dust (Fig. 4). An exception was the

year 1982, when exceptionally high deposition of BC were

recorded (see Fig. 2a). Mean concentrations of BC over the

entire period were 0.26± 0.14 and 0.46± 0.29 mgkg−1 on

average for the upper and lower stake, respectively. For both

locations, highest BC concentrations were observed in the

melt-intense years around 1947 and the deposition-intense

year 1982 (Fig. 4). BC concentrations of up to 0.78 mgkg−1

(upper stake) and 2.12 mgkg−1 (lower stake) were found.

4.1.3 Absorption of mineral dust vs. black carbon

In contrast to BC, mineral dust concentrations at the surface

were up to 5 times larger. However, as BC is much more ab-

sorptive than mineral dust (mass absorption coefficient about

10 times higher), the overall absorption by BC and dust are

in a similar range. In individual years with extraordinarily

high Saharan dust input, such as in 1936, 1977, 1990 and

2000, mineral dust dominated the absorption of solar radi-

ation (Fig. 6). In all other years, the absorption of BC out-

weighed the absorption of mineral dust and over the entire

period BC was clearly the dominant absorber. While at the

upper stake, the absorption due to BC was 3.3 times higher

on average compared to mineral dust, at the lower stake BC

resulted in a 2.2 times higher absorption. These statements

are based on the assumption that BC is more efficiently re-

moved by melt water than mineral dust and therefore depend

on the chosen removal efficiency. If removal rates of BC and

mineral dust would be in a similar range, the influence of BC

on the absorption would be even larger.

4.2 Effect of Saharan dust and black carbon on albedo

and mass balance

4.2.1 Surface albedo

On average the reduction of mean annual surface albedo due

to Saharan dust was less than 0.01 compared to snow with

BC only. At the upper measurement site the mean annual

albedo was reduced by 0.004± 0.004, at the lower stake by

0.008±0.009. Regarding summer albedo (April–September),

i.e., the albedo during the period with snow, firn and ice melt-

ing, the effect of Saharan dust was larger and reduced the

mean summer albedo at the upper stake and lower stake by

0.006± 0.006 and 0.011± 0.012, respectively. However, in

individual years with a high accumulation of Saharan dust

(i.e., years with a high Saharan dust input and/or melt-intense

periods) the impact on snow albedo was significantly larger.

At the lower measurement site, at the transition between ac-

cumulation and ablation zone, the largest reduction in albedo

occurred in 2007, when the mean annual albedo was reduced

by about 0.060. At the upper stake, highest influence of Sa-

haran dust on the surface albedo was observed in the dust-

intense year 2000 with a maximal albedo reduction of 0.025.
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Figure 6. Mean annual absorption (optical depth) of mineral dust

and BC over the period 1914–2014 for (a) the upper and (b) the

lower stake. The optical depth is calculated as product of mass ab-

sorption coefficient of BC/Fe oxides and the corresponding loading

in the snow surface layer (top 2cm).

The overall impact of BC on the surface albedo was sub-

stantially higher than that of Saharan dust. Our results sug-

gest that BC reduced the albedo over 1914–2014 by 0.027±

0.009 at the upper stake and by 0.038± 0.013 at the lower

stake compared to snow with dust only. The largest contri-

bution of BC to albedo reduction occurred in the melt dom-

inated periods in the 1940s and the 2000s, when the albedo

was lowered by up to 0.06. In total, Saharan dust and black

carbon reduced the mean annual albedo by 0.041 and 0.062

on average compared to pure snow at the upper and lower

stake.

4.2.2 Mass balance

The impact of Saharan dust on the total mass change over

the 100-year period was in the order of a few meters and

was less pronounced in the accumulation area than at the

ELA (Fig. 7). At the upper measurement site, the difference

in total cumulative mass balance due to Saharan dust was

2.8 mw.e. compared to the measured total 100-year cumu-

lative mass balance of 125.8 mw.e. At the lower stake, the

absolute difference was twice as large and was 5.8 mw.e.

(with a total cumulative mass balance of 26.4 m w.e.). Re-

garding annual balance, Saharan dust thus accounted for

about −28 mmw.e.yr−1 at the upper stake and for about

−58 mmw.e.yr−1 at the lower stake compared to snow with

BC only (Fig. 8a and c). Mean annual melt was increased

by about 1.4 % (upper stake) and 2.0 % (lower stake) by the
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Figure 7. Cumulative mass balance over the period 1914–2014 at

(a) the upper and (b) the lower measurement site. The solid blue line

refers to the cumulative mass balance under real conditions (includ-

ing Saharan dust and BC) and is consistent with the direct observa-

tions on Claridenfirn. The dash-dotted lines correspond to simula-

tions (1) without Saharan dust (with BC), (2) without BC (but with

Saharan dust), and (3) with pure snow conditions. The grey shaded

area indicates the thickness of the entire firn column in mw.e.

presence of Saharan dust. In specific years, Saharan dust en-

hanced the overall annual melt by up to 13 %.

Maximum deviations in annual mass balance due to Sa-

haran dust were up to −142 mmw.e.yr−1 for the upper and

−271 mmw.e.yr−1 for the lower measurement site in indi-

vidual years. In years with high dust concentrations at the

surface (Fig. 4) also largest changes in mass balance were

observed (Fig. 8a and c). However, changes in mass balance

cannot be directly deduced from average dust concentrations,

because (1) the impurity concentration and albedo changes

are not linearly related; thus a higher impurity concentration

might lead to smaller changes in albedo, and (2) during years

with high melt rates other particulate impurities accumulate

at the surface, which limits the total impact of Saharan dust

on surface mass balance. Thus, despite the exceptionally high

surface concentration in 2007, the change in mass balance is

only slightly larger than in years with lower surface concen-

trations as for example in the deposition intense year 2000

(Fig. 8a and c).

The BC-induced albedo changes led to an average reduc-

tion in annual mass balance of 183 mmw.e.yr−1 at the up-

per and of 301 mmw.e.yr−1 at the lower stake compared to

snow with dust only. In individual years, annual mass balance

anomalies might reach up to−494 mmw.e.yr−1 at the upper

stake and up to−754 mmw.e.yr−1 at the lower stake (Fig. 8b

and d) and peak values up to 3 times larger compared to the

effect of Saharan dust. The difference in cumulative mass
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Figure 8. Effect of Saharan dust on annual mass balance for the period 1914–2014 for (a) the upper and (c) the lower stake and the effect of

BC for (b) the upper and (d) the lower stake. Bars show differences in annual mass balance between model results including or neglecting

Saharan dust/BC. The dashed line refers the mean over the period 1914–2014 and the solid blue line to the 10-year average. Crosses mark

years with exceptionally high Saharan dust activity.

balance between the real situation, being consistent with di-

rect field observations (including mineral dust and BC in the

model), and simulations without BC (but with mineral dust)

over 1914–2014 is 18.3 mw.e. for the upper and 30.1 mw.e.

for the lower stake (Fig. 7). Annual melt rates were amplified

by 9 % (11 %) at the upper (lower) stake on average and by

19 % (22 %) at maximum.

The combined effect of Saharan dust and BC reduced

the mean annual mass balance by 282 mmw.e.yr−1 and

485 mmw.e.yr−1 at the upper and lower stake, respectively.

Annual melt was amplified by 15 % (upper stake) and 19 %

(lower stake) on average by the presence of two light-

absorbing impurities. In the year 1947, characterized by ex-

ceptionally high melt rates, Saharan dust and BC intensified

annual melt by up to 36 %.

5 Discussion

5.1 Radiative forcing

Converting changes in annual mass balance caused by ab-

sorption of dust/BC into the energy consumed for melt al-

lowed calculating the radiative forcing of snow impurities.

The radiative forcing (RF, W m−2) was calculated based on

the change in melt rate, 1M (ms−1), caused by the pres-

ence/absence of mineral dust and/or BC in snow:

RF=1QM =1MLf ρW, (12)

where QM (W m−2) is the energy consumed by melt,

Lf (333 700 Jkg−1) the latent heat of fusion and ρW

(1000 kgm−3) the density of water. Changes in melt rates are

equal to changes in mass balance as presented in Sect. 4.2.2.

For the measurement site in the accumulation area we

found a mean radiative forcing over the 100-year period of

+0.3 Wm−2 due to Saharan dust, whereas at the stake close

to the equilibrium line the radiative forcing was+0.6 Wm−2.

In contrast to Saharan dust, the radiative forcing of BC over

1914–2014 was about 7 times larger, and was +1.9 and

+3.2 Wm−2 on average for the two sites. In the summer

months, July and August, when melting is strongest, the ra-

diative forcing for BC reached values of 8.7–9.7 Wm−2 and

for Saharan dust of 3.0–3.7 Wm−2, compared to pure snow

at the upper stake, and 12.9–15.9 and 4.7–6.3 Wm−2 at the

lower stake, respectively. At the daily scale, maximum mod-

eled radiative forcing was 15–42 Wm−2 for Saharan dust and

43–66 Wm−2 for BC.

At a global scale, the mean radiative forcing from BC

in snow is reported to be in the range of 0.02–0.08 Wm−2

(Bond et al., 2013; IPCC, 2013). During boreal spring, when

the snow-albedo feedback is maximal, the radiative forcing

of mineral dust and BC over Eurasia is higher and amounts

to 1.2 and 2.7 Wm−2, respectively (Flanner et al., 2009).

For snow-covered surfaces of the Tibetan Plateau the radia-

tive forcing of BC reaches values of up to 5–25 W m−2 in

springtime (Flanner et al., 2007; Kopacz et al., 2011; Qian

et al., 2011). Similar peak values are found for desert dust in

the mountain snow cover of the Colorado River Basin (25–

50 Wm−2, Painter et al., 2007; Skiles et al., 2012). In gen-

eral, radiative forcing of BC found for Claridenfirn is at the

lower end of the range of values obtained for the Colorado

River Basin or Tibetan Plateau. Regarding mineral dust, the

effect is also clearly stronger in the western US than in the

Alps. In terms of maximum daily radiative forcing, values

obtained for Claridenfirn are of similar magnitude as for

other regions. However, radiative forcing reported in other

studies is not directly comparable to the results of this study

as dust/BC source, and the temporal dynamics of melting

are different. Furthermore, radiative forcing of some of the
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above-mentioned studies was calculated by directly account-

ing for the change in the energy fluxes, rather than using the

change in melt rates due to light-absorbing impurities as in

our approach. Hence, the radiative forcing reported here rep-

resents a lower limit as the radiative impact in the pre-melt

season is not taken into account.

Painter et al. (2013) suggested that the rapid retreat

of Alpine glaciers at the end of the Little Ice Age was

forced by increasing BC concentration due to industrial-

ization. They found BC-induced mass balance anomalies

in the order of −500 mmw.e.yr−1 for the ablation area,

which is similar to our results for the accumulation area

(−180 to−300 mm w.e.yr−1) despite the different modeling

approaches. While Painter et al. (2013) used a sophisticated

radiation model (SNICAR, Flanner et al., 2007) to derive BC

radiative forcing and in turn equivalent changes in air temper-

ature and mass balance, we used a simple broadband albedo

parameterization in combination with a mass balance model.

However, Painter et al. (2013) assume 10–20 times higher

BC concentrations than reported by the ice core data in order

account for altitudinal differences between the high-altitude

ice core sites and the ablation area. In our study, we do not al-

ter atmospheric deposition rates (see Sect. 5.4), but, contrary

to Painter et al. (2013), account for changes in the BC sur-

face concentration due to melt and accumulation processes

as well as to removal by melt water. As a result, we obtain

similar BC concentrations in the surface layer on average,

and thus, a comparable impact of BC on glacier mass bal-

ance. The general agreement of our assessment with that of

Painter et al. (2007) indicates the highly relevant role of BC

in shaping changes in glacier mass balance over the last cen-

tury.

5.2 Sensitivity analysis

In order to assess the sensitivity of the model results to the

chosen input parameters, we performed a sensitivity analy-

sis. Four parameters of the snow impurity model were ex-

amined: (1) removal rates of BC by melt water, (2) fraction

of Fe which is presented as Fe-oxides, (3) the proportion

of haematite and goethite in the Fe-oxides, and (4) the ra-

tio of the MAC of BC vs. MAC of Fe-oxides. In addition,

another four parameters of the SSA model (SSAini, SSAmin,

C1, C2) and six parameters of the snow density model (at, c1,

k0, k1, Fc, c, d) were investigated. Furthermore, we also as-

sessed implications of deviating atmospheric deposition rates

of mineral dust and BC on the mass balance as the ice core

date is taken from another site (see Sect. 5.4). The parameters

of the melt and accumulation model were not included in the

sensitivity analysis because they were directly constrained by

the continuous seasonal mass balance measurements at the

study sites. The sensitivity of the parameters was assigned by

varying each parameter by 5 % intervals around to the chosen

value in a range of ±20 %, keeping all other parameters con-

stant. Tab. 1 shows the used parameter ranges. According to

Table 1. Parameters of the impurity, the SSA and the snow density

model and the corresponding parameter ranges (±20%) applied in

the sensitivity analysis.

Parameter Unit Value Range

Impurity model

Dust input µgkg−1 22.3 17.8–26.8

BC input µgkg−1 23.2 18.6–27.8

BC removal rate % 20 16–24

Fe in FeO % 54.5 43.6–65.4

MAC FeO/BC – 0.082 0.066–0.099

SSA model

SSAinitial m2 kg−1 73.0 58.4–87.6

SSAmin m2 kg−1 8.0 6.4–9.6

C1 10−3 mm3 d−3 1.1 0.88–1.32

C2 10−5 mm3 d−3 3.7 2.96–4.44

Snow density model

at
◦Cmm−1 0.033 0.0264 - 0.0396

c1 m2 h−2 kg−1 0.001 0.0008–0.0012

k0 m3 kg−1 0.021 0.0168–0.0252

k1
◦C−1 0.08 0.064–0.096

FC - 0.02 0.016–0.096

c m−1 h−(d−1) 1.0 0.8–1.2

d - 1.25 1.0–1.5

Anslow et al. (2008) we defined the sensitivity of a parame-

ter as the slope around the origin of the curve, defined by the

percentage change in the parameter value and the percentage

change in the resulting model variable (mass balance in our

case). For example a sensitivity of 0.5 designates that an ar-

bitrary percentage change in the parameter value involves a

half-as-large percentage change in the mass balance. A posi-

tive sensitivity means that an increase in the parameter value

leads to an increase in the mass balance, a negative sensitiv-

ity that an increase in the parameter yields a decrease in mass

balance.

Results of the sensitivity analysis are shown in Fig. 9. The

mass balance was most sensitive to the amount of snow im-

purities and the parameters of the snow density model, while

the parameters of the SSA model were clearly less relevant.

In contrast to the input quantity of BC, mineral dust had a less

pronounced impact on modeled mass balance. A change of

10 % in the BC concentration in precipitation led to a 5.8 %

change in mass balance, whereas the same change in the

mineral dust concentration in precipitation only resulted in

a 1.6 % change in mass balance. The reason for this differ-

ence in sensitivity is the stronger absorption of solar radia-

tion by BC compared to mineral dust. An even higher sensi-

tivity could be assigned to the removal efficiency of BC with

melt water. A 10 % change in the BC removal rate leads to

a 1.5 times larger change in the mass balance. This is partic-
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Figure 9. Sensitivity of annual surface mass balance (i.e., the per-

centage change in the parameter value vs. the percentage change

in annual mass balance) to the different parameters of the impurity,

the specific surface area and the snow density model, as well as the

sensitivity to the input of mineral dust and BC.

ularly important since the removal rates are subject to con-

siderable uncertainty (see Sect. 5.5). Hence, the removal of

BC by melt water seems to be the most critical point of the

simulation and strongly controls the impact of BC on the

long-term glacier mass balance. Besides the impurity model,

also the performance of the density model affected the sim-

ulations. In particular, parameter k0 (Eq. 11), describing the

density change due to compaction, and the outflow parame-

ter d (Eq. 10) were found to have sensitivities that are com-

parable to those of the input concentration of BC (Fig. 9).

The higher the values of the density parameters, k0 and d,

the faster is snow compaction. More efficient compaction

in turn entails higher impurity concentrations in the surface

snow layer and thus enhanced melt rates. The parameters of

the SSA model show the lowest sensitivity and therefore are

less relevant for the results. The two parameters, SSAmin and

SSAinitial (Eq. 5), are the most sensitive ones. An increase in

the two parameter values leads to a depletion in pure snow

albedo, which slightly diminishes the impact on snow im-

purities. However, this effect is small compared to the other

uncertainties.

5.3 Spatial distribution of the effect of light-absorbing

impurities

The extent of the impact of Saharan dust and BC on the

glacier mass balance is spatially variable and strongly de-

pends on prevailing conditions. According to our results, the

effect of light-absorbing impurities increase from the accu-

mulation area towards the equilibrium line as higher melt

rates lead to a re-exposure of old firn layers bearing light-

absorbing impurities. In the ablation area where most glacier

mass loss occurs, however, the processes are different. Win-

ter accumulation is not preserved over multiple years and

thus light-absorbing snow impurities affect only the albedo

of the winter snow cover until it has been melted away.

During the summer season when bare ice is exposed at the

surface, snow impurities are removed by melt water which

might limit the impact of impurities on glacier melt, although

a darkening on gently sloping glacier tongues has also been

observed (Oerlemans et al., 2009). Hence, we suppose that

the effect of Saharan dust and BC in the ablation area is lower

compared to areas near the equilibrium line.

5.4 Transferring mineral dust/black carbon to

Claridenfirn

Our analysis is based on the general assumption that con-

centrations of Saharan dust and BC in precipitation at Colle

Gnifetti and Fiescherhorn (Fig. 1) are comparable to those

at Claridenfirn. In order to receive undisturbed records of

past aerosol concentrations, only few sites in the Alpine re-

gion are suitable. Prerequisites are high elevation to exclude

chemical disturbance by melt water percolation, sufficient ice

thickness to ensure long enough records and flat terrain to

limit the effect of ice flow (Wagenbach and Geis, 1989). For

this reason, we relied on time series at locations other than

Claridenfirn and had to transpose the measurements to the

study site for which long-term mass balance measurements

were available.

In the 1990s a large-scale study about the chemical com-

position of high-alpine winter snow packs was carried out in

the Alps with the aim of detecting the regional and altitudi-

nal distribution of major ions (SNOSP; Nickus et al., 1997).

It was found that the concentration of most ionic species in

winter snow increases by about one-third from west to east

and that ionic loads show no regional preference due to op-

posite gradients in the prevailing precipitation patterns. The

same also applies to variations with altitude: at higher eleva-

tion, ion concentrations are lower compared to valleys, but

the general increase in precipitation with elevation compen-

sates for this effect, so that ionic loads are expected to be

in the same order of magnitude independent of absolute el-

evation. A more detailed investigation of selected sampling

locations in the vicinity of Colle Gnifetti/Fiescherhorn (Bre-

ithorn, Gorner-/Theodulgletscher, Colle Vincent, Jungfrau-

joch) revealed that there is no distinct altitudinal trend in

ionic loads (Nickus et al., 1997). A recent study about at-

mospheric deposition in alpine and subalpine areas confirms

these results and concludes that there are no clear regional

gradients, but a significant spatial variability of atmospheric

ion deposition over the Alps (Rogora et al., 2006). Another

study concluded that sites with large quantities of precipita-

tion exhibit highest ion concentrations because they receive

generally the first, more contaminated fraction of a precipi-

tation event (Nickus et al., 1998).
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The above mentioned studies are mainly focused on an-

thropogenic impurities of winter snow packs and can not be

directly transferred to the situation at Claridenfirn. We sup-

pose that concentrations at Claridenfirn might be higher than

at Colle Gnifetti/Fiescherhorn due to (1) its eastern loca-

tion, (2) the lower elevation and thus proximity to the pol-

luted mixing layer, and (3) the higher precipitation rates (Me-

teoSwiss, 2014b). However, we are unable to conclude with

certainty whether and to what extent ion concentrations dif-

fer between the ice cores and our study site. For these rea-

sons we adopted the impurity concentrations measured at

Colle Gnifetti/Fiescherhorn directly to the study site without

a transfer function. Our assumption is supported by a supple-

mentary analysis carried out on Claridenfirn. Kappenberger

and Steingruber (2014) collected and analyzed winter snow

samples for major ions between 1995 and 2013. Compari-

son of bulk winter snow concentrations with those at Colle

Gnifetti revealed that concentrations at both locations are in

the same order of magnitude. In contrast to Saharan dust,

which is transported by large-scale upper air flows, BC con-

centrations are more influenced by the regional environment.

Therefore, the assumption of using concentrations from a re-

mote location might be less valid for BC than for Saha-

ran dust. Actual BC input concentrations are thus subject to

a higher uncertainty.

5.5 Removal by melt water

When a snowpack begins to melt, the insoluble snow im-

purities are partly retained and concentration of impurities

in the surface snow increases as snow melt proceeds, thus

reducing snow albedo. Consequently, melt is amplified and

therefore provides a positive feedback on radiative forcing

by light-absorbing impurities. To what extent snow impuri-

ties are removed by melt water percolation has not been fully

clarified and only a small number of studies has addressed

this issue so far. Important contribution is made by Conway

et al. (1996), who found that particles of volcanic ash re-

mained at or near the surface throughout the melting process,

while a large part of soot particles was flushed through the

snow with the melt water. They suppose that the difference

in the particle’s diameters is responsible for the different be-

havior of ash and soot during the melting process. Doherty

et al. (2013) concluded that removal rates due to melt water

percolation of BC are in the order of 10–30 % which is in

agreement with the results by Conway et al. (1996). Based

on the limited information available, a removal efficiency of

20 % for BC seems to be a reasonable assumption. The sen-

sitivity study indicated that the results are more sensitive on

the removal rate than the amount of mineral dust and BC in-

put. Hence, this issue needs further investigation. However,

ignoring flushing-out of BC with melt would lead to an over-

estimation of surface concentrations and thus to an excessive

melt amplification through BC (Doherty et al., 2013).

5.6 Mass balance model

The performance of the albedo parameterization mainly de-

pends on an accurate modeling of the specific surface area of

snow grains and the fraction of snow impurities in the surface

snow. Roy et al. (2013) demonstrate that the simulated snow

grain sizes are in good agreement with measurements and

that despite the simplicity of the SSA model results are com-

parable to well-established snow models (i.e., Crocus, Brun

et al., 1989, 1992). The root-mean-square error in the overall

SSA is 8.0 m2 kg−1 and corresponding to an albedo uncer-

tainty in the order of ±3 % for small grains and of ±6 % for

large grains. The main limitation of the SSA model is the

performance during wet conditions due to the simplification

regarding the 1-layer model for liquid water. As for the SSA

model, the liquid water content is important also for the snow

density model (De Michele et al., 2013). Snow density mea-

surements, performed twice a year during the winter and late

summer surveys on Claridenfirn, were used to validate the

snow density model. Correlation of observed and simulated

snow densities reveals a r2 of 0.52 and 0.47. Mean absolute

differences are 10.8 and 9.4 kgm−3 (corresponding to a rel-

ative difference of ∼ 2 %) for the lower and upper measure-

ment site, respectively. This indicates that the density model

well captures the typical snow density, but does not fully re-

produce interannual variability.

6 Conclusions

In this study we analyzed the impact of Saharan dust and

black carbon on the mass balance of an Alpine glacier over

a centennial period (1914–2014) covered by exceptional ob-

servational data sets. A mass balance model including a pa-

rameterization for albedo was combined with a snow density

model in order to track snow layers and impurities over time.

The combined model was forced with temperature and pre-

cipitation time series in daily resolution, the latter being as-

signed by mineral dust and BC concentrations retrieved from

ice/firn cores.

On average the presence of Saharan dust at the glacier

surface reduced mean annual albedo by less than 0.01. The

associated decrease in the mean annual mass balance was

28–58 mmw.e. depending on the location on the glacier (ac-

cumulation area, equilibrium line). However, in individual

years with very high supply of Saharan dust, surface albedo

can be reduced substantially with a strong impact on snow

and ice ablation. In addition to years with large atmospheric

dust deposition, periods of strong melting may lead to signif-

icantly enhanced dust concentrations due to re-exposure of

buried firn layers with a high impurity content. In contrast to

mineral dust, BC affected the mass balance more efficiently

and clearly dominated light absorption in snow, except for

years with large Saharan dust events. On average BC lowered

the annual albedo by 0.03 and reduced the mean annual mass
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balance by 183–301 mmw.e. Due to the combined effect of

BC and Saharan dust, annual ablation on Claridenfirn was

increased by 15–19 % on average over 1914–2014 compared

to pure snow conditions. In the accumulation area, the impact

of Saharan dust and BC on the mass balance was clearly less

pronounced due to the prevailing positive mass balances that

tend to continuously bury snow impurities. The most sensi-

tive parameter of our assessment is the removal rate of snow

impurities by melt water, a process which is until now only

poorly understood.

Our study demonstrates that the influence of snow impu-

rities on glacier melting should be taken into consideration,

when modeling the mass balance of alpine glaciers over long-

term periods in order to increase the reliability of the simula-

tions. Particularly in years with large deposition of Saharan

dust or BC and during periods with negative glacier mass

balance, re-exposure of old firn layers can importantly im-

pact on the rate of snow and ice ablation and thus enhance

the albedo feedback. Furthermore, the study emphasizes the

crucial role of BC in melt processes taking place on Alpine

glaciers.
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