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ABSTRACT

In April and May 2010 the Icelandic volcano Eyjafjallajokull experienced an explosive eruption that led to
substantial ashfall across the central-southern parts of the island. The resulting ash deposits covered
Eyjafjallajokull, Myrdalsjokull and parts of Vatnajokull ice caps. In order to quantify the influence of these
deposits on albedo, we analyzed albedo evolution across Eyjafjallajokull and Myrdalsjokull ice caps over the
period 2001-2016 using the MOD10A1 and MCD43A3 data products of the Moderate Resolution Imaging
Spectroradiometer (MODIS) sensor onboard the Terra and Aqua satellites. A geostatistical model with a daily
temporal resolution was used to delineate areas on the ice caps that show distinct ash cover-related albedo
reductions over the post-eruption period. Results suggest that despite an overall decrease of the ash cover-related
albedo reductions with time, noticeable albedo reductions persist on both, Eyjafjallajokull and Myrdalsjokull
over the entire post-eruption period. These reductions show means of 0.19 = 0.11 and 0.17 + 0.10, respec-
tively, and occur most prominently during the summer seasons. Persistent albedo reductions are in agreement
with and limited to areas of higher ash deposition during the volcanic eruption such as the southern parts of
Eyjafjallajokull and Myrdalsjokull ice caps. In addition, redistribution of Eyjafjallajokull ash deposited on the
lowlands in southern Iceland contributed to dust storm events in the years after the eruption and caused ad-

ditional albedo reductions.

1. Introduction

On 14 April 2010 a massive subglacial, explosive eruption began at
the summit caldera of Eyjafjallajokull volcano, southern Iceland
(Gudmundsson et al., 2011). The explosive part of the eruption lasted
until 22 May 2010 and produced about 0.27 km® of mostly fine-grained,
airborne tephra which generated ash fallout over central southern
Iceland and even over the European continent (Gudmundsson et al.,
2012; Stevenson et al., 2012). This fallout of trachyandesitic ash
(Borisova et al., 2012) covered not only the ice cap on Eyjafjallajokull
volcano itself but also the entire neighboring Myrdalsjokull ice cap and
the southwestern parts of Vatnajokull ice cap (Fig. 1; Gudmundsson
et al., 2012). Eyjafjallajokull and the southern part of Myrdalsjokull
received ash deposits of at least several centimeters while the northern
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part of Myrdalsjokull was covered with < 1 cm of ash (Gudmundsson
et al., 2012). Ash deposition on Vatnajokull ice cap was < 1 mm.
Across off-glacier sites, considerable wind erosion of the freshly
deposited ash occurred during storm events over the year following the
eruption. This resulted in a partial redistribution of the post-eruption
deposition pattern (Arnalds et al., 2013). Hereafter, eroded ash from
the proglacial plains around the large ice caps might have also formed
deposits across marginal regions of the adjacent glaciers. Eyjafjallajo-
kull and Myrdalsjokull are also surrounded by active dust hot spots
(proglacial plains) with frequent dust storms, i.e. Myrdalssandur in the
east, Landeyjasandur in the west-southwest and Melifellssandur in the
north (Arnalds et al., 2016). Butwin et al. (2018) showed that the de-
posits from some explosive volcanic eruptions (Volcano Explosive Index
VEI = 3) in Iceland increased the dust/ash storm events for several
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Fig. 1. Overview map of the study area (a) with the ice caps Eyjafjallajokull (EYJ), Myrdalsjokull (MYJ) and Vatnajokull (VAJ) and of the reference areas on VAJ (b).
Isopachs in (a) are given in centimeters and are drawn according to information from Gudmundsson et al. (2012). Elevation contours on the ice caps are shown with
250 m spacing. The dark grey area on VAJ in (b) represents drainage basins with potential ashfall influence on the albedo. The reference areas on VAJ are given

according to terrain aspect (color code).

months after the end of the eruption. This does not count, however, for
the eruptions that occurred in winter months.

Across the ablation areas of the glaciers, parts of the ash layers were
supposed to be washed away by melt-water flow over the summer
season as described by Adhikary et al. (2000). What remained of the ash
layers got buried by seasonal snow with the beginning of the winter
season. While remaining ash got uncovered again during the following
summer throughout the low-lying ablation areas, the ash deposits were
supposed to submerge into the ice bodies due to persistent net mass
gain and glacier dynamics throughout the accumulation areas. How-
ever, with their downward transport by glacier flow, a re-emergence
throughout the ablation areas may occur in the future. The emergence
of such palaeotephra layers has been documented on Vatnajokull
(Larsen et al., 1998).

In cases where ash layers occur at the glacier surface they have a
substantial influence on the surface structure (Nield et al., 2013). These
are linked to alterations of local energy and mass balance (Dragosics
et al., 2016; Moller et al., 2018). Thin deposits, with thicknesses smaller
than the surface roughness length of the glacier, primarily enhance
ablation as a response of lowering of surface albedo (Moller et al.,
2016). Small-scale changes of the glacier-surface structure in turn in-
fluence surface albedo. Hence, albedo reductions are the major con-
sequence of supraglacial ash or dust deposits on glaciers in any case.
Multi-annual persistence of albedo reduction due to ashfall has been
documented for northern Vatnajokull by analyzing fallout from the
2004 explosive, subglacial eruption of Grimsvétn volcano (Moller et al.,
2014). In addition, dust deposition from the local dust hot spots occa-
sionally affects the albedo of Vatnajokull, leading to increased snow
melt of up to ~0.6 m in the affected areas (Wittmann et al., 2017). For
2012, Wittmann et al. (2017) report that up to 42% of ablation in these
areas is directly due to volcanic dust deposition.

Glacier surface albedo can be observed by satellite remote sensing
(e.g. Racoviteanu et al., 2008). From the Moderate Resolution Imaging
Spectroradiometer (MODIS) onboard the Terra and Aqua satellites,
ready to use albedo products are available (cf. Section 3 below). The
data provide albedo information with a 500 m spatial resolution and up
to daily temporal resolution. The products show the current state of
albedo across a glacier surface, including any influence of supraglacial
ash deposition. In order to unveil whether certain areas on a glacier are

affected by ash deposition and in order to quantify how large the re-
sulting albedo deviations are, compared to hypothetical unaffected
conditions, Moller et al. (2014) presented a remote sensing-based
modeling method which is capable of quantifying ash-related albedo
reductions over glacier surfaces.

Here, we extend this method in several ways (cf. Section 4) in order
to account for temporally disturbing influences of a second volcanic
eruption (Grimsvétn in 2011) and to cope with diverse and widespread
deposition areas. The extended method is then applied to analyze the
influence of deposited ash on the surface albedo of Eyjafjallajokull and
Myrdalsjokull ice caps (Fig. 1) over the period 2010-2016, following
the April-May 2010 eruption of Eyjafjallajokull volcano. We present
spatial patterns of surface albedo changes across the ice caps and dis-
cuss to which extent these patterns can be related to either the original
post-eruption ash deposition pattern or to other processes such as
subsequent resuspension of volcanic ashes in dust storm events.

2. Study area

Eyjafjallajokull volcano lies within the eastern volcanic zone of
Iceland which has developed as a propagating rift (Thordarson and
Larsen, 2007). The volcano is characterized by a transitional alkaline
magmatism which can erupt both basaltic and andesitic materials
(Jakobsson et al., 2008).

Eyjafjallajokull is located close to the southern coast of Iceland
(Fig. 1) and is covered by an identically named ice cap of ~80 km?
which reaches up to 1635ma.s.l. (Bjornsson and Pélsson, 2008). The
neighboring Myrdalsjokull ice cap (~1510m a.s.l.) covers the volcano
Katla and extends over ~590 km?, making it the fourth largest glacier in
Iceland (Bjornsson and Palsson, 2008). Vatnajokull ice cap is the largest
glacier of the island (~7800 km?). It covers different volcanoes and
reaches up to 2110 m a.s.l. (Bjornsson, 2017).

The locations of the three ice caps spatially coincide with the lo-
cations of highest precipitation in Iceland which are due to orographic
effects in conjunction with the prevailing wind direction Southeast
(Crochet et al., 2007). In recent years, the ice caps have experienced
continuously negative, annual glacier-wide mass balances (Bjornsson
et al., 2013).
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3. Data

Albedo data are derived from two data products of the MODIS
sensors onboard the Terra and Aqua satellites. These are the snow
product MOD10A1 version 6 and the land-albedo product MCD43A3
version 6 (Hall et al., 2002; Schaaf et al., 2002; Toller et al., 2013). The
former provides blue-sky albedo across snow or ice-covered areas on a
daily basis and is based on Terra MODIS data only. The latter provides
black-sky and white-sky albedo of snow-free land areas with a resolu-
tion of daily 16-day averages and is generated from both, Terra and
Aqua MODIS data. Both products have a spatial resolution of 500 m.
They were obtained from the NASA Earthdata Search engine (https://
search.earthdata.nasa.gov/search).

We use both types of albedo data as emerging palaeotephra layers
across parts of the ablation areas of Myrdalsjokull and Vatnajokull lead
to substantial darkening of bare ice areas (Larsen et al., 1998). This
darkening is strong enough to prevent the respective areas from being
identifiable as ice-covered areas in the automated generation of the
MOD10A1 product. However, these areas are covered in the MCD43A3
product for the same reason. We use this coincidence to create near-
gapless albedo fields by replacing the on-glacier albedo data voids in
the MOD10A1 product by blue-sky albedo data calculated from
MCD43A3 data. Due to the differing temporal resolution of both pro-
ducts, we create the combined albedo fields at the same resolution as
the MCD43A3 data, i.e. daily moving 16-day averages. We calculate
MCD43A3 blue-sky albedo by averaging between black-sky and white-
sky albedo data. This is considered reasonable as the two can be as-
sumed to be comparable at the latitude of the study area (Stroeve et al.,
2005). The same procedure for establishment of gapless albedo fields
has already been successfully applied for albedo fields of Vatnajokull by
Moller et al. (2014). Also, the credibility of the MODIS albedo data with
respect to in-situ measurements has been documented via a multi-year
comparison to automatic weather station data by Moller et al. (2014).

The 16 day-averaged albedo fields with a daily temporal resolution
for Eyjafjallajokull and Myrdalsjokull (Fig. 1) are generated over the
time period 2001-2016. For each year, the data cover the period 17
January to 2 December. For the missing days, no MODIS albedo data
are available due to absence of daylight. Despite using a combination of
MOD10A1 and MCD43A3 data, some data voids cannot be filled in the
final 16-day albedo fields. This is either due to persistent cloud cov-
erage or due to non-classifiable glacier-surface characteristics. On
average, 83.0% of the grid cells of the combined 16-day albedo fields
are taken from MOD10A1l data, while only 0.7% are taken from
MCD43A3 data. However, maximum portions of MCD43A3 are as high
as 8.5%. Data voids are present in 16.3% of the grid cells.

Glacier outlines of Eyjafjallajokull, Myrdalsjokull and Vatnajokull
ice caps as well as drainage basin delineations within Vatnajokull are
taken from the Randolph Glacier Inventory (Pfeer et al., 2014). Digital
elevation model data of Vatnajokull are taken from the 30 m resolution
Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) Global Digital Elevation Model (GDEM) version 2 (Tachikawa
et al., 2011).

A common spatial domain is established for all data types. This
domain shows a regular 500m resolution grid using Universal
Transverse Mercator (UTM) zone 27 N. For the ASTER GDEM data the
co-registration is combined with a simultaneous bilinear resampling
from 30 to 500 m spatial resolution.

4. Methods

For each day after the end of the eruption of Eyjafjallajokull on 22
May 2010 (from 30 May 2010 to 2 December 2016), we determine
those areas on Eyjafjallajokull and Myrdalsjokull ice caps with a sig-
nificant reduction of glacier-surface albedo due to ash deposition. This
uses a two-step approach, which compares directly MODIS observed
albedo fields with hypothetic albedo fields, which would have shown
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up without the influence of the volcanic ashfall. In step one, the hy-
pothetic albedo fields are generated. In step two, a threshold criterion
and a test for statistical significance are used to identify areas with
significant ash influence on albedo. The threshold criterion is calibrated
using a cross-validation procedure. The methodology largely follows
the one developed by Moller et al. (2014).

As preparatory work for step one, a two-sided lookup table is gen-
erated that contains the combined MODIS albedo fields of
Eyjafjallajokull and Myrdalsjokull ice caps of all days n of the pre-
eruption period (from 17 January 2001 to 6 April 2010) as predict and
(apre, n) and spatially averaged albedo values of eight predefined re-
ference areas X on Vatnajokull ice cap of the same days n as predictor
(%). The reference areas X are delimited according to terrain as-
pect classified into 45° sectors, i.e. X€ [N,NE,E,SE,S,SW,W,NW]
(Fig. 1). Parts of the southwestern drainage basin of Vatnajokull that
were also affected by ashfall from the Eyjafjallajokull 2010 eruption
(Gudmundsson et al., 2012) and that, in addition, received considerable
ash deposition from an eruption of Grimsvétn volcano in 2011 are left
out during the delineation. The completed lookup table serves as a basis
for generation of the hypothetic albedo fields in step one.

The application of a lookup table-based method implicitly assumes
that the albedo fields across the three ice caps have coherent seasonal
cycles over the course of the year. This is a reasonable assumption as
they all experience a similar climate (cf. Section 2). It is furthermore
supported by the fact that the standardized trajectories of ice cap-wide
mean albedos over the pre-eruption period show median absolute dif-
ferences of less than one quarter of a standard deviation when com-
paring Eyjafjalljokull and Myrdalsjokull to the reference areas on Vat-
najokull.

In step one, we estimate the hypothetic albedo fields of
Eyjafjallajokull and Myrdalsjokull ice caps for all days m of the post-
eruption period (from 30 May 2010 to 2 December 2016). This is done
on the basis of spatially averaged albedo values of the reference areas X
of the respective days (8, x,,) and by using the entries in the lookup
table. For each of the m one hypothetic albedo field () is
generated. Each 7, is generated by averaging all a, . from the
lookup table whose associated §,,, v , lie withina + 0.02 range around
the respective §,,; ... The 7, are averaged to form a mean hypo-
thetic albedo field yp,. Deviating from Moller et al. (2014), we hereby
exclude reference areas that show temporary albedo disturbances due
to marginal ash deposition from the eruptions of Eyjafjallajokull in
2010 (Gudmundsson et al., 2012) and Grimsvotn in 2011 (Tesche et al.,
2012) or secondary sand and ash depositions from dust storm events
(e.g. Wittmann et al., 2017). The exclusion procedure is based on a test
for self-consistency of the eight different §,,,, x ,, of the respective days.
To prepare for the test, validity spaces of the relationships between
area-averaged albedos of adjacent reference areas were derived over
the pre-eruption period (Fig. 2a). The validity spaces are spanned by all
pairs of the respective ,BWTM that occur in the pre-eruption period.
They represent the entirety of possible relationships under the as-
sumption of undisturbed albedo conditions. The self-consistency test
compares the relationships between the area-averaged albedos of ad-
jacent reference areas of the post-eruption period (B, ) to these
validity spaces (Fig. 2a). Hereby, each B, is considered in two
relationships (e.8. Byosnem VS Bpostnm 30 Boosi NEm VS- Bpost,pm )+ ADY
of the post-eruption albedo relationships that lie outside of their asso-
ciated validity spaces are treated as invalid. Invalidity means that as at
least one of the reference areas involved shows disturbed albedo con-
ditions at the respective day. We consequently exclude those £, x ,, of
the respective days that are part of at least one invalid albedo re-
lationship. Fig. 2b gives an overview of the temporarily varying ex-
clusion of certain reference areas over the post-eruption period.

The crucial assumption of undisturbed albedo conditions during the
pre-eruption period, which is implicitly made here, is regarded as
reasonable despite an eruption of Grimsvotn volcano in the center of
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Fig. 2. Overview of the self-consistency test which decides about the validity of the relationships between daily area-averaged albedos of adjacent reference areas on
Vatnajokull (cf. Fig. 1b) of the post-eruption period. The scatter plots in (a) show the relationships between area-averaged albedos of adjacent reference areas for all
days of the post-eruption period (color-coded points) plotted on top of the respective validity space of those relationships derived over the pre-eruption period
(greyish area). The barcode-like graph in (b) shows days with undisturbed albedo conditions over the post-eruption period for each of the eight reference areas. The
graph in (c) indicates the number of reference areas with undisturbed albedo conditions at the respective days of the post-eruption period. Periods marked in red
indicate either disturbed albedo conditions in all reference areas or absence of albedo data (regularly occurring during winter). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

Vatnajokull in November 2004. Findings of Moller et al. (2014) show
that ash-related albedo reductions associated with this event were only
present across very small areas: Right after the eruption, 425 km? across
northern Vatnajokull were affected, but fresh winter snow buried the
deposited ashes within two weeks; over the four years following, ash-
related albedo reductions were only found to be present across a re-
mainder of 24 km? on average, leaving 99.7% of Vatnajokull under
undisturbed albedo conditions.

As preparatory work for step two, we assess the accuracy of the
hypothetic albedo fields of Eyjafjallajokull and Myrdalsjokull by ap-
plying a k-folds cross validation procedure (Kohavi, 1995; Moller,
2012) in order to derive the threshold criterion used in step two. In the
cross validation procedure, the folds are formed by k = 9 subsets of the
lookup table. We create each subset of the lookup table on the basis of
albedo data from eight years within the nine-years pre-eruption period.

For each day i of the remaining year, we generate the eight hypothetic
albedo fields 7y ; as described above, but only using the entries in the
eight-year subset of the lookup table as a basis. We then compare the
hypothetic albedo fields (7 ;) to the combined MODIS albedo field of
the respective day (ar, ;). As no ash influence on albedo is assumed for
the pre-eruption period, these albedo fields should ideally equal each
other. We calculate the root mean square (RMS) errors between @y, ;
and each of the eight }7Xl Unlike Moller et al. (2014), we calculate the
RMS errors as functions of terrain elevation using moving 50 m inter-
vals and we calculate it separately for each of the two ice caps (Fig. 3).
For each ice cap, this procedure is repeated nine times, yielding a set of
nine RMS error functions for each day of a year. The means of these
nine RMS error functions are used as daily-varying threshold criteria in
step two.

In step two, we identify areas on Eyjafjallajokull and Myrdalsjokull
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ice caps for all days m of the post-eruption period (from 30 May 2010 to
2 December 2016) for which a significant reduction of albedo due to an
ashfall influence can be expected. Therefore, we consecutively compare
the combined MODIS albedo field ays, m to each of the hypothetic al-
bedo fields (3% ,,) of the same day. Areas that consistently show a ne-
gative albedo deviation exceeding the threshold criterion of the re-
spective day and terrain elevation in all comparisons are marked as
potentially ash influenced. We thus interpret the threshold criteria
(mean RMS errors of the pre-eruption period) as a measure for natural
albedo variability within the respective day and elevation. Albedo de-
viations exceeding this threshold are assumed to be attributable to an
external forcing like the Eyjafjallajokull 2010 ash deposition. A
Student's t-test is finally applied to delineate those parts of the poten-
tially ash influenced areas in which the negative deviation between
combined MODIS albedo field oy, » and mean hypothetic albedo field
vm is statistically significant at a level of at least 95%. These areas are
termed ‘significantly ash influenced’ and form the final result of the
workflow.

More detailed descriptions of the applied methodology and more in
depth discussions about the related theoretical background are pro-
vided in Moller et al. (2014).

5. Results

Glacier surface albedo develops along a characteristic inter-annual
course over the pre-eruption period 2001-2009 (Fig. 4). Highest values
occur towards the end of the accumulation season in late winter. They
are followed by continuous decrease towards the lowest values, which
most regularly occur in early August after peaking of the ablation
season. The increase back to high albedo values during winter time is
distinctly faster than the previous decrease. While the former usually
only takes about three months, the latter extends over five months.

This inter-annual albedo evolution, however, varies distinctly be-
tween Eyjafjallajokull, Myrdalsjokull and the reference areas on
Vatnajokull (Fig. 4). Over most of the year, Myrdalsjokull shows the
lowest area-averaged albedo, ranging between 0.79 + 0.07 in early
March and 0.28 + 0.05 in mid-August. Vatnajokull, in general, shows
the highest area-averaged albedo with up to 0.80 + 0.05 in late winter
and just down to 0.46 = 0.05 in summer. On Eyjafjallajokull, area-
averaged albedo increases to similarly high values as on Vatnajokull
during winter (0.80 * 0.05), but over the summer season it decreases
to values almost as low as those on Myrdalsjokull (0.32 = 0.04).

On all three ice caps also the years 2013-2016 largely follow this
characteristic intra-annual course (Fig. 4). Marked deviations occur
during 2010-2012, with 2010 being by far the most pronounced. In this
year, area-averaged albedo on Eyjafjallajokull drops from 0.68 before
the start of the April/May volcanic eruption to 0.11 right after its end.
With few exceptions, it stays on a low level until the end of the summer
period. Considerable drops of area-averaged albedo are also evident on

Myrdalsjokull and Vatnajokull. However, for the latter the drop is far
smaller than on Eyjafjallajokull and Myrdalsjokull. Also during 2011
and 2012 the intra-annual albedo evolutions on Eyjafjallajokull and
Myrdalsjokull show considerably stronger albedo decreases over the
summer seasons than in the pre-eruption period. This is especially
pronounced during July 2011. Stronger than usual albedo decreases are
visible during the mid-summer season of 2011 also on Vatnajokull. This
feature persists in 2012, but in a less pronounced form. A marked
contrast to Eyjafjallajokull and Myrdalsjokull is the observation that the
summer decrease of area-averaged albedo on Vatnajokull tends to be
less intensive during the 2014-2016 period than during the pre-erup-
tion period 2001-2009.

Substantial parts of the decreases of area-averaged albedo across
Eyjafjallajokull and Myrdalsjokull are attributable to the 2010 volcanic
eruption. On average, we identified a significant ash influence on the
albedo for 15.4% of the area of Eyjafjallajokull and for 10.9% of the
area of Myrdalsjokull over the post-eruption period 2010-2016, in-
cluding all the winter periods (Fig. 5b). Within these areas the albedo
was reduced by 0.19 = 0.11 (mean * one sigma) and 0.17 = 0.10,
respectively (Fig. 5a).

On Eyjafjallajokull, the significantly ash-influenced areas show a
clear tendency towards smaller extents over the post-eruption period. In
2010, 28.4 + 21.8% of the ice cap's area is identified as significantly
ash-influenced, with half of the days showing extents between 18.4%
and 51.6%. This value almost halves to only 15.2 + 15.5% over
2011-2016 (Fig. 5b). The actual albedo reduction within the sig-
nificantly ash influenced areas tends to be less intensive with increasing
temporal distance to the eruption. Albedo reduction decreased by about
one fifth from 0.24 * 0.11 in 2010 to 0.20 * 0.10 in 2016.

The spatial distribution of the significantly ash-influenced areas
across the ice cap shows a characteristic pattern (Fig. 6). They con-
centrate on the southern parts of Eyjafjallajokull over most of the days
for which an influence was detected. This pattern persists in the period
2010-2016. During all years of the post-eruption period, the extents of
the significantly ash-influenced areas tend to increase towards the end
of the summer season (Fig. 7a).

On Myrdalsjokull a similar trend in the extents of the significantly
ash-influenced areas as on Eyjafjallajokull is evident (Fig. 5b). How-
ever, the albedo reduction within the significantly ash-influenced areas
shows a smaller decrease with increasing temporal distance to the
eruption as on Eyjafjallajokull. The albedo reduction decreases by just
14% from 0.21 = 0.10 in 2010 to 0.18 * 0.08 in 2016 (Fig. 5a).
During most of the years of the post-eruption period, the influence
concentrates on the southwestern and southern parts of the ice cap
(Figs. 6 and 8). The northern parts generally show the shortest ash
influences on albedo. This pattern is most pronounced in 2010, 2011
and 2016. In 2012 and 2015, in contrast, the entire central plateau of
Myrdalsjokull shows significant ash influence over up to three months.
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Fig. 4. Annual cycles of albedo across Eyjafjallajokull (EYJ), Myrdalsjokull
(MYJ) and Vatnajokull (VAJ) ice caps over the post-eruption period
2010-2016. Data are based on the combined MODIS albedo fields and are
smoothed by a moving monthly average. For VAJ only data from inside the
eight reference areas (cf. Fig. 1b) are presented. The mean annual cycles of the
period 2001-2009 are displayed along with their one sigma ranges. For 2010 no
albedo data are displayed during the eruption period itself.

The general tendency of increasing extents of the significantly ash-in-
fluenced areas towards the ends of the summer seasons is also observed
for Myrdalsjokull (Fig. 7).

A particularly large extent of significantly ash-influenced areas on
Myrdalsjokull is evident over up to two months in April-June 2012
(Fig. 6). This long duration of albedo reductions across such vast parts
of the central plateau of the ice cap is unprecedented during all other
spring seasons of the study period. It coincides with the by far largest
extent of significantly ash-influenced areas on a single day on Myr-
dalsjokull (529 km?) which was identified for 21 May 2012 (Fig. 7b).

6. Discussion

The difference in albedo between Eyjafjallajokull and Vatnajokull is
noticeable (Fig. 4) and potentially suggests problems for the applied
methodology of assigning hypothetic albedo fields to Eyjafjallajokull
and Myrdalsjokull on the basis of spatially-averaged albedo across
Vatnajokull. This difference, however, appears over the entire annual
circle and thus cannot be attributed to spatial or temporal climate
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Fig. 5. Evolution of areas with significant, ash-influenced albedo reductions on
Eyjafjallajokull and Myrdalsjokull ice caps over the post-eruption period
2010-2016. Box plots represent daily ice cap-wide data subdivided by years.
The mean albedo reduction (a) within the significantly ash-influenced areas is
shown along with the extent of these areas (b). The latter is given as proportion
of the respective entire ice cap. The color-coded boxes range between upper and
lower quartile of the distributions. Medians are indicated by horizontal lines,
means by asterisks. Outliers are represented by open circles. The overlying
violin plots show the related relative frequency distributions.

variability. It is rather a method-inherent feature. Satellite-based albedo
observations are more reliable over continuous glaciers than across
their peripheral areas. This is due to stronger influences of crevasse-
related surface disturbances across steeper and more segmented terrain
and also due to general edge effects (e.g. Moller and Moller, 2017). The
latter imply erroneously low albedo values, resulting from a combina-
tion of partly glacierized and partly non-glacierized terrain within one
pixel. Another possible explanation would be that Eyjafjallajokull and
Myrdalsjokull generally receive more impurities as they are surrounded
by three dust hot spots. Both alternatives suggest that the systematic
differences between the albedo on the three ice caps are, to a large
degree, a characteristic and consistent feature. It does to our under-
standing therefore not inhibit applying the method we used to derive
albedo reductions for the ash-influenced parts of Eyjafjallajokull and
Myrdalsjokull.

The substantial reduction of ice cap-wide albedo on Eyjafjallajokull
and Myrdalsjokull during the eruption period (Fig. 4) provides evidence
of the strong initial relation between volcanic ashfall and albedo de-
crease. Comparable reductions over the summer season 2010 have also
been documented and related to the April-May 2010 eruption of Ey-
jafjallajokull by Gascoin et al. (2017). We conclude that the sig-
nificantly negative albedo deviations, which are identified over the
post-eruption period 2010-2016, are mostly due to ash influence from
the Eyjafjallajokull 2010 eruption. This is strongly supported by a
spatial coincidence of areas which show the most intensive, i.e. long
lasting, albedo reductions and those areas which experienced highest
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Fig. 6. Spatial distributions of seasonally cumulated ash-influenced areas on Eyjafjallajokull and Myrdalsjokull ice caps over the post-eruption period 2010-2016.
The color code indicates the number of days per season for which a significant (95% level) albedo reduction was identified for the respective pixel.

amounts of ash deposition. Most prominent in this respect is the per-
sistent ash influence across the southern part of Eyjafjallajokull (Figs. 6
and 8), for which also aerial photography clearly provides visible evi-
dence (Fig. 9). This location is clearly related to the highest volumes of
ashfall (Fig. 1a). On 17 April 2010, ash fallout towards the south of the
summit caldera produced on-glacier depositions of > 0.5m thickness
(Gudmundsson et al., 2012). These are the thickest observed in the
context of this eruption. Also, the areas of most persistent albedo re-
duction which are observed along the western (Godabunga) and
southern (Haabunga) rim of the summit plateau of Myrdalsjokull
(Figs. 6 and 8) coincide with areas of high ash deposition

(Gudmundsson et al., 2012). Continuous and uninterrupted ash influ-
ences of at least one-month duration are largely limited to these areas
(Fig. 8) while short-term ash influences on glacier albedo in the order of
days or weeks are found repeatedly across large parts of the ice cap. The
fact that across Godabunga and Héabunga on Myrdalsjokull ash-influ-
enced areas are identified not only during the summer months but
during all seasons of the year (Fig. 6) can be explained by terrain ef-
fects. These local summits show convex relief features which are more
directly exposed to wind as neighboring concave features. This leads to
much lower snow depths on the convex parts and to the repeated ex-
posure of underlying ash deposits.
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Fig. 7. Daily extents of the significantly ash-influenced areas on Eyjafjallajokull
(a) and Myrdalsjokull (b) ice caps over the post-eruption period 2010-2016.
Periods where no data are available due to seasonal darkness are marked in
grey.

Influence of ashfall is also observed across the reference areas on
Vatnajokull even if those lie beyond the outer isopach (0.1 510~ °m)
drawn by Gudmundsson et al. (2012) to spatially delimit the main ash
dispersal of the eruption. Especially the reference areas S, SW and W
show a sustained disturbance of albedo conditions over the summer
season 2010 (Fig. 2b). The drop of area-averaged albedo of ~0.28
across the reference areas over the period of the eruption (Fig. 4) in-
dicates that even very small amounts of ash deposition lead to albedo
reductions. This fact is in line with findings made for even thinner ac-
cumulations of atmospheric black carbon, which were found to sub-
stantially reduce Himalayan glacier albedo despite the overall ex-
tremely little mass of the deposited material (e.g. He et al., 2018; Ming
et al., 2012). It can be also related to a clumping mechanism of finer
particles on ice or snow surfaces as observed in Iceland after the snow-
dust storm described by Dagsson-Waldhauserova et al. (2015). Such a
clumping mechanism of fine silty dust can reduce the snow albedo to a
greater degree than a deposition of black volcanic sand or black carbon
(Meinander et al., 2014; Peltoniemi et al., 2015).

The return to higher than before summer albedos on Vatnajokull in
2015 and 2016 indicates recovery from the above mentioned influ-
ences. Ash deposition from an eruption of Grimsvétn volcano covered
an area of ~1280 km? on northwestern Vatnajckull in early November
2004 (Jude-Eton et al., 2012) and slightly influenced the albedo in this
area over a four-years period (Moller et al., 2014). Hence, the mean
intra-annual albedo cycle of the pre-eruption period (2000-2009,
Fig. 4) partly incorporates a temporally limited darkening of the glacier
following this earlier eruption. A distinct peak in albedo reduction on

All ash influence
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Ash influence 2 1 week

Days with ash influence NN
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Vatnajokull during summer 2011 (Fig. 4) gives evidence for the erup-
tion of Grimsvotn in May 2011. The effects of this eruption are clearly
visible across all eight reference areas (Fig. 2b). Reference areas with
disturbed albedo conditions increase in number over June 2011. Sub-
sequently, a 43-days period follows during which disturbed albedo
conditions are identified all across Vatnajokull (Fig. 2c). The most di-
rect ash dispersal of this eruption was largely directed towards the
south (e.g. Tesche et al., 2012), spreading across the area already
masked out from Vatnajokull (cf. Fig. 1b). However, the observed lower
than usual summer albedos in 2011 and 2012 (Fig. 4) suggest that
marginal influences beyond the main ash dispersal region as they were
identified for the Eyjafjalljokull 2010 eruption (Figs. 2 and 4) also exist
here. Assuming a similar four-year period for removal of these influ-
ences as for the eruption of Grimsvétn in 2004 (Moller et al., 2014)
would leave the years 2015 and 2016 without any darkening influ-
ences.

Both temporal and spatial patterns of significant, ash-influenced
albedo reductions suggest a relation to intra-annual climate variability.
Albedo reductions tend to disappear or at least diminish over the winter
seasons and are most pronounced during summer (Fig. 4). In the course
of the ablation season, the newly accumulated snow is removed in areas
lying below the transient snowline and previously buried ash layers get
exposed once again. Above the equilibrium line it is impossible that the
ash layers of the Eyjafjallajokull eruption get re-exposed over extensive
areas, as winter accumulation on top of Myrdalsjokull reaches up to
~12.0m (Agﬁstsson et al., 2013). However, terrain features that stick
out of the smooth glacier surface are typically characterized by much
thinner annual snow layers as the neighboring areas. These protrusions
are often the result of obstacles in the bedrock that are traced to the
glacier surface by a reduction of local ice flow. At such locations, ash
layers get re-exposed even in the accumulation areas (Fig. 9¢c). Once the
ash dries, wind erosion occurs and the ash is dispersed across the sur-
rounding glacier areas, leading to a widespread reduction in albedo
even above the equilibrium line.

The significant albedo reductions across the central plateau of
Myrdalsjokull in 2012, 2015 and 2016 (Fig. 6) must nevertheless be
ascribed to external forcing. The vast extent of the affected areas rebuts
a formation by wind-drifted ash from locally exposed deposits at iso-
lated protrusions. This external forcing is likely resulting from dust
storm events, which frequently occur on the sandur plain Skeidar-
arsandur between Myrdalsjokull and Vatnajokull (Arnalds et al., 2013,
2016; Dagsson-Waldhauserova et al., 2014; Wittmann et al., 2017).
Lemarquis (2018) documented and measured several dust events in
Fljotshlid, west of Eyjafjallajokull, with origin from the Myrdalsandur
dust source in 2018. This shows that particular weather patterns
transport dust over both ice caps, Eyjafjallajokull and Myrdalsjokull,
with very likely deposition on them and albedo reduction as observed
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Fig. 8. Cumulative representation of significantly ash-influenced areas on Eyjafjallajokull and Myrdalsjokull ice caps over the post-eruption period 2010-2016. The
left illustration represents the total over all days. In the middle/right illustrations an ash influence at a certain pixel needs to persist for at least one consecutive week/
month to be counted. Temporally fragmented ash influences are thus not considered here. The color code indicates the number of days for which a significant albedo

reduction was identified for the respective pixel.
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Fig. 9. Aerial views of Eyjafjallajokull from the south (dates in lower right hand
corner), showing the ice cap ahead of the eruption (a), right after the eruption
in 2010 (b) and three years later (c). The nunataks of Godasteinn (G) and
Hamundur (H) are indicated on all photos.

by Wittmann et al. (2017). In this respect the term ‘external forcing’
has, however, to be used with care. Considerable ash deposition from
the original fallout also occurred across the sandur plains described
above (Fig. 1a). This fueled the dust sources in these areas as the fine
grained ashes are easily transported by wind. Hence, ash dispersal from
the Eyjafjalljokull 2010 eruption also increased the efficiency of any
dust storms with respect to resulting glacier albedo reductions. The
‘external forcing’ is thus also linked to the original fallout.

To support the assumption of an external forcing of the extensive
albedo reductions on the central plateau of Myrdalsjokull we ex-
emplarily show the relation of two peaks in the extent of significantly
ash-influenced areas on Myrdalsjokull to documented major dust storm
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events. The all time-high extent in the period 17-27 May 2012
(Fig. 7b), which was associated with significant, ash-influenced albedo
reductions across vast parts of the central plateau of the ice cap (Fig. 6)
and an extraordinary reduction of ice cap-wide mean albedo (Fig. 4),
coincides with the occurrence of a strong dust storm on 21 May 2012
(Dragosics et al., 2015). In addition, SYNOP codes from the weather
stations in South Iceland reported dust observation for the whole period
of 13-19 May 2012. Another strong albedo reduction which occurred in
September 2012 (Fig. 7b) can probably be related to a dust storm event
which occurred on 18 September 2012 across the sandur plain in be-
tween Myrdalsjokull and Vatnajokull (Groot Zwaaftink et al., 2017).
SYNOP codes reported dust observation in the period 8-11 September
2012 as well as most of them were captured by MODIS. The influence of
high dust activity in South Iceland in 2012 is likely the cause of these
specific albedo reductions.

Overall, the significant albedo reductions during 2010-2016 suggest
a complex combination of forcings, i.e. influences of initially deposited
volcanic ash and of the annual cycle of snowfall and snow cover.
However, redistribution of ash or local dust materials by strong storm
events may lead to albedo reductions which are detected by the algo-
rithm as well. Such dust storms occur most frequently in South Iceland
in vicinity of the glaciers (Butwin et al., 2018; Dagsson-Waldhauserova
et al., 2016; Lemarquis, 2018; Nakashima and Dagsson-Waldhauserova,
2018), but they are also known to episodically influence the northern
parts of Vatnajokull (Wittmann et al., 2017). Therefore, it cannot be
ruled out that indirect influences affect the results via alterations of the
albedo across the reference areas, even if we excluded reference areas
with obviously disturbed albedo conditions from the analysis. The
spatial coincidence of significantly ash-influenced areas identified in
this study and the areas with high amounts of initial ashfall is thus an
important criterion. It provides some evidence if the areas with sig-
nificantly reduced albedo identified with the method applied show a
relation to the initially deposited ash of the Eyjafjallajokull eruption or
need to be ascribed to dust storm-related secondary deposits.

Last but not least, model uncertainties in terms of the accuracy of
the threshold criteria may impact the extent of areas with significantly
reduced albedo. The rather arbitrary choice of the + 0.02 range during
generation of the hypothetic albedo fields %, (cf. Section 4), in con-
trast, has no implications for the results presented. In Moller et al.
(2014), where our method was introduced, a range of + 0.05 was ap-
plied. Such a large range is not necessary here because of a far more
extensive lookup table, which results from a longer pre-eruption period.
We tested ranges of + 0.03, = 0.02 and * 0.01 in the run-up to this
study, but found that the final results hardly differ at all. Noticeable
differences only appeared in the standard deviations of the hypothetic
albedo fields 7 ,,, which obviously increased with the size of the chosen
range. These standard deviations are, however, only important for the
application of the Student's t-test at the end of the methodical work-
flow. At this stage, the potentially ash-related albedo reductions already
exceed the thresholds of natural variability and virtually all of them are
large enough to pass the significance test no matter if slightly smaller or
larger standard deviations are applied.

7. Conclusion

MODIS data-based geostatistical analysis revealed significant albedo
reductions across Eyjafjallajokull and Myrdalsjokull ice caps following
the April-May 2010 explosive eruption of Eyjafjallajokull volcano. The
annual cycles of area-averaged albedo of the two ice caps during
2010-2012 show substantial deviations from the pre-eruption mean
(2001-2009). These deviations peak especially in summer. In 2010,
they started right after the end of the explosive eruption in late May.
Area-averaged albedos on Eyjafjallajokull and Myrdalsjokull ice caps
drop from 0.68 to 0.11 and from 0.73 to 0.14, respectively, over the
eruption period. Even on the only marginally impacted eastern parts of
Vatnajokull a drop of area-averaged albedo from 0.77 to 0.49 is
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evident.

Over the post eruption period (2010-2016) on average we found
significant albedo reductions for 15.4% of the area of Eyjafjallajokull
and 10.9% of the area of Myrdalsjokull. The areas concentrate mainly
on the southern part of Eyjafjallajokull and the southwestern and
southern parts of Myrdalsjokull, showing a spatial coincidence with the
regions of highest ash deposition during the eruption. The area-aver-
aged albedo across these areas is reduced by 0.19 = 0.11 and
0.17 = 0.10, respectively. Extents of areas with significant albedo re-
ductions on Eyjafjallajokull and Myrdalsjokull decrease over time. The
magnitude of albedo reduction within these areas decreases with time
on both ice caps, but rates are distinctly smaller on Myrdalsjokull.

Only parts of the identified areas with significant albedo reductions
can be attributed to the direct influence of ashes deposited by fallout
from the Eyjafjallajokull 2010 eruption. Such a persistent direct ash
influence on the albedo over the entire post-eruption period
(2010-2016) can only be verified for the direct southerly vicinity of the
eruption vent on Eyjafjallajokull itself and for the western and southern
rim of the central plateau of Myrdalsjokull. The widespread albedo
reductions which were identified across this central plateau during
years after the first winter season cannot directly result from re-emer-
ging ash deposits because of extremely high annual accumulation sums
in this area. Instead, they presumably result from a) ashes cropping out
at isolated protrusions of the ice cap that are redistributed by wind drift
and b) secondary ash remobilization or dust deposition originating in
local dust sources which lie in direct vicinity to the ice caps. The latter
effect is exemplified by severe dust storms in 2012.

We conclude that the persistent albedo reduction on Eyjafjallajokull
over 2010-2016 is entirely due to the high amounts of initial ash de-
position (up to > 0.5m). Across all areas on directly neighboring
Myrdalsjokull, where the initial deposition was more than one order of
magnitude smaller, the ash cover-related albedo reduction shows a
distinct decline over time.
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