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Abstract

Snow and glacier research is important in Iceland for a variety of reasons. Water
resource forecasting for hydro-power production is important and monitoring of long-
term changes and trends provide guidance for adoption strategies due to climate change.
Activity in glacier-covered volcanoes can cause volcanic ash and tephra deposits leading
to enhanced melt or in some cases glacier surface isolation reducing melt significantly.
The high natural climate variability can pose a risk to the reliability of the energy
production and delivery systems as drought conditions, low-flow periods, and years with
low summer melt are challenging to predict. Many Earth observing satellites provide
data that can improve estimations of physical processes that can be challenging to model
accurately, such as snow cover and surface albedo of snow and ice-covered surfaces.

In this research, satellite data were used to create gap-filled products of daily snow cover
and surface albedo in Iceland from 2000 to 2021 at a 500 m horizontal resolution. The
products relied on data collected from the two satellites carrying the MODIS sensor,
Aqua and Terra, providing sub-daily overpass. A process pipeline was developed to
merge the daily data and apply temporal aggregation to reduce the high number of
cloud-obscured pixels. Due to high cloud cover, yielding many pixels obscured by
clouds even after merging and temporal aggregation, machine learning models were
further developed to fully reclassify the remaining unclassified data. The output from
this process was a spatio-temporal product with capabilities for further analysis and
extraction of various statistical parameters describing snow cover and albedo properties
in Iceland. To better understand the seasonal and inter-annual variability and possible
trends, a surface energy balance model was developed utilizing remotely sensed snow
cover and albedo as prognostic variables. Surface albedo was used to constrain net short-
wave radiation forced at a snow-covered surface and fractional snow cover provides an
aerial constraint for seasonal snow outside of glaciers by estimating the fractional snow
cover of pixels, scaling the calculated melt energy accordingly. Large-scale atmospheric
circulation anomalies and surface energy balance were analyzed to study relationships
of the data and understanding the drivers of variability.

The results show high seasonal and inter-annual variability in surface energy balance,
snow cover and surface albedo for snow- and ice-covered surfaces in Iceland. The high
variability in surface energy balance reflects the high variability of albedo, especially
for glaciers. The impacts of light-absorbing particles (LAPs), both from tephra deposits
due to volcanic eruptions and dust deposits from airborne dust, were estimated to
provide understanding of the extent, magnitude and impact on surface energy balance
and showed a significant melt enhancement for years with high LAPs deposits. Sea
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surface temperature impacts cloud cover in Iceland during the melting season. Recent
abrupt changes in the sea surface conditions near Greenland and SST south of Iceland
correlate strongly with cloud cover in Iceland during the melt season. Cloud cover
acts as a modulator on the incoming short-wave radiation available for surface forcing,
i.e., surface energy balance. Large-scale patterns such as the Greenland Base Index
(GBI) and the North Atlantic Oscillation (NAO) also showed significant correlation to
controlling parameters relating to the surface energy balance.
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Utdrattur

Fjoldi gervitungla 4 sporbraut um jordu gera athuganir af yfirbordi jardar sem geta
batt mat og aukid skilning 4 edlisfredilegum ferlum { vatna- og joklafredi. Morg
pessara ferla er krefjandi ad skilja og herma rétt med reiknilikonum, eins og snjéhula og
endurkastsstudul yfirbords hulid snjé og s, en par geta fjarkonnunargégn batt skilning
og aukid gadi hermanna.

[ verkefninu voru fjarkénnunargogn notud til ad bua til samfelldar timaradir i tima
og rumi fyrir daglegt mat 4 snjéhulu og endurkastsstudli fyrir yfirbord hulid snjé og
is fyrir timabilid 2000 til 2022 4 Islandi. Afurdirnar nyttu gégn ir MODIS skynjara
tveggja gervihnatta sem dagleg féru yfir Island fra 2000. Préud var vrvinnsluadferd
sem nytti gégn skynjaranna og ték tillit til mikillar skyjahulu 4 Islandi. Tolfredilegar
adferdir voru préadar til ad sia villur { gégnunum og adferdir vélrens nams nyttar
til ad flokka 6flokkada myndreiti. Afurd pessara urvinnsluadferdar voru samfelld
gogn 1 tima og rimi sem bjéda upp 4 frekari greiningar, voktun 4 breytingum og sem
inntak { frekari likangerd af snj6 og joklum 4 Islandi. Gadi afurdana voru sannreyndar
med ménnudum athugunum, athugunum tr vedurstédum utan og 4 joklum en einnig
fjarkonnunargogn ur 68drum gervihnottum { haerri upplausn. Til ad skilja betur breytileika
innan 4ars, sem og milli dra, var préad orkuskiptalikan sem nytir mat 4 snjéhulu og
endurkastsstudli til ad meta betur orkuskipti yfirbords hulid snjé og {s. Endurkastsstudull
var nyttur sem inntak til ad skorda magn stuttbylgjugeislunar sem nytist til leysingar og
hlutfallstala snjéhulu innan myndreits utan jokla gefur skordur 4 magni leysingarorku
tilteekri fyrir arstidarbundin snjé. Nidurstédurnar voru settar { samhengi vid stérskala
breytileika 1 loftslagi og vedri 4 og vid fsland, til ad skilja betur drifkrafta breytileika
fyrir arstidarbundin snjé og jokla.

Nidurstodurnar stadfesta mikinn breytileika innan 4rs og milli dra fyrir snjéhulu, end-
urkastsstudul og orkuskipti yfirbords 4 Islandi. Mikill breytileiki { orkuskiptum yfirbords
endurspeglast sérstaklega i breytileika endurkastsstuduls en ljésgleypnar agnir (ryk og
aska) 1 yfirbordi hofou mikil ahrif. Ahrif ljésgleypinna agna, med uppruna { eldgos-
um eda fra 6stodugum yfirbordum utan jokla (sandfok), voru metin til ad skilja betur
umfang og ahrif peirra 4 orkuskipti. Nidurstodurnar syna umfangsmikil dhrif fyrir
ar par sem mikid magn agna sest { yfirbord, sérstaklega jokla, t.d. pegar eldgos eiga
sér stad ad vori og sumri til. Einnig komu { 1jés tengsl sjavarhita { kringum og vid
Islandstrendur vid skyjahulu 4 landi. Sjavarhitafravik sunnan Granlands og fslands hafa
sterk vensl vid skyjahulu 4 fslandi yfir vor og sumar. Skyjahula métar magn innfallandi
stuttbylgjugeislunar fra andrdmslofti sem er tekin upp af yfirbordi til leysingar 4 snjé
og iss, p.e. orkuskipti yfirbords. Onnur stérskala ferli eins og Greenland Base Index



(GBI) og North Atlantic Oscillation (NAO) syndu einnig marktak vensl vid lykilbreytur
i orkuskiptum yfirbords.
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1 Introduction

Snow is a crucial component of the global climate and hydrological system,regulating
surface energy budgets, modulating temperatures and driving atmospheric systems
(Barry, 2002; Henderson et al., 2018). Estimations show that one-sixth of the global
population lives in areas where streamflow is dominated by snow melt runoff (Barnett
et al., 2005; Biemans et al., 2019). This demonstrates that information about water
stored annually as snow, as well as onset of melt in spring, is crucial information to
understand and predict climate variability and change,flooding, avalanches, forecasting
water resources and estimating ecological interactions among other important processes
(Mote et al., 2005; Jéhannesson et al., 2007; Acevedo et al., 2010; Fischer et al., 2011).

Generally, in the northern hemisphere, the development of seasonal snowpack and
glacier mass balance is divided in two main phases, snow accumulation during winter
and snow/ice melt in the spring and summer depending on the extent, elevation and
climatic controls (Marks et al., 1998). During the accumulation period, precipitation
mostly falls in solid form building up the snow pack. With warming temperatures in
spring, average snow pack temperatures increases steadily until the point where the
cold content of the snow pack has been absorbed and melt occurs within the snowpack
leading to runoff. The main control on snowpack accumulation and timing of snow
melt, when the snow pack starts to release melt water, is the snow pack energy balance.
The energy balance is controlled by energy fluxes between the snow surface and the
atmosphere controlling the evolution and intensity of the snow melt.

During melt season in the Northern Hemisphere absorbed solar energy by snow- and
ice-covered surfaces is mainly constrained by surface albedo controlling the radiative
forcing of seasonal snow, glaciers, ice caps and the associated ice-albedo feedback
(Male and Granger, 1981; Fernandes et al., 2009; Gudmundsson et al., 2009; Hudson,
2011; Box et al., 2012; Chen et al., 2016). Surface albedo is defined as the unitless
ratio of the radiant flux reflected from Earth’s surface to the incident flux. It is a
controlling parameter which governs the portioning of the short-wave radiative energy
between the atmosphere and surface and therefore a control of the surface energy
balance modulated by the solar zenith angle, cloud optical thickness, cloud cover and
transmission properties of the atmosphere (Klein and Stroeve, 2002; Gardner and Sharp,
2010; Donohoe and Battisti, 2011). Changes in snow- and ice-cover duration and extent
can magnify the effect on climate for warming and cooling due to the complex and
self-enhancing ice-albedo feedback with temperature (Barnett et al., 2005; Adam et al.,
2008; Choi et al., 2010; Hudson, 2011; Flanner et al., 2011; Box et al., 2012). Due to
the importance of snow and ice albedo properties, as an amplifier of climate change,



surface albedo has been defined as an Essential Climate Variable and a requirement for
climate monitoring (WMO, 2011; Bojinski et al., 2014).

Iceland is a small island located in the North Atlantic Ocean with an area of 103. 000
km? close to the Arctic Circle, between 63-67° N and 18-23° W. Climate in Iceland
is driven by oceanic and atmospheric circulations. The North Atlantic Current, a
branch of the Gulf Stream towards north-east, transports warm ocean water to the North
Atlantic Subpolar Gyre, explaining milder climates at higher latitudes (Lozier et al.,
1995; Rossby, 1996; Olafsdéttir et al., 2010; Knudsen et al., 2012). Flowing along
the southern and western Icelandic coast the Irminger Current brings relatively warm
Atlantic water towards Iceland moderating climate. In the north and east, the cold East
Greenland Current, originated in cold Polar waters, and the cold East Icelandic Current,
a branch of the East Greenland Current, bring cold water masses towards the Icelandic
coast in the north and east, respectively (Renner et al., 2018; Zhao et al., 2018).

45 | Irminger Current \
—

N 1 1 L T
2 4 6 8 10 12 14 16 18

Sea surface temperature °C

Figure 1.1. Location of Iceland in the North Atlantic Ocean. Color represent ocean
surface temperature and arrows show the main surface current branches. NOAA High
Resolution SST data provided by the NOAA/OAR/ESRL PSL, Boulder, Colorado, USA,
shown for August 2020.

These oceanic and atmospheric circulation systems lead to a temperate maritime climate



with mild summers and winters with small variations in temperature between seasons.
During summer, the average temperature at lower elevations (less than 400 m a. s. 1.)
ranges from 8—10°C, with a country-wide average of 7°C. In winter, the average tem-
perature is 0-3°C at lower elevations and about —5°C for the whole island (Bjornsson,
2003; Henriksen, 2003).

Precipitation is frequent with lows and storm systems passing the North Atlantic Ocean,
characterized by a general precipitation reduction with increase in latitude forced by the
orographic generation of precipitation in mountainous regions parallel to the dominating
SE-to-SW wind direction (Crochet et al., 2007; Bjornsson et al., 2018). Area average
precipitation is 1.7 m (of water equivalent) with the highest values at glacier peaks
in the south (up to 10 m). During winter, heavy snowfall is frequently induced by
cyclones crossing the North Atlantic, where air and water masses of tropical and Arctic
origins meet (Einarsson, 1984; Olafsson et al., 2007). In the highlands, this leads
to the formation of a seasonal snowpack and the sustainment of glaciers. Icelandic
glaciers span an elevation range from sea level up to 2110 m a. s. 1. in a maritime
climate, with large mass turnover and high variability in annual mass balance. Seasonal
snow in Iceland is classified as a combination of taiga, tundra and maritime types with
overall shallow snowpack with high density, frequent melt and wind-blown features
(J6hannesson and Sigurdsson, 2014; Sturm et al., 1995, 2010).

At present, about 10% of the country is covered by glaciers (10.300 km?) storing
about 3400 km? (~3100 Gt) of water as ice, totaling about 20 years worth of annual
accumulated precipitation (Bjornsson and Palsson, 2008; Hannesdéttir et al., 2020).
Since the end of the Little Ice Age (~1890 in Iceland), Icelandic glaciers have gradually
been losing area and mass with a decrease in area by 750 km? since 2000, and by
approximately 2100 km? since the end of the 19th century. The associated mass change
has been estimated for the entire period 1890-2019 as —4.2 + 0.7 Gta~! and —9.2 +
0.7 Gt a~! for the more recent period 1994-2019 (Adalgeirsdéttir et al., 2020).

Snow and glacier research is important in Iceland for many of reasons, including
but not limited to, civil protection, monitoring of active natural hazards, volcanic
activity, water resource forecasting and long-term changes due to climate changes.
Activity in glacier-covered volcanoes can cause volcanic ash and tephra fall-outs on
glaciers during explosive eruptions leading to enhanced melt or in some cases glacier
surface isolation reducing melt significantly (Warren and Wiscombe, 1980; Moller
et al., 2014; Wittmann et al., 2017; Moller et al., 2019; Gunnarsson et al., 2021).
Other derivative impacts include health hazard due to inhaling volcanic ash (Damby
et al., 2017), influence on civil infrastructures due to tephra fallout hazard such as
transportation, airports, transmission lines and other vital infrastructure in modern
societies (Barsotti et al., 2018). Glacier-covered volcanoes can also produce large
glacier outburst floods (jokulhlaups) associated with eruptions and rapid melt of ice
that can threaten municipalities downstream as well as civil infrastructure (Bjornsson,
1975, 1992, 2010). The recent volcanic eruptions in Eyjafjallajokull and Grimsvétn,
2010 and 2011, disrupted civil aviation by airborne ash upsetting travels of thousands of
air passengers (Ulfarsson and Unger, 2011; Boli¢ and Zarko Siv&ev, 2011; Alexander,



2013).

1.1 Motivation

To date in Iceland, limited research efforts have been allocated to investigate near-real-
time monitoring of various key cryosphere variables using remote sensing. Developing
a product that is continuous in time and space opens opportunities to understand and
put in historical perspective ongoing events but also enables applications to provide
insights into interaction between the cryosphere and the climate system by improved
understanding of various essential climate variables, such as snow cover and albedo.

The motivation of the PhD dissertation was to utilize different data sources that indi-
vidually provide partial description or information on a dynamic hydrological system
but when combined improve understanding of the system being investigated. Figure
1.2 presents a conceptualization of how remote sensing, modeling and in-situ observa-
tions can support and validate one and another in context. Remote sensing and earth
system modeling can augment sparse ground observations providing a more complete
spatio-temporal coverage and permitting reconstruction of historical conditions as well
as predictions of future developments. It is important to realize that no single method is
flawless and without uncertainty but by integration they can provide a more complete
representation of earth systems.

1.2 Objectives

The aim of this PhD dissertation was to derive a better understanding of the spatio-
temporal signatures of snow and glacier related properties such as snow cover, snow
surface albedo, snow water equilivent, timing of melting, surface energy balance and
changes and trends of those properties over time. The process pipelines and methods
developed were aimed at being adoptable to new or alternative data streams, such as
new satellite sensors or climate forcing, to support ongoing near-real-time monitoring
and understanding of snow and glaciers.

Hence the objectives were:

- Develop a method to create a gap-filled snow surface properties product for
Iceland and extract spatio-temporal characteristics using optical remote sensing
and provide detailed validation of the product.

- Address some of the shortcomings and challenges for remotely sensed products for
glaciers and seasonal snow in Iceland and derive products suitable for operational

use as well as a scientific study.

- Study the spatial and temporal variations in snow cover and albedo utilizing the



remote sensing

Figure 1.2. Conceptualization of the possible synergy of remote sensing, modeling and
in-situ observations.

spatio-temporal products created and investigate recent changes and trends, and
how various processes such as volcanic eruptions and light-absorbing particle
deposits on snow and glacier surfaces, had impact on snow cover and albedo.

- Develop a modeling framework to reconstruct the surface energy balance of major
Icelandic glaciers and seasonal snow in the highlands to extract spatio-temporal
characteristics using fractional snow cover and albedo from remote sensing and
high-resolution climate forcing.

- Investigate the relations between surface energy balance and large-scale atmo-
spheric circulation patterns to provide better insight into drivers of recent changes
in surface energy balance.






2 Background

In a rapidly changing world, the immense amounts of satellite imagery, high spatio-
temporal resolution and availability of climate reconstruction products and in-situ
observations, often with a long temporal record, offer possibilities to understand complex
hydrological problems by innovative use of these data-sets combined (Martinec and
Rango, 1981; Box et al., 2012; Guan et al., 2013; Yang et al., 2013; Rittger et al., 2016).

Data on snow cover, depth, density, snow water equivalent and energy balance of the
snowpack are critical to efficiently estimate timing and the amounts of snow melt at a
given location (Lundquist et al., 2005). Other properties contribute to the understanding
of the evolution of the snowpack (strength, grain shape/size, stratigraphy, surface
roughness, etc.) but are not dominant controls on mass changes nor timing of melt.
To monitor and estimate these processes, various methods are applied and generally
rely on the geographic scale on the information required (Nolin, 2010; Nolin et al.,
2021). Geographic scale ranges from global down to sub-catchment scales where global
and continental scales (>10° km?) have characteristic distances of 1000s of km where
dynamic meteorological effects are important (Ford et al., 2013). Remote sensing and
global weather/climate models often describe the processes at these scales better than
observations although observations are often used for data assimilation and model state
variable updating (Dong, 2018). For catchment (10°~10%> km?) and sub-catchment
scales (10'=10% km?), remote sensing products and climate models often are produced
at too coarse spatial resolution to resolve details in the snow hydrological processes,
especially in complex terrain. At these scales (and smaller), in-situ observations often
provide good estimates of snowpack mass, especially for sites that have been operated
over long periods where statistical relations can be found between years (Pomeroy et al.,
2004; Skaugen, 2007). Estimates of seasonal snow and onset of melt may be found
efficiently by hydrological modelling, remote sensing and by in-situ observations, both
fixed and continuous in time. Either by fusing the different information streams together
in a modelling framework (data assimilation), utilizing the best available information, or
by using relevant remote sensing and/or in-situ observations to calibrate and constrain
hydrological models’ parameters and state variables (Barrett, 2003; Andreadis and
Lettenmaier, 2006; Oaida et al., 2019; Smyth et al., 2019; Largeron et al., 2020). Remote
sensing offers data collection over large areas with repetitive coverage at a variety of
scales and resolutions with a wealth of new sensors in the past two decades, together
with existing satellite data archives, gives opportunities to monitor and understand
various cryospherical processes (Raup et al., 2015; Lettenmaier et al., 2015; Taylor
et al., 2021). Various challenges remain for remote sensing, such as pixel obstruction
due to cloud cover for optical sensors (Marshall et al., 1993), repetitive spatio-temporal



coverage to sense and describe dynamic features and processes, handling of large data
volumes and retrieval and processing algorithm development and improvements (Gomes
et al., 2020; Taylor et al., 2021).

Earth system models generally offer spatio-temporal continuous data for the model time
and grid resolution which relates to the computational cost of the model. Headway in
knowledge and computational power means models become more sophisticated as they
are constantly being revised and improved, with capabilities to solve more complex
calculations at a higher spatial and temporal resolution (Weyn et al., 2020). This leads
to scientists generating more and more accurate representation of the dynamic problems
around us but with a never-ending quest for greater precision (Hannah et al., 2020).

In-situ data often provide high quality information that is lacking spatial overage as they
represent a point and its nearest surrounding, often over a wide range of parameters.
In-situ data, both point collections made manually or by the operation of stations, such
as gauging- or weather stations, come at an operation- and maintenance cost, especially
in remote, complex and harsh environments (Bair et al., 2018b). Historically, in-situ
observations have been extensively used to calibrate, validate, and provide parameter
estimates for remote sensing sensors or products and earth system models. Recent
advances in computational resources and model development now allow for more
complex data assimilation schemes to update model state variables and make various
corrections and bias adjustments (Oaida et al., 2019). Remote sensing has been used in
a similar manner with earth system models, to validate, calibrate and provide parameter
estimates, but with recent increase in sensors and more frequent repeat times to allow
for near-real-time usage in modeling frameworks, improving modeling output (Bair
et al., 2016; Rittger et al., 2016; Bair et al., 2018a, 2019).

An example combining ground observations and satellite data from microwave and visi-
ble sensors is the Interactive Multisensor Snow and Ice Mapping System (IMS) operated
by the National Oceanic and Atmospheric Administration’s National Environmental
Satellite Data and Information Service (NOAA/NESDIS). Daily operational snow and
sea ice coverage data are issued for the Northern Hemisphere at 1, 4 and 25 km spatial
resolution (Ramsay, 1998). The product is made by fusing multi-satellite sensor data
sources including NOAA polar orbiters and geostationary data (POES/GOES), Japanese
geostationary meteorological satellites (GMS), European geostationary meteorological
satellites (METEOSAT), US Department of Defense (DOD) polar orbiters, and Defense
meteorological satellite program (DMSP) as well as indirect in-situ observations such as
daily snow depth Helfrich et al. (2007). The data are important for climate monitoring,
improved snow parameterization, weather forecast modeling and they guide marine
traffic in sea ice as an example (Key et al., 2001).

NOAA’s National Operational Hydrologic Remote Sensing Center Snow Data Assimila-
tion System (SNODAS) is similar to the IMS system. A modeling and data assimilation
framework provides real-time estimates of snow cover and associated variables (state
and diagnostic variables) to support hydrological modeling and analysis, based on satel-
lite, airborne platforms, and ground stations, with model estimates of snow cover over



the U. S. (Barrett, 2003). The core of the system is a multi-layered, spatially distributed
snow mass and energy balance model based on the one-dimensional temperature index
model SNTHERM. 89 (Jordan, 1991). Usage of the data is both from a research and
scientific perspective, but also supports near-real-time operational users such as river
flow forecast centers with the potential to improve hydrological forecasts and water
resource estimates (Andreadis and Lettenmaier, 2006; Lv et al., 2019).

Remote sensing generally offers a powerful way to quantitatively assess the physical
properties of the cryosphere in remote locations which often are inaccessible and where
in-situ observations would be expensive (Pope et al., 2014; Raup et al., 2015). The
global coverage and frequent overpasses of satellite remote-sensing instruments allows
scientist and relevant institutions to quantify cryosphere properties at local, regional, and
global spatial and temporal scales (Tedesco, 2015). In recent years, the availability of
free and open-source Earth observing satellite products have changed the remote-sensing
community. Satellite and satellite sensor technological advances and computational
resources allow for more data to be collected at higher spatial and temporal resolutions
(Pope et al., 2014).

Figure 2.1 shows the evolution of optical or multispectral satellite platforms with fully
or partial open-source data since 1960, frequently used in cryospheric research and
monitoring. Slow steady growth is observed in the first decades, from 1972 through the
1990s with accelerating rapid growth since 2000. Currently, the private sector drives the
rapid growth in earth observation satellites spearheaded with the development of smaller
satellites (smallsats/cubesats < 500 kg) and a growing launch opportunity. Planet Labs
currently operates the largest constellation of earth imaging smallsats and has deployed
over 450 satellites with 200 in orbit collecting data. They have the capabilities to imaging
the entire land mass of the Earth every day at a high spatial resolution, emerging as a key
resource for the remote-sensing community as they enable monitoring and observing
various surface processes daily at a high resolution. The disadvantage comes at the cost
of radiometric and geometric quality between different smaller platforms compared with
the traditional platforms (TERRA/AQUA, Landsat, Sentinel) meaning the images need
further post-processing for many analysis applications (Frazier and Hemingway, 2021).
Another consideration comes from the constantly evolving technology of smallsats,
which improves product quality, but can create discrepancies across sensor generations,
limiting long-term and historical observational records.

The United States Geological Survey (USGS) Landsat program initiated the Earth
remote sensing revolution for Earth Science in moderate resolution in the 1970s. Today,
it represents the world’s longest continuously acquired collection of spaced-based,
moderate resolution land remote-sensing data and therefore provides vital information
for a rapidly changing world (Emery and Camps, 2017; Zhu et al., 2019). The launch
of Landsat 1 (Earth Resources Technology Satellite, ERTS-1) in 1972 marked the
first imaging platform dedicated to support a wide range of applications in such areas
as global change, agriculture, forestry, geology, resources management, geography,
mapping, water quality and oceanography. In September 2021, the Landsat legacy was
carried on by the launch of Landsat 9, joining its sister satellite in orbit, Landsat 8.
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Figure 2.1. Overview of historical, ongoing and future proposed optical and
multispectral satellites with fully or partially open-source data. Figure from Pope et al.
(2014).

For the first decades of the Landsat program, data were not publicly available free of
charge, but revenue by the user community did not exceed the cost of fulfilling user
requisitions. In 2008, the USGS adopted a free and open Landsat data policy leading
to a considerable increase in the use of Landsat data benefiting many operational and
scientific studies and applications (Wulder et al., 2016a,b; Zhu et al., 2019).

Figure 2.2 shows the first nearly cloud-free image of Vatnajokull from Landsat 1
(ERTS-1) MSS imager on 31 January 1973 revealing many glaciological, structural and
volcanic features, clearly visible for the first time in a comprehensive way (Williams
and Porarinsson, 1973; Williams, 1983, 1987). Under the ERTS-1 program, Iceland
was one of the 327 experiments conducted, supported by NASA, directed at analysis of
MSS imagery from ERST-1 to study a variety of geologic, hydrologic, oceanographic
and agricultural phenomena (Williams, 1974, 1973a,b; Williams and Padlmason, 1973;
Williams et al., 1973). This first extensive satellite remote sensing effort in Iceland
led to further analysis and extension of knowledge in many fields such as revealing
detailed surface morphology of glaciers, distribution and size of subglacial volcanic
calderas, cauldron subsidence caused by subglacial geothermal activity, delineation
of the probable surface ice divides and estimation of glacier surface area in Iceland
(Pérarinsson et al., 1973; Bjornsson, 1978).

The Copernicus program (European Union’s Earth Observation and Monitoring Pro-
gram) headed by the European Commission (EC) in partnership with the European
Space Agency (ESA) operates several Earth Observation missions in recent years with
similar open data policies as the Landsat program benefiting societies, research, and
operational goals. The ESA Sentinel program is a series of next-generation Earth
observation missions aimed to replace the older Earth observation missions which have
retired or are nearing the end of their operational life with a range of technologies,
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Figure 2.2. One of the first nearly cloud-free image of Vatnajokull from Landsat 1 MSS
imager on 31 January 1973. The image shows digitally enhanced band 7 at 60 m
ground resolution. Glacier outlines from Hannesdottir et al. (2020).
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such as multispectral and radar imaging instruments for land, ocean and atmospheric
monitoring. The newly launched satellites, Sentinel-1, Sentinel-2 and Sentinel 3 provide
extensive amounts of free and open optical and synthetic aperture radar (SAR) remote
sensing imagery (Drusch et al., 2012; Torres et al., 2012; Donlon et al., 2012). These
satellites, among others, have improved significantly the spatio-temporal resolution of
satellite data acquisitions in the world, not least in Arctic regions, as they are polar
orbiting.

2.1 Remote sensing of snow and ice

Earth observation satellites offer a wide range and a variety of image data with different
characteristics. Remote sensing data domains are generally described with four res-
olution domains, spatial, temporal, spectral (wavelengths) and radiometric (signal to
noise) resolution. Each remote sensing sensor designed for a certain application, has its
own resolution requirements in the four domains mentioned above creating trade-offs
between spatial and temporal coverage of the sensor and spectral and radiometric reso-
lutions of the remotely-sensed products. Therefore, the resolution of the satellite sensor
must be balanced against the desired capabilities and objectives of the sensor and the
applications that it serves.

2.1.1 Spatio-temporal properties of snow and ice

Spatial resolution defines the smallest possible feature detectable and is defined by the
angular cone of visibility of the sensor that sees the surface being observed at a given
altitude. Global and continental scales (>10° km?) have characteristic distances of 1000s
of km where dynamic meteorological effects are important. Remote sensing and global
weather/climate models often describe processes at these scales better than observations
although observations are often used for data assimilation and model state variable
updating. For catchment (103-10% km?) and sub-catchment scales (101=102 km?),
remote-sensing products and climate models often are produced at spatial resolution
too coarse to resolve details in the snow hydrological processes, especially in complex
terrain. Figure 2.3 shows an example of different spatial resolutions from different
satellite sensors all showing snow covered surfaces in Iceland. The MODIS sensor
carried by the Aqua and Terra satellites has a spatial resolution of 250 m to 1000 m,
depending on which spectral bands are used, with a swath width of 2400 km. The
satellite constellation is sun-synchronous crossing the same location of the Earth at about
the same local time every day, enabling almost the entire Earth’s surface to be observed
daily, pending cloud cover. Figure 2.3 (left) shows a 500 m MODIS image using bands
7-2-1 to exaggerate snow covered surface in Iceland detailing various synoptic patterns
such as topographic and elevation snow distribution. Figure 2.3 (center) shows optical
data from Sentinel 2 at a 20 m spatial resolution showing more details at a basin or
catchment scale, where processes such as detailed elevation distribution of snow cover
and influence of aspect on snow distribution become important. Figure 2.3 (right) shows
data from Maxar World View 3 at a 0.3 m pixel resolution emphasizing details at the
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sub-catchment (hill slope) scale where effects of blowing snow, canopy interception and
impacts of local topography, small-scale aspect, melt ponds and other small scale-effects
can clearly been seen.

Macroscale (Continental scale) Mesoscale (Catchment scale) Microscale (Sub-Catchment scale)
MODIS 500 m pixels Sentinel 2 (20 m pixels) WorldView 3 (0.3 m pixels)

. 7780kn’1 R 4 km

Figure 2.3. Snow cover from different satellite platforms and sensors showing different
level of detail.

Temporal resolution is the time between two satellite sensor acquisitions. For dynamic
systems, such as evolution of seasonal snow cover, glacier bare-ice extent or surface-
albedo changes the temporal resolution needs to be sufficient to describe these processes
correctly. For snow-cover or sea-ice analysis of the Northern Hemisphere weekly
data might be sufficient to describe the system sufficiently while for catchment or
sub-catchment details weekly data might be too coarse. Other factors can influence
the temporal resolution of surface processes, such as cloud cover obscuring the surface
at the satellite over-pass time for optical sensors. In some applications, processing
methods are applied to increase data availability per pixel.

For optical remote sensing, the two major limiting factors are cloud cover and forest
canopy/vegetation (Nolin, 2010). High average cloud cover limits the satellite during
overpass to capture valid surface reflectance for further processing. In Iceland, average
cloud cover ranges from 72-78% depending on location, limiting the capabilities to
use daily products without further processing, such as temporal aggregation and gap
filling with statistical methods (Gascoin et al., 2017; Gunnarsson et al., 2019). Higher
spatial-resolution optical data have been obtained from the Landsat constellation (30
m spatial resolution) for snow cover and albedo retrievals with capabilities to further
resolve smaller scale patterns, more detailed variability of albedo and for sub-pixel
variability of large footprint satellite sensors (Winther, 1993; Reijmer et al., 1999;
Gascoin et al., 2017; Naegeli et al., 2017, 2019). The general downside of higher spatial
resolution data is lower temporal resolution.

Figure 2.4 shows an example of a processing method for snow-cover analysis in Iceland

for MODIS data from Paper 1. Since average cloud cover is about 75% in Iceland, a
single MODIS acquisition only provides limited information about the surface con-
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ditions such as snow cover. By merging daily data acquisitions from both Aqua and
Terra satellites, cloud obscured pixels were reduced by 7% since clouds move over
land between the respective satellite overpasses. By further daily aggregation of data,
data from neighboring dates were used to further gap-fill areas with missing data. The
example in Figure 2.4 shows a daily data aggregation of 6 days contributing data to
the center day being analyzed. By this, further 60% of cloud obscured pixels were
reclassified within the aggregation window. Finally, a supervised classification model
was applied to classify the remaining 9% of unclassified pixels. Various other processing
methods have been applied to gap-fill satellite sensor data.

Box et al. (2012) used similar methods to increase data availability for MODIS albedo
retrivals over Greenland during the melt season by applying a 11-day running statistical
filter to identify and reject values contributing to daily estimates of surface albedo.
Dozier et al. (2008) proposed a time trajectory interpolation of daily maps of fractional
snow cover and albedo from MODIS to create time—space continuity of data that has
been applied in many studies (Rittger et al., 2016; Morriss et al., 2016; Redpath et al.,
2019; Tran et al., 2019; Ackroyd et al., 2021).

Temporal resolution, without reducing spatial resolution, can also be increased by
operating satellite sensors in the same orbits but at different overpass times, so the
sensors are observing the same surface areas but at different times. An example is
ESAs Copernicus satellite constellation where Sentinel 2A and Sentinel 2B carrying the
same sensor setup, are occupying the same orbit, but separated by 180 degrees. Each
overpass is repeated in a 10-day interval for each satellite sensor resulting in a 5 day
repeat coverage. NASA’s recently launched Landsat 9 operates in a similar fashion
with Landsat 8 and work on fusing Sentinel-2 data with Landsat data is undergoing,
generating an harmonized surface reflectance product with unprecedented opportunities
for moderate-to-high spatial resolution multispectral satellite imagery, providing timely
and accurate observation of Earths status and dynamics (Claverie et al., 2018).
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1. Daily merging of data (MODIS Aqua + MODIS Terra) (7% cloud pixel reduction)
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Figure 2.4. Example of temporal aggregation, from Paper I for binary snow cover from
MODIS to increase data coverage. The first step was daily merging of the two
overpasses by the MODIS sensor, second to aggregate forward and back in time data
under the assumption that no major changes take place for the aggregation period in
snow-cover extent and finally classification of missing pixels using classification trees.
The processing pipeline reduces cloud obscured pixels by 7% for daily merging, further

60% reduction was achieved by temporal aggregation leaving 9% of pixels needing
classification with classification trees.
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2.1.2 Spectral properties of snow and ice

Satellite sensors have spectral bands that are sensitive to the properties of ice and
snow. The properties of the surface, and in some cases the subsurface, influence the
reflectance observed in each sensor spectral band. The spectral response allows for
discrimination of various properties by applying thresholds, band math or simple to
complex computational methods. Optical sensor rely on daylight to make observations
as they are passive systems that collect electromagnetic energy reflected from the Earth’s
surface and its atmosphere.

Figure 2.5 shows radiometric characteristics and spectral bands for a selection of
optical earth observing satellite sensors over atmospheric transmission. Atmospheric
transmission varies by wavelength in the atmosphere as gasses, water vapor, dust and
particles influence the absorption of electromagnetic energy. By designing satellite
sensors and their representative wavelengths in context with atmospheric transmission,
the information collected can be used in an efficient manner emphasizing the features
investigated. The spectral resolution of a sensor describes the ability to define fine
wavelength intervals which again can influence the capabilities of the sensor product
to discriminate between detected features. Spectral signatures of surface features are
emphasized and mapped using the spectral properties of optical multispectral and
hyperspectral sensors.
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Figure 2.5. Spectral wavelengths and band properties of selected optical satellite
sensors frequently applied in cryospheric research. In the background (grey), the
atmospheric transmission for a range of wavelengths is shown with spectral bands and
their spectral width for various satellite sensors. Each overlaying box represents a
sensor aboard the representative satellite, its locations show the wavelength range and
the width of the box represents the spectral resolution of the band. Figure adapted from
Ustin and Middleton (2021 ).

Snow cover extent is observed using optical satellite sensors because the unique and
spectral varying reflectance of snow in the visible, near-infrared and infrared spectral
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range (Dozier, 1989; Painter et al., 2012). There are two main methods for mapping
snow-covered area (SCA), binary classification of snow cover (bSCA) and fractional
snow cover (fSCA). Binary classification provides pixel classification as snow or non-
snow while fractional snow cover classification aims at estimating the fraction within a
pixel covered with snow (Nolin, 2010).

Dozier (1989) introduced the discrimination of snow and land based on the Normalized
Difference Snow Index (NDSI) which utilizes the spectral signature of snow being
highly reflective in the visible spectral range (VIS) and very low reflectance in the short-
wave infrared spectral ranges (near-infrared, NIR) by analyzing spectral signatures of
the Landsat Thematic Mapper.

NDSI is a simple band math method and an computationally efficient way to estimate
binary snow cover widely used and validated in many studies, especially from the
MODIS mission, where daily snow-cover estimations are provided worldwide (e.g.,
MODIS MOD10A1, MYD10A1, MOD10A2, MYD10A2 products) (Hall et al., 2002;
Klein and Barnett, 2003; Parajka and Bloschl, 2006; Hall and Riggs, 2007; Dietz et al.,
2012; Rittger et al., 2013; Gascoin et al., 2015; Gunnarsson et al., 2019). Fractional
snow-cover mapping has been developed using two main methods. Salomonson and
Appel (2004) developed a method based on correlation of MODIS NDSI binary SCA
(500 m pixels) and Landsat EMT+ binary SCA (30 m pixels) to empirically estimate
fSCA for MODIS pixels at 500 m spatial resolution.

Painter et al. (2009) developed a multiple-end-member method for fSCA mapping
(MODSCAG) using spectral mixture models providing a more reliable snow cover
mapping method better accommodating the spatial heterogeneity of different land-cover
types (rock, vegetation, forest). In addition to subpixel snow covered, area it provides
estimates of snow grain size and albedo which can then be used to further model snow
cover. Information of snow grain size is used to estimate clean snow albedo using and
evolution and estimate radiative forcing of the snow due to light-absorbing particles
(LAPs) such as dust. Unlike other snow cover products from MODIS, MODSCAG is
not produced globally but has been adopted and used in many applications investigating
snow properties but also incorporated in models for parameter validation or direct
insertion to constrain snow and ice models (Micheletty et al., 2014; Rittger et al., 2016;
Hao et al., 2019; Bair et al., 2019).

Optical satellite remote sensing offers a way to observe surface albedo continuously at
large spatio-temporal scales but are limited to times of clear sky overpasses. Various
studies have shown that surface albedo over snow and ice can be derived successfully
from visible and near infra-red satellite sensors (Stroeve et al., 1997; Reijmer et al.,
1999; Stroeve, 2001; Klein and Stroeve, 2002; Liang et al., 2005; Stroeve et al., 2005,
2013). Since October 1978, regular polar coverage has been provided by the National
Oceanographic and Atmospheric Administration (NOAA) satellites carrying the Ad-
vanced Very High Resolution Radiometers (AVHRR) (Stroeve et al., 1997; Xiong et al.,
2018).
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Surface albedo is dependent on the properties of the snow cover, but as well the solar
zenith angle and proportions of direct and diffuse solar radiation. Reflected irradiance
from a snow-covered surface is anisotropically scattered mostly in the forward direction
meaning albedo is not directly measured by remote sensing instruments (Warren and
Wiscombe, 1980; Warren, 1982; Skiles et al., 2018a). To account for anisotropic
scattering a bidirectional reflectance distribution function (BRDF) is applied factoring
in grain size, surface roughness, local angle of illumination and proportion of direct
and diffuse radiation providing estimations of broad- and narrowband albedo from the
MODIS sensor (Schaaf et al., 2002).

Figure 2.6 shows spectral characteristics for different snow grain effective radius and
light-absorbing particles content (dust loading) resulting in different spectral responses
of the surface and albedo response using the Snow, Ice, and Aerosol Radiative (SNICAR)
model (Flanner et al., 2021). Figure 2.6 a to ¢ shows visual examples of snow resulting
in various spectral responses (Figures 2.6 d to f). Figure 2.6d shows a typical spectral
response for clean fresh new snow, it has the highest albedo of any naturally occurring
Earth surface. In the visible and near-UV wavelengths, snow albedo is >0.9 (Grenfell
et al., 1994) and near 0.82 averaged over the full wavelength spectrum (0.3—4 pm)
(Warren, 1982). Initially, new snow has high specific surface area (SSA) scattering light
by the numerous snow crystal surfaces (Keegan, 2021). Snow metamorphism, driven by
lowering of snowpack surface energy, reduces the SSA of the snow crystals by internal
snowpack processes such as grain growth, sublimation and sintering that change the
snow crystal structure and physical properties of the snowpack. This results in snow
grain-size reduction with reduction in albedo (Adolph et al., 2017). Figure 2.6e shows
how the spectral response of impurity-free snow evolves with changes in snow grain
effective radius, from an broadband albedo of 0.82 for new snow with 50 ym grain
radius to an 1000 pum radius with a albedo reduction to 0.66, primarily happening in the
near infrared and short-wave infrared wavelengths.Figure 2.6f show how the spectral
response changes for a range of now grain effective radius and various loading from
dust or carbonaceous particles (light-absorbing particles). When LAPs are present,
snow albedo decreases primarily in the visible wavelengths dramatically reducing
broadband albedo absorbing more incoming radiation, causing the snowpack to warm
and or melt (Warren and Wiscombe, 1980; Warren, 1982; Painter et al., 2012).For snow-
and glacier-covered surfaces, light-absorbing particles deposited in the surfaces can
dramatically increase short-wave radiative energy forcing, enhancing melt intensity. The
dust loading to a surface often happens through processes that conventional hydrological,
snow and glacier models are not set up to simulate, therefore underestimating the melt
enhancement (Skiles et al., 2012; Wittmann et al., 2017; Schmidt et al., 2017; Skiles
et al., 2018a,b; Skiles and Painter, 2018).

Surface albedo for snow has successfully been retrieved by TERRA and AQUA carrying
the MODIS sensor since early 2000, both as a daily product, (MOD10A1, MYD10A1)
and a 16-day composite generally of higher quality due to a more robust processing
and quality assurance (MCD43A3). MCD43A3 provides daily albedo using 16 days of
Terra and Aqua MODIS data at 500-meter (m) resolution. Data are temporally weighted
to the ninth day of the 16 days (Schaaf and Wang, 2015; Stroeve et al., 2013). The
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Figure 2.6. Spectral properties of snow and ice. Panels a to ¢ show a visual example of
clean snow (a), clean granular snow (b) and granular impurity-rich snow (c). Panels d

to f, show the calculated spectral response curves for different states of snow crystals.

Panel d) shows the spectral response for fresh clean new snow with broadband albedo
of 0. 82 (Panel a) for visual example). Panel e) shows the spectral response of snow
ranging from new fresh snow to granular older snow with no light-absorbing particles.
Panel f) shows the spectral response of snow at different ages (same as Panel e) but
with light-absorbing particles added to the snow for the same snow grain effective
radius (r). Calculations of spectral snow albedo (images d to f) done using
SNICAR-AD v3 (Flanner et al., 2021). Photos by Andri Gunnarsson.
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previously mentioned MODSCAG also retrieves broadband snow surface albedo of
clean snow using subpixel grain size through a relationship fitting a radiative transfer
modeling of snow endmembers and albedo. An associate product with MODSCAG
is MODDREFS (MODIS Dust Radiative Forcing in Snow), where a spectral unmixing
model that retrieves surface radiative forcing by light-absorbing particles in snow cover
from MODIS surface reflectance data coupled to estimates of incoming melt energy
(Painter et al., 2012). The product quantifies the enhancements of solar radiation forcing
of a snow surface leading to accelerated snow- and ice-melt and enhanced glacier melt.

2.2 Modeling of show and ice

Data on snow and glacier processes can come from field observations and remote
sensing, but data from these sources often are limited, offering a partial description of
the system. Often these sources of data cannot account for all characteristics of snow
and glaciers, and the data record is often relatively short. Satellite observations date back
only to the mid-1970s; other observations, such as field observations of hydrologcal and
meteorological parameters, may go back as far as the late 19th century, but are quite
often sparse.To reconstruct a complete picture of the evolution of this system, both from
a historical and future perspective, models are used to simulate these processes, often
augmented with field observations and data from remote sensing.

A model can be defined as a mathematical representation of a real-world physical
process. These frameworks can be data driven (e.g., linear and multivariate regression,
empirical orthogonal functions, machine learning and neural networks), conceptual
(e.g., black/grey box, liner bucket) or physically-based (e.g., WRF-Hydro, DHSVM,
VIC, UEB, SNTHERM, NOAH LSM) or a combination of more than one configuration,
i.e., parts of the framework is data driven while other parts are physically-based. Models
are applied over a range of horizontal, vertical, and temporal resolutions depending on
the intended output use. Broadly, snow and glacier melt models can be divided into
empirical models (temperature index models), correlating melt to air temperature, and
physically-based energy-balance models, which use energy balance theory to solve for
the energy available to melt snow or ice (Hock, 2005; MacDougall et al., 2011).

Temperature index (TT) models are often relatively simple while retaining a physical
basis, describing the statistical relationships between melting and climatic parameters
and require few inputs (Jéhannesson et al., 1995; Hock, 2005; Ohmura, 2001). This
makes them often favorable in operational aspects, as they are computationally effi-
cient with limited data input requirements which often are only air temperature and
precipitation. Air temperature is easily observed in the field, often has decades of data
and spatial variations are relatively easily understood in many cases, compared to other
parameters influencing the surface energy balance of snow and glaciers such as radiation.
Precipitation, especially solid precipitation, is more challenging to observe and interpret
due to under-catch in windy conditions at automatic weather stations often leading to
severe underestimation of precipitation (Fgrland et al., 1996; Sigurdsson et al., 2003;
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Crochet et al., 2007; Rasmussen et al., 2012).

Recent advances and developments in high-resolution atmospheric models suggest that
simulated total annual rain and snowfall in well configured models can outperform
in-situ observational networks of precipitation gauges with significantly better estimates
than radar or satellite-derived products although many challenge remain, such as rep-
resentation of individual storms (Rognvaldsson et al., 2004, 2007; Lundquist et al.,
2019).

As an example, a simple but widely used temperature index model is the SNOW-17
snow accumulation and ablation model developed by Anderson (1976), the Stanford
Watershed Model by Crawford (1966) and Hydrologiska byrans vattenbalansavdelning
(HBV) developed by Bergstrom and Forsman (1973). These models have been devel-
oped and updated since their original development, and might be considered a hybrid
versions of TI models, but still operate based on the original temperature index concept
(Lisette Klok and Oerlemans, 2002; Hock, 2005).

SNOW 17 by Anderson (1976) is widely used to predict snow melt extent and timing,
especially in the US as it was primarily designed for river forecasting. It simulates
important physical processes occurring within the snowpack in a simplified form with
capabilities of running with hourly time steps. As all processes index to the observed
air temperature and precipitation, historical weather data can be used for calibration
and validation of the model and real-time observations for operational applications.
Calibration procedures include adjustments to parameters discriminating precipitation
in rain and snow, adjusting for undercatch of precipitation and accounting for seasonal
variations in melt factors. Known underestimations with TI models are when turbulent
fluxes are large and when short-wave dominates melt energy. Overestimation are known
in warm and calm conditions as well.

Physically-based energy-balance models (EBMs) compute energy balance fluxes be-
tween the surface and atmosphere from physically-based calculations. They provide
insight into hydrological processes but uncertainties in forcing data, model parame-
ter estimations and model structure may propagate from the model inputs to outputs
(Raleigh et al., 2015). EBMs require more complex input data, beyond air temperature
and precipitation, which are often unavailable at automatic weather stations especially
in complex terrain and instead require empirical estimation (Raleigh et al., 2016). EBMs
are often forced with climate and weather models that provide the high-resolution input
data as well as a number of required parameters .

EBMs generally have fewer "free" model parameters to adjust as they are physically
based. Hybrid model, fusing together TI and EBMs functionality have also been devel-
oped and tested gradually transitioning from conventional TI to EBMs type models by
increasing the number of meteorological input variables (Hock, 1999; Oerlemans, 2001;
Lisette Klok and Oerlemans, 2002). Often, simple calculation schemes in TI models
allow for extensive calibration procedures of many parameters using optimization. Here,
various configurations of parameter values can be tested and validated against a selected
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metric evaluating the model performance (Franz et al., 2008). Energy-balance models
often require more computational power, which has become cheaper and available in
recent years, allowing for parameter optimization to some extent. In various applica-
tions using the WRF-Hydro model, the Dynamically Dimensional Search Algorithm
by Tolson and Shoemaker (2007) has successfully been used where the search strategy
in model parameter space is scaled to the maximum number of iterations specified.
When optimization routines are too expensive or too time-consuming, a parameter
sensitivity analysis can reveal the most sensitive parameters to calibrate, which can then
be optimized.

Generally, modeled SWE in mountainous regions is associated with high uncertainty due
to forcing uncertainties and snow depth spatial variability in complex terrain (Kim et al.,
2021). Estimations of precipitation in gridded and regional estimations of precipitations
increase at high elevations often with limited observations to validate and high spatial
variability (Hughes et al., 2020). To capture the spatio-temporal variability of SWE
various snow data assimilation schemes and project have been developed, from adopting
in-situ snow-depth observations (SYNOP observations), fusing remotely sensed snow
cover to constrain energy balance to high resolution mapping of snow depth for SWE
modelling (de Rosnay et al., 2015; Painter et al., 2016; Rittger et al., 2016; Bair et al.,
2016; Smyth et al., 2019; Oaida et al., 2019; Largeron et al., 2020).

First utilized by Martinec and Rango (1981), the snow-water equivalent reconstruction
method uses space-based remote sensing of snow cover to retrospectively estimate the
amount of water stored as snow for each pixel back to the last significant snowfall. The
reconstruction technique has been adopted and successfully validated in many studies
across various regions with various modifications and improvements and appears to
be one of the most reliable way to estimate spatial distribution of SWE (Raleigh and
Lundquist, 2012; Lettenmaier et al., 2015; Rittger et al., 2016; Bair et al., 2018a). The
method provides a post-peak SWE estimate without the need for total precipitation
which can be highly uncertain, especially in topographically complex regions (Adam
and Lettenmaier, 2003; Adam et al., 2006). The main limitation is that the reconstructed
SWE can only be estimated after snow disappears on the ground, i.e., when snow
disappears from a given pixel after total melt out, limiting real-time usage.

Cline et al. (1998) reconstructed SWE in a small, well-studied, mountain basin in the
Sierra Nevada using Landsat Thematic Mapper data to estimate fractional snow cover
and spatially constant snow surface albedo decaying over time. The reconstructed
SWE, compared to in-situ observations, showed a non-significant difference (6%) for
maximum SWE estimation. Molotch et al. (2004) used basin-average albedo estimated
from remotely-sensed Airborne Visible/Infrared Imaging Spectroradiometer (AVIRIS)
to show more accurate estimates of the timing and magnitude of snow melt using
remotely sensed albedo over common snow-age-based empirical relations. Rittger et al.
(2016) applied the approach to reconstruct the Sierra Nevada maritime snowpack using
Moderate Resolution Imaging Spectroradiometer (MODIS) data using the MODSCAG
model for fractional snow cover and albedo (Painter et al., 2009). Results showed that
the model could accurately estimate SWE in a variety of topographic settings for a
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range of wet to dry years in the Sierra Nevada. Work by Schneider and Molotch (2016)
applies MODIS based reconstructed SWE to improve real-time estimates of SWE in
the Upper Colorado River using linear regression and in-situ SNOTEL data reporting
reduced biases and slightly lower RMSE values. Recent work by Bair et al. (2018a)
uses machine learning to estimate SWE throughout the snow melt season for watersheds
of Afghanistan using physiographic and remotely sensed information as predictors and
reconstructed SWE as the target. Results report a 14% mean bias across the study
period and RMSE values range from 46 to 48 mm illustrating possibilities to accurately
estimate SWE during the snow season in remote mountains.

Machine learning has received increasing attention in recent times to many aspects of
climate, weather and hydrological forecasting and monitoring (Brenowitz and Brether-
ton, 2018; Bair et al., 2018a; Rasp et al., 2018; Broxton et al., 2019; Baraka et al., 2020).
These models require less computational power than traditional state-of-the-art physical
models for the same output extent in space and time making them attracting for, e.g.,
rapid data predictions over a range of possible expected outcomes for a weather event
(Weyn et al., 2020).

2.3 Field data

The longest available record for any observed hydrological phenomenon is the gauging
of the water level in the Nile river describing interannual water level fluctuations for
more than five millennia (Jarvis, 1936; Eltahir and Wang, 1999). The Nilometer, a
graded marble octagonal column, was used to observe the water level in the river
Nile providing estimates of water availability determining the area’s prosperity. These
observations are like the current concept of water level observations in river gauging
and lake elevation measurements today. Indeed technology has certainly evolved and
taken over the need for daily manned observations but the Nilometer remains a good
example of how simple reliable field data are collected providing the perception of an
environmental phenomenon and describing its behavior.

The oldest method of observing and monitoring seasonal snow and glacier mass balance
is by in-situ observations, using scientific instrumentation, often simple instruments,
to measure, investigate, understand, and predict processes by measuring the physical
properties of the system (Kinar and Pomeroy, 2015). Knowledge of the water content
in Spring stored in the mountain snowpack is invaluable in the Western US as the
availability of water for agriculture, energy production, industry, transportation, and
recreation greatly affects economic decisions and information about snow and water
supply forecasting go hand in hand. That importance drove the development of system-
atical snow surveying in the US, pioneered by Dr. James E. Church in early twentieth
century which has evolved significantly through time. Systematic snow courses have
data extended decades in for the past and the SNOTEL weather station network provides
real-time data of snow conditions for large areas in the West Coast today.
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In Iceland, generally more focus has been on observing glacier surface mass and energy
balance and the associated runoff contribution rather than measuring and monitoring
seasonal snow, especially in the highlands. Surface mass balance data of Icelandic
glaciers has been systematically collected bi-annually by a network of institutes and
stakeholders in Iceland. Data are collected where winter and summer mass balance
are observed with conventional glaciological methods, for Vatnajokull, Langjokull
and Hofsjokull with intermittent observations for Drangajokull, Myrdalsjokull and
other smaller glaciers (Agﬁstsson et al., 2013; Porsteinsson et al., 2017; Palsson et al.,
2020a,b). The longest continuous observations are for Hofsjokull, from 1988, for
Vatnajokull from 1992 and for Langjokull since 1998. The procedures for drilling and
post processing of data are described in many previous studies and annual reports of
mass balance (Aglistsson et al., 2013; Porsteinsson et al., 2017; Palsson et al., 2020a,b).

Long-term observations of snow cover in local municipals have been conducted since
1924 at manned observation sites among other weather-related observations (Jonsson,
2002). The network is operated by the Icelandic Meteorological Office (IMO) including
daily manned observation of snow cover at 09:00 AM. Data are reported as local snow
cover estimate (SNC) and snow cover in mountains (SNCM). For each observation,
the local snow cover is reported as snow free (Code 0), patchy snow cover (Code 2)
and fully snow covered (Code 4). In accordance with the observational procedure
of local snow cover, the area observed is within 1 km of the observer and has no
more than a 50 m elevation difference. Although this is the longest continuous record
of snow cover in Iceland and provides insights to local snow cover in the lowlands,
limited data are available for the highlands of Iceland. The data also only includes
snow cover assessment, but fewer SWE estimates have systematically been collected
which generally are of more interest for resource assessment and hydrological modeling.
Manned observations of snow data are affected by changes in station location, observing
practices between observers and land-cover changes among other factors that influencing
data quality and comparability over historic timescales and between sites (Lemke et al.,
2007). Observations of seasonal snow and peak SWE in Spring are though quite sparse,
especially in the highlands (Jonsson and Jonasson, 1997). The single longest continuous
record for snow depth, density and other properties of the snowpack were collected at
Hvervellir in the central highlands from 1965 until 2004 when the site was upgraded to
automatic measurements which previously were manned (Sigurdsson et al., 2003).

In certain hydro power areas in the highlands, seasonal snow programs have been
commissioned to improve understanding of snow hydrology (Rist, 1958, 1966, 1981).
At these sites, snow courses have been installed with 1-2 observations of snow depth and
density each winter although few of these site have fully continuous data (Sigurdsson,
2002; J6hannesson and Sigurdsson, 2014). The data has been collected by various
institutes, the National Energy Authority, the Icelandic Met Office and the National
Power Company. Figure 2.7 shows a straightforward yet effective depiction of spring
flood water volume forecasting based on snow surveys in the highlands. The forecast is
made for one of the major glacier fed river in Iceland, Pjérsa river, an important source
of melt water for reservoir storage and energy production. The horizontal axis shows
snow survey average observed SWE while the vertical axis shows the associated water
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Figure 2.7. Spring flood volume forecast for Pjorsd river at Urridarfoss based on snow
survey observations for a selection of years. The horizontal axis show average
observed SWE at selected snow survey locations while the vertical axis shows the
estimated spring flood volume in Gl. Figure from Rist (1981).

Observations were done with portable and stationary instruments where portable de-
vices can be moved to multiple locations (i.e., federal snow sampler) and stationary
instruments are fixed to a point (i.e., automatic weather station, river gauging station).
Snow-depth observations with rods or rulers are an example of old, simple, and robust
instrument, used to measure snow depth, down to centimeter accuracy. Along with a
snow-density measurement SWE is determined, which is often of interest in hydrologi-
cal applications (DeBeer and Pomeroy, 2010). As snow depth is more variable within
an area than snow density, Sturm and Holmgren (2018) developed an automatic snow
depth probe (magnaprobe) capable of increasing snow depth sampling within a field
sampling window by automating part of the process.

Point-based snowpack density is estimated by snow pit observations. In its simplest
terms, a pit is dug in the snowpack down to the ground level, allowing an observer to
record in detail snow stratigraphy, density, temperature and other relevant parameters.
Snow pits are frequently used by avalanche forecasters to analyze weak layer formation
and mechanical properties to estimate avalanche risk and in snow hydrology where
details of the snowpack are required (McClung and Schaerer, 2006). Density cutters
are frequently used with various sampling volumes to sample the snow pit face at know
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depths to derive a density/SWE profile. Snow pit observations are time-consuming
compared to snow tubing method, where less details about the snowpack are observed,
but depth and density can quickly be determined. Snow tubes are used to extract
gravimetric samples where the volume of the sample and depth is known, allowing for
direct SWE estimation. Figure 2.8 shows an example of different snow data types being
collected in the Icelandic highlands.

Figure 2.8. Left: A typical snow pit where detailed density and temperature have been
collected at a range of depths, allowing for SWE determination. Right: Collection of
depth and bulk SWE data using the Federal snow sampler. Photos by Andri
Gunnarsson.

Collection of glacier surface mass balance (SMB) data has many similarities to observa-
tions of seasonal snow data. In the case of glaciers, mass balance is simply the gain and
loss of ice from the glacier system but is collected in the Spring for winter mass balance,
and then again in the Fall to collect the summer mass balance (Benn and Evans, 2010).
The difference of the two represents the net mass balance of the point or representative
glaciers and indicates whether mass is being lost or gained. Surface winter mass balance
follows the same principles as peak SWE data for seasonal snow in non-glaciated areas.
A measurement is carried out to estimate the accumulated mass of solid precipitation
during winter, usually by drilling shallow snow cores at selected locations in the spring
to determine the density and depth of the winter snow cover. Stakes, in the accumulation
zone, and wires, in the ablation zone, are then left during the summer for a readout in
the fall allowing for an estimate of the summer mass balance.

Stationary observations, such as automatic weather stations (AWS), allow for temporally
continuous observations of the development of seasonal snow or glacier surfaces.Air
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temperature at 2 m height above the surface is often sampled by AWS. To prevent solar
radiation from heating the sensors, white naturally aspirated plastic shields cover the
sensor in many cases. Precipitation can also be measured, often with heated precipitation
gauges where grid electricity is available, but in most snow-dominated catchments this is
seldom the case. There, precipitation gauges filled with antifreeze material accumulate
the precipitation in a bucket which is continuously weighed, allowing the formation of
a time series of mass changes over time. High-quality precipitation observations are
challenging, especially in windy snow-dominated areas (Rasmussen et al., 2012).

Incoming solar radiation, a dominating energy flux component, is observed with ra-
diometers equipped with two pyranometers facing upward and downward, respectively,
measuring the incident, and reflected short-wave radiation. The ratio of both quantities
allows the bi-hemispherical albedo of the surface to be estimated which controls the
surface radiative forcing. These instruments are as well sensitive to various factors that
affect their accuracy such as, solar zenith angle, tilting of the instruments, riming, snow
and liquid precipitation on the sensor domes.

Snow depth can be observed using a sonic ranging device horizontally mounted, ob-
serving the distance from the sensor membrane to the surface. As snow builds up, the
distance to the sensor is reduced allowing for depth determination. In parallel if the mass
of snow is estimated, SWE can be derived. For certain types of snowpack, were bridging
does not occur (strong layer of snow lies over a weak layer), a snow pillow can be used, a
liquid-filled membrane with an internal pressure observation, able to observe the weight
of snow covering the membrane. Other more complex methods such as gamma back
scattering passively detect the change in naturally occurring electromagnetic energy
from the ground after it passes through the snow cover.

The availability of snow data that spans long historical periods enables interpretation on
the impacts of natural and climate variability as well as model calibration and validation.
In recent years, technological advancements have extended the possibilities to survey
detailed snow information. The advancement and availability of remote sensing and
airborne sensors allows for large areas to be mapped in detail for snow depth and other
surface properties. The Airborne Snow Observatory (ASO) is an brilliant example of
how accurate snow depth, snow water equivalent, and snow albedo observations across
large catchments are collected. The data can be used to constraining physically-based,
distributed snow models for accurate daily representation of snow mass and energy
states, improving daily to seasonal snow melt runoff forecasts. Snow depth and snow
albedo data are collected using airborne scanning lidars and imaging spectrometers
(Painter et al., 2016). Still, the high-spatial-resolution retrievals of snow depth need to
be converted into snow water equivalent by using in-situ data combined with modeling
(Painter et al., 2016).

Even though technology evolves fast, from the perspective of remote sensing and
modeling, ground-truth data and field observations remain vital to the success of model
and sensing technology outputs. Hydrological models are calibrated and validated
against observed stream flow, models simulating snow processes are calibrated and
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validated against snow course and snow pit data (Painter et al., 2016; Rittger et al.,
2016), glacier mass and energy balance models are validated and calibrated against
observed surface mass balance measurements and observed energy balance at automatic
meteorological stations (Gascoin et al., 2017; Adalgeirsdéttir et al., 2020; Gunnarsson
et al., 2021),radiometric-calibration of remote-sensing sensors and remote sensing
products is done against measurements taken from objects on the ground surface
(Painter et al., 2009; Bernstein et al., 2012; Schmidt et al., 2017; Wittmann et al., 2017;
Gunnarsson et al., 2019, 2021) and so on and so forth, illustrating the importance of
high-quality field data.
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3 Results and discussion

The original PhD proposal submitted in 2016 was aimed at snow surface energy ex-
changes and snow melt in Icelandic highlands but evolved into a stronger remote-sensing
focus than originally planned. This is partly due to the various knowledge gaps in the
field on snow hydrology in Iceland and the associated opportunities in developing
understanding though the tools remote-sensing offers. Researchers and academics in
the U. S. have been on the forefront in remote sensing of seasonal snow for decades
and have a strong connection to the water resources community, supporting operational
decisions and improving water resource assessments.The year spent at the University
of Washington in 2017-18, strengthened the focus on applied remote-sensing and the
collaboration and discussion with many of the leading experts in remote-sensing fueled
this interest.

This PhD dissertation started with an exploratory analysis of MODIS data to study
snow cover, revealing several limitations in daily usage in Iceland, mainly due to clouds
and polar darkness during winter. Figure 3.1 provides a schematic overview of papers
produced, how they relate to each other and the main tools and data sources used in
each one. Although each paper can be interpreted individually, methods developed,
processing pipelines and data sources flow between them, providing the foundation for
the PhD dissertation. Sections 5.1-5.4 provide a summary of each paper individually
published or submitted in this dissertation work.

The work published in Paper I (Icelandic snow cover analysis) aimed at addressing
many of these problems by developing a methodology to create near-real-time spatio-
temporal continuous snow-cover data set for Iceland which had not been developed
before. To ensure the quality of the data set, it was thoroughly validated by alternative
higher-resolution remote-sensing products and using available in-situ observations. The
daily available MODIS MOD10A1 (Terra) and MYD10A1 (Aqua) snow products were
obtained spanning from early 2000-2019, referred to as the MODIS period, but the
data have been extended to date. The processing includes daily merging of Aqua and
Terra data, temporal aggregation and gap-filling where several classification methods
were tested. Further details of these steps are found in the Paper I and II methodology
sections. The output from the work includes a daily gap-filled snow cover product
that has the potential to be used in operational or historical analytic perspective from
February to November since 2000. Paper I further analyses recent changes in snow cover
in Iceland spanning the study period, 2000—2017. Various descriptive spatio-temporal
dynamics of snow cover in Iceland were derived, such as number of snow-free dates
(SFDs), first snow-free date (FSFD) and last snow-free date (LSFD). Variability in the

29



Icelandic Snow Cover Analysis Albedo of Icelandi Glaciers
Paper | Paper Il

- : . ‘ o)
7 Remote sensing
S »
3 "y y- -
A - ©g Regional Climate Models
‘L' ’ é . N ol
P . i %
- # %
N ‘:»‘%M t AR

Energy balance modelling

Snow cover % of time l l H
B

=
Surface energy balance of Icelandic Glaciers Reconstructed Snow water eugilivent :
Paper lll Paper IV Field observations

L } 5 2
2 ) /'
Field station observations
_
" ! _
L ¢
d
§
= 8
7 oM

o,

L

ﬁ
&4

Data from other papers
n% S

—

Methods from other papers

Figure 3.1. Overview of the papers and of their interrelations. Paper I provided
methods to Paper Il and Paper Il provided methods to Paper IV. Data from Paper I1
was used in Paper Il and data from Paper I and Il was used in Paper IV.

snow cover was strongly correlated with elevation and indications of a longer snow
cover duration in April through September were observed. Since the data only spans
18 years, statistical interpretation such as trends should be treated with care. Recently,
ESA published through its Snow Climate Change Initiative Daily Global Snow Cover
Fraction from AVHRR spanning the period from 1982-2019 (Naegeli et al., 2021).
Since the challenges partially overcome in the methodology developed for MODIS data
in Paper I are the same for AVHRR data, the processing pipeline could be adopted to
extend the snow cover analysis ranging from 1982 to 2021. This would provide a longer
historical time series of snow cover in Iceland illustrating impacts of recent climate
change. This illustrates the potential of the method developed and capabilities to extend
longer historical perspective and comparable results between satellite sensors.

The work published in Paper II (Albedo of Icelandic glaciers) aimed at addressing
many of the similar problems faced in Paper I to develop a methodology to create near-
real-time spatio-temporal continuous snow and ice albedo data set for Icelandic glaciers.
Many of the developments and tools developed on Paper I where adapted and improved
in Paper II. It is also notable to mention, that the tools and process pipelines developed
have been used in an operational context extending the period investigated in each paper.
A spatio-temporal surface albedo product has not previously been developed for glaciers
in Iceland. Gascoin et al. (2017) investigated surface albedo for Icelandic glaciers using
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the MODIS MCD43A3 albedo product without addressing some of the shortcomings
of the MCD43A3 product for glaciers in Iceland, i.e., data availability due to cloud
cover. Paper II aimed at deriving an albedo data set suitable for operational use as well
as a scientific study of spatial and temporal variations in albedo. The daily MODIS
snow products (MOD10A1 and MYD10A1) products were chosen to increase temporal
resolution over the strict filtering of the MCD43A3A product. This allowed for more
flexibility in post-processing, statistical filtering, and near-real-time data posting. The
main objectives in Paper II were, to create a gap-filled MODIS-based surface-albedo
product for glaciers in Iceland for the MODIS period, validated with in-situ data suitable
for the monitoring and modeling of glaciers in an operational context and monitoring
of long-term changes in surface albedo and the associated change in surface radiative
forcing. The resulting gap-filled product was then used to analyze and quantify spatio-
temporal patterns of albedo for Icelandic glaciers for the time period, with monthly
statistics and a detailed interpretation of the variation in albedo with elevation and
trends over time. Since the data only spans 20 years, statistical interpretation such
as trends should be treated with care. In the future, the data can be used to assess
the impact and distribution of volcanic ash depositing in glaciers and seasonal snow,
quantifying the impact on runoff and melt enhancement. Figure 3.3 shows the evolution
of surface albedo for the major glaciers in Iceland extended through the melt season
in 2021. The data provide insight into a dynamic melt season in 2021 where May and
June were cold with high cloud cover and little precipitation while July and August
where the warmest months in decades. The data extension reveals what previously was
demonstrated in Paper II, the high variability of surface albedo for the Icelandic glaciers.
The significant positive trends near the equilibrium line in northern Vatnajokull for the
period 2000-2019 have become non-significant by adding the melt seasons for 2020
and 2021 to the data set.

The work published in Paper III (Energy balance of Icelandic glaciers) uses spatio-
temporal albedo data from remote-sensing developed in Paper II to model the surface
energy balance of glaciers. Since short-wave radiation is a major melt energy supply
for the melting of snow and ice, the correct representation of albedo is crucial. Direct
utilization of remotely-sensed albedo has not been done previously for Icelandic glaciers
and provides a better understanding of the distribution of radiative forcing, both spatially
and with time. A simple energy-balance model for a snow/ice surface was applied with
the capability of using any climate forcing at the appropriate resolution in time and
space in conjunction with a spatially-distributed albedo. The model solves the surface
energy balance of a snow-covered surface by iteratively solving for surface temperature.

The results further support the importance of short-wave radiation as a major melt
energy component and shows variability in melt energy between glaciers and years. The
impacts of volcanic eruptions in 2010 and 2011 are clearly seen through the radiative
forcing by light-absorbing particles (LAPs) in snow and glacier surface from tephra
deposits. Similar processes through radiative forcing by light-absorbing particles were
also extensive in 2019 with an early melt-out of seasonal snow in the spring and
favorable conditions for dust and sand transport from pro-glacial areas (dust hot spots)
upon glacier surfaces. The melt enhancement from increased radiative forcing, for
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selected eruption years due to LAPs, was estimated by modeling alternative scenarios.
The same climatology was assumed but different albedo evolution based on long-
term mean values excluding the high LAPs impact years. Estimates showed that melt
enhancement due to high LAPs for volcanic eruptions was 20-50% higher than average,
depending on glacier investigated.

Since surface energy balance modulates the surface mass balance, analysis of the surface
energy balance relationship with large-scale atmospheric circulation anomalies was
studied to better understand drivers of variability in surface energy balance. Significant
relationships were found between melt energy and the Greenland Blocking Index
(GBI), the North Atlantic Oscillation (NAO) and sea-surface temperature illustrating
the importance of ocean currents and surface conditions for the climate in Iceland.

The area south of Iceland has been observed to experience sea-surface cooling in the
past years, contrary to the global sea-surface temperatures, showing a clear increase.
This region of local cooling has been referred to as the North Atlantic warming hole
(NAWH), as it shows clear fingerprints of a change in climate. The NAWH showed
significant correlation with cloud cover for Icelandic glaciers which modulates available
incoming short-wave radiation, impacting the surface energy balance. The links to
large-scale circulation patterns also emphasize the influences that changes in these
large-scale systems might have for glacier energy balance and might provide insight
into the impacts of climate change in the near future. Since the data only spans 20 years,
statistical interpretation such as trends should be treated with care.

The work published in Paper IV (Reconstructing seasonal snow and glacier melt)
utilizes the potential brought forth by Papers I, II and III. It incorporates the availability
of spatio-temporal fractional snow cover and albedo from remote sensing, utilized in
a surface energy balance model to estimate daily melt energy availability. Incoming
short-wave energy contributing to daily estimates of melt energy were constrained by
remotely sensed surface albedo for snow covered surfaces, similar to the work in Paper
III. Fractional snow cover was used for non-glaciated areas, as it provides estimates of
snow cover for each pixel. Therefore, available daily estimates of melt energy in a given
area, were the product of the possible melt energy and the fractional snow cover of the
area or pixel, for non-glaciated areas. For seasonal snow, available daily estimates of
melt energy were summed from the day of snow disappearance until March 15th each
year. For glaciers, since snow cover is 100% during all periods, all available melt energy
were summed to account for annual summer melt. This provided daily estimates of melt
water to estimate seasonal snow and glacier melt in Iceland for the period 2000-2019.

Observations from snow pits on land and glacier summer mass balance were used for
validation purposes. The agreement between reconstructed SWE and observations was
generally acceptable for Vatnajokull while poorest for Myrdalsjokull with R? values
ranging from 0.8-0.94 and RMS errors ranging from 0.35-0.43 mH20. For glaciers
melt was systematically overestimated at higher elevations (deeper winter snowpack),
mostly visualized for Myrdalsjokull. Seasonal snow was also partially validated with
the limited data set of observed SWE in the Icelandic highlands showing and RMS error
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of 0.29 mH20 and R? of 0.46.

The results show that the inter-annual SWE variability were generally high both for
seasonal snow and glaciers. For seasonal snow the largest SWE (>1000 mm) were found
in mountainous and alpine areas close to the coast, notably in the East- and Westfjords,
Trollaskaga, and in the proximity of glaciers. Lower SWE values were observed in the
central highlands, flatter inland areas and at lower elevations. For glaciers, generally
more SWE (more summer melt) was associated with lower glacier elevations while
less melt is observed at higher elevations. For the impurity-rich bare-ice areas exposed
annually, observed SWE was larger than 3000 mm.

Figure 3.4 shows annual spatial patterns for melt season (MJJA) SWE anomalies for
2000-2019. Blue colors represent anomalies below the mean, i.e., lower melt season
average SWE values, while red areas represent values above the mean, contributing
more seasonal SWE. No clear correlation was found for seasonal snow and glacier melt,
i.e., positive melt anomalies were not necessarily associated with positive anomalies for
glaciers, although certain patterns could be identified.

The largest anomalies for glaciers were observed at all glaciers in 2010 associated
with severe LAPs depositions due to the volcanic eruptions in Eyjafjallajokull along
a warm and sunny summer. Less melt enhancement was observed associated with the
2011 Grimsvotn eruption at Vatnajokull although the LAPs deposits were quite clear in
surface albedo data south and southeast of the Grimsvotn eruption site. One difference
between these two events for the southern outlet of Vatnajokull was a later onset of
LAPs in 2011 but also a colder cloudier spring. Less incoming short-wave energy was
forced by the surface in June and much less in July and August in 2011 than for 2010
explaining most of the difference in melt.
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Figure 3.2. First column: mean snow cover duration as percentage of time for each
period. Second column: standard deviation of days for each period. Third column:
mean trend in snow cover duration as percentage of time for each period. Rows
represent different combinations of monthly values and the bottom row is for the whole
period from February to November. Figure from Paper .
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Figure 3.3. Extended time series for surface albedo for the glaciers studied in Paper Il
adding melt season 2020 and 2021. Comparable to Figure 8 in Paper II.
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Figure 3.4. Annual spatial patterns for melt season (MJJA) SWE anomalies for
2000-2019. Red colors denote positive values where melt was above the average, i.e.,
more melt while blue colors show the opposite.
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4 Conclusion

The objective of the PhD research was too obtain a better understanding of the spatio-
temporal signatures of snow and glacier related properties such as snow cover, snow
surface albedo, snow water equilivent, surface energy balance, timing of melting and
changes and trends of those properties over time.

Optical remote sensing, with daily overpass at a course resolution, was adopted to
develop methods to address some of the shortcomings and challenges posed in Iceland.
The main challenge for optical sensors relates to the fact that cloud cover is generally
high, limiting usable data on daily timescales. Other challenges included preprocessing
steps of variables already undertaken in existing products (e.g., MCD43A3 surface
albedo), such as snow- and ice albedo, rejecting large samples of data due to strict
general filtering. These issues were addressed by developing a processing framework
utilizing daily MODIS data fused in a process that merges daily non-cloud obscured
data and then applies further temporal aggregation with outlier removal to enhance data
availability. In many areas, these steps were not sufficient to provide gap-filled data
in space and time but by applying machine learning methods to classify the remaining
cloud obscured pixels, a spatio-temporal product could be derived.

The process described was applied for snow cover of the surface and for snow- and ice
albedo yielding a spatio-temporal data set from 2000-2021 with capabilities to run the
production of data operationally. The products generated were thoroughly validated
using alternative remote-sensing products and in-situ data with overall good visual and
statistical results. From the products developed, spatial and temporal variability were
analyzed and reported providing insights into recent changes and trends. In general,
high annual and inter-annual variability was confirmed for snow cover and albedo.
To quantify and describe these physical processes, various descriptive statistics were
derived. The products were used to analyze and estimate the impacts on surface albedo
from volcanic eruptions and light-absorption particle deposits on snow- and ice-covered
surfaces.

The results showed that volcanic eruptions could have significant impact on albedo,
even if the eruption location was distant. Light-absorbing particles deposits from
non-eruption events were also identified to have a potential for significant lowering of
albedo, associated with general melt enhancement. Due to the hydrophobic behavior
of LAPs, accumulating in the surface of snow, the earlier onset of deposits yielded a
more prolonged effect through the melt season. Snow cover showed a general increase
in spring and early summer with a reduction of snow-cover duration in the fall for the

37



period although individual years with high/low snow cover impacted the trend. As
found for albedo, snow cover was highly variable between years. Operational use of the
products seems feasible, with opportunities to estimate the impacts in near-real-time of
volcanic and LAP deposits on surface albedo and the evolution of snow cover in spring,
summer, and fall.

Harnessing further the potential brought forth with the gap-filled snow and albedo
products, an energy balance model was developed that had the capabilities to reconstruct
the surface energy balance of snow- and ice-covered surfaces by coupling remotely
sensed snow cover and albedo and climate forcing data. The reconstruction results in an
estimate of the surface energy balance of Icelandic glaciers and seasonal snow for 2000
to 2021 at a 500 m daily resolution. The surface energy balance was used to estimate
and quantify various processes and the impacts of volcanic eruptions and LAP events.
This methodology provides usage of observed processes to constrain model calculations
and improve the estimation of energy and mass fluxes that are constrained by snow
cover and albedo. Especially in the case of surface albedo, frequent LAPs deposits
and annual evolution of bare-ice exposure can be challenging to represent in physical
models. To provide better understanding of the large-scale atmospheric processes
driving the variability in surface energy balance, relations between various climate and
oceanographic processes were extracted and relationships identified. The analysis shows
close relation between seas surface temperature, cloud cover and incoming short-wave
radiation and the possible implications changes in these processes could have of the
surface energy balance.

The results showed that incoming short-wave radiation forced at the surface, modulated
by surface albedo, was the major surface energy balance component contributing
melt energy. This reflected the importance as well of accurately estimating surface
albedo, especially for LAPs events where melt enhancement was significant. The large-
scale atmospheric patterns and sea-surface temperatures also detailed the correlation
between these processes and the surface energy balance. Notably, a strong relationship
between sea-surface temperatures south of Iceland and cloud cover over glaciers was
observed impacting net forced short-wave radiation, illustrating impacts of sea-surface
temperatures on low level cloud cover production, which then modulates incoming
short-wave radiation.

In a rapidly changing world, it is important to build upon the products developed to
continue monitoring and observations of changes. Future work, extending the work done
here, might include fusing alternative data to the analysis of snow cover. Successfully
applied here, NASA’s MODIS sensors are approaching end-of-life after supplying
valuable information about Earth’s surface since early 2000. New data from more recent
and future satellite missions allow for continuity so snow cover and albedo can be
monitored into the near future. Since the challenge of cloud obscured surfaces remains
and is unlike to change in the near future further fusion of different sensors might be of
value to increase the number of non-cloud-obscured pixels. Alternative data sources,
such as Synthetic-aperture radar (SAR) which has cloud penetrating capabilities might
be promising to address some of the limitations of optical sensors for snow-cover
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studies.

The availability of remote sensing products has increased rapidly in the past two decades
with exponential growth in the past five years. Mega smallsat constellations are now
a reality leading a paradigm shift in how the Earth is observed and monitored for
changes. Remote sensing is evolving from a single data source problem to multiple
sources, at multiple timescales from multiple sensors, creating big data applications
that need innovative methodologies fusing these streams into usable information. Data
challenges, method development and analysis remain related to extracting information
to be communicated to various audiences and for decision support.
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5 Summary of Publications

In this chapter, the papers on which the PhD dissertation is based are summarized indi-
vidually and the main conclusion set forth for each individual paper. The interrelation
of the papers is shown in Figure 3.1 and discussed in Section 3.

5.1 Paper I: Icelandic show cover characteristics

Gunnarsson, A., Gardarsson, S. M., and Sveinsson, 0. G. B.: Icelandic snow cover
characteristics derived from a gap-filled MODIS daily snow cover product, Hydrol.
Earth Syst. Sci. , 23, 3021-3036, https://doi. org/10. 5194/hess-23-3021-2019, 2019.

Paper I developed a spatio-temporal continuous data set for snow cover in Iceland based
on the Moderate Resolution Imaging Spectroradiometer (MODIS) from 2000-2018.
An operational processing pipeline was developed aimed at extending the data period in
Paper I with capabilities to provide near-real-time data for hydrological modeling or
monitoring of snow cover in Iceland. The main limiting factors for data availability of
remotely-sensed optical data at higher latitudes were cloud cover and polar darkness
which reduce the usable data significantly. In Iceland, the average cloud cover is about
75% with some spatial variations. Polar darkness reduces data availability from the
MODIS sensor from late November until mid-January, limiting observations during
that period. By applying daily data merging from NASA Terra and Aqua polar orbiting
satellites and a temporal data aggregation of 7 day, pixels classified as clouds were
reduced from 75% to 14%. The remaining unclassified pixels after daily merging and
temporal aggregation were reclassified with classification learners trained with classified
data, pixel location, aspect, and elevation.

Various classification methods, from simple to complex, such as classification trees,
k-nearest neighbor algorithms (fine, coarse, cubic, weighted, boosted), supportive vector
machines (SVMs), and linear and quadratic discriminant classification learners were
tested in various configurations. Overall, no one method tested surpassed the others
significantly although large variations were found in training time of the different models.
Average classification accuracy ranged over 90% for all methods tested. The marginal
best classification performance was by a weighted k-nearest neighbor (WkINN) classifier
witch was selected for further use, both because of its simplicity and computational
ease.
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MODIS snow cover data were validated over Iceland with comparison to manned in-situ
observations and Landsat 7/8 and Sentinel 2 data. Overall, a very good agreement
was found between in-situ observed snow cover, with an average agreement of 0.925.
Agreement of Landsat 7/8 and Sentinel 2 was found to be acceptable, with R2 values
0.96, 0.92 and 0.95, respectively, and in agreement with other studies.

Various snow cover characteristic metrics were derived for each pixel such as snow
cover duration, first and last snow-free dates, deviation and dynamics of snow cover
and trends during the study period. The main conclusion was that for the study period a
trend of increasing snow cover duration was observed for all months except October
and November. However, statistical testing of the trends indicated that there was only
a significant trend in June. The slight increase in average snow cover in spring, likely
driven by cold springs in 2013, 2014 and 2015 and extended liquid-phase precipitation
in the fall for the same years. This aligns with observations of winter mass balance
of Icelandic glaciers in recent years with a slight significant positive trend for the past
20 years. No clear signs of melt enhancement in spring for 2010 and 2011 were seen,
associated with the volcanic eruptions in Eyjafjallajokull and Grimsvétn, although
albedo and summer melt of Icelandic glaciers were greatly influenced as shown in
Papers II and III.

The gap-filled snow-cover product provides a useful tool to monitor and analyze inter-
annual variability and long-term trends in snow cover in Iceland. The methodology
applied can be applied to other satellite sensors such as Sentinel 3 or the Visible Infrared
Imaging Radiometer Suite (VIIRS) to extend the temporal range of data beyond the
MODIS mission.

5.2 Paper lI: Albedo of Icelandic glaciers

Gunnarsson, A., Gardarsson, S. M., Pélsson, F., Jéhannesson, T., and Sveinsson, 0.G.
B.: Annual and interannual variability and trends of albedo for Icelandic glaciers, The
Cryosphere, 15, 547-570, https://doi. org/10. 5194/tc-15-547-2021, 2021.

During the melt season, absorbed solar energy, modulated at the surface predominantly
by albedo, is one of the main governing factors controlling surface-melt variability for
glaciers in Iceland. Therefore the correct representation of surface albedo is critical for
correct glacier-melt modeling.

Paper II develops a spatio-temporal continuous data set for surface albedo for snow and
ice for Icelandic glaciers based on the Moderate Resolution Imaging Spectroradiometer
(MODIS) from 2000 to 2019. Similar to the work in Paper I, an operational processing
pipeline was developed aimed at extending the data period in Paper II with capabilities
to provide near-real-time data for hydrological and glacier modeling or monitoring of
glacier albedo in Iceland. Similar challenges arise as in Paper I, to mitigate limited data
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availability due to frequent cloud-covered pixels.

Overall, good visual and statistical agreement was found between the surface albedo
data produced and in-situ albedo from automatic weather station data observations over
a range of elevations and glacier locations. Higher RMSE values were found in the
ablation zone, which could be related to higher albedo variability within a MODIS pixel
for impurity-rich bare-ice in the ablation zone, indicating that care must be taken when
comparing point-based in-situ observations with data with a larger spatial footprint.

The results show that spatio-temporal patterns for the melt season have generally high
annual and inter-annual variability for Icelandic glaciers, ranging from high fresh-snow
albedo of about 85—90% in spring to 5—10% in the impurity-rich bare-ice area during
the peak melt season. The analysis shows that the volcanic eruptions in 2010 and
2011 had significant impact on albedo and had a residual effect in the following years.
Furthermore, airborne dust, from unstable sandy surfaces close to the glaciers, is shown
to enhance radiative forcing and decrease albedo.

A significant positive albedo trend was observed for northern Vatnajokull while other
glaciers have non-significant trends for the study period. The results indicate that the
high variability in albedo for Icelandic glaciers is driven by climatology, i.e., snow
metamorphosis, tephra fallout during volcanic eruptions and their residual effects in
the post-eruption years, and dust loading from widespread unstable sandy surfaces
outside the glaciers. This illustrates the challenges in albedo parameterization for
glacier surface-melt modelling for Icelandic glaciers, as albedo development is driven
by various complex phenomena, which may not be correctly captured in conventional
energy-balance models.

5.3 Paper lll: Energy balance for Icelandic glaciers

Gunnarsson, A., Gardarsson, S. M. and Pélsson, F.: Modeling of surface energy bal-
ance for Icelandic glaciers using remote sensing albedo, to be submitted.

During the melt season, absorbed solar energy, modulated at the surface, predominantly
by albedo, is one of the main governing factors controlling surface-melt variability for
glaciers in Iceland. Therefore the correct representation of surface albedo is critical for
correct glacier melt modeling.

Many of the desert areas near glaciers are sources of active dust emission, defined as
dust hot spots (e.g., glacio-fluvial plains, beached and sand plains) that are unstable
surfaces and are prone to dust aerosol production that can deposit in snow and glacier
surfaces influencing the surface albedo, and thus the radiative forcing. Activity in
glacier-covered volcanoes can also cause volcanic ash and tephra fall-outs on glaciers
during eruptions, enhanced melt or in some cases, glacier surface isolation reducing
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melt significantly. Energy balance models generally do not simulate processes effected
by atmospheric dust and light absorbing particle depositions, as they are often complex
and can originate far from glaciated surfaces unless they are forced with observational
data.

An energy balance model was developed with the possibility to utilize the spatio-
temporal albedo products developed in Paper II driven by high-resolution climate
forcing data reconstructing the surface energy balance (SEB) for all Icelandic glaciers.
The surface energy balance was reconstructed from April through September for 2000—
2021 at a daily timestep with a 500 m spatial resolution. Validation was performed
using observations from various glaciers spanning different locations and elevations
with good visual and statistical results.

The results indicate that the inter-annual surface energy balance (SEB) variability for
Icelandic glaciers was generally high, mostly driven by variability in forced short-wave
radiation. A strong elevation gradient in surface energy balance reduction aligns with
increased albedo with elevation.

Large impacts on the surface energy balance were observed for years with high LAPs
deposits, such as volcanic eruptions in 2004, 2010, 2011 and the sand and dust rich
year of 2019. The impacts of volcanic eruptions and other LAPs events were estimated
using historical mean albedo under the same climatology forcing, to provide estimations
of melt energy enhancements. The results showed that in many cases, the impacts
were significant even though the glaciers were far away from the eruption location.
Drangajokull seemed to be the only glacier not impacted by LAPs events in general,
consequent with the lowest variability in short-wave radiation forcing.

For the period 2000-2012, cloud cover was overall below average as well as albedo for
the MJJA average, increasing short-wave radiation availability.For the period after 2012,
cloud cover was on average higher and for albedo, similar changes were observed for
all glaciers, an average increase in albedo of 1.5% was observed excluding the impacts
of 2010 and 2011.

To understand the role and impacts of large-scale atmospheric circulation anomalies,
various patterns such as the Greenland Blocking Index (GBI), North Atlantic Oscillation
(NAO), cloud cover and sea-surface temperature data from different regions around
Iceland was considered. Analysis of these data shows the strong significant relationship
between cloud cover and sea-surface temperatures which impacts cloud cover over
Icelandic glaciers, modulating available incoming short-wave radiation. The results
highlight the implications further changes in ocean currents and heat transport around
Iceland might have on glacier surface-energy balance modulating surface mass balance.
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5.4 Paper IV: Spatial estimation of snow water equiv-
alent by for glaciers and seasonal show in Ice-
land using remote sensing show cover and
albedo

Gunnarsson, A., Gardarsson, S. M.: Spatial estimation of snow water equivalent by for
glaciers and seasonal snow in Iceland using remote sensing snow cover and albedo,
manuscript in preparation.

Reliable estimations of snow water equivalent (SWE) in alpine and mountainous terrain
remain a challenge in the observational, modeling and remote sensing domains. An
energy balance model was developed with the possibility to utilize spatio-temporal
fractional snow cover and albedo from remote sensing. Fractional snow cover was used
for non-glaciated areas, as it provides estimates of snow cover for each pixel and surface
albedo provides a constrain on incoming short-wave radiation available as melt energy
for snow and ice. The model was forced by high-resolution climate reanalysis data
outputting energy balance components and melt energy. For seasonal snow, available
daily estimates of melt energy were summed from the day of snow disappearance until
March 15th each year. For glaciers, since snow cover is 100% during all periods, all
available melt energy were summed to account for annual summer melt. This provided
daily estimates of melt water to estimate seasonal snow and glacier melt in Iceland for
the period 2000-2021.

The results show that the inter-annual SWE variability were generally high both for
seasonal snow and glaciers. For seasonal snow the largest SWE (>1000 mm) were found
in mountainous and alpine areas close to the coast, notably in the East- and Westfjords,
Trollaskaga, and in the proximity of glaciers. Lower SWE values were observed in the
central highlands, flatter inland areas and at lower elevations. For glaciers, generally
more SWE (more summer melt) was associated with lower glacier elevations while
less melt is observed at higher elevations. For the impurity-rich bare-ice areas exposed
annually, observed SWE was larger than 3000 mm.

In April and May, seasonal snow at lower and mid elevations was mostly depleted with
May generally producing more melt than in April. The highest melt volumes were
in May and June. In June and July seasonal snow was mostly constrained with high
SWE accumulation areas. In September small snowfalls were often observed generally
melted but in some higher elevation areas forming the base for the following winters
snowpack. For glaciers the onset of melt was observed in April at lower elevations.
Especially for the low elevation outlet glacier of southern Vatnajokull large quantities
of melt were observed for the all months. With warmer temperatures and increasing
short-wave energy in May and June more glacier melt was observed generally peaking
in late June to mid-July. As winter snow was melted exposing impurity-rich bare-ice
areas with lower albedo values more short-wave energy was forced increasing melt.
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Negative significant trends at the terminus of glaciers were expected due to glacier
retreat in recent decades, with associated debris deposits on dead ice. For sesaonal snow,
significant positive trends were observed for most of Austfirdir and Trollaskagi but also
for smaller mountainous areas in east and north Iceland. These trends align with recent
results from the same period from (Gunnarsson et al., 2019) reporting that the snow
cover extent was spanning a longer time, i.e., that snow cover was extending further
into the spring and summer months.
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Abstract. This study presents a spatio-temporal continuous
data set for snow cover in Iceland based on the Moderate
Resolution Imaging Spectroradiometer (MODIS) from 2000
t0 2018. Cloud cover and polar darkness are the main limiting
factors for data availability of remotely sensed optical data at
higher latitudes. In Iceland the average cloud cover is 75 %
with some spatial variations, and polar darkness reduces data
availability from the MODIS sensor from late November un-
til mid January. In this study MODIS snow cover data were
validated over Iceland with comparison to manned in situ ob-
servations and Landsat 7/8 and Sentinel 2 data. Overall a
good agreement was found between in situ observed snow
cover, with an average agreement of 0.925. Agreement of
Landsat 7/8 and Sentinel 2 was found to be acceptable, with
R? values 0.96, 0.92 and 0.95, respectively, and in agree-
ment with other studies. By applying daily data merging from
Terra and Aqua and a temporal aggregation of 7 d, unclassi-
fied pixels were reduced from 75 % to 14 %. The remaining
unclassified pixels after daily merging and temporal aggre-
gation were removed with classification learners trained with
classified data, pixel location, aspect and elevation. Various
snow cover characteristic metrics were derived for each pixel
such as snow cover duration, first and last snow-free dates,
deviation and dynamics of snow cover and trends during the
study period. On average the first snow-free date in Iceland is
27 June, with a standard deviation of 19.9 d. For the study pe-
riod a trend of increasing snow cover duration was observed
for all months except October and November. However, sta-
tistical testing of the trends indicated that there was only a
significant trend in June.

1 Introduction

On a global scale snow cover has a strong interaction with
the cryosphere and ocean systems and therefore the cli-
mate system of the Earth. The two main effects of snow
on the cryosphere are its control on the reflection of radia-
tion, reaching the surface of Earth and balancing its radiation
budget (Barry, 2002; Warren, 1982) and isolating properties
which can influence the length of the growing season (Keller
et al., 2005; Barichivich et al., 2013). Snow albedo domi-
nates the control of its irradiance feedback, which depends
on various factors such as snow depth, snow cover extent,
vegetation and cloud cover (Fernandes et al., 2009; Qu and
Hall, 2007).

In the Northern Hemisphere the spring snow cover ex-
tent has decreased significantly, influencing the dynamics of
spring melt intensity and timing in recent years (Adam et al.,
2008; Barnett et al., 2005; Choi et al., 2010; Hori et al.,
2017). Various studies using remotely sensed data, obser-
vations and climate models unanimously agree that on the
Northern Hemisphere scale snow cover extent is receding
by 2.5 to 10 days per decade depending on the study period
(Eythorsson et al., 2019; Fontrodona Bach et al., 2018; Choi
et al., 2010; Hori et al., 2017; Wang et al., 2018; Liston and
Hiemstra, 2011). On regional scales snow cover changes can
vary depending on local climatology and its variability. Fu-
ture projections with warming trends predict less precipita-
tion to fall as snow and snowmelt to occur earlier in spring,
affecting runoff and water resources downstream (Vaughan
etal., 2013; IPCC, 2013).

On regional scales, seasonal snow is a vital part of wa-
ter budgets in mountain and highland catchments where pre-
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Figure 1. Overview of Iceland. Red outlines show the main catch-
ment boundaries for large hydropower diversions, reservoirs and
power plants. Manned sites for observed snow cover are shown in
green points. Contours are shown for the 200 m elevation band. A
solid blue contour represents 200 m elevation.

cipitation falls as snow during winter (Raleigh et al., 2013).
Seasonal snow spring melt is also important for many ap-
plications such as irrigation for downstream agriculture ar-
eas, drinking water supply, and availability of water for hy-
dropower energy production, and in some regions is criti-
cal for tourism, in particular ski resorts and winter tourism
(J6hannesson et al., 2007; Fischer et al., 2011; Kiparsky
et al., 2014; Wagner et al., 2016).

Iceland is an island with an area of 103 100 km? located in
the North Atlantic Ocean, close to the Arctic Circle (between
63 and 66° N). The central highlands correspond to 40 % of
the island, with an average altitude of ~550 ma.s.1., and only
a quarter of the island lies below 200 ma.s.l. (Figs. 1 and 2).
About 50 % of Iceland’s land area is classified as open spaces
and bare soils with sparse vegetation and 37 % as non-
vegetated where vegetation cover is less than 10 %. These
two types include most of the central highlands. Less than
1% is forested and, in general, low shrub, wetland and
heathland are the main types of vegetation (Einarsson et al.,
2005; Traustason and Snorrason, 2008). Precipitation clima-
tology has been characterized by a precipitation reduction
with higher latitudes controlled by the orographic genera-
tion of precipitation in mountainous regions corresponding
to the dominating SE-to-SW wind direction (Crochet et al.,
2007; Bjornsson et al., 2018). Area average precipitation is
~ 1.7mH,0 with the highest values at glacier peaks in the
south (up to 10 mH,0). During winter heavy snowfall is fre-
quently induced by cyclones crossing the North Atlantic,
where air and water masses of tropical and Arctic origins
meet (Einarsson, 1984; Olafsson et al., 2007). In the high-
lands this leads to the formation of a seasonal snowpack and
the sustainment of glaciers. At present, about 11 % of the
country is covered by glaciers (Bjornsson and Palsson, 2008)
(Figs. 1 and 2). During summer the average temperature at
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Figure 2. Elevation distribution for Iceland for both land and
glaciers. Glaciers cover about 11 % of Iceland.

lower elevations (< 400 ma.s.l.) ranges from 8 to 10 °C, with
a country-wide average of 7 °C. In winter the average temper-
ature is 0-3 °C at lower elevations and about —5 °C for the
whole island (Bjornsson, 2003; Henriksen, 2003). From the
seasonal snow cover classification system proposed by Sturm
etal. (1995, 2010), Icelandic snowpack is generally classified
as a combination of taiga, tundra and maritime types with
overall shallow snowpack in depth with high density, fre-
quent melt and wind-blown features (J6hannesson and Sig-
urdsson, 2014).

In Iceland runoff from snowmelt is critical for hydropower
production and reservoir storage as the energy system is
strongly dependent on snowmelt and glacier melt. Over 13 %
of the highland area in Iceland is developed for hydropower
generation which provides over 72 % of the total average
energy produced in Iceland (Hjaltason et al., 2018). A sys-
tem of reservoirs and diversions stores melt water during the
melt season in the spring and summer which generally con-
sists of a seasonal snowmelt period (April-June) followed
by a glacier melt period (June—September). As glacier melt
recedes in the fall liquid precipitation is a large contributor
to inflow (August—October). During winter reservoir storage
provides regulation of water resources for energy produc-
tion. The isolation and high natural climate variability pose
arisk to the energy security of the power system as drought
conditions and low-flow periods are usually not foreseen. In
the longer term inflow to the energy systems is projected
to increase due to climate warming and associated increase
in glacier melt (J6hannesson et al., 2007). Flow dynam-
ics, i.e., timing and magnitude for seasonal snow, will also
change, posing a challenge for operational control of energy
infrastructure and climate change adaptation for both current
energy projects as well as future development (Bjornsson and
Thorsteinsson, 2012; Sveinsson, 2016).

www.hydrol-earth-syst-sci.net/23/3021/2019/



A. Gunnarsson et al.: Icelandic snow cover characteristics

Spaceborne sensors operating in the visible and near-
infrared range of electromagnetic spectrum have proven to
be useful in effectively mapping snow cover for large areas
since the early 1980s (Baumgartner et al., 1987; Dozier and
Marks, 1987). Snow cover extent maps at various resolutions
have been derived by the National Oceanic and Atmospheric
Administration (NOAA) since 1966 (Dewey, 1987; Matson,
1991; Robinson et al., 1993). Since 2000 the MODIS sen-
sor (Moderate Resolution Imaging Spectroradiometer) has
provided daily global coverage of snow cover in cloud-free
areas at a spatial resolution ranging from 250 to 1000 m.
The sensor is carried on two Sun-synchronous, near-polar
circular orbit satellites, Terra (descending node at approxi-
mately 10:30 local time) and Aqua (ascending node at ap-
proximately 13:30 local time). Terra was launched on 18 De-
cember 1999 and has had data available since September
2000, while Aqua was launched in May 2002. The sensor has
36 spectral bands that are used for various cryosphere, land,
ocean and atmospheric scientific data sets and applications.

A range of snow cover products has been developed from
the Aqua and Terra satellites carrying the MODIS sensor
dating back to the early 2000s (Hall et al., 2002). The
MODIS daily snow cover products (MOD10A1 from Terra
and MYD10A1 from Aqua) have been a standard for snow
cover monitoring at medium resolution since mid-year 2000
and are commonly used to analyze and monitor snow cover
development in snow-dominated catchments, and their near-
real-time availability makes them desirable for real-time ap-
plications such as for short-term forecasting and validation of
runoff. The discrimination of snow and land is based on the
Normalized Difference Snow Index (NDSI) which utilizes
the spectral signature of snow being highly reflective in the
visible spectral range (VIS) and has very low reflectance in
the shortwave infrared spectral ranges (IR). In MODIS Terra
bands 4 (VIS /0.545-0.565 um) and 6 (IR / 1.628-1652 um)
are used for the NDSI calculations, while the MODIS Aqua
product relies on bands 4 and 7, as band 6 is non-functional
(Salomonson and Appel, 2006).

MODIS snow cover products have been widely tested and
validated for various land covers, topographic regions, and
climates, with a typical average absolute accuracy of 93 %
(Hall and Riggs, 2007; Huang et al., 2011; Klein and Barnett,
2003; Parajka and Bloschl, 2006). One of the main draw-
backs of MODIS snow cover products, as well as other prod-
ucts that rely on optical satellite sensors, is the reliance on
cloud-free conditions to produce snow cover maps. Various
methods have been tested to provide gap-filled products of
optical remote-sensing products including snow cover. Gao
et al. (2010) used the MODIS high spatial resolution and
cloud-penetrating ability of AMSR-E to reduce gaps in snow
cover maps, while (Gascoin et al., 2015) applied a classifi-
cation tree to gaps after merging daily Aqua and Terra snow
cover tiles together and applying a temporal aggregating fil-
ter. Data from higher spatial resolution satellite platforms are
available from high-resolution visible/near-infrared sensors
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such as from the USGS Landsat program (~ 30 m) and ESA
Sentinel 2 (~ 20 m) program but at a lower temporal resolu-
tion, often making them less attractive for operational obser-
vations of snow cover.

The aim of this study was to create a gap-filled snow cover
product for Iceland and extract snow cover characteristics
for the period from 2000 to 2018. The first objective was a
thorough validation of MODIS sensor-derived snow-covered
maps over Iceland to validate the quality of the product and
assess its limitations. Validation was an important and neces-
sary step due to the annual and seasonal variability in climate,
high average cloud cover and polar darkness during winter.
The second objective of the study was to reduce the gaps to
provide a spatio-temporal continuous product. By merging
of data and temporal aggregation methods, data gaps are re-
duced and finally eliminated by using classification learners
trained on topography and location of pixels. Based on the
gap-filled data set snow cover characteristics on a regional
scale over Iceland were derived showing relations to eleva-
tion, aspect and general trends in snow cover extent and du-
ration.

2 Data
2.1 Observational in situ data

In Iceland in situ snow cover and depth observations are
sparse, especially in the highlands. Few sites have had au-
tomatic observations of properties of snow until recently.
The Icelandic Meteorological Office (IMO) operates a net-
work of synoptic meteorological observations including
daily manned observation of snow cover at 09:00. Figure 1
shows the location of these sites (green points) and how few
of them are in or near the central highland area. Data were
obtained from the IMO for the time period from 1 Febru-
ary 2000 to 31 December 2017 spanning a total of 152 sites
and 585 880 observations. The data set consists of daily ob-
servations with a site number, date and snow cover classifi-
cations as well as a metadata file with site number, site name
and site location and elevation (Vedurstofa fslands, 2017).

2.2 MODIS snow cover data

MODI10A1 (Terra) and MYDI10A1 (Aqua) Version 6 were
obtained from the National Snow and Ice Data Center
(NSIDC) (Hall and Riggs, 2016a, b) for the period from
23 February 2000 to 31 June 2018, which corresponds to
6702 dates where 6640 (99 %) MODI10A1 granules were
available and 5829 (87 %) MYDI10A1 dates were available.
For MOD10A 1 62 dates were missing and 12 for MYD10A1
from NSIDC excluding data missing due to polar darkness.
Polar darkness limits the data availability during winter from
MODIS in Iceland from ~ 20 November until 26 January
(63 d) each year, reducing the data set during winter (Dietz
et al., 2012). During polar darkness M*D10A1 snow product
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pixels are classified as night when the solar zenith angle is
larger than or equal to 85°. Every granule from tile h17v02
was used in this project as it covers all the central highlands
in Iceland and leaves out only a small portion of the western
Snefellsnes and the Westfjords.

2.3 Landsat 7/8 and Sentinel 2 data

Data acquired by the Landsat 7 Thematic Mapper (TM),
Landsat 7 Enhanced Thematic Mapper Plus (ETM+), Land-
sat 8 Thematic Mapper (TM) and Landsat 8 Thermal In-
frared Sensor (TIRS) were used. The data were downloaded
from the United States Geological Survey (USGS) (https:
/learthexplorer.usgs.gov/, last access: 1 September 2018) us-
ing bulk download utilities. In total 264 Landsat 7 scenes
were available from 12 April 2000 to 1 April 2015 and 124
scenes from Landsat 8 from 26 April 2013 to 22 June 2018
where land cloud cover was equal to or less than 20 % and
the solar zenith angle not too large for processing the scene.

Data acquired by a European Space Agency (ESA) Sen-
tinel 2A and B multispectral instrument (MSI) sensor were
also used. The data were downloaded from the ESA’s data
hub (https://scihub.copernicus.eu/dhus, last access: 15 Au-
gust 2018). In total 1090 Sentinel 2A/B scenes were ac-
quired from 21 tracks covering Iceland. Only images where
land cloud cover was equal to or less than 20 % were used.
Images acquired in December and January each year have
been left out due to polar darkness of MODIS data for all
satellite products. Both Landsat and Sentinel products are in
UTM/WGS84 projection.

2.4 Geospatial data

Digital elevation models (DEMs) and masking data for water
bodies and glaciers were obtained from the National Land
Survey of Iceland. The original DEM is a raster with a 10m
spatial resolution which is resampled to match the grid of the
MODIS pixels using nearest neighbor sampling. From the
resampled 500 m DEM the aspect data are calculated.

3 Methods
3.1 Insitu data processing

Manned observations of snow cover from the IMO are re-
ported daily at 09:00. Observations are made both at the
local site where the instruments are located as well as in
mountains where applicable; these are reported as local snow
cover (SNC) and snow cover in mountains (SNCM). For
each observation the local snow cover is reported as snow
free (Code 0), patchy snow cover (Code 2) and fully snow
covered (Code 4) (Vedurstofa Islands, 2008). In accordance
with the observational procedure of local snow cover the area
observed was within 1 km of the observer and had no more
than a 50 m elevation difference. We only used the local SNC
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for our analysis and omitted patchy snow cover classifica-
tion from our comparison, but no further adjustments were
made to the data set. In total 213011 observations matches
are found, i.e., where manned observations were available
and a cloud-free pixel from MCDAT.

3.2 MODIS snow cover product processing

From the MOD10A1 and MYD10A1 daily data tiles we ex-
tracted the MOD Grid Snow 500m grid and the variable
NDSI snow cover was used for further analysis of snow
cover. It is based on the MODI10-L2 algorithm which se-
lects the best observation of the day to write to the daily
data set. The variable NDSI snow cover ranges from 0 to
100, but in addition various other classifications are provided
with the tile. As a preprocessing step data were reclassi-
fied to (a) snow, (b) no snow (land) and (c) no data (clouds,
missing data, no decision, saturated detector). As the spa-
tial extent of the tile is ~ 1200 km x 1200 km (data dimen-
sion 2400 x 2400), values that are beyond the Icelandic coast
were masked out, including values only on land. A process-
ing pipeline of MODIS snow data was adopted from Gascoin
et al. (2015) and Parajka and Bloschl (2008) with modifica-
tions. The main steps are the following.

1. Daily tile merging: daily tiles from Aqua and Terra are
merged to a single data set to improve daily coverage
with data. Data from Terra have priority over data from
Aqua as previous studies have found data from Terra
to be of higher accuracy (Gascoin et al., 2015). For the
first 2 years only Terra was in orbit, so the period from
23 February 2000 to 4 May 2002 is only based on Terra.
The output data set used for further processing is named
MCDAT (MODIS Combined Data for Aqua and Terra).

2. Temporal aggregation: for the remaining unclassified
pixels in the daily merged data tiles (MCDAT) we ap-
ply temporal aggregation to further reduce unclassified
pixels due to clouds in the data. Each MCDAT tile from
step 1 is given a center date as the date of acquisi-
tion (# = 0) and a temporal aggregation range selected.
The temporal aggregation range is set as the number
of days backwards and forwards each center date data
is allowed to search for classified pixel data which are
missing in the original MCDAT center date data tile.
Priority is given to data closest to the center date data
(newest data relative to the center date) and from the
forward date if both backward and forward dates have
data. We select a temporal aggregation range as 3d
backward/forward (r+ = £3d); i.e., in total 7d can con-
tribute data to the temporal aggregation product. The
output data set used for further processing is named
MCDAT7D.

3. Gap filling with classifiers: after the first two process-
ing steps the remaining gaps are classified as snow or
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Step 1. Daily tile merging
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Figure 3. A simple process flow diagram for the daily tile merg-
ing, temporal aggregation and gap filling. X denotes the number of
days selected for temporal aggregation, which includes # number of
aggregation steps.

no snow with classification learners. For each data set
the unclassified pixels are reclassified with four predict-
ing variables, location (easting, northing), elevation (Z)
and aspect. The final output data set used for further pro-
cessing is named MCD7GFD.

Figure 3 shows a flow diagram of the daily Aqua and
Terra tile merging (Step 1), temporal aggregation of the daily
merged tiles for X number of days (Step 2) and finally the
gap-filling step for the remaining unclassified pixels (Step
3).

3.3 Landsat and Sentinel 2A/B processing

Landsat 7 and 8 data were retrieved as L1TP surface re-
flectance products. These products have a terrain correction
and are radiometrically calibrated. The U.S. Geological Sur-
vey (USGS) uses the Landsat Ecosystem Disturbance Adap-
tive Processing System (LEDAPS) for Landsat 7 Surface Re-
flectance generation, while Landsat 8 is processed with the
Landsat Surface Reflectance Code system (LaSRC) (USGS,
2018, 2019). Systems include for each date tile a pixel qual-
ity map where classifications of clouds, shadows, land, water
and snow are presented.

Sentinel 2 data were retrieved as an L1C ortho-image
product. Images are in top-of-atmosphere reflectances in car-
tographic geometry and have undergone geometric transfor-
mation and radiometric interpolation with a constant GSD
(ground sampling distance) (Delwart, 2015). Sentinel 2 L1C
data were processed using the Sen2Corr application from
ESA to produce Level 2A data (Louis et al., 2016; Miiller-
Wilm et al., 2013). Level 2A Sen2Corr output data were an
atmospherically corrected bottom of the atmosphere (BOA)
product and have a scene classification map (SCL) on a
pixel basis discriminating the surface into 11 categories, in-
cluding no data, various types of clouds, water and snow
or ice, among other categories. Data were processed at 20
and 30 m spatial resolution for Sentinel 2 and Landsat 7 and
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Figure 4. Comparison of observed snow cover and MODIS daily
combined snow cover. For the whole data set the overall classifica-
tion accuracy was 0.925.

8, respectively. Data were then resampled to the MODIS
data grid at 500 m spatial resolution using GDAL utilities
(GDAL/OGR contributors, 2019) with an average resam-
pling method. Classification from the classification map in
the L2A product were used for further analysis. Snow and ice
were classified with the NDSI method (Miller-Wilm, 2018;
Salomonson and Appel, 2004).

3.4 Classification learners

To classify the data we need to select a classification method.
In general terms a model is trained with the training data
set and the trained fit applied to the data that need classi-
fication. Within the Matlab Classification Toolbox (Matlab,
2017) there are many methods and algorithms available, and
no clear selection criteria are evident.

In general snowfall in a region and formation of a snow-
pack are dependent on several climate and geographic factors
such as latitude, longitude, elevation, distance from moist
sources (ocean and lakes) and regional air mass circulation
(DeWalle and Rango, 2008). To classify the remaining un-
classified pixel information about pixel location (latitude,
longitude), pixel elevation and pixel aspect are derived to
use for the gap-filling algorithm. To test different classifi-
cation methods a simple workflow was applied where the
pre-processed MODIS data set (after temporal aggregation)
of 2400 by 2400 pixels for the tile covering (hv017v14)
Iceland was masked with the coastline of Iceland, select-
ing only pixels that fell on land, reducing the data size
from 5.75 million pixels to 472000 pixels. Next all pixels
were categorized depending on whether they had data or
not (snow/no snow/cloud). All cloud-covered pixels were ar-
ranged to classify a data set and pixels with valid snow cover
data were arranged to a training data set. Information on loca-
tion (X, Y), elevation (Z) and aspect (A) data for each pixel
was derived to train the classifiers. Finally the classifier was
applied to the training data set and the classified data set
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Table 1. Confusion matrix for observations of snow compared to
the Modis Aqua and Terra daily snow product combined.

MCDAT
No snow Snow
Obs No snow 96.9 % 3.1%
~" Snow 114% 88.6%

reclassified as snow/no snow with the trained classification
data set. To assess the accuracy of the classification method
25 % of the classified data set prior to classification was with-
held for cross-correlation. Glaciers were set to a fixed snow
cover and water bodies were masked out.

4 Results and discussion
4.1 Validation results
4.1.1 Comparison with observed snow cover

Overall a good agreement was found between in situ ob-
served snow cover and MODIS daily combined snow cover
(MCDAT). Figure 4 shows the average agreement for each of
the 152 sites investigated compared to the MODIS product
for the whole period where the circle size shows the number
of observations for each site. Out of the 585 800 observations
in the database 213 011 matches were found when data were
available from the MCDAT daily product and manned obser-
vations. The average agreement between observed snow and
MODIS was 0.925. Table 1 shows a confusion matrix for
the agreement between manually observed snow and NDSI
snow cover from MCDAT. Observations and MCDAT agreed
96.9 % of the time when there was no snow on the ground
according to the manual observations and 88.6 % of the time
when snow was present. The poorest agreement was for sites
located in the bottom of fjords and sounds where snow was
observed during the manual observation, but was not present
at the 10:30 / 01:30 UTC Terra / Aqua overpass. Possible ex-
planations for a higher agreement for no snow classification
over snow classification (Table 1) could be related to many
of the in situ snow cover sites being located within or close
to cities and small municipalities where buildings, roads and
other civil structures could influence the NDSI value from
MODIS towards classifying the pixel as not snow covered
while the manned observation would classify the site as snow
covered.

4.1.2 Comparison to Landsat/Sentinel data
Table 2 shows confusion matrix classification results from
pixel-based comparison of snow cover derived from the com-

bined daily Aqua and Terra product from MODIS and snow
cover derived from Landsat 7/8 and Sentinel 2. For Landsat
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Table 2. Confusion matrix for snow cover derived from Landsat 7,
Landsat 8 and Sentinel 2 compared to the Modis Aqua and Terra
daily snow product combined.

MCDAT

No snow Snow

No snow 93.2% 6.8 %

Landsat 7 g o 13.6% 869%
No snow 92.7 % 7.3%

Landsat8 o 166% 83.8%
Sentinel 2 No snow 91.8% 82 %
RNt S Show 144% 85.6%

7 8.21 million pixels were compared, 8.6 million for Landsat
8 and 3.77 million for Sentinel 2. For Landsat 7 86.9 % of
snow-covered pixels were correctly classified in the MCDAT
product, while 93.2% of snow-free pixels were correctly
classified. For Landsat 8 83.8 % of snow-covered pixels were
correctly classified in the MCDAT product, while 92.7 % of
snow-free pixels were correctly classified. Finally, for Sen-
tinel 2 85.6 % of snow-covered pixels were correctly classi-
fied in the MCDAT product, while 91.8 % of snow-free pix-
els were correctly classified. Validation data from all satel-
lites provide data over all of Iceland for multiple times. Pixel
density, i.e., the number of overlappping pixels for the study
period, ranges from 110, 30 and 90 for Landsat 7, Landsat
8 and Sentinel 2, respectively. Figure 5 shows the average
agreement for snow-covered pixels for Landsat 7/8 and Sen-
tinel 2 compared to the MCDAT product. Visually the agree-
ment is good in all cases, with R? values of 96 %, 92 % and
95 % for Landsat 7/8 and Sentinel 2, respectively. No clear
trends or correlation can be seen between months within the
year and classification accuracy. These results are in agree-
ment with similar studies where a pixel-based comparison
was conducted (Huang et al., 2011; Gascoin et al., 2015).
For each Landsat 7/8 and Sentinel 2 tile a classifica-
tion map was constructed. The classification maps show the
agreement of different satellite sources to the MCDAT prod-
uct. A selected sample of the maps was manually screened to
identify patterns in misclassification. The screening reveals
that disagreement was mainly located at snow cover bound-
aries, i.e., where snow-free land meets snow-covered land as
well as boundaries of clouds and land. Previous studies in
snow-covered Arctic and alpine areas have revealed a simi-
lar effect when comparing MODIS to higher-resolution data
(Gascoin et al., 2015; Déry et al., 2005; Rittger et al., 2012).
A source of misclassification has been related to effects of
forested areas which should be limited in Iceland due to few
forested areas and sparse vegetation in general, especially
at higher elevations. The effect of the MODIS sensor view
angle has also been identified as a source of errors where
the M*D10_L2 swath granule (source data for MODIS snow
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Figure 5. Relationship of classified snow pixels for Landsat 7/8 and Sentinel 2 with the MCDAT product.
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Figure 6. Average cloud cover over Iceland based on the MCDAT
product for February to November each year from 2000 to 2018.

products) has different boundaries producing a “bow-tie” ef-
fect which can increase misclassification (Gémez-Landesa
et al., 2004).

4.2 Gap filling with merging and temporal filtering

Figures 7 and 6 show the average cloud cover frequency in
Iceland based on 18 years of MODIS data from 2000 to 2018
(MCDAT). Average cloud cover for Iceland was 79 %, while
certain patterns are observed in the central highlands, over
glaciers and in mountainous areas near the coast. In general
cloud cover was less in the highlands but highest near the
coast and in mountainous areas and fjords, such as Trollask-
agi, Austfirdir and Strandir. This illustrates the cloud obscu-
rity problem for optical satellite remote sensing in Iceland.
Figure 8 shows the results from daily merging and temporal
aggregation of snow cover data. The two daily snow cover
tiles from MOD10A1 and MYDI10AI had similar average
cloud cover (76 %—78 %). Data from Aqua (afternoon over-
pass) showed 1.5 % average more cloud-covered pixels than
Terra. Merging of the Aqua and Terra daily data sets provided
on average a 7 % reduction in cloud-obscured pixels which
was mostly related to moving cloud patterns within the day.
Temporal aggregation of daily merged tiles had an exponen-
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Figure 7. Average cloud cover distribution between months.

tial decaying shape of unclassified pixel reduction with the
highest benefit for aggregating 1 day. The disadvantage of
aggregating more days to a center date to further reduce un-
classified pixels is temporal dampening of events and rapid
changes in the snow cover. For our study 3 d were aggregated
to the center date, both forward and backward, meaning that
for each date of aggregated data in total 7 d contributed data
with priority to the most recent observations. On average the
unclassified pixels were reduced from ~ 70 % to 14 %.

In general the advantage of temporal aggregation of data
is reduced cloud-obscured pixels, which provides a spatio-
temporal continuous product. The trade-off of temporal ag-
gregation contrasts with the dampening of the response of
the snow cover to rapid melt or snowfall events. This poses
a limitation on the use of the data in real-time applications
such as short-term flow forecasting for water resources.

4.3 Gap filling with classification learners

After applying a temporal aggregation to the data, unclassi-
fied pixels still remained in the data set. To classify the re-
maining pixels, various classifiers were tested to assess their
classification accuracy. Various configurations of classifica-
tion trees, k nearest neighbor algorithms (fine, coarse, cu-
bic, weighted, boosted), supportive vector machines (SVMs),
and linear and quadratic discriminant classification learners
were tested in various configurations. Overall no one method
and configuration provided a significant classification accu-
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Figure 8. Average gap-filling improvement with merging of daily
data and temporal aggregation.

racy improvement. Average classification accuracy ranged
over 90 % for all methods tested and in general had lower
classification accuracy during the melt season (April, May,
June). The marginal best classification performance was by
a weighted k nearest neighbor (WkNN) classifier which had
100 number of neighbors. The average classification accu-
racy for the whole data set was 96.4 % with a standard de-
viation of 2.7 % and a minimum classification accuracy of
83.4 %. This was based on a 25 % withheld classified popu-
lation for every date classified in every method tested. The
weighted k nearest neighbor was selected for further use.

4.4 Snow cover spatial and temporal characteristics in
Iceland

A daily gap-filled snow cover product was derived for Ice-
land based on MODIS sensor bi-daily overpasses at a tem-
poral resolution from 1 March 2000 to 30 June 2018. All
water bodies and glaciers were excluded from the gap-filled
snow cover product. Based on the data set, various descrip-
tive spatio-temporal dynamics of snow cover in Iceland can
be derived. The main limitation to the data set was polar dark-
ness during December and January that limits the continu-
ous temporal structure of the data set. Snow cover duration
within a season is a parameter that is often used to describe
characteristics of snow cover. The duration of snow cover is a
property that can be linked to many applications such as sea-
sonal snowmelt magnitude for operational water resources
and length of vegetation growing season.

Figure 9 shows the distribution of snow cover over the
whole country of Iceland from February 2000 to Decem-
ber 2017 as a percentage of land area in Iceland. A value
of 100 % indicates that all non-glaciated land is fully cov-
ered with snow, while 0 % indicates a snow-free area. During
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late winter (February, March) most land area (> 90 %) was
snow covered, while during April, May and June seasonal
snow cover recedes rapidly due to longer daylight hours and
increasing average temperatures. Extended snow cover dura-
tion was seen in 2013, 2014, 2015 and 2016, with more than
50 % of Iceland snow covered until the end of May. Spe-
cific snowfall events can be seen in May, increasing snow
cover extent, but generally these events had a short impact.
In the fall many events can be observed where snow cover in-
creases in a snowfall event and then melts a few days/weeks
later. This shows quite well the temporal structure of Ice-
landic snow cover where large areas covered with snow can
melt out quickly during fall and winter due to storm tracks
bringing warm air masses that can precipitate as both liquid
or solid precipitation. For hydropower operations in Iceland
snowfall in the fall (late August, beginning of September)
can be a critical point in time as it can indicate lowering of
inflows to reservoirs and diversions and the start of the reser-
voir regulation season, i.e., more water is flowing out of stor-
age than in. This is related to the influence fresh snow cover
with high albedo has on the dark glacier ice in the ablation
zone, reducing severely the available energy for melt.

Figure 10 shows descriptive fits for number of snow-free
dates (SFDs), first snow-free date (FSFD) and last snow-free
date (LSFD) for the gap-filled data set. The criteria were that
the representative area had 10 % or less of the area snow cov-
ered for more than 5 consecutive days and in the case of the
last snow-free date the area needed to have 10 % or higher
snow cover for 5 consecutive days. The number of snow-
free dates is the number of days between these values (FSFD
and LSFD) annually. A commonly used valuable snow cover
metric is length of snow season, i.e., the number of days
where snow covers the ground. Due to polar darkness this
limits the temporal continuity of the data set during winter,
so length of snow season can not be described fully here.

In various studies of snow cover where polar darkness ap-
plies, a filter assuming that if a pixel has snow at the begin-
ning of polar darkness (late November in Iceland) and the
same pixel still has snow when polar darkness recedes (mid
January in Iceland), it can be assumed that the snow cover
is continuous for that time period (Lindsay et al., 2015; Di-
etz et al., 2012). In Iceland the assumption of a continuous
snow season during polar darkness is feeble as winter floods
can influence large areas in a single depression low event
(Kundzewicz, 2012; Rist, 1990).

Figure 10a shows the first snow-free date for each year in
the data set and can be related to the timing when no snow
remains within an area. An expected behavior is observed
where lower-elevation areas experience meltout earlier in the
year than higher-elevation areas. The average first snow-free
date for Iceland is 27 June each year, with a standard de-
viation of 19.9d (standard deviation is shown in parenthe-
ses from now on). The elevation band from 0 to 200 m a.s.l.
(25 % of Iceland) has an earlier first snow-free date (7 May,
+13d), while as with higher elevations the snow cover ex-
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Figure 9. Snow cover duration (SCD) in Iceland from 1 March 2000 to 31 December 2017; 100 % indicates full snow cover, while 0 %
represents a snow-free area. Glaciers and water bodies are not included.
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Figure 10. Normal distributions for extracted first snow-free date, number of snow-free days and last snow-free date.

tent is prolonged into the summer months. Figure 10b shows
the number of SFDs. For all of Iceland the number of snow-
free days is 44.1d with a standard deviation of 17.8d. For
elevations from 0 to 200 ma.s.1., 106.8 d are snow free with
a deviation of 13.7 d. For higher elevations the snow cover is
more persistent and snow cover days total 80.6d (£15.9d),
51.4d (£17.5d) and 31.0d (£13.8 d) for 200-400, 400600
and 600-800 m a.s.1., respectively. For the highest-elevation
bands (> 800ma.s.l.) fewer pixels are non-glaciated (see
Fig. 1), with 30 (£16.1) snow-free days. Figure 10c shows
the LSFD, which is on average for Iceland 8 September
(£164d). This is highly influenced by snowfall events in the
late fall in the highlands where snowfall events are frequently
observed in late August or early September. These events will
frequently melt out again, which can be seen in the variable
snow cover duration in Fig. 9. In general higher elevations
have snowfall events earlier in the fall, which coincides with
a later snow-free date annually and fewer snow-free dates, as
expected.

Figure 11 (first column) shows the mean snow cover dura-
tion for pairs of months as well as for the whole period the
data set covers from February to November. Monthly aver-
ages are combined for pairs of months February and March,
April and May, June and July, August and September, and
October and November. These 2-month period pairs can be
related to seasonality of the snow cover where February and
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March represent late winter where rain on snow events or
warm storms are dominant in reducing the snow cover extent.
April and May represent the conventional snowmelt season
with snowmelt commencing earlier at lower elevations and
is mostly driven by gradually warming temperatures, and
June and July represent the summer season where most ar-
eas are snow free except at higher elevations and glaciers.
In general this also is the period when glacier melt becomes
the dominating water source in glacier-fed rivers and suc-
ceeds seasonal snowmelt. August and September represent
late summer and early fall where highlands start to have
lower temperatures, freezing during the night can be com-
mon and snowfall events are observed. October and Novem-
ber then represent the early winter period. In February and
March land above 200 ma.s.l. is on average 100 % covered
with snow with a more varying snow cover extent at lower
elevations, especially near the coastline and in the southeast-
ern and southwestern parts. In April and May larger areas
are snow free from 0 to 400 ma.s.l., while snow cover is per-
sistent in the highlands on higher mountains and at glacier
boundaries. Snow cover has more extent in the northern part
of Iceland as well in the western and eastern fjords. In June
and July snow cover is generally at its minimum, with patchy
snow cover in the center highlands and on higher moun-
tain tops and ridges, especially in the northern Westfjords on
Trollaskagi in the north. Generally the first snow is observed
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Figure 11. First column: mean snow cover duration as percentage of time for each period. Second column: standard deviation of days for
each period. Third column: mean trend in snow cover duration as percentage of time for each period. Rows represent different combinations
of monthly values and the bottom row is for the whole period from February to November.
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Figure 12. Monthly mean results for snow cover. For each month mean snow cover extent is calculated and a linear fit applied. The results
from the Mann—Kendall test are shown as 1 or 0, where 1 indicates a significant change in trend. A linear equation shows the results for a
fitted linear model to the data set. Ay is a non-statistical parameter and shows the average linear slope of the trend.

in August and September on glaciers and highlands with less
frequent events at lower elevations in August, though often in
September. On average the highlands are fully snow covered
in October and November.

Figure 11 (second column) shows changes in snow cover
within each period, presented with the standard deviations of
data. The data are identical to snow cover extent character-
istics where there is more deviation in the lower elevations
in general during winter and which moves higher in eleva-
tion during the melt season. In February and March deviation
is highest below 200 m a.s.l. and near the coast. The highest
deviation is observed on the southern central lowlands and
along the southeastern coast, which relates to the governing
storm track alignment during winter (Einarsson, 1984). In
April and May the variability moves higher in elevation asso-
ciated with seasonal snowmelt and is still the highest in areas
in the north, while the east and west have less variability. In
June and July the highest areas in the north, east and west are
melting, extending into August and September. In early win-

www.hydrol-earth-syst-sci.net/23/3021/2019/

ter, October and November, the snow cover in the highlands
has stabilized, with more variability at lower elevations.

Figure 11 (third column) shows trends in snow cover
within each period. In February and March the average trend
is close to zero (insignificant for all areas). For April/May,
June/July and August/September the average trend for each
period is positive, indicating that the snow cover extent was
spanning a longer time, i.e., that snow cover was extending
further into the spring and summer months. For early winter,
October and November, the average trend was slightly nega-
tive, meaning that snow cover was on average less, especially
in the east and north, on the order of 0.4 to 3 d. Further de-
tails of this are shown in Fig. 11, where monthly mean snow
cover extent was calculated for all years and the data were
fitted linearly.

As previously mentioned, the data set only spans 18 years,
so statistical interpretation such as trends should be treated
with care. To evaluate whether these trends are significant,
a linear trend test and a Mann—Kendall test were performed
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Figure 13. Average elevation distribution of snow cover for
2000-2018. Fractions of area for each elevation band are
239% for 0-200ma.ss.l., 17.5% for 200400ma.s.l., 21.7%
for 400-600 ma.s.l., 18.4 % for 600-800ma.s.l., 8.2% for 800—
1000 ma.s.l. and 9.9 % for elevations over 1000 ma.s.1.

on monthly mean snow cover extents for « equal to 0.05.
The Mann—Kendall test was a non-parametric test to iden-
tify trends in data over time where no assumption of nor-
mality was required (Mann, 1945; Helsel and Hirsch, 2002).
Results indicate that the observed trends in the data are in-
significant for all months except June, tested with both the
Mann—Kendall test as well as the linear trend test. As iden-
tified visually, of the data in Fig. 12 for May, June and July,
the steep trend was governed by snow cover extent in 2013,
2014 and 2015, which were abnormal years compared to pre-
vious years, with below-normal spring and summer tempera-
tures which resulted in an extended length of the seasonal
snow cover season which was also reflected in a positive
mass balance of all Icelandic glaciers for the first time in
over 20 years (Pélsson and Gunnarsson, 2016b, a; Porsteins-
son et al., 2017). Similarly, a slightly negative trend for Oc-
tober and November was calculated from a linear fit and
was also governed, less though, by extended liquid precip-
itation events in these months in 2014, 2015 and 2016. A
non-statistical parameter, Ay, was calculated to represent the
average change over the period. This is merely the average
slope of the linear fit but provides insight into the average
characteristic of the snow cover trend.

Figure 13 shows average snow cover extent for differ-
ent elevation bands for Iceland. The influence of elevation
on the average snow cover extent is a strong controlling
factor where large areas over 800 ma.s.l. retain the snow
cover throughout the summer. During spring (April/May)
a strong increase in snow cover extent was observed be-
tween 0 and 200 m a.s.1. and for the evaluation bands above
200 ma.s.l. This is consistent with results from Bjornsson
et al. (2018), where the annual average 0 °C isotherm is de-
fined as ranging from 200 to 300 m a.s.l. During winter, ele-
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Figure 14. Average aspect distribution of snow cover for 2000—
2018. Fractions of area for each aspect are 22.8 % for 0-90°, 23.8 %
for 90-180°, 23.4 % for 180-270° and 26.6 % for 270-360°.

vations over 600 ma.s.l. are mostly fully covered with snow.
The snowmelt season occurs in April to July, depending on
elevation. In the fall a strong increase was also observed be-
tween September and October. Figure 14 shows the distribu-
tion of snow cover within the four main aspect classes (N, E,
W, S). During February, March, April, October and Novem-
ber it shows that the snow cover tends to persist longer on the
north-, west-, and east-facing slopes. During summer (June,
July, August) this effect is less dominant. This is consistent
with the expected snowpack energy balance, where in gen-
eral north-facing slopes receive less solar radiation for melt
while east- and west-facing slopes are exposed to a similar
amount of solar radiation at different times of the day (west
facing in the afternoon and east facing in the morning).

5 Conclusions

In this study, a gap-filled satellite-observed snow cover was
produced from daily MODIS Aqua / Terra observations with
duration from early 2000 until 2018 at a 500 m spatial res-
olution. Overall a good agreement was found between the
daily combined MODIS Terra / Aqua data set and the vali-
dation data sets from Landsat 7/8, Sentinel 2 and in situ ob-
servations in Iceland. The Landsat and Sentinel data showed
that boundary artifacts were present in the MODIS product at
cloud-land boundaries, while no seasonal patterns of agree-
ment were found when validating alternative remotely sensed
products.

Average cloud cover in Iceland is high (75% aver-
age), providing a significant limitation to the application
of MODIS data and all optical remote-sensing instruments.
No significant temporal patterns were found in cloud cover,
while the central highland in general has lower average cloud
cover. This was addressed with temporal aggregation of data
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where the tradeoff from temporal aggregation (7d) could
have implications for hydrological applications of the data
set where onset of melt and melt events could be retained or
smoothed out of the product. This was also a limitation for
identifying rain on snow events during winter.

Availability of MODIS data during polar darkness was
also a temporal limitation for the data set. From late Novem-
ber to mid January no data were available, which limits the
application of the data set to identify rain on snow events that
can cause flooding and deplete areas of snowpack. Due to
the dynamics of Icelandic snow during winter, especially at
lower elevations, this is challenging to solve without combin-
ing other data sources such as snow models or other sources
of remote sensing, for example synthetic aperture radar such
as the ESA’s Sentinel 1, which has a frequent overpass over
Iceland.

The changes over time (trend) analyzed for the 18 years
showed a slight increase in average snow cover in spring,
likely driven by cold springs in 2013, 2014 and 2015 and
extended liquid-phase precipitation in the fall for the same
years. This aligns with observations of winter mass balance
of Icelandic glaciers in recent years with a slight significant
positive trend for the past 20 years (Pélsson and Gunnarsson,
2016c¢) as well as an observed precipitation increase (Bjorns-
son et al., 2018). These results are consistent with previous
findings that suggest that an slight increase in snow cover
extent/area is observed in Iceland (Eythorsson et al., 2019;
Wang et al., 2018) even though a general decreasing snow
cover extent/area and shortening of the melt season in the
Northern Hemisphere is reported in many other studies (Choi
et al., 2010; Hori et al., 2017).

Another influencing factor for onset of melt and melt en-
hancement is radiative forcing by light-absorbing particles
(Painter et al., 2018; Skiles et al., 2018). Due to frequent
volcanic eruptions in Iceland volcanic ash and tephra can
be transported great distances (Gudmundsson et al., 2012;
Sélnes et al., 2013). The volcanic eruptions in Eyjafjalla-
jokull in 2010 and Grimsvétn in 2011 took place in April
and May, respectively, and are within the MODIS data period
(2000-2018). Figures 9 and 12 show no clear sign of melt
enhancement for spring 2010 and 2011, although albedo and
summer melt of Icelandic glaciers were greatly influenced
(Gascoin et al., 2017; Palsson and Gunnarsson, 2016c¢).

The gap-filled snow cover product provides a useful tool
to monitor and analyze inter-annual variability and long-term
trends in snow cover in Iceland. The methodology applied
here can be applied to other satellite sensors such as Sentinel
3 or the Visible Infrared Imaging Radiometer Suite (VIIRS)
to extend the temporal range of data beyond the MODIS mis-
sion.

Code and data availability. Code used in the project to process
data is available at https://github.com/andrigunn/isca (Gunnarsson,
2019). MODIS data are available from https://nsidc.org/data/ (Hall
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and Riggs, 2016b), Sentinel 2 data are available at https://scihub.
copernicus.eu/dhus/ (European Space Agency, 2018), and Landsat
7 and 8 data are available at https://earthexplorer.usgs.gov/ (United
States Geological Survey, 2018). Data set tiles, paths and ver-
sion numbers are defined in Sect. 2. Geospatial data for Iceland
are available from the National Land Survey of Iceland at https:
//atlas.Imi.is/LmiData/index.php (National Land Survey of Iceland,
2018). Observations of snow cover from manned IMO sites are
available upon request to fyrirspurnir@vedur.is.
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Abstract. During the melt season, absorbed solar energy,
modulated at the surface predominantly by albedo, is one of
the main governing factors controlling surface-melt variabil-
ity for glaciers in Iceland. Using MODIS satellite-derived
daily surface albedo, a gap-filled temporally continuous
albedo product is derived for the melt season (May to August
(MJJA)) for the period 2000-2019. The albedo data are thor-
oughly validated against available in situ observations from
20 glacier automatic weather stations for the period 2000—
2018. The results show that spatio-temporal patterns for the
melt season have generally high annual and inter-annual vari-
ability for Icelandic glaciers, ranging from high fresh-snow
albedo of about 85%-90% in spring to 5 %—-10% in the
impurity-rich bare-ice area during the peak melt season. The
analysis shows that the volcanic eruptions in 2010 and 2011
had significant impact on albedo and also had a residual ef-
fect in the following years. Furthermore, airborne dust, from
unstable sandy surfaces close to the glaciers, is shown to
enhance radiative forcing and decrease albedo. A signifi-
cant positive albedo trend is observed for northern Vatna-
jOkull while other glaciers have non-significant trends for the
study period. The results indicate that the high variability in
albedo for Icelandic glaciers is driven by climatology, i.e.
snow metamorphosis, tephra fallout during volcanic erup-
tions and their residual effects in the post-eruption years,
and dust loading from widespread unstable sandy surfaces
outside the glaciers. This illustrates the challenges in albedo
parameterization for glacier surface-melt modelling for Ice-
landic glaciers as albedo development is driven by various

complex phenomena, which may not be correctly captured
in conventional energy-balance models.

1 Introduction

Surface albedo is defined as the unitless ratio of radiant flux
reflected from the Earth’s surface to the incident flux. It is
a controlling parameter, which governs the portioning of the
shortwave radiative energy between the atmosphere and the
surface and, therefore, a control of the surface energy balance
modulated by the solar zenith angle, cloud optical thickness,
cloud cover, and transmission properties of the atmosphere
(Klein and Stroeve, 2002; Gardner and Sharp, 2010; Dono-
hoe and Battisti, 2011). The evolution of albedo for impurity-
free snow and ice is controlled by the snow metamorphism
process where snow-grain size increases with time and low-
ers albedo at all wavelengths while fresh new snow increases
albedo (Warren, 1982). Light-absorbing particles (LAPs),
such as sand, mineral and volcanic dust/tephra, black car-
bon, soot, and algae, in the near-surface layers of the snow
and ice further lower the albedo, enhancing the energy ab-
sorbed by the surface (Warren and Wiscombe, 1980; Box
et al., 2012; Painter et al., 2012; Meinander et al., 2014; Pel-
toniemi et al., 2015; Dagsson-Waldhauserova et al., 2015;
Stibal et al., 2017; Skiles et al., 2018; Zubko et al., 2019).
Optical satellite remote sensing offers a way to observe
surface albedo continuously at large spatio-temporal scales
but is limited to times of clear-sky overpasses. Various stud-
ies have shown that surface albedo over snow and ice can be
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successfully derived from visible and near-infrared satellite
sensors (Stroeve et al., 1997; Reijmer et al., 1999; Stroeve,
2001; Klein and Stroeve, 2002; Liang et al., 2005; Stroeve
et al., 2005, 2013). Since October 1978, regular polar cov-
erage has been provided by the National Oceanographic
and Atmospheric Administration (NOAA) satellites carry-
ing the advanced very-high-resolution (AVHRR) radiometers
(Stroeve et al., 1997; Xiong et al., 2018). The AVHRR sensor
has visible, near-infrared, and thermal channels that observe
the top-of-the-atmosphere (TOA) radiances under clear-sky
conditions, which allows for conversions of narrow-band re-
flectance measurements to broadband albedo by applying an
atmospheric correction and using a radiative transfer model
with successful results over snow- and ice-covered surfaces
(Lindsay and Rothrock, 1994; de Abreu et al., 1994; Stroeve
et al., 1997; Reijmer et al., 1999). Spatial resolution is 4 and
1.1km depending on the collection mode (global or local),
allowing for sufficient representation of surface albedo for
larger ice caps or sheets that encompass large areas such as
Greenland (Steffen et al., 1993; Zhou et al., 2019) and the
main ice caps of Iceland. Higher-spatial-resolution optical
data have been obtained from the Landsat constellation (30 m
spatial resolution) for albedo retrievals with capabilities to
further resolve smaller-scale patterns, more detailed vari-
ability of albedo, and sub-pixel variability of large-footprint
satellite sensors (Winther, 1993; Reijmer et al., 1999; Gas-
coin et al., 2017; Naegeli et al., 2017, 2019). Higher-spatial-
resolution satellite data generally have the disadvantage of
lower temporal resolution, which excludes the possibility of
daily albedo observations.

Since February 2000, the Moderate Resolution Imaging
Spectroradiometer (MODIS) instrument, on board the NASA
Terra satellite, has collected daily multi-spectral radiance
data (36 spectral bands) viewing the entire Earth’s surface
every 1 to 2d at 500 m spatial resolution. Followed by the
NASA Aqua satellite launch in July 2002, also carrying the
MODIS sensors, MODIS data have significantly improved
understanding of global earth and lower-atmosphere pro-
cesses and dynamics. Various albedo products for snow- and
ice-covered surfaces have been developed and analysed to
further understand the inter-annual and seasonal variability
of albedo for glaciers and ice sheets (Stroeve et al., 2005;
Box et al., 2012; Moller et al., 2014; Gascoin et al., 2017).

Glacier research is important in Iceland for several rea-
sons. Seasonal glacier melt is essential for hydropower pro-
duction and meltwater storage in reservoirs as the energy sys-
tem is strongly dependent on glacier and snowmelt, which
provides over 72 % of the total average energy produced in
Iceland (Hjaltason et al., 2018). The system isolation and
high natural climate variability can pose a risk to the relia-
bility of the energy system as drought conditions, low-flow
periods, and years with low summer melt are difficult to
predict. Volcanic activity in glacier-covered volcanoes can
cause volcanic ash and tephra fallout on glaciers during ex-
plosive eruptions, leading to enhanced melt or in some cases
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isolation of the glacier surface, reducing melt significantly
(Moller et al., 2014; Wittmann et al., 2017; "oller et al.,
2019). For Icelandic glaciers, surface albedo is the domi-
nant factor governing the annual variability of surface melt
(De Ruyter De Wildt et al., 2002; Gudmundsson et al., 2009),
and the correct representation of surface albedo is critical for
glacier melt modelling (Schmidt et al., 2017).

Reijmer et al. (1999) found that the temporal and spatial
variations in the surface albedo of the Vatnajokull ice cap
were reproduced fairly well by using AVHRR data for the
1996 melt season. To confirm this hypothesis, Reijmer et al.
(1999) compared in situ data and higher-spatial-resolution
remote sensing data from the Landsat 5 Thematic Map-
per sensor. The results showed greater variability in sur-
face albedo, implying that the scale of the albedo varia-
tions is larger than the AVHRR pixel (1.1km) could resolve.
De Ruyter De Wildt et al. (2002) assessed Vatnajokull glacier
albedo using AVHRR images and found a strong correla-
tion (R2%: 0.87-0.94) between the mean albedo of the en-
tire ice cap through the melting season and observed spe-
cific mass balance for the period 1991-1999. In the accu-
mulation area, average albedo was found to decrease from
80% down to 60 %, with a gradual decrease during the
melt season, while in the ablation area, values as low as
10 % ranging up to 35 %, with considerable variation, were
found. Gascoin et al. (2017) indicate a good ability of the
MODIS MCD43A3 multi-look product to characterize sea-
sonal and inter-annual albedo changes, with correlation co-
efficients ranging from 0.47 to 0.90, but high RMSE val-
ues in comparison with in situ data. Sub-pixel variability
was also investigated using Landsat 5 and 7 data similar to
Reijmer et al. (1999) with generally better results. Moller
et al. (2014) investigated the influence of tephra depositions
from the 2004 Grimsvétn eruption in Vatnajokull glacier us-
ing the MODIS MCD43A3 multi-look product in combina-
tion with daily observations from the MOD10A1 product.
By developing an empirically based model to describe the
albedo decrease across the glacier surface caused by the de-
posited tephra, they found that the tephra-induced albedo
changes were largest and most widely distributed over the
glacier surface during the 2005 summer season, when the
observed albedo decrease reached 35 % compared with mod-
elled undisturbed conditions. A study by Wittmann et al.
(2017) for the 2012 melt season states that the positive ra-
diative forcing of airborne dust on Brdarjokull can add up
to an additional 1.1 mw.e. (water equivalent) of snowmelt
(42 %) compared with a hypothetical clean glacier surface.
This represents the influence of volcanic eruptions and air-
borne dust deposits on the mass balance of Icelandic glaciers.
In most cases, dust, and tephra will amplify surface melt due
to additional radiative forcing during the melt season, but in
some cases, ash layers exceeding a certain critical thickness
can cause insulation of the underlying snow and ice. Results
by Dragosics et al. (2016) showed that this critical thickness
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ranged from 9 to 15 mm depending on grain size and material
type.

Cloud cover is a major challenge for remote sensing in Ice-
land; even though data from both Aqua and Terra are used,
the number of cloud-covered pixels is still high (Gunnarsson
etal., 2019). For albedo derived from the MODIS MCD43A3
product, the strict processing criteria of the multi-look prod-
uct reduce the number of usable pixels even further than col-
lected by Aqua and Terra. This is especially true at higher
elevations for Vatnajokull where persistent cloud cover is
frequently observed, resulting in fewer valid albedo pixels
during the melt season. Melt increase from dust and ash de-
posit events is observed to extend the active melt area of the
glaciers, i.e. LAP deposit in the accumulation area, increas-
ing melting. Therefore data from these areas are very impor-
tant for monitoring and forecasting runoff from glaciers in
Iceland. Lag times of MCD43A3 (14-16d) make this less
feasible for near-real-time monitoring and operational mod-
elling, for example, in the case of a major dust deposit or
volcanic eruption. Additionally, MCD43A3 is not gap-filled,
requiring some post-processing prior to monitoring or hydro-
logical modelling efforts.

This study aims to address some of the shortcomings of
the MCD43A3 product for glaciers in Iceland and derive an
albedo data set suitable for operational use as well as a scien-
tific study of spatial and temporal variations in albedo. The
daily M*D10A1 products were chosen to increase temporal
resolution, allowing for more flexibility in post-processing,
statistical filtering, and near-real-time data posting. There are
two main objectives of the study. The first objective is to
create a gap-filled MODIS-based surface-albedo product for
glaciers in Iceland for this time period from 2000 to 2019
validated with in situ data suitable for the monitoring and
modelling of glaciers in an operational context. Second, the
resulting gap-filled product was used to analyse and quantify
spatio-temporal patterns of albedo for Icelandic glaciers for
the time period, with monthly statistics and a detailed inter-
pretation of the variation in albedo with elevation and trends
over time.

2 Data and methods

Figure 1 shows a location map of the Icelandic glaciers
referred to in the study. These were glaciers that are at
least 2km? or eight unmixed MODIS pixels. For the larger
glaciers, Vatnajokull, Langjokull, Hofsjokull, Myrdalsjokull,
and Drangajokull, smaller areas were defined to represent the
main ice flow basins of the glaciers for more detailed analy-
sis.

2.1 MODIS products

Daily snow cover data products calculated from the MODIS
spectroradiometer on the NASA Terra (MOD10A1 V006)
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and Aqua (MYD10A1 V006) platforms were obtained from
the National Snow and Ice Data Center (NSIDC). The
products provide daily estimates of snow cover and blue-
sky albedo and a quality assessment at 500 m spatial res-
olution for cloud-free conditions at the satellite platform
overpass (Hall and Riggs, 2016a, b). Daily albedo cal-
culations use reflectances of the first seven visible and
near-infrared bands of the MODIS spectroradiometer (459—
2155 um) which have been corrected for atmospheric effects.
To correct for anisotropic scattering effects of snow and ice,
the DIScrete Ordinates Radiative Transfer (DISORT) model
is applied. The daily estimated blue-sky albedo corresponds
to the broadband albedo for actual direct and diffusive illu-
mination (Klein and Stroeve, 2002) and is therefore directly
comparable to field observations with broadband radiome-
ters (Stroeve et al., 2013). For comparison and validation
purposes, the multi-look MCD43A3 albedo product V006
was obtained as well from LP DAAC (Schaaf and Wang,
2015). MCD43A3 provides daily albedo using 16 d of Terra
and Aqua MODIS data at 500 m resolution. Data are tempo-
rally weighted to the ninth day of the 16d. The MCD43A3
product provides black-sky albedo (directional hemispheri-
cal reflectance) and white-sky albedo (bihemispherical re-
flectance) data at local solar noon for the same bands as used
in MxD10A1 albedo products.

The quality of remotely sensed albedo retrievals decreases
during autumn and winter as the incoming solar irradiance
and solar incidence angle decreases. With an increase in so-
lar zenith angles (SZAs) and especially beyond 70°, the ac-
curacy of satellite- and ground-based instruments declines
for albedo retrievals. This results in cases where unrealis-
tic and unexpected values are observed and often exceed ex-
pected maximum clear-sky snow albedo. Due to polar dark-
ness (SZA > 85°), MODIS data are generally not available
from mid-November until mid-January each year over Ice-
land (Dietz et al., 2012). Cloud cover in Iceland also poses
a challenge when using optical remote sensing as average
cloud cover ranges from 70 % to 90 % with little inter-annual
variability (Gunnarsson et al., 2019).

The scope of this study was limited to the melt season of
Icelandic glaciers, when SZAs are low and incoming solar
irradiance is high (MJJA). Every granule from MODIS tile
h17v02 was used in this project as it covered all the central
highlands in Iceland and left out only a small portion of the
western Snzfellsnes peninsula and the Westfjords.

2.2 Meteorological in situ data

The Icelandic Glacier Automatic Weather Stations network
(ICE-GAWS) has provided automatic weather-station ob-
servations from Vatnajokull, Langjokull, Hofsjokull, and
Myrdalsjokull since 1994, 2001, 2016, and 2015, respec-
tively. Most stations in the network were operated during the
extended melt season (MJJASO) annually, while a few sites
were operated all year round. All sensors were tested and
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Figure 1. Location map of Icelandic glaciers used in the study. These were glaciers that were at least 2km? or eight unmixed MODIS
pixels. For the larger glaciers, Vatnajokull, Langjokull, Hofsjokull, Myrdalsjokull, and Drangajokull, smaller areas are defined to the main
ice flow basins of the glaciers for further analysis. These delineated areas are annotated with underlined text (e.g. NW for northwest). In
total, 28 areas are processed, including the sub-areas, but small mountain glaciers in northern Iceland were merged into one processing
unit. Available glacier automated weather stations are shown with grey dots. Further details of these stations are given in Table 1. A shaded
relief representation of a glacier DEM is from J6hannesson et al. (2013) and catchment delineation from Magniisson et al. (2016), for
Drangajokull, Bjérnsson (1988) and Bjornsson et al. (2000) for Hofsjokull and Myrdalsjokull, and Pdlsson et al. (2015, 2020a) for Langjokull
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validated annually before deployment in the field in spring.
Locations of the sites are shown in Fig. 1, and location, el-
evation, observation period, and radiometer instrumentation
are shown in Table 1.

Radiation was measured with a net radiometer equipped
with two pyranometers facing upward and downward, re-
spectively, used to measure the incident (SW ) and reflected
shortwave radiation (SW1) as a 10min average. The ratio
of both quantities allowed the bi-hemispherical albedo of
the surface to be estimated. For comparison purposes in this
study, daily integrated albedo is used instead of selecting the
hourly-mean albedo measured closest in time to the satel-
lite overpasses. Daily integrated albedo was calculated as
the running 24 h sum of upward shortwave divided by the
running 24 h sum of the downward shortwave. This method
minimizes the effect of solar zenith angle on the accuracy
of the albedo estimation and is less sensitive to radiometer
level and cosine response errors since it integrates errors that
partly cancel each other (Box et al., 2012). Daily integrated
albedo has been shown to represent the daily variability of
the glacier surface but only partially represent diurnal vari-
ability, such as onset of melt (Stroeve et al., 2005).

The Cryosphere, 15, 547-570, 2021

Most sites in the GAWS network used Kipp and Zonen
CM14, CNR1, and CNR4 radiation sensors which have rela-
tively uniform spectral response ranging from 0.3 to 2.8 um
with uncertainty that has been reported to be 3 to 10 % for
daily totals over ice- and snow-covered surfaces (Van den
Broeke et al., 2004b, a; Gudmundsson et al., 2009; Kipp
and Zonen, 2019). The LI-COR 200 SZ pyranometers were
used at a few sites. They have reduced spectral response (0.4
to 1.1 um) compared with the Kipp and Zonen instruments.
Tilting of the instruments with respect to the glacier surface
was not monitored and could add to the uncertainty, espe-
cially in the ablation zone of the glaciers (Van den Broeke
et al., 2004b). The incoming and reflected shortwave mea-
surements from 20 AWSs during the period 2000-2018 were
used to validate the MODIS remotely sensed albedo prod-
ucts.

Manual quality control of the data was done by screen-
ing shortwave and albedo data and removing obvious errors,
periods when stations are buried in snow and calibration pe-
riods prior to site instalment in spring. Obvious cases of in-
strument failure were also rejected. Observations of upward
solar irradiance exceeding downward solar irradiance were
also removed. Quality control was carried out on the data at
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an hourly time step prior to aggregating to daily and monthly
time steps. Daily albedo values were calculated from sums
of hourly radiation averages if within each day at least 20-
hourly values or more were available and monthly averages
were calculated from daily values if within each month 24
daily values or more were available.

2.3 Data processing
2.4 MODIS data processing

From the MOD10A1 and MYDI0AI1 daily data tiles, the
MOD Grid Snow 500m grid and the grid variable Snow
Albedo Daily Tile were used for the albedo analysis. Snow
albedo is reported in the range 0-100 where the snow and
ice cover mask in the MxD10A1 product identifies whether
a pixel is snow-covered or not. A processing pipeline for
MODIS snow-albedo data was partly adopted from Box
et al. (2012), with modifications and adoptions for Icelandic
glaciers.

Temporal aggregation was applied to the MOD10A1 and
MYDI0A1 data to reduce the number of unclassified daily
pixels due to clouds at the overpass time. The temporal ag-
gregation range was set as the number of days backwards
and forwards at each centre date ( = 0) to merge to a single
stack for further processing. A temporal aggregation range
of 5d backward and forward (r = +5d) was selected; i.e.
in total 11d can contribute data to the temporally aggre-
gated product. A total of 22 values are potentially avail-
able for each pixel (i.e. 11d of MODIOAI and 11d of
MYDI10A1). This reduces by 66 % the number of pixels clas-
sified as no data (cloud cover, detector saturation, etc.). Ex-
tremely high MODIS albedo values from the original prod-
ucts (MOD10A1 and MYD10A1) (o > 90 %) are excluded
as these are considered unrealistic values under clear skies
(Konzelmann and Ohmura, 1995; Box et al., 2012).

Cloud cover is known to be a major challenge in optical
remote sensing of the Earth surface, especially for snow-
and ice-covered surfaces. Various methods exist to differ-
entiate between clouds and snow- and ice-covered surfaces
(Ackerman et al., 1998; Sirguey, 2009), but omission errors
are difficult to avoid completely, leading to misclassification
of surface albedo and clouds. Manual inspection of the raw
MODIS albedo data for Icelandic glaciers revealed misclassi-
fied pixels due to various artefacts such as cloud boundaries,
cloud shadows, contrails, cirrus clouds, and fog, especially
in the glacier terminus area. These artefacts create abrupt
changes in the surface-albedo time series, making it possi-
ble to reject them based on the temporally aggregated data
statistics. On a pixel-by-pixel basis, the method of Box et al.
(2012) was applied to reject values exceeding 2 standard de-
viations from the 11 d temporally aggregated data stack. The
method is only applied if 4 or more pixels in the data stack
have valid albedo data. To prevent rejection of valid data,
values within a certain threshold of the median were not re-
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jected to account for albedo changes. The outlier thresholds
were manually adjusted, mostly related to the elevation of
the glaciers, ranging from 1% to 4 %, for higher to lower
elevation, respectively. This means that data from the 11d
temporal aggregate were not rejected, even if the difference
between the albedo value and the median was greater than 2
standard deviations, if the difference falls within the pixel-
defined threshold value. From the 22 potentially available
values, the mean is calculated to represent the surface albedo,
after median-based statistical rejection of outliers.

An important aspect of MxD10A1 products is that they
only provide albedo of pixels detected as snow covered
while MCD43A3 provides albedo over all land masses. This
does limit the application of the method presented here dur-
ing or after an explosive volcanic eruption event with thick
tephra depositions. Similarly, tephra plumes discharged into
the atmosphere with high tephra concentrations might fur-
ther induce misclassifications during explosive eruptions. In
this study, during periods of volcanic eruptions, the outlier
thresholds are not applied, allowing a greater range of ex-
pected albedo values, especially lower values at higher el-
evations where tephra deposits were observed. This applies
to the melt seasons 2010 and 2011. Visual inspection of the
gap-filled product during these periods was used to validate
the performance of MCD11. In most cases, the method pre-
sented here was able to reconstruct albedo with acceptable
accuracy, as shown in Sect. 3.1.

Figure A3 shows an example for a date after the erup-
tion in Grimsvétn in 2011 (18 June 2020) with the original
MxD10A1 products, MCD43A3 and MCD11 after median-
based outlier removal and gap filling. The performance of
MCD11 is good while the figure also illustrates the challenge
with pixel availability for MCD4A3. The gap-filling method
is capable of reconstructing albedo values in areas with thick
tephra deposits.

Finally, after temporal aggregation, outlier removal, and
statistical filtering, the remaining pixels classified as clouds
were classified statistically with four predicting variables,
location (easting, northing), elevation (Z), and aspect, with
a daily trained random forest model (Matlab, 2017). Topo-
graphic and masking data for ice-covered surfaces were ob-
tained from the National Land Survey of Iceland. The orig-
inal digital elevation model was a raster with a 10m spa-
tial resolution which is resampled to match the grid of the
MODIS pixels using bilinear sampling (GDAL/OGR con-
tributors, 2019). Aspect was then calculated for each pixel.
To evaluate the model classification performance, 25 % of the
classified data from the temporal aggregation were withheld
for comparison purposes. The average RMSE of the classi-
fied data was 3.49 %, with a standard deviation of 0.80 %, for
the period from May to August. On a monthly basis the low-
est RMSE was observed in May (u: 3.17 %, o: 0.80 %) and
the highest in August (x: 4.03 %, o: 0.83 %) while June and
July fall in between. For individual years the RMSE values
were highest in 2010 (u: 4.02 %, o: 1.42 %) and 2011 (u:

The Cryosphere, 15, 547-570, 2021



552

A. Gunnarsson et al.: Albedo of Icelandic glaciers

Table 1. Overview of average location, elevation, average operating period, and radiometer instrument of the GAWS network used for vali-
dation. All stations have temperature probes while GV (Grimsvétn) and GF (Grimsfjall) only observe temperature and incoming shortwave
irradiation. Location and elevation are based on the average location of the site for the observation period, i.e. mean location values for
multi-year installations which might not be the exact same location from one year to another.

Site Glacier outlet Latitude Longitude ma.s.l. Operation Radiometer
Kokv Vatnajokull SW 64.589 —17.860 1096  MIJAS LiC

BRE Vatnajokull SE 64.094 —16.325 210  MIJIJAS CNRI1

B10 Vatnajokull NE 64.728 —16.112 779 All year CNR1/CNR4
B13 Vatnajokull NE 64.576 —16.328 1216 MIJASO CM14/CNR4
B16 Vatnajokull NE 64.402 —16.681 1526  MIJJASO CNRI1
BREI1 Vatnajokull SE 64.097 —16.329 116  All year CNRI1
BRE4 Vatnajokull SE 64.183 —16.335 529 MIJJASO CNRI
BRE7 Vatnajokull SE 64.369 —16.282 1243  MIJJASO  CNRI

TO1 Vatnajokull SW 64.326 —18.118 772 All year CNR4

TO3 Vatnajokull SW 64.337 —17.977 1069 MIJJASO CNRI1

TO6 Vatnajokull SW 64.404 —17.609 1466 MIJASO  CNRI

K06 Vatnajokull SW 64.639 —17.523 1946  MIJIASO CMI14
MYRA  Myrdalsjokull 63.612 —19.158 1346 MIJAS CM14
HSA09  Hofsjokull SE 64.770 —18.543 840 MIJASO CNR1
HSAI13  Hofsjokull SE 64.814 —18.648 1235 MIJJASO CNRI1

L05 Langjokull S 64.595 —20.375 1103 MIJASO  CNRI
SKE02  Vatnajokull SW 64.303 —17.153 1208 MIJJASO  CNRI

LO1 Langjokull S 64.514 —20.450 589  All year CNRI1
Hof01 Vatnajokull SE 64.539 —15.597 1142 All year LiC

Hosp Vatnajokull SE 64.431 —15.478 76 MIJASO LiC

4.73 %, o: 1.32 %) for MJJA averages. This was most likely
due to the volcanic eruptions in Eyjafjallajokull in 2010 and
Grimsvotn in 2011. This resulted in volcanic tephra depo-
sitions on Icelandic glaciers that poorly correlate to topo-
graphic patterns of albedo as the random forest model was
trained on location, elevation, and aspect. The final output, a
daily gap-filled albedo grid, which was used for further pro-
cessing, is hereafter referenced to as MCD11.

For MCD43A3 multi-look data to be comparable with
GAWS data, the blue-sky albedo was calculated as the aver-
age between the black-sky albedo and the white-sky albedo
tiles in the product, assuming a constant fraction of diffuse
illumination as done by Moller et al. (2014) and Gascoin
et al. (2017) in previous studies of Icelandic glaciers. For
cloud cover estimations, daily valid pixels in MODI10A1
(AM overpass) and MYD10A1 (PM overpass) were merged
into a single daily product, representing average daily cloud
cover.

To quantify the changes in albedo over time, trends were
calculated. The calculations are pixel-based from annual
MIJA averages for the period 2000-2019. Significance of
the estimated trends was calculated using the non-parametric
Mann—-Kendall test that detects the presence of a monotonic
tendency in chronological data and identifies trends in data
over time without an assumption of normality (Helsel and
Hirsch, 2002). Trends are considered statistically significant
when then the p value is lower than 0.05. For this study,
glacier boundaries delineated in 2010 and 2012 were used for
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Vatnajokull, and boundaries in 2007 and 2008 were used for
Langjokull and Hofsjokull, respectively. This was selected
as a midpoint representing an average glacier area during the
period 2000-2019. This needs to be considered when inter-
preting rapid changes at the glacier terminus, as some areas
in 2000 were part of an active glacier but might in 2019 be
dead ice or land.

3 Results and discussion
3.1 MODIS albedo validation

Figure 2 shows the comparison results for MJJA for MCD11.
Overall good visual and statistical agreement is found be-
tween the MODIS MCDI1 data and in situ albedo from
GAWS observations. For the whole period from May to Au-
gust, the RMSE is 7.2% with an R? of 0.9. The GAWS
observation network captures a wide range of melt season
variability of albedo ranging from 6 % to 90 % which is well
captured with the MODIS MCD11 product as demonstrated
by the overall high correlation coefficients. Based on linear
regression (red lines in Fig. 2) for all months, albedo was
slightly underestimated for higher values (albedo >~ 55)
and slightly overestimated at lower values by the MODIS
MCDI11 product. Various reasons could contribute to these
differences, such as sensor accuracy and instrument installa-
tion configuration (i.e. tilting, riming on the sensor dome). In
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the ablation zone, where the lowest albedo values were ob-
served, high melt rates (surface lowering of 3—7 m) can con-
tribute to progressive tilting of the instruments over the abla-
tion period. Large sand, dust and tephra-covered areas have
been observed in the instrument footprint during field vis-
its, as well as melt channels and small meltwater ponds off-
setting the spectral properties of the surface compared with
the spectral response of snow and ice, inducing errors in the
comparison between in situ and remotely sensed albedo. The
temporal aggregation of the remotely sensed data includes
a dampening effect on the MCD11 data compared with the
GAWS observations, which may partially explain outliers in
July and August when the in situ observations are higher
than the MCD11. Extensive snowfall events, occurring un-
der cloud cover and limiting accurate data retrievals by the
satellites, will lead to albedo that is not correctly represented
in the MCD11 reconstruction due to the 11 d temporal aggre-
gation.

Table 2 shows a comparison of MCD11 with other albedo
products from MODIS, i.e. MOD10A1, MYDI10A1, and
MCD43A3. In most cases, the MCD11 product had lower
RMSE values and higher correlation coefficients, indicat-
ing successful removal of spurious values such as misclassi-
fied clouds, image stripes, and other artefacts in the original
MODIS products. No correlation was found between RMSE
and GAWS location (elevation or glacier/location). No fur-
ther adjustments or calibrations are applied to the MCD11
product in the rest of this study. Table A1 shows validation
results for individual stations for MOD10A1, MYDI10AI,
MCD43A3, and MCD11.

The comparison presented here is in fact similar to pre-
vious work on Icelandic glaciers by Gascoin et al. (2017)
where the MCD43A3 was evaluated with RMSE values rang-
ing from 8 % to 21 %, although the results from Gascoin et al.
(2017) are based on daily values. Various studies in Green-
land using in situ AWS report lower RMSE values, ranging
from 2.8 % to 5.4 % on a monthly basis for MOD10AI us-
ing 17 stations for validation by Box et al. (2012) and a to-
tal RMSE of 6.7 % in a study by Stroeve et al. (2013) using
MCD43A3 high-quality retrievals. It is important to consider
how representative point-based in situ observations are (ob-
serving ~ 120-180 m?; Kipp and Zonen, 2019), compared
with the spatial footprint of the MODIS data (0.25 km?), es-
pecially in glaciated areas with high spatial albedo variability
and MODIS sub-pixel variability as is observed in the bare-
ice areas of the Icelandic glaciers.

Sub-pixel variability has been investigated by Reijmer
et al. (1999), Pope et al. (2016), and Gascoin et al. (2017) for
Icelandic glaciers. The study by Reijmer et al. (1999) using
AVHRR and Landsat TM data at Vatnajokull reported large
systematic differences for some of the automatic weather sta-
tions on the ice, attributed to sub-pixel-scale variations in
the albedo. Results implied that the scale of the albedo vari-
ations was smaller than the scale of the AVHRR and TM
pixels. Pope et al. (2016) studied high-resolution (5 m) air-
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Figure 2. Comparison of monthly-averaged MODIS albedo with in
situ GAWS albedo observations for May, June, July, and August for
the period 2000-2019 where data were available for the MCDI11
data product.

borne multi-spectral data collected over Langjokull in 2007,
with comparison to near-contemporaneous Landsat ETM+
and MODIS imagery showing albedo to be highly variable at
small spatial scales. Work by Gascoin et al. (2017) suggested
that the RMSE of the difference between the in situ auto-
matic weather station data and MODIS data tends to increase
when the corresponding Landsat sub-pixel spatial variability
is higher. Lower standard deviation values were consistently
obtained where the surface was less heterogeneous (accumu-
lation areas).

3.2 Gap-filled albedo

Figure 3 shows the average cloud cover for the main Ice-
landic glaciers from April to September, based on daily
MODIS data from Aqua and Terra. This highlights the chal-
lenges for optical satellite remote sensing in Iceland due
to cloud obscurity problems. The average cloud cover for
glaciers was 73.8 % for MIJA and slightly higher for AMJ-
JAS, at 74.4 %. Monthly variability within the melt season
was low, with the highest values seen in April, July, and
September (78 %, 76 %, and 75 %, respectively) and lower
values in May, June, August, and October (73 %, 73.5 %,
72.8%, and 72.8 %, respectively; individual months are
shown in Fig. Al). The highest average cloud cover was ob-
served for Eyjafjallajokull (80.3 %), Drangajokull (79.6 %)
and Myrdalsjokull (77 %) for melt season averages while the
other glaciers have lower average cloud cover ranging from
71 % to 74 %.
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Table 2. Comparison of MODIS albedo products (MOD10A1, MYD10A1, MCD43A1, and MCD11) with GAWS in situ albedo on a monthly

timescale.
| MODIOAI | MYDIOAL | MCD43A3 | MCDII
Month | RMSE ~ R? | RMSE  R? | RMSE  R? | RMSE  R?
May 8.66 082 | 834 084| 828 084 79 0386
June 707 091 | 720 091 | 749 091 | 659 092
July 708 092 | 630 093] 709 091 | 649 093
August | 824 088 | 752 090 | 110 075 | 779 089

A figure showing a similar pattern as Fig. 3 was presented
by Gascoin et al. (2017). Figure A1 additionally shows aver-
age monthly cloud cover from May to September depicting
how the cloudiness pattern varies within the melt season, in-
dicating how cloud cover affects incoming short-wave radia-
tion. The figure in Gascoin et al. (2017) also shows the mean
annual number of days with missing data during the period
2001-2012 based on data available within a 16d period in
the MCD43A3 product. Their figure also highlights the data
availability limitation of the MCD43A3 product, especially
for Vatnajokull as previous discussed.

The average daily cloud cover in MOD10A1 data was
79 % and slightly lower for MYD10ALI, at 78 %, based on
data from April to October each year for the period 2000—
2019. By joining these two products on a daily basis, cloud-
obscured pixels were reduced to 74 %. Temporal aggregation
(11d) of the products had an exponential decaying shape of
unclassified pixel reduction, with the highest benefit for ag-
gregating 1d. For this study, data were aggregated 5d for-
ward and backward, allowing 11d of both Aqua and Terra
MODIS albedo data to contribute to a daily average. This
resulted in an average unclassified pixel reduction down to
12 %.

The main advantage of the temporal aggregation of the
data was the reduction of cloud-obscured pixels, which pro-
vides a more spatially continuous product in a simple and
computationally efficient way. This comes with the primary
disadvantages of response dampening of rapid changes, ex-
perienced as a smoothing effect on the albedo time series.
This could pose a limitation on daily near-real-time flow
forecasting, while for weekly to monthly time scale applica-
tions, the product should be representative. Cloud detection
in the MODIS products is based on the M«D35—L2 cloud
mask providing four categories for discrimination of clouds,
i.e. cloudy, uncertain, probably clear, and confidently clear.
Cloud and snow confusion is known to be present in MODIS
data for many reasons, such as cold clouds with ice content,
very similar spectral responses to snow of some cloud types,
and cirrus clouds that are not detected (Sirguey et al., 2009;
Box et al., 2012). The approach in this study to reduce cloud
artefacts is based on robust statistics with a median-based
outlier removal. The drawback of this approach is that with a
too strict criterion for rejection, valid data could be rejected,

The Cryosphere, 15, 547-570, 2021

with loss of good quality data, especially in cases where sur-
face albedo changes rapidly.

3.3 Annual and inter-annual variability of albedo

Inter-annual albedo variations for Icelandic glaciers were
generally high. Figure 4 shows spatial patterns for melt sea-
son mean albedo for the investigated glaciers for the period
2000-2019 (MJJA). The lowest albedo values (< 35 %) were
found in bare-ice areas where the winter snow cover is gen-
erally completely ablated during summer, revealing dirty and
impurity-rich bare ice. Higher albedo values (> 45 %-50 %)
were found in the accumulation areas associated with higher
elevations and a shorter period of positive surface-energy bal-
ance during the melt season.

Figure 5 shows the average albedo distribution and rela-
tions to elevation in 100 m bands for the six largest ice caps
and their sub-areas defined in Fig. 1. Above 1500 ma.s.l.
at Vatnajokull there was limited regional variability while
more distinctive patterns were seen between the northern
and southern parts, especially in the southeast at lower el-
evations. In the southeast, the elevation of the glacier ranges
all the way down to sea level while the glacier terminus was
at a much higher elevation in the north (600-700 ma.s.L.).
The average albedo—elevation relationship for Vatnajokull
exhibits three elevation gradients. For elevations below
700ma.s.l. the linear albedo gradient was ~ 2.3 %/100m,
~5.1%/100 m between 700-1300, and ~ 0.5 %/100m for
elevations above 1300m. For Hofsjokull, the albedo was
generally lower in the southeast than in the northern and
southwestern parts; the average albedo elevation gradient
below 1400ma.s.l. was 4 %/100m and 1.5 %/100 m above
1400 ma.s.l. For Langjokull, the south and northeast areas
had overall lower average albedo values compared with the
northwestern part of the glacier. At Langjokull, the albedo
elevation gradient was 3.5 %/100 m for the whole elevation
range, which was similar to elevations below 1400 ma.s.1. at
Hofsjokull, but note the start of a change towards a lower gra-
dient at the higher elevations. The northwest part of Myrdal-
sjokull had generally higher albedo compared to the southern
part. The albedo gradient is 3 %/100 m for the whole eleva-
tion range. Distinctive patterns were observed for the east
and south parts of Drangajokull, with lower average values
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Figure 3. Average cloud cover for the main Icelandic ice caps for the extended melt season from May to September each year from 2000—

2019 (average: 73.8 %).

for the south region. A very strong east—south cloud cover
gradient also observed at Drangajokull (Fig. 3) could ex-
plain these differences, indicating that less SW|, reaches the
surface, accelerating the snow metamorphism and resulting
in lower albedo. The average albedo elevation gradient was
3.0 %/100 m for Drangajokull and 2.7 %/100 m for Eyjafjal-
lajokull. In general for Eyjafjallajokull, the southern parts
of the main ice caps had a lower albedo. This was most
likely controlled or strongly influenced by orographic gen-
eration of precipitation in the dominating SW—SE wind, pro-
viding more energy from rain and warmer temperatures at
the surface, accelerating the snow metamorphism (Einarsson,
1984; Crochet et al., 2007; Bjornsson et al., 2018). Local
lower albedo gradients at Hofsjokull (SE), Langjokull (S),
and Myrdalsjokull (S) coincide with documented locations
of severe or extremely severe dust source areas described in
Arnalds et al. (2016).

Figure 6 shows the average distribution of albedo as a
function of elevation bands (100 m intervals) and time for
the period 2000-2019. The annual maximum albedo value
for all elevation bands was generally observed in early April,
associated with the last major winter snowfall. The lowest
average albedo values were observed from mid-July to mid-
August. For higher elevations (accumulation areas), the min-
imum values were associated with the first snowfall which
increases albedo. For bare-ice areas with impurity-rich ice,
these impurities can be washed away from the glacier surface
by rain which leads to higher albedo without fresh snow, i.e.
cleaner ice, with fewer impurities, in late summer.

Figure 7 shows average melt season mean albedo for the
glaciers and sub-areas defined in Fig. 1. Glaciers were sorted
from the highest to the lowest melt season mean albedo for
the whole analysis period (highest at the top of the figure),
revealing certain spatial, temporal, and feature position pat-
terns. The lowest albedo values were observed for Myrdal-
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sjokull, Eyjafjallajokull, and Torfajokull, which cluster to-
gether at the south coast of Iceland (Fig. 1, box M). They
were also all close to widespread unstable sandy surfaces
subject to frequent high-velocity winds, driving numerous
wind erosion events and dust production. These unstable ero-
sive surfaces do not sustain seasonal snow cover far into the
spring and summer, making them accessible for erosion ear-
lier in the spring than similar areas in the north and east
highlands close to Langjokull, Hofsjokull, and Vatnajokull.
Dagsson-Waldhauserova et al. (2014, 2015, 2019) have also
shown that dust events can occur frequently in southern parts
of Iceland during winter given the right surface and mete-
orological conditions for dust transport. The Myrdalsjokull,
Eyjafjallajokull, and Torfajokull glaciers are also relatively
small, indicating that dust-producing events can influence
larger areas of the glaciers with dust deposits. Slightly higher
annual average albedo was seen for small alpine and valley
glaciers with smaller elevation range and surface area com-
pared with the large ice caps.

The main ice caps in Iceland, Vatnajokull, Hofsjokull,
and Langjokull, had relatively high average albedo compared
with the other glaciers, with the exception of the northwest-
ern part of Langjokull which was close to the Flosaskard area
known for extremely severe erosion (Arnalds et al., 2016).
Drangajokull had the highest observed albedo; its location
is far from unstable surfaces that produce airborne dust, and
volcanic eruptions (2010, 2011) seem to have a minimal ef-
fect compared with other Icelandic glaciers. Albedo develop-
ment at Drangajokull is likely mostly driven by snow meta-
morphism where snow grain size increases with time and en-
ergy input, resulting in lowering of albedo.

On the temporal scale, various events influencing the melt
season mean albedo are observed in Fig. 7. For the south
coast glaciers (Fig. 1, box M), the influence of the 2010 vol-
canic eruption in Eyjafjallajokull and the post-eruption influ-
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Figure 4. Spatial patterns of mean albedo for the period 2000-2019 (MJJA). D: Drangajokull; H: Hofsjokull; V: Vatnajokull; L: Langjokull;

E: Eyjafjallajokull; M: Myrdalsjokull.

ence in 2011 and 2012 were obvious, and there were also in-
fluences on other Icelandic glaciers, with the possible excep-
tion of Drangajokull, Hofsjokull Eystri, Snzfell, and Nordur-
landsjoklar in the north. The influence on albedo due to the
2011 volcanic eruption in Grimsvétn was seen in south-west
Vatnajokull isolating the glacier surface, constricting surface
melt in about 420 km?. Generally albedo was lower for most
glaciers in that year, excluding Drangajokull. In 2015, a cold
spring and summer, with prolonged snow cover in the high-
lands, delayed the onset of melt, as well as limiting the ca-
pabilities for airborne dust and tephra to be transported to
the glacier surface. The highest melt season mean albedo ob-
served during the study period was in 2015 for all glaciers,
while the lowest albedo was seen in 2010. The 2019 melt sea-
son was furthermore seen to be quite unique. Due to an early
winter snow cover melt in the highlands in late April, the ear-
liest and most extensive snow cover depletion for 20 years
(MODIS period) (Gunnarsson et al., 2019), followed by a
prolonged period with limited precipitation, great amounts
of dust and sand from unstable sandy surfaces were trans-
ported to the glaciers, providing LAPs that further enhance
surface melt. Although similar singular events had been ob-
served historically during the MODIS period, this develop-
ment was observed at all Icelandic glaciers. Note must be
taken when melt season average values are interpreted that
they are influenced by the areal elevation distribution of each
glacier or sub-area.

Seasonal variability of albedo for Icelandic glaciers was
generally high. Figure 8 shows glacier average seasonal
albedo distribution for 2000-2019 plotted together with se-
lected years for Vatnajokull, Hofsjokull, Langjokull, Myrdal-
sjokull, Eyjafjallajokull, and Drangajokull. The average
albedo generally declines from the maximum observed in
the first 2 weeks of April each year (70 %—80 %) to an an-
nual minimum in August. The average minimum observed
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value is 40 %—45 % for Vatnajokull, Hofsjokull, Langjokull,
and Drangajokull but reaches lower values at Myrdalsjokull
and Eyjafjallajokull (<30 %). Glacier runoff generally peaks
in late June and July (midsummer) (Schmidt et al., 2018),
with low albedo and maximum incoming shortwave irradi-
ance near the summer solstice. The variability similarly grad-
ually increased in June, July, and August and was generally
highest in August. In the autumn, seasonal weather patterns
in Iceland shift with lowering temperatures and an increase in
precipitation following shorter days due to a gradual increase
in solar zenith angles (Einarsson, 1984; Hanna et al., 2004;
Bjornsson et al., 2007, 2018). Frequently in the latter half of
August and beginning of September, the first snowfall is ob-
served to increase albedo with fresh highly reflective snow.
It was not uncommon to see the albedo lower again after the
first snowfall due to liquid precipitation or other events that
melt the fresh snow cover over the bare glacier ice. This af-
fects the variation in albedo in August and September.

Figure 8 also shows how albedo develops through the melt
season for selected abnormal years. The influence of explo-
sive volcanic eruptions in Grimsvotn in Vatnajokull is shown
in 2005 (the eruption took place in November 2004) and
2011 and the Eyjafjallajokull eruption in 2010. These events
generally influence the albedo of Icelandic glaciers as tephra
is discharged into the atmosphere and transported by wind
over wide areas. In 2015, seasonal mass balance programmes
for Vatnajokull, Langjokull, and Hofsjokull reported unusu-
ally thick winter snow cover followed by a cold and cloudy
spring and summer which resulted in a positive net surface
mass balance, for the first time in 20 years (Pélsson et al.,
2020a, b; Porsteinsson et al., 2017). Figure 8 shows the de-
velopment of albedo in 2015 to the highest average values
for the study period.

Figure 9 shows the spatial distribution of seasonal aver-
age albedo as anomalies from the mean. Blue colours rep-
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Figure 8. Seasonal variations in average albedo for selected Icelandic glaciers from the MCD11 product for April to October 2000-2019.

resent anomalies above the mean, i.e. higher albedo values,
while red areas represent values below the mean. Decisive
negative patterns were observed in 2010 and 2011. These are
related to the volcanic eruptions in Eyjafjallajokull (2010)
and Grimsvotn (2011) as tephra dispersal from explosive
eruptions produces high volumes of airborne tephra (Gud-
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mundsson et al., 1997; Gudmundsson et al., 2012; Tesche
et al., 2012). Airborne tephra and dust can be transported by
high plumes that can extend several kilometres into the atmo-
sphere and be transported great distances, up to several hun-
dred kilometres (Gudmundsson et al., 2012; Watson et al.,
2016; bordevic et al., 2019; Dagsson-Waldhauserova et al.,
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Figure 9. Annual spatial patterns for melt season (MJJA) albedo anomalies for 2000-2019.

2019). Tephra dispersal and fallout patterns from explosive
eruptions depend on many factors, including plume height,
particle size distribution, and wind direction and velocity. No
eruption occurred in 2012, but residual effects were observed
as ash deposits from previous eruptions were carried with
the prevailing wind directions and high dust storm activity
reported in the area, enhancing melt due to the lowering of
albedo ("oller et al., 2019; Butwin et al., 2019). These ef-
fects were most clear for Eyjafjallajokull and Myrdalsjokull
but also contribute to negative anomalies for Vatnajokull.
The impact of dust deposition on albedo in 2012 for Vatna-
jOkull was investigated by Wittmann et al. (2017) using dust-
mobilization models to calculate dust emission and a disper-
sion model to simulate atmospheric dust dispersion and de-
position on the glacier surface. The main conclusion was that
the influence of dust on albedo could lead to an increase in
melt of up to 40 %, which confirms the influence of these
events on seasonal glacier melt.

Another influencing factor for negative albedo anoma-
lies was dust, sand, and other LAPs transported from the
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proglacial areas and sandy deserts which cover more than
22 % of Iceland (Arnalds et al., 2016; Wittmann et al., 2017).
Plume-shaped patterns could be identified in particular for
the northern part of Vatnajokull, indicating airborne LAP de-
posits on the glacier surface. For example, in 2001, 2003,
2007, 2008, and 2013, such patterns were observed in the
northern part of Vatnajokull (Brdarjokull glacier outlet) ex-
tending from the Kverkfjoll mountain range high in the ac-
cumulation area as local negative albedo anomalies. These
were unlikely to be linked to local climatology, resulting in
such distinctive anomalies, as such events or dominating pat-
terns would influence larger areas. In 2014-2015, the lava
flow field of the Holuhraun non-explosive eruption covered
about 84 km? of volcaniclastic sandy desert and proglacial
areas north of Vatnajokull. Since then, similar plume-shaped
albedo anomalies have not been observed in the data. It is
probable that the extent of the lava flow field reduces the dust
production of this area significantly, although this cannot be
quantified at this point in time; more data over a range of cli-
matologies are needed to fully understand the impact of the

The Cryosphere, 15, 547-570, 2021
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Figure 10. Spatial patterns for albedo trends during the melt season (MJJA) for the period 2000-2019 in terms of the total change of a
least-square fit to the albedo over the period. Green stipples indicate areas where significant changes were found.

Holuhraun eruption on dust production. Figure 9 also shows
an interesting anomaly pattern for 2019. All the major ice
caps had largely negative anomalies driven by dust and min-
eral deposits with an early onset in the spring. The events
leading up to these anomalies have already been discussed
above. In 2000, large negative anomalies were seen in Dyn-
gjujokull and Briarjokull (northern Vatnajokull). These are
unlikely to be linked to the 2000 Hekla eruption and are pre-
sumed to be a combination of residual effects from the Gjalp
eruption in 1996 and dust transported from the proglacial ar-
eas near the glacier terminus. Landsat images from summer
2000 show the tephra-covered surroundings of Gjalp to be a
possible dust source in combination with proglacial areas.

3.4 Trends of albedo

Figure 10 shows the spatial pattern of melt season (MJJA)
trends in terms of the total change of a least-square fit to the
albedo during 2000-2019. For Vatnajokull, negative albedo
melt season trends were found in the lowest areas of the
glacier with the exception of the northwestern part (Dyn-
gjujokull). Negative trends at the terminus of glaciers were
expected due to glacier retreat in recent decades, with asso-
ciated debris deposits on dead ice (Einarsson, 2018; Hannes-
doéttir et al., 2020). In general, negative trends extend farther
into the accumulation area in the southwest while a growing
positive trend was observed in the upper part of the ablation
area in the northern part with the exception of the terminus
area of Brdarjokull. Positive trends in the upper part of the
ablation area in the northern part (Briarjokull and Dyngju-
jOkull) of the ice cap are significant over most of the area.
Positive melt season trends were also seen near the equilib-
rium line elevation at Hofsjokull, for most of Drangajokull,
in the northern part of Myrdalsjokull and distributed parts
of Langjokull, suggesting a trend towards either increased

The Cryosphere, 15, 547-570, 2021

snowfall or decreased snowmelt at these glacier outlets. As a
melt season average trend (Fig. 10) these positive trends are
only significant in the ablation area in the northern part of
Vatnajokull. Negative trends were identified at many glacier
termini due to the steady glacier retreat in recent decades,
with reduction in the duration of snow cover over low-albedo
bare ice, while for the accumulation area in southwest Vatna-
jokull the trend is strongly controlled by volcanic ash fallout
in 2010 and 2011.

Figure 11 shows average monthly-mean albedo for the
main ice caps for the study period, the associated linear
trends, and the average linear slope of the trend. For all the
glaciers with the exception of Drangajokull in June, the av-
erage linear slope for May and June was negative, i.e. lower
average albedo earlier in the spring. For Vatnajokull, Hof-
sjokull, and Langjokull, the trend was strongly influenced by
low May and June albedo in 2017 and 2019. These trends
indicate that more incoming shortwave energy is absorbed
at the surface during these months with lower albedo. In
July and August, the trend was in general positive, trend-
ing towards higher mean albedo. The trends in July and Au-
gust were only statistically significant for Drangajokull and
in July for Hofsjokull. Positive trends could indicate more
extensive or earlier snowfall in July and August, with fresh
highly reflecting snow. Extensive dust transport to the glacier
surface, as seen in the 2019 melt season, had a similar overall
albedo-lowering effect to that in the eruption years 2010 and
2011 for Vatnajokull, Langjokull, Eyjafjallajokull, and Dran-
gajokull specifically. It is, however, noted that following vol-
canic eruptions albedo lowering is generally more localized
while extensive dust transport tends to affect larger areas.
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4 Conclusions

In this study, a gap-filled satellite-observed albedo data set
for Icelandic glaciers (MCDI11) was produced from daily
MODIS Aqua and Terra observations from early 2000 until
2019 at a 500 m spatial resolution. Overall, good visual and
statistical agreement was found between the MCDI11 data
and in situ albedo from GAWS observations over a range of
elevations and glacier locations. Overall, higher RMSE val-
ues were found in the ablation zone, which could be related to
higher albedo variability within a MODIS pixel for impurity-
rich bare ice in the ablation zone, indicating that care must be
taken when comparing point-based in situ observations with
data with a larger spatial footprint.

The main results show that the large seasonal and inter-
annual variability in surface albedo for Icelandic glaciers
was captured by the MCD11 data, although limited in situ
data were available for the smaller glaciers. Icelandic glacier
albedo was observed to be influenced by variability in cli-
mate, tephra deposits from volcanic eruptions, and airborne
dust from widespread unstable sandy surfaces which are sub-
ject to frequent wind erosion and dust production. Details are
provided regarding spatial patterns and temporal trends, rela-
tions to elevation, and monthly statistics adding to previous
work by Gascoin et al. (2017) for 2000 to 2012.

The good visual and statistical agreement that was found
between the MCD11 data and in situ albedo from GAWS
observations indicates that the gap-filling method applied in
this study is able to provide good quality daily albedo esti-
mates both spatially and temporally. This illustrates the main
strength of the spatio-temporal MCD11 data set, which is ob-
tained without sacrificing quality compared with other data
sources.

Significant positive albedo trends over the study period
were found in northern Vatnajokull while other areas and
glaciers have a glacier-wide non-significant trend. Average
linear trends for monthly data indicate that albedo generally
decreased over the study period in May and June whereas a
general albedo increase was observed in July and August, al-
though, statistically non-significant in all cases with the ex-
ception of Hofsjokull in July and Drangajokull in July and
August.

The Cryosphere, 15, 547-570, 2021
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The incorporation of the MCD11 albedo product provides
capabilities to improve surface mass balance and runoff fore-
casting from glaciers. In the case of future volcanic erup-
tions, the presented methodology allows for rapid assessment
of glacier albedo changes in near-real time and the associ-
ated influence on melt, which has a direct impact on hy-
dropower production in Iceland and possibly civil infrastruc-
ture in some cases. A limitation related to estimating the im-
pact of tephra fallout on a glacier surface from optical data
is the assessment of tephra thickness, as very low observed
albedo could indicate melt increase due to more surface en-
ergy absorbed by the surface but could also indicate an iso-
lating layer limiting melt due to a thick tephra layer.

The methodology allows for predictive and retrospective
modes (Dozier et al., 2008), depending on the application.
To use the albedo data for runoff forecasting for example,
surface albedo estimations using only data until the present
(newest MODIS data) can be provided by applying the sta-
tistical filtering and gap-filling routines from today and back-
wards. Alternatively, in retrospective mode, the best estima-
tions can be provided for every day in a period.

Finally, it is noted that the methodology applied in the
study, based on MODIS data, can be applied to other satel-
lite albedo products, such as VIIRS and Sentinel-3 as well
as future missions, to extend the temporal range beyond the
MODIS mission, allowing for short-term as well as long-
term monitoring of albedo variations for glaciers in Iceland.
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Figure A1. Monthly average cloud cover for selected glaciers in Iceland in April (top left), May (top right), June (middle left), July (middle
right), August (bottom left), and September (bottom right).

E
.

https://doi.org/10.5194/tc-15-547-2021 The Cryosphere, 15, 547-570, 2021

98



564 A. Gunnarsson et al.: Albedo of Icelandic glaciers

Table Al. RMSE, R? values, and number of months of overlapping data (n) for individual station comparison on a monthly time scale for
MODI10AL, MYDI10A1, MCD43A, and MCDI11.

| MOD10A1 | MYDIOAI | MCDA43A3 | MCDI11
Station | RMSE R n|RMSE R> n|RMSE R*> n|RMSE R>
Kokv 978 074 5 0 - 0] 925 077 5| 94 077 6
BRE 1002 031 101 | 984 037 93| 1095 031 80| 1054 040 109
B10 1067 021 102 | 1130 017 93 | 1156 012 84| 1169 026 109
BI3 1324 037 107 | 1159 048 93| 983 061 76| 1369 036 108
B16 802 039 102 | 514 062 94| 546 059 26| 1063 0.3 105
BREI 9.16 042 102 | 939 043 93| 1049 034 97 | 990 047 109
BRE4 768 085 33| 987 076 34| 1090 075 34| 850 085 36
BRE7 758 020 17| 663 039 17| 723 023 11| 616 047 17
To1 1676 045 18 | 1392 059 12| 1260 076 20| 953 086 20
TO3 1184 067 99| 1054 073 86| 1355 059 98 | 1267 064 102
TO6 1027 053 98| 1469 026 87| 7.d1 073 69| 1391 026 100
Lol 1241 073 95| 1326 069 87 | 1024 084 99 | 1143 080 103
L05 835 071 100 | 858 069 92| 793 075 106 | 983 065 114
K06 1806 0.003 35| 1785 002 35| 2157 003 11| 1937 008 36
MYRA | 908 055 20| 956 051 20| 1868 002 16| 1853 0019 21
HSA09 | 575 093 11| 927 083 11| 567 094 12| 518 09 13
HSAI3 | 581 074 11| 405 087 11| 559 078 11| 547 079 13
SKE02 | 600 00004 3| 025 099 3| 207 09 3| 012 099 3
Hofol | 1499 014 63| 1531 012 61| 521 082 24| 1918 02 66
Hosp 1056 027 53| 1059 026 53| 1096 027 56| 1139 022 S8
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Figure A2. Albedo comparison results from monthly averaged MODIS data for May, June, July, and August for the period from 2000-2019
where data were available for MOD10A1, MYD10A1, MCD43, and MCD11 data products.
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Figure A3. Albedo maps for different processing and products post-eruption at Grimsvétn. Data are shown for 18 June 2011. Panels (a) and
(b) show the original albedo tiles (Snow Albedo Daily Tile) for the original MODIS products (M«D10A1). Panel (¢) shows albedo data for
MCD43A3 (Albedo BSA shortwave). Panel (d) shows the MCD11 product (MCD11-F) after median-based outlier removal, and (e) shows
the final MCD11 (MCD11-FGF) product after median-based outlier removal and gap filling as described in Sect. 2.

The Cryosphere, 15, 547-570, 2021 https://doi.org/10.5194/tc-15-547-2021

101



A. Gunnarsson et al.: Albedo of Icelandic glaciers

Code and data availability. Code used in the project to process
data is available at https:/github.com/andrigunn/aig2 (last access:
30 December 2019) and https://doi.org/10.5281/zenodo.4445245
(Gunnarsson, 2021). MODIS data are available from https://nsidc.
org/data (Hall and Riggs, 2016a, b). Geospatial data for Iceland
are available from the National Land Survey of Iceland at https:
//atlas.lmi.is (NLSI, 2019). Glacier automatic weather station data
are available upon request.
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Abstract.

During the melt season, absorbed solar energy, modulated at the surface by albedo, is one of the main governing factors
controlling surface-melt variability for glaciers in Iceland. An energy balance model was developed with the possibility to uti-
lize spatio-temporal MODIS satellite-derived daily surface albedo driven by high-resolution climate forcing data to reconstruct
the surface energy balance (SEB) for all Icelandic glaciers for the period 2000-2021. The surface energy balance was recon-
structed from April through September for 2000 to 2021 at a daily timestep with a 500 m spatial resolution. Validation was
performed using observations from various glaciers spanning distinct locations and elevations with good visual and statistical
agreement. The results show that spatio-temporal patterns for the melt season have high annual and inter-annual variability for
Icelandic glaciers. The variability was influenced by high climate variability, light absorbing particle depositions (LAPs) from
volcanic eruptions and dust hotspots in pro-glacial areas close to the glaciers. Impacts of LAPs can lead to significant melt
enhancement due to lowering of albedo and increased short-wave radiative energy forced at the surface. Large impacts on the
surface energy balance were observed for years with high LAPs deposits, such as volcanic eruptions in 2004, 2010, 2011 and
the sand and dust rich year of 2019. The impacts of volcanic eruptions and other LAPs events were estimated using historical
mean albedo under the same climatology forcing to provide estimations of melt energy enhancements. The impact was often

significant even though the glaciers were far away from the eruption location.

Copyright statement. This work is distributed under the Creative Commons Attribution 4.0 License.

1 Introduction

Mass and energy balance changes of glaciers are useful indicators of changes in the cryosphere and climate (Jéhannesson,
1986; Johannesson et al., 1989; Slater et al., 2021). Projected changes of future climate in the Northern Hemisphere would
force reduction in the area and volume of existing glaciers and ice sheets, with significant contribution to global sea level
rise (Gregory and Oerlemans, 1998; Zemp et al., 2019; Schmidt et al., 2020; Hofer et al., 2020; Goelzer et al., 2020). In the

Northern Hemisphere absorbed short-wave energy during melt season is the primary energy source for surface melting of snow
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and glaciers (Male and Granger, 1981; Bjornsson and Pdlsson, 2008; Fernandes et al., 2009; Hudson, 2011; Box et al., 2012;
Chen et al., 2016). Albedo of snow- and ice-covered surfaces is the unitless ratio of the radiant flux reflected from Earth’s
surface to the incident flux and thus accurate representation of albedo is critical to understand and model surface melt (Schmidt
et al., 2017). Changes in snow- and ice-cover duration and extent, can magnify the effect on climate for warming and cooling
due to the complex and self-enhancing ice-albedo feedback with temperature (Barnett et al., 2005; Adam et al., 2008; Choi
etal., 2010; Hudson, 2011; Flanner et al., 2011; Box et al., 2012). Due to the importance of snow- and ice-albedo as an amplifier
of climate change, surface albedo has been defined as an Essential Climate Variable and a requirement for climate monitoring
(WMO, 2011; Bojinski et al., 2014).

Iceland is an island (103.000 km?) located at major climatic boundaries in the North Atlantic Ocean, where changes in
atmospheric circulation and ocean currents influence the climate. Iceland has a maritime climate with mild winters, cool
summers and high precipitation sustaining a seasonal snow pack and glaciers (Einarsson, 1984; Perkins et al., 1998). The
North Atlantic Current, a branch of the Gulf Stream towards north—east, transports warm ocean water to the North Atlantic
Subpolar Gyre, explaining milder climates at higher latitudes (Lozier et al., 1995; Rossby, 1996; Olafsdéttir et al., 2010;
Knudsen et al., 2012). Flowing along the southern and western Icelandic coast the Irminger Current brings relatively warm
Atlantic water towards Iceland, moderating the climate. In the north and east, the cold East Greenland Current, originated in
cold Polar waters, and the cold East Icelandic Current, a branch of the East Greenland Current, bring cold water masses towards
the Icelandic coast in the north and east, respectively (Renner et al., 2018; Zhao et al., 2018). Associated with anthropogenic
warming, global sea surface temperatures have been observed to increase in the past century. Future projections indicate further
warming although increased melting of the Greenland ice sheet and Arctic sea ice has been linked with local SST cooling south
of Greenland, a region referred to as the North Atlantic warming hole (NAWH), with possible impacts on surface mass balance
of Icelandic glaciers (Rahmstorf et al., 2015; Alexander et al., 2018; Gervais et al., 2019; Keil et al., 2020; Noél et al., 2022).

The total area of glaciers in Iceland in 2019 was approximately 10.400 km? (~10 % of Iceland), containing about 3.400 km?
of ice (in 2019), corresponding to ~9 mm of potential global sea level rise (Bjornsson and Pdlsson, 2020; Adalgeirsddttir et al.,
2020; Hannesddttir et al., 2020). The mass balance of Icelandic glaciers has changed significantly over the last three decades
and all studies and projections indicate that the mass loss of Icelandic glaciers will continue and increase with accelerated
warming in the Northern Hemisphere in the future (J6hannesson and Adalgeirsdéttir; Schmidt et al., 2020; Noél et al., 2022).

Iceland has about 22.000 km? of sandy deserts that are a major source of atmospheric dust and light absorbing particles
(LAPs) (Arnalds et al., 2016). Many of those areas are near glaciers and are sources of active dust emission areas, defined
as dust hotspots (e.g. glacio-fluvial plains, beached and sand plains), with unstable surfaces and are prone to dust aerosol
production that can deposit in snow and glacier surfaces, influencing the surface albedo, thus the radiative forcing (Bjérnsson
and Palsson, 2008; Wittmann et al., 2017; Dagsson-Waldhauserova et al., 2017; Gunnarsson et al., 2021).

Glacier mass and energy balance models generally do not simulate albedo changes due to atmospheric dust and light absorb-
ing particles deposition, with a few exceptions as the processes involved are complex to model and dust sources can be far away
from the glacier surfaces. In volcanic regions, eruption can produce vast amounts of volcanic ash of various grain size where

even extremely thin tephra deposits on snow- and ice surfaces can lead to significantly enhanced melt potential; but in cases
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of a thick tephra layer deposits (> ~2 cm) prevent surface melt processes (Warren and Wiscombe, 1980; Moller et al., 2014;
Wittmann et al., 2017; Moller et al., 2019; Gunnarsson et al., 2021). The majority of mass loss from glaciers in Iceland is due
to surface mass balance processes. However, non-surface mass balance is non-negligible (through the processes of geothermal
activity, volcanic eruptions, geothermal heat flux, calving, internal friction and water flow) although these processes amount to
only a fraction of the surface ablation (Bjornsson et al., 2001; Adalgeirsdottir et al., 2020; J6hannesson et al., 2020).

Research and monitoring of Icelandic glaciers is important for a range of reasons, e.g. civil security due to jokulhlaups, sub-
glacial volcanic activity, stability of river paths, runoff variability, long and short-term changes due to climate change, natural
variability, and water resource forecasting for efficient hydro power production. Efficient water resource utilization requires
forecasting on a sub-daily, daily and seasonal timescales for operational planning. Longer timescales (years and decades) are
also important for refurbishment of older hydro power infrastructure due to climate change adaption and development of new
hydro power plants (Jéhannesson and Adalgeirsdéttir; Sveinsson, 2016). Hydro power production in Iceland corresponds to
about 70 % of the total energy production in the country. About 50 % of inflow to reservoirs and diversions for hydro power
energy production originates from annual glacier melt in an average hydrological year (Hjaltason et al., 2020). Additionally,
because the current Icelandic energy system is a closed loop system, no import nor export of energy (except fossil fuel), high
quality forecasting capabilities are of importance.

The surface energy balance of Icelandic glaciers has been investigated over recent decades. Ahlmann (1940) did one of
the first meteorological observations during the Swedish-Icelandic expedition crossing Vatnajokull, providing insights to the
surface energy balance by observing temperature, humidity, air pressure and other relevant meteorological parameters. Lister
(1953, 1959) studied micro meteorological conditions at the snout of Breidamerkurjokull, making observations on the transfer
of heat to the surface of the glacier assessing and comparing energy transfer for clean glacier ice and dirt covered ice surfaces.
Results from this work detailed the importance of short-wave radiation as a major contributing component to glacier ablation
and its significant increase over dirtier surfaces (bare-ice areas) due to lower albedo. Observations were also done assessing the
dirt thickness to provide insulation protection of the ice surface, indicating that 2 to 4 cm were sufficient to provide complete
isolation of the glacier surface from the incoming short-wave radiation. Bjérnsson (1971, 1972) observed and estimated the
energy balance components for Bagisarjokull in northern Iceland during the summers 1967 and 1968 by observing daily
meteorological conditions and surface mass balance. The results indicated net radiation as the major energy source for melting
of the glacier (51 %), sensible heat secondary (33 %), and latent heat (16 %) with the least contribution.

The first modern Automatic Weather Stations (AWS) were installed during the melt season on Vatnajokull ice-cap in 1994
and 1995, one and three units, respectively (Bjornsson and Adalgeirsdéttir, 1995; Bjornsson et al., 1996). In 1996 the multi-
national European Union supported project TEMBA supported the extension of AWS operated at Vatnajokull to 12 units
(Bjornsson and Palsson, 1998; Oerlemans et al., 1999). These were the first systematically operated AWS that observed key
meteorological variables allowing extensive estimations of the surface energy balance.

This pioneering work scoped the current AWS operations at Vatnajokull where since, 5—12 units have been operated during
the melt season. AWS operation efforts expanded to Langjokull in 2001 with observations of surface mass- and energy balance

(Palsson et al., 2020b) and AWS sites have been operated at Hofsjokull and Myrdalsjokull as well. These operations are a joint
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effort by Landsvirkjun (National Power Company in Iceland) and the Science Institute University of Iceland (now Institute
of Earth Sciences, IES) which are fully operational to date (P4lsson et al., 2020a). Since the onset of surface energy balance
observations, the program has developed, expanded to new glaciers and alternative glacier outlets of the initial program. A
few locations offer over 25 years of observations during the melting period (May through October) annually while a few
stations were operated during winter as well (Gunnarsson et al., 2019). The full extent of these observations and operations
are referred to as the Icelandic Glacier Automatic Weather Stations network (ICE-GAWS). The meteorological observations
from the network and energy balance calculated from these sites have served as key data in providing understanding of the
surface energy balance for Icelandic glaciers in many research projects investigating historic, recent and future developments
of glaciers (Gudmundsson et al., 2005, 2009; Matthews and Hogdkins, 2016; Wittmann et al., 2017; Schmidt et al., 2017, 2020;
Gunnarsson et al., 2021).

The primary objectives of this study were to understand and quantify melt season surface energy balance for Icelandic
glaciers using high resolution meteorological climate forcing and remotely sensed glacier surface albedo from the Moderate
Resolution Imaging Spectroradiometer (MODIS) sensor. This adds to the previous understanding of spatial and temporal
distributions of melt energy, main melt energy sources, variability within and between glaciers in Iceland and provides insight
into the melt enhancement due to volcanic eruptions and years with extensive LAP deposits. It also provides a comprehensive
overview of the surface energy balance since it is not limited to one glacier or a glacier outlet as many previous studies. Analysis
of large-scale atmospheric circulation anomalies permits attribution of surface energy balance variability and identification of

mechanisms driving surface energy balance through physical processes.

2 Study area

The analysis in this study extends to the six largest Icelandic glaciers: Vatnajokull, Langjokull, Hofsjokull, Drangajokull,
Myrdalsjokull and Eyjafjallajokull (about 97 % of glaciated areas in Iceland) although the model described in the study was
applied to all glaciers in Iceland. Figure 1 shows the outlines (black) of the six glaciers, and their divides into main ice flow
basins for detailed analysis. The ice flow basins are named with first letter of respective ice cap and their location (e.g. VNW
for the northwest outlet of Vatnajokull). Catchment delineation was from Magniisson et al. (2016a) for Drangajokull, hb and
Bjornsson et al. (2000) for Hofsjokull and Myrdalsjokull, and Pélsson and Gunnarsson (2015); Pélsson et al. (2013); Pélsson
et al. (2016) for Langjokull and Vatnajokull. The sub-areas are chosen as in Gunnarsson et al. (2021). For the six glaciers
and the defined ice flow basins topographic properties were extracted: area, mean, maximum and minimum elevation, and are
shown in Table 1. Figure 1 also show the locations of ICE-GAWS sites used for validation purposes in this study with grey dots.
Glaciers outlines were kept fixed through the study period (2000-2021) using the available delineation spanning 2007-2013
from Hannesdottir et al. (2020).
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3 Data and methods
3.1 Meteorological in situ data

The Icelandic Glacier Automatic Weather Stations network (ICE-GAWS) stores meteorological observations from AWSs lo-
cated at sites on Vatnajokull, Langjokull, Myrdalsjokull and Hofsjokull since 1994, 2001, 2015 and 20156 respectively. Most
of the stations were operated during the ablation season, from May through September annually but a few are in all year around
operation. In total 20 sites provided data for the study period, all sites measure air temperature and incoming short-wave radi-
ation while 13 sites also measure incoming long-wave radiation. Details on data processing is described in Gunnarsson et al.
(2021). Table Al provides details for the location, elevation and number of observations for each site in the Appendix and
Figure 1 shows their location. In the current study observations of air temperature, short- and long-wave incoming radiation

were used for validation purposes.
3.2 Surface albedo and cloud cover data

For the surface energy balance model applied in this study, snow- and ice-surface albedo (cv) were derived from Moderate
Resolution Imaging Spectroradiometer (MODIS) data using processing models developed for Iceland by Gunnarsson et al.
(2021). The products rely on the MODI10A1 (Terra satellite) and MYD10A1 (Aqua satellite) snow albedo (Scientific Data
set: Snow Albedo Daily Tile) for the grid tile h17v02, covering most of Iceland, excluding a small portion of the Snzfellsnes
peninsula. Data were collected from the National Snow and Ice Data Center (NSIDC) (Hall and Riggs, 2016a, b) for further
processing. From 2000 until 2002 only Terra was in orbit, so for the period from 23 February 2000 to 4 May 2002 albedo data
was only based on Terra. For MOD10A1 62 dates were missing and 12 for MYD10AL1 for the study period (April through
September each year) excluding data missing due to polar darkness from late November until late January each year.

For snow- and ice-surface albedo, daily merging was applied to the Terra MOD10A1 and Aqua MYD10A1 albedo data
to reduce the number of cloud obscured daily pixels, i.e. all non-cloud obscured pixels were merged into a single tile from
both products daily. Then, temporal aggregation was applied to further reduce cloud obscured pixels. The temporal aggrega-
tion range was set as the number of days backwards and forwards, at each center date to merge to a single stack for further
processing. A temporal aggregation range as 5 days backward/forward was selected; allowing 11 days from both MOD10A1
and MYD10A1 to contribute data to the temporally aggregated product. This results in a total of 22 values that are potentially
available for each pixel (i.e. 11 days of MOD10A1 and 11 days of MYD10A1). For each data stack, containing the potential
22 values contributing albedo data, the mean was calculated to represent the surface-albedo, after median-based statistical re-
jection of outliers. The remaining pixels classified as clouds were classified statistically with four predicting variables, location
(easting, northing), elevation (Z), and aspect, with a daily trained random forest model. Further information and details are in
Gunnarsson et al. (2021).

Cloud cover data was based on the classifications of clouds in the M*D10A1 products (M*D35_L2 cloud mask). For each
day the two tiles were merged together creating a daily cloud cover estimate at the time of satellite overpass (10:30 AM and

1:30 PM local time), i.e. cloud or no cloud. Data were then aggregated to monthly and melt season mean values accordingly.
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3.3 Sea surface temperature (SST)

Sea surface temperature (SST) observations were from the NOAA OI SST V2 High Resolution Dataset. It is a blend of in situ
ship and buoy SSTs with satellite SST derived from the Advanced Very High Resolution Radiometer (AVHRR) (Reynolds
et al., 2007; Huang et al., 2021; NOAA, 2021). Data were available from September 1981 at a daily time-step out through the
study period. The spatial resolution was a 1/4 deg global grid (~28 km). Data was processed into daily time series for further
analysis by masking certain spatial areas around Iceland. Five areas were selected and processed, Iceland SST south (65° —
60°N and 20° — 30°W), north (70° — 65°N and 10° — 20°W) , east (65° — 60°N and 10° —20°W), west (70° — 65°N and 20° —
30°W) representing the main cardinal quadrants around Iceland. Despite global temperature warming in the past decades and
a well established increase in mean global SST by about 1 °C since 1900 a small region in the North Atlantic ocean has been
observed to cool, a occurrence known as the North Atlantic Warming Hole (NAWH) (Rahmstorf et al., 2015; Keil et al., 2020).
Allan and Allan (2019) defined the local epicenter of the NAWH around 54°N 36°W confirmed by quantitative measurements
of SST slope. In addition to the areas processed around Iceland, data for a NAWH was processed spanning 56° to S0°N and
33° to 39°W referred to as NAWH in the results.

3.4 GBI and NAO

Greenland Blocking Index (GBI) is the mean 500 hPa geopotential height for the 60-80°N, 20-80°W region in the Northern
Hemisphere. It represents blocking over Greenland, clearly depicting changes in both climate and weather in the Northern
Hemisphere (Hanna et al., 2016). The North Atlantic Oscillation (NAO) is defined as the normalized pressure difference
between a station on the Azores and one on Iceland (Jones et al., 1997). NAO generally represents the principal mode of

annual variability across much of the Atlantic sector of the Northern Hemisphere.
3.5 Model Forcing

Meteorological forcing based on the Weather Research and Forecast model (WRF version 3.6.1) coupled to the NOAH land
surface model was used to provide climatological surface variables at a 2 km spatial resolution and 1 hour temporal resolution
spanning the study period from 1.1.2000 to 30.9.2021. For the bulk of the period, data from the WRF-RAV?2 configuration were
used, developed for the climatological reanalysis RAV2 project (RAV2). Since RAV2 was forced with boundary conditions
from the European Centre for Medium Range Weather Forecasts (ECMWF) ERA-Interim reanalysis (Berrisford et al., 2011)
data availability, overlapping the current study, spans from 1.1.2000 out through August 2019 due to the end-of-life of ERA-
Interim.

To extend the range of data availability, past August 2019, the climatological reanalysis was extended with near the identical
model configuration as RAV2, but outer domain boundary conditions forcing were from the Global Forecast System (GFS)
from the National Centers for Environmental Prediction (NCEP) weather forecast model (National Centers for Environmental
Prediction, 2015). This product was referred to as the IceBox model configuration (IceB) and provides data from 01.09.2018 to

01.09.2020. The IceBox model configuration was also run operationally, as a forecasting system, providing data four times per
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day, refereed to as FCST. To extend the analysis range even further, allowing the energy balance model presented here to cover
the extraordinary summer weather in 2021, the forecast data from the IceBox domain starting at 01.04.2020 was aggregated to
a hourly time series using the shortest forecasting step in each case. Further description of the RAV2 and IceBox model setup
and output configuration is found in Rognvaldsson (2016, 2020). Relevant surface data were extracted for use in the energy
balance model, including air temperature at 2 m, surface temperature, incoming long- and short-wave radiation, barometric
pressure at surface level and specific humidity; all were resampled to daily average values.

To downscale the meteorological forcing data from the 2 km WRF grid to the 463 m MODIS grid the model uses the
IslandsDEM digital elevation model from the National Land Survey of Iceland (Accessed 01.06.2020). A 20 m version of the
elevation model was resampled to the native MODIS grid for further processing using bi-cubic interpolation using the griddata
function in Matlab (Matlab, 2020). Elevation dependent variables (air temperature and long-wave radiation) were also adjusted
for the difference between the coarse-resolution WRF DEM and high-resolution IslandsDEM at 463 m using lapse rates.

Statistical downscaling of temperature requires an temperature lapse rate, often taken to be the free-air moist adiabatic lapse
rate ranging from 6-7° K km~! (Stone and Carlson, 1979). Hodgkins et al. (2013) investigated temperature lapse rates for
outlet glaciers at Langjokull and south-east Vatnajokull during 2003—-2007. They report mean monthly lapse rates ranging from
-8° Kkm~!to-4.5° K km~! with a clear monthly variations from April to October. Generally the lowest lapse rate (-6.5 to
-8.0 ° K km™! (mean for April, May, September as -7.0 ° K km~!)) was seen in Spring and Fall with higher rates in summer
(mean for June, July, August and September as -5.7° K km~!). This coincides well with results from Gardner et al. (2009) over
Arctic Glaciers with a ablation season mean of -4.9 ° K km~!. Crochet and Jéhannesson (2011) developed a one-parameter

terrain model with a constant vertical lapse rate of -6.5 © K km~!

with validated to ground base temperature observations
for Iceland, excluding glaciers. Their results suggested that the assumption of an -6.5 ° K km~! lapse rate was applicable in
Iceland. Further work by Nawri et al. (2012) also supports this. Here for glaciated areas an environmental lapse rate of —7.0°
K km~* was applied for JEMA and SOND while -5.5 ° K km~! was applied for the active melt season, MJJA, following the
results from Hodgkins et al. (2013).

Downward long wave radiation is primarily determined by humidity and temperature vertical atmospheric profiles and thus
are a function of elevation (Pliiss and Ohmura, 1997; Ohmura, 2001). Hinkelman et al. (2015) used an constant long wave
radiation gradient of 29 W m~2 km~! to correct for varying elevation (Marty et al., 2002). Enhancement of long wave
radiation by surrounding terrain emission is important when sky radiation is low, e.g. in cold and dry atmospheres, generally at
high elevations with steep topography (Sicart et al., 2006). In this study no adjustments were made to account for enhancement
of long wave radiation due to terrain emission as the effect is small on the large concave ice caps investigated. A lapse rate of
-29 W m~2 km~! was used for elevation difference adjustment between the WRF and MODIS grids.

In many studies, incoming short-wave radiance are separated into beam and diffuse components and corrections for done
terrain elevation, slope and tree-cover fractions (Bair et al., 2016; Rittger et al., 2016). Here, since the WRF data only provides

total incoming short-wave radiation, no adjustments were made in this regard.
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3.6 Surface Energy balance

The physical processes driving surface melt over snow- and ice-covered surfaces are isolated using estimations of the surface
energy balance. The surface energy balance model used in this study was adopted from As et al. (2005), Van As (2011) and
Vandecrux et al. (2018), where used with observational data. The model was modified for the input model forcings, described

in the previous sections. The surface energy balance was closed by iteratively solving for surface temperature (7 ) where:

SW L (1—a)+ (LW | +LW 1)+ SHF + LHF + G+ M =0 i

where SW | was the incoming short-wave radiation, o was broadband albedo, LW | and LW 1 was the incoming and
outgoing long-wave radiation, respectively, SH I’ was the sensible heat flux, LH F the latent heat flux, G the sub-surface heat
flux, with the fluxes defined positive when adding energy to the surface. M was the energy surplus used for surface melt (M =
0 when surface temperature < 273.15 K).

The model solves the energy balance at each time step iteratively with respect to snow surface temperature (7) expressed

in terms of

LW 1 () + SHF(T.) + LHF(T,) =0 @

where solutions for T > 273.15 K indicate availability of melt energy. If Ts was > 273.15 K, T was set as 273.15 K and
melt M was computed, otherwise, if T was < 273.15 K, T; was set to zero.
Outgoing long-wave radiation (LW1), defines the energy emitted to space by Earth’s surface and depends on surface tem-

perature. Here, outgoing long-wave radiation was calculated based on the Stefan-Boltzman law:

LW 4= coT? 3)

where ¢ is the broadband emissivity of snow and ice (0.98) (Salisbury et al., 1994), and o is the Stefan-Boltzman constant.

Turbulent fluxes of sensible heat SH F' and latent heat LH F' were estimated using the bulk aerodynamic approach with
stability corrections based on Monin—Obukhov similarity theory (As et al., 2005; Smeets and van den Broeke, 2008a) using
the stability functions of Holtslag and Bruin (1988) for stable stratification and Paulson (1970) for unstable stratification. The

sensible heat flux is expressed as:

SHF = peyu. b = pe,Cru(® —05) @

and latent heat flux as:

LHF = pAu,q. = pACpu(q—gqs) ®
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where p denotes air density, ¢, is the specific heat of dry air at constant pressure, u, is the friction velocity, A is the latent
heat of sublimation and ), and ¢, are turbulent scales of temperature and humidity. C; and C'f; are bulk exchange coefficients
for heat and moisture, respectively.

Surface roughness lengths for heat and moisture were calculated for snow- and ice separately as in Van As (2011). The
surface roughness length for momentum (z) varies strongly in time and space and generally is set to different constant values
for snow- and ice surfaces (Brock et al., 2006; Smeets and van den Broeke, 2008b). Values for surface roughness lengths of
momentum have been reported ranging from 1 - 10 mm while lower values generally apply for snow (0.1 mm) (Brock et al.,
2006). Values up to 60 mm have been reported at Breidamerkurjokull where ice hummocks up to almost 2 m in height can be
formed during the melt season but are not representative for the majority of bare-ice areas of glaciers in Iceland (Smeets et al.,
1999; Wildt et al., 2004)

Gudmundsson et al. (2009) applied zp as 0.1, 2 and 10 mm for new snow, melting snow and ice in the ablation zone
respectively, in an surface energy balance model for Langjokull and Wildt et al. (2004) used similar values for Vatnajokull.
Schmidt et al. (2017) applied a constant value of 1 mm for both snow and ice modeling the energy balance for Vatnajokull.
Since no data exist of spatio-temporal variability of z for glaciers in Iceland, a simple classification scheme discriminating
between snow and bare-ice was applied based on surface albedo. For pixel with albedo values lower or equal to 0.45 (bare-
ice), zo was assigned as 3 mm and for pixels with albedo higher than 0.45 z, was assigned as | mm (snow). Various studies
have estimated the sensitivity of zy and impacts on the estimated turbulent fluxes, as underestimated zo values will result in
underestimation of turbulent fluxes and vice versa (Denby and Greuell, 2000; Schmidt et al., 2017).

All fluxes were evaluated at the surface, and fluxes towards the surface were defined positive. Potential melt water was

defined as the direct conversion of melt energy into water equivalent using latent heat of fusion ( 0.26 mm day ! per W m~2).

4 Validation
4.1 Energy balance components

The down-scaled energy balance components used for calculations, daily incoming solar radiation (SW), incoming longwave
radiation (LW) and air temperature from WRF were validated with in situ data. Figure 2 shows comparison of observed and
simulated daily air temperature at 2 m height, SW| and LW/ for the different WRF model configurations, RAV2, ICEB and
FCST. Generally, for the whole validation period, from 1. April to 30. October each year, the results show a good agreement,
both visually and statistically for all configurations and are within ranges reported by (Schmidt et al., 2017). Table 2 shows the
validation results for the whole validation period, similar to Figure 2 but also for each month within the full period.

For air temperature R? range from 0.83, 0.93 and 0.94 for the RAV2, ICEB and FCST configurations, respectively, for the
whole period from April through October. For all configurations, both for the full period but as well monthly intervals, the
temperature bias was slightly negative in the range of -0.27 to -1.15 © K. The smallest bias values were observed in July and
August with slightly higher values closer to spring. The consistent negative bias indicates that the model slightly overestimates

air temperature.
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SW. RMSE ranged from 24 to 62 W m~?2 with the highest values during summer consistent with the summer solstice. For
RAV2 the bias was mostly positive ranging from 9 to 25 W m~2 with the exception September and October with slightly
negative bias values. The lower and negative values might be related to larger solar zenith angles as less incoming short-
wave energy was available. During these months the contribution to melt from short-wave radiation was generally limited.
For both ICEB and FCST RMSE values were similar to results for RAV2 but bias values were more consistently negative.
In this comparison, much fewer sites were available for validation since the limited temporal range of the ICEB and FCST
configurations.

LW/ agreement was good, with RMSE from 9 to 16 W m~2, R? ranging from 0.44 to 0.86 and a general negative bias from
-2 to -18 W m~2, with the exception of a mean bias of -16 W m~2 in April for RAV2. These outlying values might be related
to the fact that spring maintenance to the ICE-GAWS stations generally happens late April or early May. The mean bias was
consistently the highest in April for all WRF configurations and generally lowers into the summer months. The instrument
reported uncertainty in daily totals was less than 5 % (~15 W m~2) for short-wave radiation and less than 10 % ( ~30 W m~2)
for long-wave radiation which could partly explain some of the discrepancies.

Overall the performance of the different WRF configurations were similar although note must be taken as the data period
for RAV2 data spans 19 years while much less data was available for validation of ICEB (2 years) and FCST (2 years)
configurations. Individual station comparison reveals no prominent patterns related to station elevation or location. Recent
work by Schmidt et al. (2017) reported similar results when validating HIRHAMS for surface mass balance calculations for
Vatnajokull while recent work by Huai et al. (2020) validating ERA-Interim and ERAS against the PROMICE weather station
network on the Greenland ice sheet reports overall better comparison for the same statistical parameters. One explanation of the
difference might relate to the lower overall cloud cover over the Greenland ice sheet compared to glaciers in Iceland impacting
weather simulations. Another explanation might relate to the fact that PROMICE short-wave radiation data are post-processed
to adjust for station tilting as inaccurate measurements in clear-sky conditions are expected, providing better comparison
(Van As, 2011; Fausto et al., 2021). Validation of MODIS albedo was done in Gunnarsson et al. (2021) and Gascoin et al.
(2017) for glaciers in Iceland.

5 Results

5.1 Surface energy balance 1 and inter- 1 variability

Inter-annual surface energy balance (SEB) variability for Icelandic glaciers were generally high. Figure 3 shows the spatial
patterns for melt energy for the investigated glaciers over the period 2000-2021 for individual months in the extended melt
season (AMJJA) and the extended melt season mean (AMJJA). Spatially, the highest melt energy was observed where the
winter snow cover is generally completely ablated during summer, revealing dirty and impurity-rich ice. Lower melt energy
values were found in the accumulation areas associated with higher elevations and a shorter period of positive surface-energy
balance during the melt season. In April, limited melt occurs, although in areas near the terminus at north and south Vatnajokull

outlets and low lying outlets of Myrdalsjokull, between 10 and 15 % of the total melt energy was observed. At the northern
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outlets of Vatnajokull, winter snow thickness is generally shallower than for other outlets, exposing impurity-rich ice with
low albedo sooner, enabling greater amounts of the incoming short-wave radiation to be forced at the surface. At the lower
elevations of Vatnajokull southern outlets, some extending down to sea level, average winter and spring temperatures are higher,
inducing earlier melt out of winter snow, exposing impurity-rich ice and portions of the ablation area in April. In spring and
early summer, the positive SEB contributes to the warming and ripening phase of the winter snow before the melt output phase
contributing to melt can commence. The highest daily amounts of incoming short-wave energy occur in June and July providing
the largest quantities of melt energy associated with small solar zenith angles. As more impurity-rich ice was exposed in the
ablation area, with lower surface albedo as the melt season progresses, more incoming short-wave energy was available at the
surface, even in August with increasing solar zenith angles. Gunnarsson et al. (2021) revealed that lowest observed albedo
values in the accumulation area generally occur early to mid-August prior to precipitation falling as snow, and thus higher
albedo, reducing short-wave net radiation (SW,,).

Figure 4 shows the average SEB (MJJA) and its main components as function of elevation in 100 m bands for the six largest
ice caps and their sub-areas defined in Figure 1. For all the glaciers, SW,,.; was the major SEB component for melt energy
while LW,,.; was generally an energy sink. The sensible heat flux (SHF) was an energy source in the lower ablation area,
generally decreasing with elevation as air temperatures decreases. Latent heat flux (LHF) was quite small in all cases with
much less variability with elevation than other melt energy components. For Vatnajokull, SW,,.; diminishes on average -6.45
W m~2 per 100 m with lower gradients for the north-east and north-western outlets (-8.95 and -11.1 W m~2 per 100 m),
respectively. For Hofsjokull lower values were observed for the south-west outlets (-9.0 W m~2 per 100 m) while -6.8 to 8.0 W
m~2 per 100 m for the south-east and northern outlets, respectively. At Langjokull the north-east and north-west outlets have
lower gradients (9.2 and -10.1 W m~2 per 100 m) than the southern outlet (-8.7 W m~2 per 100 m). The smaller glaciers had
similar average values,-8.2, -5.9, and -6.0 W m~2 per 100 m for Eyjafjallajokull, Myrdalsjokull and Drangajokull, respectively.

Variation of SW,,; with elevation, depends strongly on albedo, generally increasing with elevation, as impurity-rich ice was
exposed later in the melt season or not at all, in the accumulation area. Albedo evolution in the accumulation area, throughout
the melt season, was mainly driven by climatology, i.e. snow metamorphosis, not light-absorbing particles although events of
sand- and dust deposits could be observed in the albedo data for individual years, impacting SW,,.;. Albedo gradients from
Gunnarsson et al. (2021), follow similar patterns with elevation as SW ., for all the glaciers. Cloud cover also influenced
SW.,,, generally increasing slightly with elevation, although persistent cloud cover was observed at the terminus at Vatnajokull
northern outlets. Spatial distribution of cloud cover has been reported in Gascoin et al. (2017) and Gunnarsson et al. (2021).
LW,,.: was negative (energy sink) for all the glaciers, generally decreasing with elevation. The variability was much less than
for SW s, ranging from -1.8 to -0.2 W m~2 per 100 m. SHF has similar changes with elevation as LW,,.;, reduction of -1.62
to 0 W m~2 per 100 m, with limited elevation variability for Myrdalsjokull and especially Drangajokull. LHF fluxes were
small in all cases, with non-significant elevation dependency.

Figure 5 shows the variation of average monthly melt energy anomaly and albedo anomalies in 100 m elevation bins for Vat-
najokull, spanning individual months from April through September for the study period. The anomalies show deviations from

the period mean for each month and elevation bin. In years with high summer ablation, a certain pattern was observed relating
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to high elevation melt anomalies, i.e. increased melt energy in the accumulation area, with more melt energy contribution. The
bare-ice areas generally reach a certain lower limit of albedo (0.1 to 0.25) limiting further radiative forcing, although the timing
of bare-ice exposure was important. Figures B1 to B5 in the Appendix show similar patterns for other glaciers studied.

The figure shows that in 2010 and 2011, tephra deposits in the upper elevations, from the eruptions in Eyjafjallajokull
(2010) and Grimsvotn (2011), greatly enhanced radiative forcing. In 2012, below average cloud cover, extensively enhanced
SW;,, radiation forcing, while some residual effects from tephra fallout in 2010 and 2011 were possible., increasing SW,,¢.
Positive melt energy anomalies at lower elevations in 2015, 2016 and 2017 were related to rapid lowering of albedo associated
with warm southerly winds and precipitation in the first months of the melt season. Much colder temperatures and cloudy
periods followed, constraining melt energy during the rest of the melt season. The high surface energy balance in 2019 was
modulated by negative albedo anomalies, resulting from extensive LAPs deposits from the near pro-glacial areas. This extended
the actively melting areas, higher into the usual accumulation zone, contributing more to the summer ablation by increasing
melt at higher elevations. The year 2021 was unusual, as May and the first three weeks of June where highly influenced by
clear skies but cold temperatures which reversed completely late June, with warm western and southerly winds and clear skies
through August.

Figure 6 shows the surface energy balance for the study period and the decomposition into different surface energy balance
components, with melt season mean cloud cover and albedo anomalies. The SEB variability between melt seasons is mostly
explained with SW,,; variability while LW,.; and SHF partially explain the variance. As shown in Figure 4 the latent heat
flux had limited contribution to melt energy. SW,,.; was the dominant melt energy source for all locations studied contributing
the majority of melt energy. LW,,.; acts as an energy sink, ranging from -20 to -30 W m~2 with variability between the glaciers
investigated around 4 W m~2,

The figure shows that for Vatnajokull the melt season average SEB components were 97 (o 14.5 ), -30 (0: 4.2 ), 16.6 (o:
2.1)and 2.7 (o: 1.1 ) W m~2 for SW,,c¢, LW,,c; , SHF and LHF for the period, respectively. If 2010 and 2011 were excluded,
the SW,.; was 92 (o: 10.5 ) due to the enhancement effects of the volcanic eruptions for those years and the average energy
available for melt was 85 W m~2 for Vatnajokull. Smaller values were observed for Drangajokull and the north-east outlet of
Vatnajokull. Higher SW,,.; were observed at the south-coast glaciers (Myrdalsjokull, Eyjafjallajokull), which tend to have very
low albedo values and earlier onset of melt in spring. The south-coast glaciers were also close to unstable dust hotspot areas
where seasonal snow melts out earlier than in the highlands, exposing erosive surfaces. Vice versa, cloud cover was generally
higher for the south-coast glaciers, as well as at the coastal Drangajokull in the northwest, with cloud cover ranging from 75-82
%, while less cloud cover, ranging from 70-74 %, was observed for the inland glaciers and their outlets, Vatnajokull (except
SE outlets), Langjokull and Hofsjokull. SW,,.; was highly affected by both cloud cover and surface albedo; lower albedo and
cloud cover values were observed for areas of high annual melt energy. SW,,.; correlates strongly with the average surface
albedo, (Pearson Correlation Coefficient, PCC: -0.85), where a general increase in albedo and therefore lowering SW,,; was
reduced with longitude. (Gunnarsson et al., 2021). However, a non-significant relationship was found between cloud cover and
LW,,¢; (PCC: 0.72 for Vatnajokull).
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Figure 7 shows the monthly average distribution of surface energy balance components and melt energy for the glaciers
studied. Generally for all glaciers the SW,,.; and the melt energy was highest in July with Drangajokull as the exception, with
similar SW,,¢; values in June and July. This can be associated with less impurities in the exposed bare ice, compared to the
other main glaciers, closer to volcanic activity and dust hotspots.

SW,,.+ had the highest variability in June and July associated with the extent of bare-ice areas, driven by melt intensity in
the following spring, and previous winter snow depth. In April, both the cold content of winter snow limits available melt
energy to produce melt water and winter snow still covers the impurity-rich ice in the ablation areas. LW,,.; was negative for
all months at all locations with a slight decrease (less negative) for the latter half of the melt season (JAS). Turbulent fluxes
had small variability between months for the averages presented, while SHF however often had peaks associated with events

or prolonged periods transporting warm air enhancing melt.
5.2 Impacts of volcanic eruptions and other LAPs events

Over the study period, three volcanic eruptions were observed in glaciated areas with extensive LAP deposits, affecting the
surface energy balance. In November 2004, an eruption in the sub-glacial volcano Grimsvoétn, lasting 7 days, produced an esti-
mated 0.06 km® bulk volume of tephra. The tephra deposits from the eruption were mainly distributed north-east of Grimsvotn
in a narrow plume (Oddsson et al., 2012). In 2010, an eruption in Eyjafjallajokull started on April 14th and lasted 23 days.
The tephra plume, carrying an estimated volume of 0.27 km? of tephra, was mostly directed towards south and south-east
(Gudmundsson et al., 2012). During the last days of the eruption, a short period of diverse wind directions brought notable
LAP deposits to all the major glaciers. A second eruption occurred in Grimsvtn May 21st 2011, lasting 7 days and releasing
an estimated 0.8 km? of basaltic tephra. The tephra deposits were mostly distributed south and south-west during the eruption
but a thin layer was noticeable on all of western Vatnajokull, and regions in the south-east (Hreinsdéttir et al., 2014). The onset
of the 2010 and 2011 eruptions in early spring, maximized their impact on melt, as the LAPs could enhance radiative forcing
for almost the whole melt season while the tephra deposits in the fall 2004 were quickly buried in the winter snow.

Figure 8 shows surface energy balance anomalies as deviations from the period mean. The 2004 eruption in Grimsvétn and
the associated LAP deposits had some, though very limited impact on ablation, since it took place in the fall, prior to the build
up of the winter snow-pack. In the following melt season (2005), impacts of the tephra deposits were observed at Vatnajokull.
For Vatnajokull, the increase in SW,,.; was 15 % above the mean SW,,.; energy over the period. The impacts were notable in
the northern and south-east outlets with 20-27 % SW,,.; above the mean of the study period. In the south-west Vatnajokull,
SW,.¢ was very close to the period mean, with an 1 % increase, indicating limited impacts of the 2004 LAP deposits. The
discrimination between tephra deposits from the eruption and loading of LAPs from other sources during the summer of 2005
is complex and perhaps the extensive SW,,.; in the south-east Vatnajokull was a combination of both, i.e. added LAPs from
dust hotspots in the northern highlands during the melt season and LAPs from the eruption. For Langjokull, Hofsjokull and
Eyjafjallajokull SW,,.; was below average, indicating that influences of the LAPs deposits from the eruption was negligible.
The north-east outlet at Myrdalsjokull had an increase in SW,,.; , more likely due to dust from surroundings hotspots rather

than residual effects from the eruption in 2004.
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The figure shows for the period from 2000 to 2021, with the exception of Drangajokull, the highest MJJA melt energy
was observed in 2010, associated with a warm cloud free summer and SW,,.; amplification due to LAP depositions from the
Eyjafjallajokull eruption, generally lowering albedo. For Vatnajokull, the increase in SW,,.; was 25 % above the mean SW,¢;
over the study period. For the south-western Vatnajokull, the SW,,.; was 33 % above the period mean, while 20, 29 and 16 %
for north-east, north west and south-east outlets of Vatnajokull, respectively. At Hofsjokull, increase in SW,,.; was about 35
% for the whole glacier with the highest anomaly 44 % for the south-east outlet. Lower SW,.; enhancements were observed
at the northern parts of Hofsjokull, 29 % and the south-west outlet had an increase of 36 %. The impacts for Langjokull were
similar as for Hofsjokull, with increase in radiative forcing higher for the southern outlets and the north-east (42 % and 43 %)
but less for the north-facing outlet (29 %). The spatial variations in radiative forcings were mostly explained by the distribution
of the volcanic ash plumes transported from Eyjafjallajokull in mid-May 2010 (Gunnarsson et al., 2021). For Myrdalsjokull
and Eyjafjallajokull, the impacts on SW,,.; had generally less spatial variability, explained by the proximity to the LAP origin
and the relative size of these glaciers. For Myrdalsjokull, the average short-wave radiative forcing increase was 45 %, and 55
% for Eyjafjallajokull. On extensive areas of these glaciers, the tephra layer was thick enough to isolate the surface (larger than
2 c¢m) and limit the use of melt energy to produce melt water.

In 2011, LAP from the May sub-glacial eruption in Grimvétn enhanced short-wave radiative forcing, mostly influencing the
south-west and south-east outlets of Vatnajokull. The melt energy anomaly (compared to the average melt season) at south-
west Vatnajokull was 47 %. At the north-east outlet, SW,,., was slightly below average (99 % of mean) but the south-east
and north-west observed some melt enhancement, 10 and 7 %, respectively. For Hofsjokull and Langjokull, similar SW ¢
increase was observed, ranging between 14-22 % with less spatial variability than for the previous year. For Myrdalsjokull and
Eyjafjallajokull, smaller average melt enhancements were seen, 16 and 25 %, respectively. A major climatological difference
between 2010 and 2011 relates to the much higher average cloud cover in 2011 influencing SW;,, and generally lower air
temperatures, reducing the melt enhancement potential from LAPs in 2011, compared to 2010. For both 2010 and 2011 limited
impacts on SW,,., forcing were observed for Drangajokull, indicating limited impacts of LAPs from the 2010 and 2011
eruptions.

In late April 2019, rapid melt-out of seasonal snow in the highlands was observed. This was followed by favorable conditions
for airborne LAPs, from dust hotspots and pro-glacial areas, enabling wast LAP deposits on glacier surfaces, with the associated
lowering of albedo and potential for enhancing radiative forcing. For Vatnajokull SW,,.; was 12 % above average with 3, 8
and 7 % SW,,; above mean for north-east, north-west and south-east, respectively , but 18 % for the south-west outlet. For
Hofsjokull SW,,.; was 16 % above average with 10, 20 and 14 % SW,,.; above the mean for north, south-east and north-west
outlets, respectively. At Langjokull the values were somewhat higher, where SW,,.; was 23 % above average with 21, 20 and 25
% SW ,.; above the mean for north-east, north-west and south outlets, respectively. For Myrdalsjokull, SW,,.; was 12 % over
the average, 26 % for Eyjafjallajokull and 10 % for Drangajokull. In 2019 cloud cover was generally slightly above average

(more clouds) with a colder than average spring, but a dry warm spell in midsummer.
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5.3 Melt enhancement due to volcanic eruptions and other LAPs events

The impacts of the high LAP deposits in 2004, 2010, 2011 and 2019, was assessed to better understand impacts on melt energy.
The affect on SW,,.; forcing, was estimated by comparing the surface energy balance, assuming mean albedo for the study
period (2000 — 2021), to the energy balance estimated using the observed albedo in 2010, 2011 and 2019, utilizing the same
climatology forcings for both albedo scenarios. The estimated difference in SW,,, forcing, from the observed albedo scenario
and the study period mean albedo scenario, were denoted as the SW radiative forcing from LAPs (SW£A p) and refers to
the forcing difference in W m~2 above the study period mean values. The difference in melt potential, due to the additional
radiative forcing from LAPs, was defined as the direct conversion of SW{ Ap into water equivalent using latent heat of fusion
(0.26 mm day ! per Wm~2 ) and was refereed to as SW7'%%. This approach does not fully consider all physical processes,
e. g. as it did not take into account the effect on albedo of different snow metamorphosis processes between years, timing of
melt out of impurity-rich ice but in this comparison, these processes were secondary to the overwhelming impact LAPs had
on the albedo, especially in 2010 and 2011. Additionally the impacts to turbulent fluxes were ignored as they are considered
negligible.

Figure 9 shows the evolution on monthly timescales how the SW; 4p (converted to mm) evolved for these selected years
from April to September. In 2005 the SW£A p was 4.3 W m~2, here associated with the November 2004 eruption in Grimsvétn,
yielding a 211 mm SW7')%, for the AMIJJAS period. The sharp increase in SW7'J» in July was associated with tephra layers
melting out of the winter snow in the lower accumulation areas. Other glaciers did not experience a SW£ Ap increase with
the exception of Drangajokull, unlikely caused by LAPs from the 2004 Grimsvotn eruption. Figure 8 shows the distribution
of melt energy indicating that the south-west outlets of Vatnajokull experienced limited impact. In a similar manner the melt
potential increase for Myrdalsjokull, mainly focused on the north-east outlet, was unlikely linked to LAPs from Vatnajokull.

For Vatnajokull the SW{ ap Was 184 W m~2in 2010, i.e. the estimated additional radiative forcing due to LAPs compared
to the long term average for AMJJAS. This corresponds to 892 mm of SW7'%%, for the AMJJAS period. Extensive SW{A P
increase was seen for all the major glaciers in 2010 with the exception of Drangajokull. SW'{AP from LAPs was 27.3, 27.7,
44.6 and 53.2 W m~? for Hofsjokull, Langjokull, Myrdalsjokull and Eyjafjallajokull, respectively. As expected, the impacts
were most extensive at Eyjafjallajokull and Myrdalsjokull due to the proximity of the eruption and LAPs source. Drangajokull
was the exception to these extremes with a slight increase in SW£AP, 2.5 W m~2, making the impacts of LAPs deposits limited
associated with the 2010 eruption. Further increasing the LAPs potential impact on melt energy, 2010 had cloud cover well
below average.

The Grimsvétn eruption in 2011, had the most impact on Vatnajokull, notably the south-western outlets. The impact was
similar as in 2010 with SW{AP as 19.1 W m~2 (925 mm of SW7')'s). For other glaciers the impact was much less than
in 2010. For Eyjafjalljokull and Myrdalsjokull the impact was more likely related to the huge quantities of tephra deposits
from the 2010 eruption than additional LAPs from the 2011 Grimsvétn eruption. For Langjokull and Hofsjokull the SW];/ AP
was 8.6 and 8.8 W m~2 (415 and 425 mm of SW/"1%,), respectively. As previously mentioned, the melt season in 2011 had a

alternative climatology than the previous year with cloud cover above average and lower air temperatures, not fully utilizing the
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melt enhancement potential from the LAPs deposited. The wast quantities of tephra transported in 2010, to glaciated surfaces
as well as deposited outside glacier covered areas, likely had a residual effect in 2011. SW{A p Was negative for Drangajokull
in 2011.

The large observed LAPs in 2019 yielded a significant SW{AP for all glaciers. For Vatnajokull the SW{AP was 7.0 Wm 2
(341 mm of SW7'%), 12.9 Wm~2 (624 mm SW7'l) at Langjokull and 8.4 Wm~2 (407 mm of SW7'H) at Hofsjokull. At
these glaciers the SW{AP was higher in the early melt season with less impact in July and August, partially linked to frequent
snow fall events in mid- and late-August increasing albedo and reducing SW,,;. At Drangajokull the SW£ ap Was the highest
for the years studied, resulting a SW{AP of 5.6 Wm~2, yielding 245 mm of SW"%,.

Care must be taken when interpreting results from areas where the thickness of volcanic tephra deposits was thick enough to
isolate the surface. This was the case for Eyjafjallajokull and Myrdalsjokull in 2010 and very probably in the following years
providing partial isolation of the surface. In 2011 parts of the glacier surface around Grimsvoétn in Vatnajokull were isolated,
but as this occurred mostly in the accumulation area the post-years effect was likely limited. Limited data were available to

fully estimate where isolation might have occurred and to fully represent the problem, more complex modeling is needed.
5.4 Melt energy relationships with large-scale circulation variability

To understand the processes driving melt season and inter-annual SEB variability for Icelandic glaciers the SEB was combined
with various large-scale circulation patterns, sea surface temperature and cloud cover. Statistical relationships were calculated
as Pearson’s Correlation Coefficient (PCC) and significance was tested at p = 0.05.

Figure 10 shows MIJJA averages for the data compared for Vatnajokull while Figure C1 in the Appendix show similar data
for the other glaciers analyzed. Figure 10a show the relations between forced short-wave radiation to the surface, SW,,,
incoming short-wave radiation, SW;,,, albedo, a and cloud cover, C'C for the six glaciers studied. The series were extracted
for each glacier and are shown as anomalies from the mean. over the study period 2000-2021.

For the period 2000-2012 cloud cover was overall below the period average (V: 68.5 %, H: 70.2 %, L: 71.3 %, E: 77.6 %,
M: 73.8 % and D: 74.6 %) as well as albedo for the MJJA average (V: 52.8 %, H: 52.1 %, L: 50.4 %, E: 41.0 %, M: 37.4 %
and D: 55.9 %). The eruption years in 2010 and 2011 had a big impact on the MJJA averages of albedo but no influence on
cloud cover. By excluding 2010 and 2011 in the averages for albedo, albedo at Vatnajokull, Hofsjokull and Langjokull were
1.6 — 2 % higher and 3.5 and -4 % higher for Eyjafjallajokull and Myrdalsjokull, respectively. At Drangajokull the impact of
excluding 2010 and 2011 resulted in 0.3 % lower average albedo and considered unimportant. These changes in albedo were
also reflected in higher SW,,.; values for potential melt.

For the period after 2012, cloud cover was on average higher (V: 3.7 %, H: 3.3 %, L: 3.1 %, E: 2.1 %, M: 3.1 % and D: 5.2 %,
percent shown as increase between 2000-2012 and 2013-2021). For albedo, similar changes were observed for all glaciers, an
average observed increase in albedo of 1.5 % excluding the years of 2010 and 2011, shown as a increase between 20002012
and 2013-2021 periods (V: 2.5 %, H: 1.4 %, L: 1.1 %, E: -0.3 %, M: 2.1 % and D: 2.2 %, percent ). The difference increased
further 1.5-3.5 % by including eruption years. The post-effects on albedo, of the 2004 eruption in Grimsvétn in melt season

2005 was not considered, since the impact was mostly observed locally in northern Vatnajokull. No significant trends for MJJA
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averages were found for in the data due to the high variability in the data. High cloud cover in 2015 and 2018 coincides with
the only years with positive observed surface balance (Pilsson et al., 2020a).

For Vatnajokull, Hofsjokull, Langjokull and Myrdalsjokull a strong causal relationship with significant correlation was
found between cloud cover and incoming short-wave radiation (PCC: -0.58, -0.43, -0.57 and -0.51, respectively). Although non-
significant, a similar but less correlation was observed for Drangajokull and Eyjafjallajokull. Since clouds primarily reflect solar
radiation, especially low thick clouds, this relationship was anticipated. Between SW,,.; and SW;,, there was also significance
relationship for all glaciers, anticipated as well, since these values are not independent and correlated through albedo. Relations
for all glaciers to albedo and SW,.; was also highly significant (p>0.0001) since albedo modulates the net energy constrained
at the surface.

Figure 10b show the Geenland Base Index (GBI), North Atlantic Oscillation (NAO) and Figure 10c shows the sea surface
temperature (SST) areas used in the comparison. represented as anomalies from the study period mean. From the time series
of GBI and NAO, a large and significant anti-correlation emerges (PCC: -0.94), since the two indices are not independent
(Davini et al., 2012). GBI has been associated with less zonal oriented large-scale flow over the North Atlantic. GBI and NAO
revealed a correlation to SW;,,, where GBI had significance to all glacier except Drangajokull. NAO had significance to SW;,,
for all glaciers with the exception of Vatnajokull and Mydalsjokull. For SW,,.;, GBI and NAO significance was observed for
all glaciers. The SST for the selected areas had internal correlation, i.e. correlate to a degree to one and another. SSTs had
significant relation to SSTyy, SSTr and NAWH (PCC: 0.43, 0.76 and 0.52, respectively). SSTy correlates significantly with
SSTy and SSTg and additionally SST correlated significantly with SSTg. Correlation between these areas were expected
as they describe the same interrelated system of ocean currents. SST at the NAWH was of special interest as the local changes
in SST there have been described as a fingerprint of climate change (Rahmstorf et al., 2015) and has been linked to the future
evolution of surface mass balance of Icelandic glaciers (Noél et al., 2022). NAWH has significant correlation (PCC: 0.52) to
SSTg but not other SST areas for MJJA averages. For other variables studied the NAWH had significant relations to cloud
cover for all glaciers, over the MJJA period. For Hofsjokull and Langjokull SSTg also had a significant relationship to cloud
cover while other SST areas had no significance to cloud cover. Sea surface temperatures at SSTg, SSTg and NAO showed
a significant relationships with the NAWH (PCC: -0.46, -0.78 and -0.65, respectively). GBI holds a significant relationship
with SSTg, NAWH, SW,,.; and SW;,, (PCC: 0.71, 0.52, 0.52 and 0.45, respectively) Prior to 2010 sea surface temperatures at
NAWH has an anticorrelation with the other SST areas investigated but after 2010 all SST areas follow more similar patterns.
These periods align to some extent with higher albedo and cloud cover average values after 2012 resulting in less short-wave
energy forced for melting. The correlation relationship between sea surface temperatures and cloud cover (significant at NAWH
and SSTy) instigates the modulating control sea surface temperatures has on cloud cover, impacting incoming short-wave
radiation.

The extent of natural variability and anthropogenic forcing effects of the formation and sustaining of the NAWH anomaly
has been studied by many (Rahmstorf et al., 2015; Alexander et al., 2018; Gervais et al., 2019; Keil et al., 2020). It has been
linked to the declining Atlantic Meridional Overturning Circulation (AMOC), a part of a global ocean circulation network

that transports heat all around the world and has significant effect on climate in Iceland (Caesar et al., 2018; Bjornsson et al.,
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2018). Keil et al. (2020) have suggested that more low-level clouds are being produced due to cooler sea surface temperatures
at NAWH, leading to reductions in incoming solar radiation and further surface cooling. With more Arctic sea ice melting
and melting of the Greenland ice-sheet more fresh water flows into the Labrador Sea leading to a reduction in the deep ocean
convection, amplifying the atmospheric and oceanographic processes creating the NAWH (Rahmstorf et al., 2015; Alexander
et al., 2018; Gervais et al., 2019; Keil et al., 2020). Nogl et al. (2022) simulated surface mass balance of Icelandic glaciers
under a future high-end warming scenario where mass loss of Icelandic glaciers is mitigated by North Atlantic cooling until
the mid-2050s.

6 Conclusions

In this study, melt season surface energy balance for Icelandic glaciers was estimated using high resolution meteorological
climate forcing and remotely sensed glacier surface albedo from the MODIS sensor for the melt season from 2000-2021 at a
500 m spatial resolution. The calculation framework was applied to all glaciers in Iceland larger than 8 km? but results are
presented for the largest glaciers, Vatnajokull, Langjokull, Hofsjokull, Myrdalsjokull, Eyjafjallajokull and Drangajokull.

The main results show the large melt season and inter-annual variability in surface energy balance for Icelandic glaciers. The
variability was influenced by high climate variability, LAPs from tephra deposits from volcanic eruptions and dust hotspots
from sources and pro-glacial areas close to the glaciers. Dust hotspots are subject to wind erosion and production of LAPs that
can be transported over long distances.

Due to the high variability no significant trends were found, neither in data driving the model nor in the model output
data. Details of spatio-temporal patterns were provided as well as relations to elevation and distribution of melt energy with
elevation between years. The main energy melt source was from short-wave radiation modulated by surface albedo and cloud
cover, which is in good agreement with previous studies.

The impacts of volcanic eruptions during the period (2004, 2010 and 2011) by effect of dust and tephra deposits on radia-
tive forcing were estimated by modelling the short-wave radiative forcing under observed albedo scenarios during the periods
influenced and comparing them to alternative evolution of albedo. The impacts were assessed in terms estimation of addi-
tional energy forced for surface melting showing that up to 55 % additional melt energy forcing compared to study period
average. Radiative forcing due to LAPs in 2019 due to extensive airborne dust and sand deposits were also estimated yielding
a significant impact on the energy balance increasing melt energy significantly compared to the study period average albedo
development under the same 2019 climate.

To provide insights into the highly variable surface energy balance, large-scale atmospheric circulation anomalies and pat-
terns were compared to surface energy balance variability. Identification of processes driving surface energy balance through
physical atmospheric and oceanographic processes were suggested, mainly the impact cloud cover had on incoming short-
wave radiation and the links between sea surface temperatures and cloud cover. Significant relationships were found between
the North Atlantic Warming Hole (NAWH), sea surface temperatures south of Iceland and cloud cover over the glaciers stud-

ied. This suggest that the amplification of negative sea surface temperature anomalies since 2014 impacts the generation of
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low-level clouds that reduce the incoming short-wave radiation. Cloud cover was higher for the period from 2013 — 2021
than 2000 — 2012, on average a 4 % increase was observed between the periods from MJJA averages. The highest increase
was for Drangajokull (5.5 %) while 3.8, 4.1, 4.3, 2.3 and 3.6 % for Vatnajokull, Hofsjokull, Langjokull, Eyjafjallajokull and
Myrdalsjokull, respectively.

The methodology applied in the study, based on MODIS products and climate forcing data, can be utilized in near-real
time to assess the impacts of LAPs associated with volcanic eruptions and dust storms deposits in ice and snow surfaces,
providing insights into melt enhancements. It also allows for short-term as well as long-term monitoring of surface energy

balance variations for glaciers in Iceland.
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Drangajokull

Eyjafjallajokull

Figure 1. Location map of Icelandic glaciers studied in the study. Vatnajokull, Langjokull, Hofsjokull, Myrdalsjokull, and Drangajokull are
divided into a few main ice flow basins for further detailed analysis. These delineated areas are annotated with underlined text (e.g. NW
for northwest). Locations of automatic weather stations (AWSs) are shown with grey dots. Details for the AWSs are given in Table Al.
Topographical properties of the ice caps and their sub areas are tabulated in Table 1. The background is shaded relief of Lidar surveyed
glacier DEMs ( J6hannesson et al. (2013)) and the catchment delineation are from Magnuisson et al. (2016b), for Drangajokull, Bjornsson
(1988) for Hofsjokull, Bjérnsson et al. (2000) for Myrdalsjokull, and Pdlsson and Gunnarsson (2015); Pdlsson et al. (2020a) for Langjokull

and Vatnajokull, respectivly.
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Figure 2. Comparison of the downscaled daily model forcings, 2 m air temperature (a), incoming solar radiation (b) and incoming longwave
radiation (c) with ground observations from the GAWS network. Color shows the normalized (0-1) density distribution of data. Dotted black

line shows 1:1 and black line the calculated linear fit to the data
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Figure 3. Spatial patterns of mean melt energy for the period 2000-2019 (AMJJA). D: Drangajokull; H: Hofsjokull; V: Vatnajokull; L:
Langjokull; E: Eyjafjallajokull; M: Myrdalsjokull. Note that the color scale varies between months.
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Figure 4. Variation of surface energy balance components with elevation (100 m elevation bins). The first column of images shows the average
MIJA energy balance by elevation for the whole glaciers. The other columns show individual SEB components for the glaciers and their main
sub-areas as a function of elevation. (Sub-areas are defined in Fig.1). V: Vatnajokull; H: Hofsjokull; L: Langjokull; E: Eyjafjallajokull; M:
Myrdalsjokull; D: Drangajokull;
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Figure 5. Variation of monthly average melt energy (W m™~, upper panel) and monthly albedo anomalies (lower panel) for Vatnajokull.

Elevation (vertical axis) is in bins of 100 m and the horizontal axis shows monthly data for each year from April to September. Black vertical

lines separate the years. Figures B1 to BS in the Appendix show similar figures for other glaciers.
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Figure 6. Surface energy balance sources (colored bars) and the available melt energy (solid black line) for the period MJJA 2000 —2021
(left vertical axis). The melt season mean albedo (purple) and cloud cover (green) for each glacier is shown as deviations from the period

mean (right vertical axis).
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Figure 7. The monthly average distribution of surface net energy balance components and melt energy for the glaciers studied. Circles

represent outliers.
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Figure 8. Surface energy balance anomalies from the mean for MJJA 2000-2021. Red colors indicate average melt energy above average

(more potential melt energy) while blue colors denote surface energy balance below average.
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Figure 9. Estimated increase in melt potential (mm of water) due to the effect LAPs had on the surface energy balance in 2005, 2010, 2011
and 2019. Data are shown as the increase in cumulative monthly melt potential due to LAPs, i.e. the difference in melt using historical
average albedo (2000-2021 mean excluding 2010, 2011 and 2019 in the mean) and observed albedo for the selected years using the same

climatological forcings.
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Figure 10. a) Melt season anomalies from the mean (MJJA) for SW ., incoming short-wave radiation, SW;,, albedo, « and cloud cover,
CC. b) melt season average values (MJJA) for GBI and NAO. c¢) Sea surface temperatures anomalies from the mean for the selected areas

defined in Section 3.4. Data shown for Vatnajokull over the study period 2000-2021.
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Table 1. Topographic properties of the 6 main glaciers catchments and their 15 sub-areas. Id column refers to the sub-glacier areas shown in
Figure 1. Ratio defines the area percentage of each sub-area with respect to the relevant glacier total area. Elevation data is from J6hannesson

et al. (2013) and glacier area from Hannesdéttir et al. (2020).

Id Glacier Area  Zmean Zmax Zmin Ratio
km?> masl masl masl -
Vatnajokull 7881 1223 2030 0 -

VNE | NE 1669 1229 1888 629 21 %

VNW | N\W 1239 1406 1988 729 15 %

VSE | SE 1952 1066 2030 0 25 %

VSW | SW 3051 1225 1994 61 39 %
Hofsjokull 852 1252 1789 624 -

HN N 287 1289 1789 830 34 %

HSE | SE 402 1200 1789 637 47 %

HSW | SW 162 1346 1789 735 19 %
Langjokull 896 1102 1435 419 -

LNE | NE 304 1090 1435 419 34 %

LNW | NW 307 1137 1435 620 35 %

LS S 284 1020 1400 444 31 %
Myrdalsjokull 562 1000 1485 118 -

MNE | NE 151 893 1377 223 27 %

MNW | NW 149 1051 1455 414 26 %

MS S 271 997 1485 118 47 %
Drangajokull 144 658 914 213 -

DE E 52 653 872 297 37 %

Dw w 92 655 914 186 62 %
Eyj Eyjafjallajokull 79 1156 1564 294 -
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Table 2. Summary statistics for daily incoming solar radiation (SW), incoming longwave radiation (LW ), and air temperature from different

WREF configurations validated with ground observations. No. sites refers to the number of stations that where available for comparison

purposed for each period.

RAV?2 data T (°C) SW, (Wm™?) LWL(W m™2) Period
No.sites | RMSE R?  Bias | RMSE R? Bias | RMSE  R? Bias Month
20 1.09 083 -0.65| 5561 0.63 1436 | 1344 063 -6.50 | AMIJASO
4 173 0.84 -1.07 | 8221 026 1498 | 9.68 044 -1633 Apr
18 110 088 -0.86 | 5513 042 1858 | 1383 0.61 -13.31 May
20 090 075 -0.66 | 6132 045 2342 | 1279 0.63 -6.74 Jun
20 099 056 -050 | 57.92 049 2550 | 12.57 0.61 -2.86 Jul
19 1.06 059 -0.60 | 47.19 055 976 | 1248 0.60 -3.20 Aug
17 111 0.82 -0.53 | 3442 050 -491 | 1333 055 -4.60 Sep
12 077 094 -043 | 27.81 041 652 | 1131 055 -4.99 Oct
ICEB data T (°C) SW| (Wm™?) LW/ (W m~2) Period
No.sites | RMSE R?> Bias | RMSE R?  Bias | RMSE R?  Bias Month
8 083  0.94 -0.84 | 4828 0.67 -478 | 1492 078 -329 | AMIJASO
2 095 094 -097 | 3970 046 233 | 1490 080 -13.84 Apr
8 088 093 -115| 51.75 039 -626 | 1564 070 -5.09 May
8 074 092 -097 | 47.38 0.64 -406 | 1203 081 -348 Jun
8 0.66 075 -045 | 4504 0.68 1046 | 1249 078 -2.11 Jul
7 0.63  0.80 -0.60 | 4422 055 -1647 | 1618 058  3.69 Aug
5 0.84 088 -096 | 30.00 049 -14.09 | 1562 073 -343 Sep
FCST data T(°C) SW] (Wm™?) LWL(W m~2) Period
No.sites | RMSE ~R?  Bias | RMSE R? Bias | RMSE  R? Bias Month
7 090 092 -0.85 | 47.38 0.62 -1628 | 1226 0.78 -3.95 | AMIJASO
1 097 095 -1.13 | 2505 080 -036 | 7.50 092 -11.63 Apr
7 0.86 092 -097 | 4562 046 -27.75 | 12.58 077 -4.38 May
5 070 0.89 -0.79 | 41.55 0.62 -16.14 | 942 086 -0.07 Jun
5 0.66  0.60 -0.58 | 37.63 072 -22.63 | 980 086 3.05 Jul
5 0.63 068 -027 | 37.03 0.61 -36.67 | 1147 081  6.05 Aug
5 070 092 -043 | 2478 0.65 -24.11 | 1178 084 1.54 Sep
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137



138

Appendix A: Glacier weather stations location
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Table Al. Summary statistics and location information of meteorological stations. Figure 1 shows the location on a map. The three last

columns show the number (N) of daily observations available for validation purposes for each variable used.

Lat. Lon. Ele. Site name  N.Tsobs. N.SW,, obs. N.LW,,, obs.

64.538 15.597 1141 Hoff 1688 1774

64.514 20450 588 Lol 2246 2254 2254

64302 17.153 1207 Ske02 37 39 39

64.728 16.111 779 B10 3224 3296 3215

64.575 16.328 1216 BI13 2043 2725 2338

64402  16.681 1526 B16 2575 2730 2569

64.417 17319 1405  Grimsvotn 2687 791

64.182 16335 528 Bro4 597 600

64368 16282 1242 Br07 395 397

64.325 18117 771 TO1 483 567 567

64.336  17.976 1068 TO3 1943 2586 2094

64.404  17.608 1466 TO6 2538 2632 1691

64.639  17.522 1945 Bard 1509 898

64.406 17.267 1724  Grimsfjall 2495 1324

63.611 19.158 1345 MyrA 385 413

64.594  20.374 1095 L05 2536 2544 2544

64.770  18.543 840 HNA09 292 307 307

64.813 18.648 1235 HNA13 294 307 307

64.677 15581 766 E01 106 121 121

64.611 15.615 1190 E03 115 122 122
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Appendix B: Melt energy and albedo variability with elevation
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Figure B1. Distribution of melt energy and albedo anomalies (W m~2) with elevation for Langjokull. Vertical show elevation bins in 100 m

intervals and horizontal axis shows monthly data for each year from April to September. Black vertical lines separate
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Figure B2. Distribution of melt energy and albedo anomalies (W m™~2) with elevation for Hofsjskull. Vertical show elevation bins in 100 m

intervals and horizontal axis shows monthly data for each year from April to September. Black vertical lines separate
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Figure B3. Distribution of melt energy and albedo anomalies (W m~?) with elevation for Myrdalsjokull. Vertical show elevation bins in 100

m intervals and horizontal axis shows monthly data for each year from April to September. Black vertical lines separate
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Figure B4. Distribution of melt energy and albedo anomalies (W m~2) with elevation for Eyjafjallajokull. Vertical show elevation bins in

100 m intervals and horizontal axis shows monthly data for each year from April to September. Black vertical lines separate
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Figure B5. Distribution of melt energy and albedo anomalies (W m~2) with elevation for Langjokull. Vertical show elevation bins in 100 m

intervals and horizontal axis shows monthly data for each year from April to September. Black vertical lines separate
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Appendix C: Melt energy relationships with large-scale circulation variability
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Figure C1. First 6 panels show melt season anomalies from the mean (MJJA) for SW ¢, incoming short-wave radiation, SW;,, albedo, c
and cloud cover, CC for the six glacier studied. Panel seven shows melt season average values (MJJA) for GBI and NAO and the bottom
panel shows sea surface temperatures anomalies from the mean for the selected areas defined in Section 3.4 Data shown for the study period

2000-2021.
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Abstract. Efficient water resource management in glacier- and snow-dominated basins require accurate estimates of snow
water equivalent (SWE) in late winter and spring, timing of melt onset and intensity. To understand the high spatio-temporal
variability of snow and glacier ablation, a spatially distributed energy balance model combined satellite-based retrievals of
albedo and snow cover was applied. Incoming short-wave energy, contributing to daily estimates of melt energy, were con-
strained by remotely sensed surface albedo for snow covered surfaces. Fractional snow cover was used for non-glaciated areas,
as it provides estimates of snow cover for each pixel to better constrain snow melt. Therefore, available daily estimates of melt
energy in a given area, were the product of the possible melt energy and the fractional snow cover of the area or pixel, for
non-glaciated areas. This provided daily estimates of melt water to estimate seasonal snow and glacier ablation in Iceland for
the period 2000-2019. Observations from snow pits on land and glacier summer mass balance were used for validation and
observations from land and glacier-based automatic met stations used to validate model inputs for the energy balance model.
The results show that the inter-annual SWE variability was generally high both for seasonal snow and glaciers. For seasonal
snow the largest SWE (>1000 mm) was found in mountainous and alpine areas close to the coast, notably in the East- and
Westfjords, Trollaskaga, and in the proximity of glacier margins. Lower SWE values were observed in the central highlands,
flatter inland areas and at lower elevations. For glaciers, more SWE (glacier ablation) was associated with lower glacier eleva-
tions while less melt was observed at higher elevations. For the impurity-rich bare-ice areas exposed annually, observed SWE

was more than 3000 mm.

Copyright statement. This work is distributed under the Creative Commons Attribution 4.0 License.

1 Introduction

Efficient water resource management in glacier- and snow-dominated basins require accurate estimates of snow water equiv-
alent (SWE) in winter and spring, timing of melt onset and intensity among other ice-, snow-, and hydrological catchment

properties (Rittger et al., 2016; Sandoval-Solis, 2020).
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Snowpack properties (e.g. depth, density, temperature) vary in space and time where point data might not correctly describe
the spatial and temporal variability in complex environments (Elder et al., 1991, 1998). Knowledge of the spatio-temporal
distribution of snow and glacier ablation is important to accurately estimate partitioning of melt, calibrate and update hydro-
logical models, organize operational planning (flood protection, onset of spring melt, seasonal resource assessment) and real
time assessments of water resources.

In Iceland, a system of reservoirs and diversions in the highlands collect and store water for hydro-power production,
corresponding to about 70 % of total energy production in the country (Hjaltason et al., 2020). About 60 % of flows for hydro
power energy production originate from seasonal snow ( 10 to 15 %) and glacier ablation ( 50 %) in an average hydrological
year. Due to the high share of hydro power energy production in the total energy production mix, reliable understanding and
good forecasting capabilities of water resources development, both in short- and long-term aspects, is key to efficiently utilize
water resources. The fact that the current Icelandic energy system is a closed loop system, i.e., no means to import nor export
electricity, also emphasis the importance of high quality forecasting capabilities.

Climate in Iceland is modulated by heat transfer by ocean and atmospheric circulations from lower latitudes to higher
(Einarsson, 1984; Perkins et al., 1998). Storm tracks, dominating from the southwest and southeast direction, play an impor-
tant role for the hydrological cycle, as they bring precipitation sustaining the formation of seasonal snow and glaciers in the
highlands, decreasing with latitude (Einarsson, 1984; Crochet et al., 2007a). About 10 % of land area in Iceland is covered
with glaciers (Hannesdéttir et al., 2020), while the central highlands, accumulating snow in winter, correspond to about 40 %
of the island (> 550 m a.s.1.).

Historically in Iceland, more focus has been on observing glacier surface mass and energy balance and the associated runoff
contribution rather than measuring and monitoring seasonal snow, especially in the highlands. Surface mass balance data of
Icelandic glaciers has been systematically collected bi-annually by a network of collaborators of institutes and stakeholders
in Iceland. Data are collected where winter and summer mass balance are observed with conventional glaciological methods,
for Vatnajokull, Langjokull and Hofsjokull with intermittent observations for Drangajokull, Myrdalsjokull and other smaller
glaciers (Agistsson et al., 2013a; Porsteinsson et al., 2017; Pélsson et al., 2022, 2020b).

Long term observations of snow cover (binary snow cover) in local municipals have been conducted since 1924 at manned
observation sites among other weather related observations, operated by the Icelandic Meteorological Office (IMO (J6nsson,
2002). Although this is the longest continuous record of snow cover in Iceland and provides insights to local snow cover in the
lowlands limited data is available for the highlands of Iceland.

SWE estimates are of more interest for resource assessment and hydrological modeling but in situ observations of SWE from
snow pillows or transects from snow courses are few, sparse and discontinuous providing limited capabilities to analyze and
intrepid annual distribution and evolution of snow through time (Jénsson and Jénasson, 1997; J6hannesson and Sigurdsson,
2014). The single longest continuous record for snow depth, density and other properties of the snowpack were collected at
Hvervellir, in the central highlands, from 1965 until 2004 when the site was upgraded to automatic measurements and snow

observations decommissioned (Sigurdsson et al., 2003).
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In certain areas in the highlands under development or operation for hydro power, seasonal snow monitoring programs have
been commissioned to improve understanding of snow hydrology although many have been short lived (Rist, 1958, 1966, 1981).
At these sites, snow courses have been installed with 1-2 observations of snow depth and density each winter, although few
of these site have fully continuous data (Sigurdsson, 2002; J6hannesson and Sigurdsson, 2014). The data has been collected
by various institutes through time, the National Energy Authority (Orkustofnun), the Icelandic Met Office (Vedurstofa Islands)
and the National Power Company (Landsvirkjun).

Projected future changes in climate indicate that various hydrological changes will be observed in Iceland (Bjornsson et al.,
2018; Schmidt et al., 2020). Various flow dynamics, such as melt onset, seasonal snow mass, changes in the rain-snow transition
elevation and distribution of solid precipitation both in the highlands and at glaciers are foreseen (J6hannesson et al., 2007,
Bjornsson et al., 2018). These projected changes will pose a challenge for operational control of water resources as forecasting
in an non-stationary statistical environment is demanding (Milly et al., 2008). These changes will as well influence climate
change adaptation for both current energy projects, future developments as well as refurbishments of older infrastructure
(Bjornsson and Thorsteinsson, 2012; Sveinsson, 2016)).

First utilized by Martinec and Rango (1981), the snow water equivalent reconstruction method uses space-based remote
sensing of snow cover to retrospectively estimate the amount of water stored as snow for each pixel back to the last significant
snowfall. The reconstruction technique has been adopted and successfully validated in many studies across various regions
with various modifications and improvements and appears to be a reliable way to estimate spatial distribution of SWE (Raleigh
and Lundquist, 2012; Lettenmaier et al., 2015; Rittger et al., 2016; Bair et al., 2018). The method provides a post-peak SWE
estimate without the need for total precipitation which can be highly uncertain, especially in topographically complex regions
(Adam and Lettenmaier, 2003; Adam et al., 2006)). The main limitation, is that the reconstructed SWE can only be estimated
after snow disappears on the ground, i.e., when snow disappears from a given pixel after total melt out, limiting real time usage.

Cline et al. (1998) reconstructed SWE in a small, well studied, mountain basin in the Sierra Nevada using Landsat Thematic
Mapper data to estimate fractional snow cover and spatially constant snow surface albedo decaying over time. The reconstructed
SWE, compared to in-situ observations, showed a non-significant difference (6 %) for maximum SWE estimation. Molotch
et al. (2004) used basin-average albedo estimated from remotely-sensed Airborne Visible/Infrared Imaging Spectroradiometer
(AVIRIS) to show more accurate estimates of the timing and magnitude of snow melt using remotely sensed albedo over
common snow—age—based empirical relations. Rittger et al. (2016) applied the approach to reconstruct the Sierra Nevada
maritime snowpack using Moderate Resolution Imaging Spectroradiometer (MODIS) data using the MODSCAG model for
fractional snow cover and albedo (Painter et al., 2009). Results showed that the model could accurately estimate SWE in a
variety of topographic settings for a range of wet to dry years in the Sierra Nevada. Work by Schneider and Molotch (2016)
applies MODIS based reconstructed SWE to improve real-time estimates of SWE in the Upper Colorado River using linear
regression and in situ SNOTEL data reporting reduced biases and slightly lower RMSE values. Bair et al. (2018) applied
machine learning models to estimate SWE throughout the snowmelt season for watersheds of Afghanistan using physiographic

and remotely sensed information as predictors and reconstructed SWE as the target. Results report a 14 % mean bias across
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the study period and RMSE values range from 46 to 48 mm illustrating possibilities to estimate SWE during the snow season
in remote mountains.

The primary objective of this study was to understand and quantify spatio-temporal patterns of snow water equivalent and
glacier ablation in Iceland using high resolution meteorological climate forcing coupled with remotely sensed snow- and ice

surface albedo and fractional snow cover from the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor.

2 Study area

The analysis of this study extends to the whole Iceland although the main emphasis was on catchments with glacier fed rivers
or areas that sustain a seasonal snowpack (highlands). Figure 1 show the extent of the 17 main catchments analyzed (black),
the six main glaciers investigated and their sub-cardinal areas (red). Table 1 shows the topographic properties of the main
catchments. For each catchment topographic properties for the land covered areas (seasonal snowpack) and glaciated area
were extracted, showing area, mean, maximum and minimum elevation within each catchment and the glacier ratio for each
catchment, i.e., ratio of the glacier covered area to total catchment area.

Table 2 show similar information as in Table 1 for the main catchments but for the main glaciers studied. For the larger
glaciers, Vatnajokull, Langjokull, Hofsjokull, Myrdalsjokull and Drangajokull, smaller areas were defined to the main ice
flow basins of the glaciers for detailed analysis. These delineated areas are shown with red boundary lines within each main
glacier annotated with red text (e.g. NW for northwest). Glacier catchment delineation was from Magntsson et al. (2016)
for Drangajokull, Bjornsson (1988) and Bjornsson et al. (2000) for Hofsjokull and Myrdalsjokull, and Palsson et al. (2013);

Palsson et al. (2016) for Langjokull and Vatnajokull. The sub-areas were chosen as in Gunnarsson et al. (2021).
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Figure 1. Overview of study area. Main catchments are outlined with black while glacier boundaries used in this study are red. The letters

by each area refers to the catchment identification (Id). Topographic properties for each area are shown in Tables 1 and 2.
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Table 1. Topographic properties of the 17 main catchments. Id. refers to Figure 1. Elevations are in meters above sea level (z). The Land and
Glacier columns refer to topographic properties of the catchment divided into non-glaciated and glaciated portions. The last column, Ratio,

show the portion of catchment that is glaciated.

Land Glacier
Region 1d Name Area  Zmean  Zmaz  Zmin | Ar€d  Zmean  Zmaxr  Zmin | Ratio
km? ma.s.l km? ma.s.l -
NE AF | Austfirdir 4115 438 1180 0 20 1073 1208 925 <1%
NE LA | Lagarfljts6s 6569 532 1532 0 1658 1236 1791 629 | 25%
NE JF | Jokulsd 4 Fjollum 6690 571 1822 0 1626 1366 1988 674 24%
NE SF | Skjalfandafij6t 4422 668 1690 0 106 1472 1969 1041 2%
N TR | Trollaskagi 3404 560 1432 0 83 1070 1394 812 2%
N VH | Vestari Héradsvotn | 3793 651 1321 0 250 1280 1789 830 6%
N BL | Blanda 2533 570 1136 0 237 1353 1789 837 9%
w ST | Strandir 3541 328 827 0 161 658 914 213 4%
w VF | Vestfirdir 5029 365 957 0 - - - - -
SW HB | Hvitd i Borgarfirdi | 3844 399 1431 0 325 1169 1664 701 8%
SW OA | Olfusi 6357 397 1375 0 691 1081 1715 419 10%
SW PT | Pjoérsd 7830 591 1518 0 1041 1261 1994 624 13%
SW MF | Markarfljot 1228 524 1474 0 209 1078 1551 294 17%
SE KF | Kudafljét 1279 244 1169 0 218 898 1387 223 17%
SE SK | Skaftd 2323 401 1084 0 490 1222 1758 636 21%
SE NV | Nupsvotn 1150 424 1384 0 680 1123 1724 93 60%
SE GK | Gigjukvisl 1854 121 1072 0 1502 1196 1724 61 81%

162



Table 2. Topographic properties of the 6 main glaciers catchments and their 15 sub-areas. Id. refers to Figure 1. Elevations are in meters

above sea level (z). The Ratio column show the ratio of sub-glacier area to the main glacier.

Id Name Area  Zmean  Zmaz Zmin | Ratio
km? ma.s.l -
Vatnajokull 8995 1223 2030 0 -

VNE | NE 1949 1229 1888 629 21%

VNW | NW 1457 1406 1988 729 16%

VSE | SE 2273 1066 2030 0 24%

VSW | SW 3528 1225 1994 61 39%
Hofsjokull 970 1252 1789 624 -

HN N 322 1289 1789 830 34%

HSE | SE 453 1200 1789 637 47%

HSW | SW 180 1346 1789 735 19%
Langjokull 1003 1102 1435 419 -

LNE | NE 364 1090 1435 419 33%

LNW | NW 368 1137 1435 620 35%

S 342 1020 1400 444 32%
Myrdalsjokull 622 1000 1485 118 -

MNE | NE 179 893 1377 223 28%

MNW | NW 177 1051 1455 414 27%

MS S 300 997 1485 118 45%
Drangajokull 162 658 914 213 -

DE E 62 653 872 297 37%

DW | W 104 655 914 186 63%
Eyj Eyjafjallajokull 79 1156 1564 294 -
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3 Data and methods
3.1 Meteorological in situ data

Automatic weather station data were used to validate the models performance. For glaciers, the Icelandic Glacier Automatic
Weather Stations network (ICE-GAWS) has observations from Vatnajokull, Langjokull, Hofsjokull and Myrdalsjokull since
1994, 2001, 2016 and 2015, respectively. Most of these stations were operated for summer ablation season, from May out
through September annually while few sites had data from all year around operation. Observations of air temperature, short-
and long-wave incoming radiation were used for validation purposes. In total 21 sites provided data for the study period, all
sites had observations of air temperature and incoming short-wave radiation while 13 sites had data for incoming long-wave
radiation. Details on data processing is described in Gunnarsson et al. (2021).

For non-glaciated areas, automatic weather stations (AWS), above 250 m a.s.l. were used in the validation. Data was provided
by the Icelandic Met Office (IMO) (Vedurstofa fslands, 2020) and observations of air temperature, short- and long-wave
incoming radiation were used for validation purposes. In total 69 sites were used with air temperature observations, 7 sites
where incoming short-wave radiation was available and 6 sites where incoming long-wave radiation was available.

Air temperature was measured inside a fan-aspirated radiation shield and in most cases was a PT100 probe located at 2 m
height above ground. At glaciers, the height above ground can vary due to snowfall and melting of the station quad-pod. Most
sites in the automatic weather station networks used Kipp and Zonen CM14, CNR1, and CNR4 radiation sensors which have
relatively uniform spectral response ranging from 0.3 to 2.8 pm with reported uncertainty ranging from 3 to 10 % for daily
totals over ice- and snow-covered surfaces (Van den Broeke et al., 2004a, b).

For both networks (AWS and GAWS), daily averages were calculated if 20 hourly values or more were available within the
day, else the observations were omitted for validation. Table A1 in the Appendix provide details for the location, elevation,

type of site and number of observations for each site.
3.2 Glacier surface mass balance data

Surface mass balance data of Icelandic glaciers were systematically collected bi-annually by a network of collaborators of
institutes and stakeholders in Iceland. Data were collected where winter and summer mass balance were observed with con-
ventional glaciological methods. Shallow snow cores were drilled at selected locations in the spring to determine the density
and depth of the winter snow cover. Stakes, in the accumulation zone, and wires or stakes, in the ablation zone, were left during
the summer for a readout in the fall allowing for summer mass balance estimates. For Vatnajokull and Langjokull spatially
continuous maps were derived based on dense point data (Pélsson et al., 2020a, b) while for Hofsjokull and Myrdalsjokul
point data were available representing the main glacier outlets. These procedures for drilling and post processing of data are
described in many previous studies and annual reports of mass balance (Agﬁstsson et al., 2013b; Porsteinsson et al., 2017;
Palsson et al., 2020a, b). Data was available for Vatnajokull (glaciological years 1991/92 to 2018/19), Hofsjokull (1987/88 to
2018/19) and Langjokull (1996/97 to 2018/19). Data spanning the study period includes 1227, 389, 383 and 68 surface mass

balance observations for Vatnajokull, Hofsjokull, Langjokull and Myrdalsjokull, respectively.
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3.3 Snow cover and albedo data

For the SWE reconstruction model applied in this study, fractional snow covered area (fSCA) and snow- and ice surface albedo
(a) were derived from Moderate Resolution Imaging Spectroradiometer (MODIS) data using processing models developed
for Iceland by Gunnarsson et al. (2019, 2021). Both products rely on the MOD10A1 (Terra satellite) and MYD10A1 (Aqua
satellite) fractional snow cover (Scientific Data Set: NDSI Snow Cover) and snow albedo (Scientific Data Set: Snow Albedo
Daily Tile) for the grid tile h17v02 covering most of Iceland, excluding a small portion of the Snafellsnes peninsula.

For fractional snow cover, three main processing steps were applied. First, daily tiles from MOD10A1 and MYD10A1 were
merged to a single daily tile with priority to Terra data due to failure in band 6 in Aqua (Lingli Wang et al., 2006). Second,
to reduce the remaining cloud obscured pixels a temporal aggregation was applied. The temporal aggregation range is set as
the number of days backwards and forwards each center date data were allowed to search for classified pixel data. Priority
was given to data closest to the center date data and from the forward date if both backward and forward dates have data. The
aggregation window was 7 days. Finally, the remaining cloud obscured pixels after daily merging and temporal aggregation,
were classified using a classification trees trained daily on four predicting variables, location (easting, northing), elevation (Z)
and aspect. Further information and details are in Gunnarsson et al. (2019).

For snow- and ice surface albedo, the first processing step were the same as for fSCA while the aggregation window was
11 days for temporal aggregation. The remaining cloud obscured pixels after daily merging and temporal aggregation, were
classified with a daily trained random forest model using the same predicting variables as for fSCA. Further information and

details are in Gunnarsson et al. (2021).
3.4 Seasonal snow data

Few sites had snow field survey data available for the study period. The most extensive data was from the Setur AWS in the
south-central highlands where from 2004 to 2015 ground-based estimates of SWE was available from snow transect surveys
conducted in March or April each year. Concurrently, spatial variability of SWE has been estimated on two 1 km long transects
with a north-south and east-west orientation where snow depth was collected at 100 m intervals. The main snow pit for SWE
location was located at the mid of these two transects. Since 2015 a Campbell Scientific passive CS725 snow-water equivalent
sensors has been operated at the site. The sensor detects the attenuation of the electromagnetic energy from the ground, and
SWE can be estimated. The CS725 estimates SWE over an area of 50 to 100 square meters and provides a timeseries of SWE
estimation.

Snow pit data were also available from other sites spanning the study period. In total 70 estimates of SWE collected from
mid-March to mid-April were used. For the majority of the observations snow density was measured in 10 cm increments
from the snow surface to the ground using a 1000 cc Snowmetric RIP1 density cutter (Kelly cutter). Combination of depth
and density provides point-based SWE estimates at the site. At some sites collections were done with Federal or SnowHydro
samplers (coring tubes). In those cases, 3-5 cores were taken at each site and the average of all collections used as the mean

SWE estimate.
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3.5 Model Forcing

Meteorological forcing were from the RAV2 project. RAV2 is based on the Weather Research and Forecast model (WRF)
version 3.6.1 coupled to the NOAH land surface model to provide climatological surface variables at a 2 km spatial resolution
and 1 hour temporal resolution spanning the period from 1.9.1957 to 31.8.2019. From 1979 to 2019 the model was forced with
boundary conditions from the the European Centre for Medium Range Weather Forecasts (ECMWF) ERA-Interim reanalysis
(Berrisford et al., 2011). The model domain spans Iceland in a nested domain at a 2 km spatial resolution at the surface (326
X 256 pixel) whereas the outer domain of the model has a spatial resolution of 10 km (121 x 111 pixels). Vertical resolution is
65 levels up to the 25 hPa level. Relevant surface data for melt calculations were extracted for use in the reconstruction model:
air temperature at 2 m, surface temperature, incoming long- and short-wave radiation, surface pressure, specific humidity
and re-sampled to daily average values. Further description of the RAV2 model setup and output configuration is found in
Régnvaldsson (2016).

Downscaling of the meteorological forcing from the 2 km RAV2 WREF grid to the 500 m MODIS grid was based on the
IslandsDEM digital elevation model (DEM) from the National Land Survey of Iceland at a 20m spatial resolution (Accessed
01.06.2021). Bi-cubic interpolation was applied to regrid the DEM to the MODIS grid. Variables dependent on elevation (air
temperature and long-wave radiation) were adjusted for the difference between the coarse-resolution RAV2 DEM and high-
resolution IslandsDEM at 500 m using a lapse rate. Air temperature, T 4, was downscaled from 2 km RAV2 reanalysis data to
500 m grid cells using an environmental lapse rate of —6.5°K/km assuming a linear dependence on elevation above mean sea
level uniformly across the domain outside of glaciated areas (Crochet and J6hannesson, 2011; Nawri et al., 2012). For glaciers,
an environmental lapse rate of —7.0°K/km was used for JFMA and SOND while —5.5°K/km was applied for the active melt
season, MJJA, following results from (Gardner et al., 2009; Hodgkins et al., 2013).

Downward long-wave radiation is primarily determined by humidity and temperature vertical atmospheric profiles, which
correlate strongly with elevation (Pliiss and Ohmura, 1997; Ohmura, 2001). In this study no adjustments were made to account
for enhancement of long-wave radiation due to terrain emission as the conditions were not general in Iceland while a lapse
rate of -29 W m~2 km~! was used for elevation difference adjustment. Further details on downscaling of temperature and

long-wave are in Gunnarsson et al. (2022)
3.6 SWE reconstruction model

The reconstruction model adopted in the present study was based on formulation proposed by Brubaker et al. (1996) and
used by Rittger et al. (2016). The formulation uses an explicit calculation for short-wave and long-wave radiation terms and a
pseudo-physically based formulation for turbulent fluxes relying on an degree day factor and temperature. The potential melt

energy, (M,,;), in W m~? at time j, was defined as:

M, ; =m R+ BT, )
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where my is a conversion factor from energy to melt, 0.26 mm day~! per W m~2, R was the net radiation, 3 was a degree
day factor and T; was the mean daily temperature above 273.15 K. M), ; was set to zero (no melt) when the temperature was

less or equal to 273.15 K or when fSCA was less than 10 % for a given pixel.

The net radiation flux, R was defined as:

R=SW | (1—a)+ (LW L+LW 1) 10))

where SW/ is incoming solar radiation, o was broadband albedo from MODIS and LW] and LW? were incoming and
outgoing long-wave radiation, respectively. Outgoing long-wave radiation (LW?) defines the radiation emitted to space by
Earth’s surface and depends on surface temperature. Here, outgoing long-wave radiation was calculated based on the Stefan-

Boltzman law:

LW t=eoT? 3

where € was the emissivity of snow (0.99) (Dozier and Warren, 1982), o was the Stefan-Boltzman constant and 75 was
surface temperature in Kelvin. Simple approximations have been adapted assuming surface temperature to be equal to daily
average 2 m air temperature but constrained to a maximum of 0°C and to lag 2 m air temperature in time to present surface
temperature (Cline et al., 1998; Jepsen et al., 2012; Guan et al., 2013). More complex methods have also been adapted, solving
for the snow surface temperature as the equilibrium temperature that balances the energy exchanges (Bair et al., 2016, 2018;
Huai et al., 2020). Raleigh et al. (2013) suggested using dew point temperature as an snow surface temperature proxy, which
was adopted for further calculations in this study. Solutions for T > 273.15 K indicate availability of melt energy and T was
set as 273.15 K and melt (I\IM) was computed, otherwise, melt was set to zero.

At any time j, available melt energy (M, ;) to melt snow and ice in a given area, was the product of the potential energy

(M, ;) and the fractional snow cover (fSCA;) (0-1) of the area or pixel:

M, ; =M, ; x fSCA; @)

Fractional snow cover and albedo was based on MODIS processed products described in Section 3.3. For glaciated areas
a constant fSCA mask at 100 % snow cover was applied and glacier boundaries were kept fixed through the study period
(2000-2019) using the available delineation spanning 2007—2013 from Hannesdéttir et al. (2020).

For seasonal snow, M, ; was summed from the day of snow disappearance in the MODIS fSCA data until March 15th each
year. In theory, the peak SWE date can be estimated from the earliest date when melt energy was zero for an extended time
in Spring. In many studies ancillary information (snow pillows or other SWE sources) was used to estimate the date of peak

SWE such as station data or other field data (Rittger et al., 2016; Bair et al., 2016) while in many cases no such data were

11
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available. For glaciers, snow cover was 100 % during all periods and all available melt energy was summed to account for
annual summer melt. For seasonal snow maximum SWE was determined as the maximum accumulated value for each pixel.
In the case of glaciers all calculated melt was accumulated from March 15th out through September except for 2019 where no

climate forcings were available for the month of September due to end-of-life of ERA-Iterim.

In reality, glaciers melt both accumulated winter snow, firn and ice during the melt season. In literature, daily glacier summer
melt is referred to as summer ablation and the accumulated summer ablation over the melt period as summer mass balance
(bs) (Cogley et al., 2010). Here, for simplification, snow water equivalent (SWE) was refereed to both reconstructed seasonal
snowpack and glacier ablation. For calculated daily melt, the calculation process was the same for glaciers and seasonal snow

with the exception of a constant full areal snow cover for glaciers.
3.7 Cold content

Cold content is a component of the snowpack energy balance representing the internal snowpack energy deficit. This deficit
must be overcome before runoff from a snowpack can occur. Cold content is a linear function of snow water equivalent (mass)
and snowpack temperature where colder and greater SWE snowpacks have higher energy deficits (Jennings et al., 2018). Many
previous reconstruction studies estimated cold content by using a proxy. Jepsen et al. (2012) initialized cold content as zero at
midnight each day and kept a running total of the net energy flux to the snowpack. This sum, when negative, was set to equal
the magnitude of cold content. By applying this method melt spikes during winter where reduced. Bair et al. (2018) used a
similar approach while resetting cold content not daily at midnight but daily after sunset.

Cold content was not modeled in this study since the density and depth of the snowpack were not known. A similar method
was applied for cold content as in (Jepsen et al., 2012). For seasonal snow daily melt energy was calculated and if negative
applied as the pixels cold content for next days calculation. This value was updated each day if the melt energy was negative.
For glaciers, generally the winter snowpack was much deeper and holds more cold content, especially at higher elevations and
in the accumulation areas compared to seasonal snow. A simple scheme based on elevation was applied where the cold content
was based on a running sum over a set number of days and applied daily as the cold content to overcome. The number of days
summed over, was based on elevation of the pixel, thus from 250 m a.s.l., in 250 m steps one day was added to the sum. This
means that a pixel located on a glacier at or lower than 250 m a.s.l. has the same cold content criteria as seasonal snow while
a pixel above 250 m a.s.l. and below 500 m a.s.l. sums negative energy over two days and etc. The thresholds were based on

preliminary model testing but seem to have limited influence on melt magnitude on seasonal scales.
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4 Validation
4.1 Energy balance components

Figure 2 shows the comparison of observed and modeled air temperature, LW and SW/ for the different met station locations,
on glaciers (GAWS) and on non-glaciated areas (AWS). Validation of RAV2 data has been reported in more detail for glaciers
in Gunnarsson et al. (2022). For the full validation period, April through October, each year the results show a good agreement,
both visually and statistically and were within ranges reported in other studies (Schmidt et al., 2017). Table 3 shows the
validation results for the whole validation period (AMJJASO), similar to Figure 2 but also for individual months within the full
validation period.

Coefficient of determination (R?) for air temperature ranges from 0.92 to 0.56 for glaciers with the lowest values in July
and August. For stations on land the R? values were higher, ranging from 0.94 to 0.83 with less systematic bias during July
and August as for sites on glaciers. Lower R? values on glaciers during the the mid- and late summer might relate to under-
estimation of LW/ consequent with negative temperature biases. The consistent negative bias indicates that the model slightly
overestimates air temperature. A similar bias was observed for the whole period for stations on land. The Root mean square
errors (RMSE) were similar, 1.38°C and 1.35°C for glaciers and land. For individual months, air temperature generally had
somewhat better results for sites on land than glaciers. For all sites air temperature RMSE ranges from 0.76 to 1.25°C with no
systematic pattern for different months. The lowest values were observed in October both for land and glaciers.

For radiation, much fewer sites on land had observations of incoming short- and long-wave radiation. For short-wave RMSE

2

ranged from 9 to 61 W m~2 with the highest values during summer consistent with the summer solstice. R? values range con-

sistently from 0.41 to 0.64 and overall the bias is positive ranging from -3.6 to 25 W m~2, For long-wave radiation agreement
was good, with RMSE from 8 to 26 W m~2, R? ranging from 0.55 to 0.79 and a general negative bias from -2 to -18 W m~2.
The instrument reported uncertainty in daily total less than 5 % (~15 W) for short-wave radiation and less than 10 % (~30 W)
for long-wave radiation. Recent work by Schmidt et al. (2017) reported similar results when validating HIRHAMS for surface

mass balance calculations for Vatnajokull.
4.2 Summer mass balance for glaciers

Figure 3, shows the validation results for point summer mass balance data for Vatnajokull, Hofsjokull, Langjokull and Myrdal-
sjokull, respectively. The agreement between reconstructed SWE and observations was acceptable for Vatnajokull while poorest
for Myrdalsjokull. For Vatnajokull 1227 observations were available within the study period resulting in an average RMS error
of 0.43 m, R? as 0.94 with very low bias, only 0.02 m. Recent work by Schmidt et al. (2017) using the hydrostatic RCM
HIRHAMS model with a new albedo parametrization, dependent both on snow age and surface temperature, simulated the
mass balance of Vatnajokull. Surface mass balance validation for summer mass balance showed a bias of 0.5 m, and an average
RMSE values of 0.8 - 0.94 m. In this study, for Hofsjokull, Langjokull and Myrdalsjokull higher bias values were observed
than at Vatnajokull, 0.38, 0.11 and 0.47 m respectively, with similar RMSE values as seen for Vatnajokull, 0.43, 0.37 and 0.35

m for Hofsjokull, Langjokull and Myrdalsjokull, respectively. For these glaciers ablation was systematically overestimated
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Figure 2. Validation of the downscaled daily RAV2 modeled incoming solar radiation, incoming long-wave radiation, and air temperature

with ground observations. a) to ¢) shows results from weather stations operated on glaciers (GAWS) while d) to f) shows results from

stations outside of glaciers (AWS). Color shows the normalized (0-1) density distribution of data. Doted black line shows 1:1 and black line

the calculated linear fit to the data.

at higher elevations (deeper winter snowpack), most visualized for Myrdalsjokull where winter snow thickness ranges from

10-18 m (Agﬁstsson et al., 2013a).
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Table 3. Summary statistics for observed and simulated air temperature at 2 m height, incoming short-wave radiation and incoming long-

wave radiation. Monthly and inter seasonal variations statistics were compiled for the whole period, April through October, as well as for

individual months. id refers to type of station (L for land and G for glaciers). No. sites accounts for the number of sites used in the validation.

Note that number of sites shows the number of sites used for air temperature calculations. In almost all cases the availability of radiation

observations was much lower. Refer to Table Alfor individual sites and instruments available.

T (°C) SW;n (Wm™2) LW, (Wm™2)

Period id | No.sites RMSE R? | Bias RMSE R? | Bias RMSE R? Bias
AMJJASO L 70 107 094 | -0.55 4923 0.64 | 1135 1612  0.67 | -14.55
AMIJASO G 20 110 084 | -0.65 5574 0.63 | 1480 1340 0.63 | -6.30

Apr L 69 111 091 | -1.06 3373 056 | -3.61 945 076 | -16.89
Apr G 1 119 092 | -057 4508 039 | 658 18.19 039 | -31.94
May L 69 1.14 088 | -099 4577 056 | 1226  9.19 079 | -1475
May G 18 125 083 | -1.04 5681 041 | 19.68 13.88 0.61 | -13.53
Jun L 69 112 083 | -042 5593 057 | 26.09 949  0.69 | -14.46
Jun G 20 090 074 | -071 6132 045 | 2342 1280 0.63 | -6.74
Jul L 69 096 085 | -0.13 5442 053 | 2313 879 0.0 | -12.82
Jul G 20 094 056 | -053 5792 050 | 2550 1257 0.61 | -2.85
Aug L 70 0.84 086 | -0.33 5596 049 | 944 2639 056 | -17.83
Aug G 19 103 0.60 | -065 47.18 055 | 974 1248 0.61 | -3.17
Sep L 70 078 093 | -050 2564 061 | 1.30  9.89 071 | -11.02
Sep G 17 LIl 082 | 058 3444 050 | 488 1332 055 | -4.57
Oct L 63 076 094 | -070 9.63 078 | -877 864  0.68 | -11.92
Oct G 12 077 094 | -045 2781 041 | -652 1131  0.55 | -4.99
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Figure 3. Comparison of calculated and observed summer mass balance (bs) for selected glaciers. Doted black line shows 1:1 and grey
line the calculated linear fit to the data. The colorbar refers to the elevation of each observation point in the comparison with respect to the

elevation range of each glacier.
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4.3 Seasonal snow

Figure 4a shows comparison of timeseries from SWE calculated with the model and observations from a CS725 Snow Wa-
ter Equivalent Sensor from April Ist each year (2015-2019) and until mid-July at Setur AWS. The general evolution of the
SWE was represented by the model, especially during the active melt period, although discrepancies were observed with over-
estimations of peak SWE in 2017 and 2018 and underestimation in 2015. In 2019 and 2016 the model reconstructs maximum
SWE well. In 2016 to 2018 the timing and temporal evolution melt period was reconstructed well. In 2015 and 2019 the re-
constructed SWE plateaus ( 120 DOY in 2019 and 185 DOY in 2015) and disconnects from the observed melt progress. The
AWS at Setur is in a small flat area surrounded by small trenches, hills and gullies where snow can accumulate providing in-
termittent snow cover during the melt season. This difference could be explained by pixel classification as snow from MODIS
data while snow has already melted at the AWS site. A time lapse camera located at Setur partially confirms this behavior and
high-resolution imagery from Sentinel 2 and Landsat also show the area with distributed snow patches in late spring. At Setur
spatial variability of SWE has also been estimated on two 1 km long transects with a north-south and east-west orientation
collected at 100 m intervals. The main snow pit and AWS observations was located at the mid of these two transects. For
available observations at Setur the standard deviation of snow depth was 0.3 m with snow depths often observed being more

than twice as deep or shallow as at the snow pit location due to wind redistribution.

Figure 4b shows reconstructed maximum SWE from the model compared to all available snow pit observations. Comparison
shows RMSE as 0.29 m with a negative bias of 0.18 m. The comparison indicates that in some cases modeled data were
overestimated although fewer cases were underestimated. Observed SWE measurements represent well snow depth and density
at the location of the observation while in many locations have limited representation of the near surroundings. Glacier mass
balance components at Icelandic glaciers have better spatial representation from a point to their near surroundings as the

observations were done in relatively flat areas.
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Figure 4. a) Comparison of SWE from April 1st 2015 to 2019 for observed SWE using a CS725 and estimation from the reconstructed SWE.

b) Comparison of observed maximum SWE in Spring (mid-March to mid-April) against reconstructed SWE for selected years.

5 Results
5.1 General spatio-temporal characteristics of SWE

Annual SWE variability were generally high both for seasonal snow and glaciers. Figure 5 shows the spatial patterns for
average reconstructed SWE for seasonal snow and glacier ablation for the period 2000-2019. Two color maps were used to
distinguish between glacier ablation (negative) and seasonal snow (positive). For seasonal snow, the largest SWE (>1000 mm)
were found in mountainous and alpine areas close to the coast, notably in the East- and Westfjords, Trollaskaga, and in the
proximity of glaciers. Smaller SWE was observed in the central highlands, flatter inland areas and at lower elevations. This
agrees with simulated precipitation climatologies by Crochet et al. (2007b) where less precipitation and dryer areas were found
north of Vatnajokull and Hofsjokull and in the area in between the two. It must be noted that in lower elevation non-glaciated
areas, the reconstruction might not represent accurately the total winter snowpack, as the buildup of a snowpack and complete
melt out in the period from October to March every year were frequent due to the high winter weather variability and melt-out
events.

For glaciers, generally more SWE (more ablation in ablation area) was associated with lower glacier elevations while less
ablation was observed at higher elevations (accumulation areas). For the dirty impurity-rich bare-ice areas exposed annually
observed SWE was the highest, averaging more than 3000 mm in agreement with surface mass balance observations (Palsson,
2020; Porsteinsson et al., 2017; Pélsson et al., 2020b). Years with high summer ablation reveal certain patterns where more
ablation was observed in the accumulation areas associated with cloud free warm summer periods, but also a strong link to

below average albedo due to LAPs melt enhancements, reported in (Gunnarsson et al., 2021, 2022). The lower limit of albedo
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Figure 5. Spatial pattern mean of reconstructed SWE and glacier ablation for the period 2000-2019. Glacier ablation is shown as negative
values (white to red) and seasonal snow (white to blue) to distinguish better between seasonal snow and glacier ablation as their total

magnitude was generally had diferent ranges.

(0.1 to 0.25) in the bare-ice areas limit further radiative forcing and reduce the annual melt variability in these areas, although
melt-out timing of winter snow modulates melt variability and intensity Gunnarsson et al. (2022).

Figure 6 shows spatial distribution of mean SWE for individual months, from April to September for the period, i.e., mean
accumulated average melt for each month. Grey areas indicate either snow free areas or snow-covered areas where no melt is
produced. In April and May, seasonal snow at lower and mid elevations were mostly depleted with May generally producing
more melt than in April. The highest melt volumes were in May and June. In June and July seasonal snow was mostly con-
strained with high SWE accumulation areas. In September, and even August on a few occasions, small snowfalls were often
observed, generally melted out but in some higher elevation areas forming the base for the following winters snowpack.

For glaciers the onset of melt was observed in April at lower elevations, especially for the low elevation outlet glacier of
southern Vatnajokull melt was observed for the all months. With warmer temperatures and increasing short-wave energy in
May and June more glacier ablation was observed generally peaking in late June to mid-July. As winter snow melted out

impurity-rich bare-ice areas were exposed, with low albedo values forcing more short-wave energy, increasing melt.
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Figure 6. Spatial patterns of mean reconstructed SWE for the period 2000-2019 for individual months from April to September.

5.2 Inter-annual variability of SWE

Figure 7 shows annual spatial patterns for melt season (AMJJAS) SWE anomalies for 2000-2019. Blue colors represent
anomalies below the mean, i.e., lower melt season average SWE values, while red areas represent values above the mean,
contributing more seasonal SWE. No clear correlation was found for seasonal snow and glacier ablation, i.e., melt anomalies
were not associated with same-sign anomalies for glaciers, although certain patterns could be identified.

In 2000 a large negative anomaly was observed for seasonal snow in the north and in Austfirdir at higher elevations in
the fjords. In the mountains and fjord closer to the sea in Austfirdir higher values of SWE were observed. In the area north
of Myrdalsjokull and at Strandir a positive SWE anomaly was observed. For all glaciers, except for the northern outlets of
Vatnajokull, neutral or negative anomalies were observed. At northwest Vatnajokull (Dyngjujokull) an isolated area of melt
enhancement was observed unlikely linked to the 2000 Hekla eruption but presumed to be a combination of residual effects
from the Gjalp eruption in 1996 and dust transported from the pro-glacial areas near the terminus (Gunnarsson et al., 2021).

In 2001, 2009, 2011, 2013, 2015 and partially 2017 all main glaciated areas had negative glacier ablation anomalies while
high melt years were seen in 2003-2008, 2010, 2012. 2014 and 2019. For glaciers, melt enhancing events can be defined as

dust deposits from pro-glacial areas or other unstable erosive surfaces where the production of LAPs were often observed.
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Volcanic eruptions can also produce large amounts of ash and tephra than can deposit in glacier surfaces influencing energy
balance. The largest anomalies for glaciers were observed at all glaciers in 2010 associated with severe LAP deposition due
to the volcanic eruption in Eyjafjallajokull along a warm and sunny summer. Less melt enhancement was observed associated
with the 2011 Grimsvétn eruption at Vatnajokull although the LAP depostits were quite clear in surface albedo data south and
southeast of the Grimsvotn eruption site (Gunnarsson et al., 2021). One difference between these two events for the southern
outlet of Vatnajokull was a later onset of LAPs in 2011 but also a colder cloudier spring and summer. Less incoming short-wave
radiation was forced by the surface in June and much less in July and August in 2011 than for 2010 explaining most of the
difference in melt. With similar climate in 2011 as 2010 much more melt could have been observed (Gunnarsson et al., 2022).
A positive melt anomaly in 2019 at all major glacier except for Drangajokull has been linked with extensive LAP deposits with
early melt-out of seasonal snow in the highlands exposing unstable dust hotspots, a rich source of LAPs transported by air.

Care must be taken when interpreting melt in areas were volcanic ash and tephra deposits were influencing melt as the
thickness of the deposit layer can have great impact on the melt energy for actual melt. Generally, results show that a thin ash
layer increases the snow and ice melt but an ash layer exceeding a certain critical thickness causes insulation. Dragosics et al.
(2016) reported that insulation effects of Icelandic dust and volcanic ash on snow and ice were observed at only 9-15 mm
thickness depending on the type of material.

Schmidt et al. (2018) did simulations of the surface climate and energy balance of Vatnajokull ice cap to estimate the glacier
runoff sensitivity to the spring conditions, e.g., snow thickness. The simulations showed for the whole ice cap runoff variability
was on average 31 % as a function of varying spring conditions, while for certain outlets higher (Briarjokull, 50 % of the
variability). Snow thickness in the ablation area had major control on the timing of the exposure of the underlying impurity-
rich bare-ice. From figure 7, some years with high seasonal snow (red colors) and low glacier ablation (blue colors) can be
identified. Years such as 2001, 2009, 2011, 2013, 2015, 2017 exhibit a pattern where seasonal snow was above average in the
highlands and glacier ablation was overall below average. Other years, such as 2003, 2005, 2010, 2012, and 2019 show the
opposite, less seasonal snow and above average glacier ablation. This supports the control and relationship between the impact
of thick winter snow in the ablation area modulating melt due to delayed timing of impurity-rich bare-ice exposure and vice
versa. Since the accumulation of seasonal snow is driven by winter precipitation and temperature climatology and dominant
storm tracks during the winter season while glacier summer ablation is driven by spring and summer temperatures, cloud cover
extent and persistence and surface albedo, often impacted by LAPs, no consistent annual relations between seasonal snow and
glacier ablation patterns were observed, other than the suggested impact of winter snow thickness.

Figure 8 shows in two panels the accumulated maximum SWE in mm for the selected catchments and glaciers in Figure 1.
The upper panels show basin wide SWE for non-glaciated areas while the lower panel shows basin wide SWE for the glaciated
part of the catchment. Coherently to Fig. 5 high seasonal snow areas where the largest average SWE (>1000 mm) was observed
was in Austfirdir, Trollaskagi, Strandir and Vestfirdir. Medium seasonal snow areas where SWE ranges from 600—-1000 mm
was observed for Lagarflj6tsos, Skjdlfandafljét, Markarfljét, Nipsvotn and Gygjukvisl. Other areas on average had small SWE
(<500 mm).
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Figure 7. Annual spatial patterns for SWE anomalies for 2000-2019. Red colors denote positive values where melt was above the average,

i.e., more melt, while blue colors show less melt.

All areas show high variability with certain grouping of years with similar conditions. Generally, below average conditions
were seen in 2001, 2003-2007, 2010, 2012, 2016 and 2019 for all the main catchments. 2005 and 2012 have the largest negative
deviations with SWE 130 % below average values. Conditions above average were seen in 2002, 2008-2009, 20142015 and
2017-2018. The highest SWE deviations were seen in 2014 and 2015 for all main catchments with SWE 180 % and 135 % on
average above average SWE, respectively. Other years have less decisive patterns.

For the glaciated part of the main catchments, the highest SWE values (>3000 mm) were seen for glaciers in Aust-
firdir, Strandir, Markarfljét and Kuddafljét with average values above 4000 mm for Kudafljét. Glacier ablation contributing
to Markarfljét and Kuidaflj6t originates from the northern part of Myrdalsjokull which has large areas of the glacier at relative
low elevations (220-300 m a.s.l.) and large unstable erosive surfaces that provide a constant source of light absorbing particles
(LAPs) (Gunnarsson et al., 2021). Lowest SWE values (<2000 mm) were seen for Jokulsd 4 Fjollum and Skjdlfandafljét as
could be expected as the glaciated part of the catchment were distributed over quite high elevations, especially in the case for

Skjalfandafljot (z,,:, 1040 m a.s.l.). Other glaciated main catchments show average SWE values between 2000 and 3000 mm.
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Similar as for seasonal snow melt, glacier ablation variability was quite high between years with below average conditions in
2000, 2001, 2009, 2011-2013 and 2015 where 2001 and 2015 had the largest deviation, 166 % and 173 % below period wide
averages, respectively. Above average conditions were seen in 2003 - 2008, 2010, 2014 and 2016 for close to all catchments.
In 2019 all glaciers had above average conditions with the exception of glaciers in Vestfirdir and Trollaskagi. These glaciers
were less influenced by conditions providing extensive amounts of LAPs deposited in the glacier surface enhancing melt
(Gunnarsson et al., 2021). Other years have less decisive patterns.

No significant correlation was observed between low SWE years for seasonal snow and above average years for glacier
ablation. For the period 2003-2007 generally below average SWE values were observed for seasonal snow and above ablation
for glaciers. Similar conditions in 2019 were seen where the early country-wide melt out of seasonal snow exposed erosive
unstable pro-glacial surfaces and favorable weather conditions allowed for severe dust depositing events.

Figure 9 shows the distribution of melt volume contribution for the main catchments divided between SWE from seasonal
snow and glacier ablation. The variability was smaller for areas with very high or low ratios of the glaciers in the catchment.
For Austfirdir less than 5 % of annual melt water was a contribution from glacier ablation, less than 10-15 % for Skjélfandi,
Standir and Té6llaskagi while more than 90 % of the melt water contribution was glacier based for Gygja although 20 % of
the catchment area is non-glaciated. For Blanda and Hvita i Borgarfirdi only about 8-9 % of the catchment was glaciated but
provides roughly 20-60 % of the melt water volume. Jokulsé 4 Fjollum, Kidaflj6t, Lagarfljét, Markarfljét og Skaftd have 15-20
% of their catchment glaciated but receive glaciated ablation water volume ranging from 30 up to 75 %.

Figure 10 shows melt in mm (upper panel) and melt volume anomalies in percent (lower figure) for the main Icelandic
glaciers and their sub-areas. A melt anomaly of 100 % represents the mean for the period form 2000 - 2019 year while values
below 100 % represent below average melt and vice versa. Glaciers and their sub-outlets are listed from the lowest average
ablation (top) to the highest (bottom).

The highest ablation was observed for the northeastern Myrdalsjokull while closely followed by the other main outlets for
Myrdalsjokull. The northeastern outlet of Myrdalsjokull is relatively flat with the lowest elevations spans at Myrdalsjokull. The
glacier has close proximity to dust producing erosive pro-glacial areas and warmer temperatures in proximity to the south coast
of Iceland. Due to his close proximity to the south coast it receives large amounts of precipitation from frequently passing lows
from the south and southwest storm tracks with large orographic uplift and precipitation compared to most other glaciers in
Iceland (Agistsson et al., 2013a; Crochet et al., 2007a). Therefore the high summer ablation is counterbalanced by high winter
accumulation. Langjokull and Hofsjokull often had similar summer ablation magnitudes while in most cases more ablation
was observed at Langjokull, especially at the southern outlets. The largest glacier, Vatnajokull, had the lowest average summer
ablation values. In similar manner as the southern outlets at Myrdalsjokull, the southern outlets of Vatnajokull had higher
ablation values than other outlets, especially in the north. This was driven by similar processes as at Myrdalsjokull, general
warmer temperatures, proximity to the coast and frequently passing lows from the south and southwest storm tracks.

High annual variability was observed for all glaciers. Figure 10 lower panel shows the melt volume anomalies from total
annual melt volumes. As previously discussed, high positive 2010 anomaly was driven by melt enhancing LAPs from the

eruption at Eyjafjallajokull and a persistent cloud free summer with warm temperature, maximizing the impact of LAPs in the
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Figure 8. Reconstructed SWE for the main catchments and individual years.
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Figure 9. Variability of ratio between melt contribution from seasonal snow and glacier ablation. Grey circles show the catchment area ratio
between land and glacier. On each box, the central mark indicates the median, and the bottom and top edges of the box indicate the 25th and

75th percentiles, respectively. The whiskers extend to the most extreme data points not considered outliers.

glacier surfaces. Generally in the period from 2003-2008 melt volumes were above average, with the exception of Hofsjokull
and Langjokull in 2005. Below glacier ablation was observed in 2000, 2001, 2013, 2015 and 2017-2018. 2015 was the first
year since the glaciological year 1994/95 where net mass balance was reported positive for the glaciers with observed mass
balance, identically with the lowest modeled glacier ablation in 2015 (Palsson, 2020; Porsteinsson et al., 2017; Pélsson et al.,
2020b).
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Glacier (SWE mm)

Vatnajokull | 1964 | 1465 | 2271 | 2739 | 2448 | 2494 | 2371 | 2281 | 2327 | 2010 1794 | 2214 | 1909 | 2295 | 1435 | 2215 | 2018 | 2247 | 2378 5500
Vatnajokull NE | 2083 | 1352 | 2063 | 2774 | 2405 | 2678 | 2394 | 2258 | 2263 | 1782 1570 | 2308 | 1845 | 2135 | 1211 | 2080 | 1923 | 2238 | 2171
Vatnajokull NW | 1692 | 998.1 | 1670 | 2302 | 1860 | 2057 | 1793 | 1682 | 1881 | 1423 | 2563 | 1270 | 1742 | 1510 | 1726 |941.6 | 1672 | 1351 | 1659 | 1928 5000
Vatnajokull SE | 2307 | 1918 | 2857 2885 | 2828 | 2805 | 2556 2352 | 2573 | 2391 | 2753 | 1890 | 2608 | 2596 | 2691 | 2006 | [l
Vatnajokull SW | 1819 | 1485 | 2325 | 2723 | 2427 | 2252 | 2295 | 2216 | 2276 | 2064 1794 | 2107 | 1859 | 2343 | 1511 | 2274 | 1996 | 2104 | 2482

Hofsjokull | 2080 | 1733 | 2381 2280 | 2465 | 2497 | 2614 | 2296 2052 | 2248 | 2001 | 2565 | 1572 | 2780 | 2190 | 2054 | 2603 4000

Hofsjokull N | 2280 | 1644 | 2308 2412 | 2467 | 2449 | 2643 | 2151 2006 | 2310 | 2032 | 2681 | 1434 | 2727 | 2126 | 2176 | 2601
Hofsjokull SE | 1998 | 1897 | 2522 2290 | 2568 | 2648 | 2725 | 2510 [VLEWM 2251 | 2368 | 2093 | 2617 | 1732 2408 | 2101 | 2749 3500
Hofsjokull SW | 1839 | 1363 | 2005 | 2768 | 2361 | 1933 | 2078 | 2077 | 2155 | 1903 1563 | 1774 | 1650 | 2168 | 1298 | 2375 | 1669 | 1655 | 2222

Langjokull | 2459 | 2167 2700 [EEPIN 2662 | 2632 | 2354 2163 2202 3000
Langjokull NE | 2592 | 2245 830 2793 IEEN 2727 | 2691 | 2406 2188 2260
Langjokull NW | 2430 | 2081 | 2786 2509 M 2440 | 2480 | 2311 2087 2222 2500

Langjokull S | 2447 | 2301 2793 | 2655 | 2303 2354 2174
Myrdalsjokull 430 98 96 410 0 944 828 4064 8 2000
Myrdalsjokull NE [l 6 6 0 838 8 069 0 8 648 406 600 06 4 1500

Myrdalsjokull NW 2802 66 408 974 804 99 9 9 842 L1l 409
Myrdalsjokull S | 2823 | 2508 2816 2684 2798 1000

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Glacier ablation volume anomalies (%)

150

Vatnajokull | 89 6 103 111 | 113 | 108 | 104 | 106 | 91 82 | 101 | 87 | 104 N3 101 | 92 | 102 | 108
Vatnajokull NE | 98 64 97 113 113 | 106 | 107 | 84 109 | 87 | 101 98 | 91 | 105 | 102 140
Vatnajokull NW | 100 9 99 110 106 | 100 | 112 | 84 103 | 90 | 102 99 | 80 | 98 | 114
Vatnajokull SE | 87 107 | 1156 | 111 | 112 | 108 | 106 | 105 | 96 88 97 | 88 | 104 98 | 98 | 109 | 100 130
Vatnajokull SW | 83 A 106 111 | 103 | 105 | 102 | 104 | 95 82 97 | 85 | 107 |SCEEN 104 | 91 96 | 114
Hofsjokull | 86 99 94 | 102 | 103 | 108 | 95 85 93 | 83 | 106 (W& 115 | 91 85 | 108 1%
Hofsjokull N | 95 68 96 100 | 102 | 101 | 110 89 83 96 84 11 9 113 88 920 108 110
Hofsjokull SE 99 920 101 | 104 | 107 99 ) 89 93 82 103 68 116 95 83 108
Hofsjokull SW | 92 A 100 Gl 118 | 97 | 104 | 104 | 108 | 95 9 89 | 82 | 108 WG 119 | 83 83 | 111 100
Langjokull | 84 99 118 | 89 | 95 | 108 | 113 | 92 90 89 107 115 | 105 109
Langjokull NE | 85 99 118 | 89 | 95 | 107 | 115 | 92 89 108 116 | 107 108 ©
Langjokull NW | 86 98 118 | 93 97 | 106 | 114 | 88 86 | 87 | 82 | 109 116 | 103 109 g0
Langjokull S | 83 106 120 | 86 97 110 | 111 97 95 90 102 109 | 102 104
Myrdalsjokull | 85 116 | 107 | 111 | 107 98 111 | 110 95 113 | 100 | 106 89 103 109 | 103 85 97 70
Myrdalsjokull NE | 85 117 | 101 114 | 108 98 108 | 113 98 98 103 90 101 102 | 105 85 92
Myrdalsjokull NW | 88 118 | 112 | 110 | 105 | 100 | 110 | 109 91 116 98 103 92 106 113 97 85 97 60
Myrdalsjokull S | 86 115 | 110 | 110 | 105 96 113 | 110 98 [ 99 | 102 | 107 86 103 82 112 | 104 85 100 50

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Figure 10. The figure shows melt in mm (upper panel) and melt volume anomalies in percent (lower figure) for the main Icelandic glaciers
and their sub-areas. A melt anomaly of 100 % represents the mean for the period form 2000 - 2019 year while values below 100 % represent

below average melt and vice versa. Glaciers and their sub-outlets are listed from the lowest average melt (top) to the highest (bottom)
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5.3 Trends of melt

Figure 11 shows the spatial pattern of mean melt season (AMIJJAS) trends in terms of the total change of a least-square fit
to the SWE from 2000-—2019. Statistically significant trends (p>0.05) are shown with stipples. Negative significant trends at
the terminus of glaciers were expected due to glacier retreat in recent decades, with associated debris deposits on dead ice
(Hannesdéttir et al., 2020). Other significant negative trends were not detected. At the northern outlet glaciers of Vatnajokull,
Briarjokull and Dyngjujoklull, non-significant trends were observed concurrent with an increasing significant albedo trend for
the same period (Gunnarsson et al., 2021). These were in the end-of-year equilibrium-line altitude (ELA) area which varies
from year to year. This pattern might support changes since 2012 where more winter bass balance has been observed and
genereal less summer ablation, pushing the ELA to lower elevations (Pilsson, 2020). For seasonal snow, significant positive
trends were observed for most of mountain tops in Austfirdir and Trollaskagi. These trends align with recent results from the
same period from (Gunnarsson et al., 2019), reporting that the snow cover extent was spanning a longer time, i.e., that snow
cover was extending further into the spring and summer months. It is noted that only 20 years of data were available when

reporting trends.

6 Conclusions

In this study, snow water equivalent was reconstructed using a gap-filled satellite-observed albedo and fractional snow cover
data forced with climatological data. Data was calculated at a 500 m spatial resolution from 2000 until 2019 from mid-March
out through September spanning spring and summer melt periods.

Energy balance components were thoroughly validated using in situ automatic weather station data with good statistical
agreement. For the reconstruction of glacier ablation, long-term extensive in situ data was available of mass balance obser-
vations to validate the results. A good statistical agreement was found between model results and observations. For seasonal
snow much less in situ data was available to validate the model results although the limited data available shows acceptable
performance.

Overall, the results show the annual high variability in seasonal snow and glacier ablation SWE production. For seasonal
snow, the majority of melt water production was observed in April and May while high accumulation areas in the highlands
retain snow into June and July. Glaciers had limited ablation in April although in proximity to the south coast, high ablation
values were observed. The majority of the ablation occurs in June, July and August with increasing bare-ice exposure but
lowering solar elevation angles (less availability of short-wave energy), while May and September produce less ablation water
on average.

Light absorbing particles (LAPs) produced in volcanic eruptions and from pro-glacial hotspots deposited in the surfaces of
glaciers have a strong influence on glacier ablation, clearly depicted in 2010 and 2019. Significant positive trends of SWE were
observed in mountainous north and east Iceland while other areas glaciers show a non-significant trend although trends with

only 20 years of data should be reported with care.
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Figure 11. Spatial pattern of mean melt season (AMJJAS) trends in terms of the total change of a least-square fit to the SWE from 2000-
-2019

The model pipeline developed can utilized alternative climatological forcing data and the previously adopted methods to
produce spatio-temporal gap-filled albedo and fractional snow cover data can be utilized with alternative satellite products
allowing the model framework to be adopted to future data sources. Although many complex hydrological and glaciological
processes were simplified or omitted in the model, the main strength can be found in the real time usability of remotely sensed
albedo and fractional snow cover. As the past years have shown in Iceland, real time assessment on the impact of LAPs from
volcanic eruptions or large-scale extensive dust deposits events can provide vital information for operations and optimization

of water resource usage.

28

184



Appendix A: Automatic weather station statistics
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Table Al. Summary of meterological observations sites used for validation. id. refers to location of the site, L for non-glaciated areas and G
for glaciated areas. The last three columns, N. T3 obs., N. SWy,, obs. and N. LW;,, obs. indicate the number of usable days for each variable

at each site.

Lat. Lon. Ele. Site name id N.Tzobs. N.SW;, obs. N.LW,, obs.
63.979 21.6556 530 Blafjoll urk. L 3313
63.969  21.666 530 Blafjoll L 3617
63.983  21.649 530 Blifjallaskali L 3359
64.033  21.366 380 Hellisskard L 3412
64.055  21.253 360 Olkelduhdls L 3434
64.056  21.346 597 Skardsmyrarfjall L 2451
64.240  21.463 771 Skalafell L 3286
64.490  21.762 480 Skardsheidi Midf. L 1734
64.452 21403  500.5 Botnsheidi L 3264
65.604  23.990 350 Patreksfjorur L 861
65.552  21.825 377 Arnkatla L 1072
65.578  21.322 282 Ennishofoi L 704
65.656  23.002 510 Pingmannaheidi L 236
66.044  23.307 753 Pverfjall L 3571
66.075  23.198 550 Seljalandsdalur L 3410
66.068  23.210 283 Seljalandsdalur L 2611
65.123  20.696 383 Austurérdalshals L 1558
65.062  18.838 785 Sita L 3476
65222 20.056 509 Grimstunguheidi L 1203
65.313  19.847 490 Audkiiluheidi Fri. L 420
65.230 19.717 506 Kolka L 3557 944 944
65.341 17.243 405 Svartdrkot L 2939
65.748  18.001 580 Vadlaheidi L 3593
65.787  17.003 390 Gasafjoll L 1624
65.891  17.228 350 Séleyjarflatamelar L 1640
65.856  17.201 390 Raudhdlsar L 721
65.060  16.210 563 Upptyppingar L 3447
65.265 14.032 400 Seydisfjorour Kb. L 2280
65.223  14.258 949 Gagnheidi L 3461
65.619 16976 282 Myvatn L 3615 2171 0
65.629 16.837 347 Bjarnarflag L 1503
65.642  16.128 390  Grimsstadir 4 Fjollum L 1268
65.710  16.878 560 Reykjahlidarheidi L 376
65.694  16.774 455 Krafla L 1436
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Table Al. continued

Lat. Lon. Ele. Site name id N.Tzobs. N.SW;, obs. N.LW;, obs.

65911 16976 311 beistareykir L 2535

65.375 15.883 450 Modrudalur L 2786

64.828 16.089 748 Briaroreefi L 2339

64.816 15322 750 Innri Saudd L 726 554 554
64.798  14.789 590 Likérvatn L 1285

64.728 16.111 845 Brdarjokull B10 L 2365 2392 2392
64.928 15777 639 Kérahnjikar L 3617 527 527
65.108 15.529 373 Bri 4 Jokuldal L 3615

64.815 15423 655 Eyjabakkar L 3617

65.079 14.674 573  Hallormsstadahdls L 3617

65.036 14.571 300 bérudalur L 336

64.995 14.510 300 Bridardalur L 2024

65.000 14.462 500 Pérdalsheidi L 2360

65.018 14.453 640 Hallsteinsdalsvarp L 2111

65.043 14162 281 LjosaiReydarfirdi L 734

65.161 13.688 559 Neskaupstadur L 2666

63.775 19.677 870 Tindfjoll L 2199

64.098 18.614 675 Lénakvisl L 3474

64.025 18.119 555 Laufbali L 3310

64.199 19.030 555 Vatnsfell T L 454

64.195 19.046 539 Vatnsfell L 2666

64.395 18.504 647 Veidivatnahraun L 3608 0 0
64.317 18217 726 Jokulheimar L 3601 2528 888
64.680 19.282 925 Kerlingarfjoll L 336
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Table Al. continued

188

Lat. Lon. Ele. Site name id N.Tz2obs. N.SW;, obs. N.LW;, obs.
64.604 19.018 693 Setur L 3602 512 512
64.581 18.598 620 Pifuver L 3617
64.571 18.111 819 Hégongur L 2773
64.866 19.562 641 Hyveravellir L 3193
64.933 17983 820 Sandbuidir L 3579
64.133 19725 279  Hafvid fsakot L 422
66.063 18.630 450 Olafsfjrour L 2211
66.168  23.268 500 Bolungarvik L 2327
66.152  18.936 546 Fifladalir L 497
66.153  18.937 600 Fifladalir L 38
66.153  18.935 550 Siglufjordur L 2126
64.503 17.234 1689  Dyngjujokull G 484
64.538 15597 1141 Hoff G 1688 1774
64.514 20450 588 L0l G 2246 2254 2254
64.302 17.153 1207 Ske02 G 37 39 39
64.728 16.111 779 B10 G 3224 3296 3215
64.575 16.328 1216 B13 G 2043 2725 2338
64.402 16.681 1526 B16 G 2575 2730 2569
64.417 17.319 1405 Grimsvétn G 2687 791
64.182 16.335 528 Bro4 G 597 600
64.368 16.282 1242 Br07 G 395 397
64.325 18.117 771 TO1 G 483 567 567
64.336  17.976 1068 TO3 G 1943 2586 2094
64.404  17.608 1466 TO6 G 2538 2632 1691
64.639 17.522 1945 Bard G 1509 898
64.406 17.267 1724 Grimsfjall G 2495 1324
63.611 19.158 1345 MyrA G 385 413
64.594  20.374 1095 LO05 G 2536 2544 2544
64.770  18.543 840 HNAO09 G 292 307 307
64.813 18.648 1235 HNA13 G 294 307 307
64.677 15581 766 EO1 G 106 121 121
64.611 15.615 1190 EO03 G 115 122 122
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Appendix B: Melt stats
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Seasonal snow (SWE GL

Austfirdir 2585 1671] 3028 3243 2003 8
Lagarfljotss 3158 | 1526 | 3465 | 2900 IIZ) 6407 8309 3705 8000
Jok. Fisllum 3491 | 1888 | 3137 | 2142 3482 3059 | 3109 1822 3198 | 2562 | 2807 | 3176 | 3328

Skjalfandi 2730/ 1578 | 3060 | 2550 | 3087 | 3305 | 2562 | 2709 | 1655 2539 3129 2390 | 3403 7000

Trollaskagi 2667 3473 | 3374 3648 | 3430 | 2678 0L 3354
V-Hérdasvotn | 1093 | 1697 | 2214 | 1472|2179 | 1465 | 1981 | 1876 | 2283 | 2494 | 1882 | 1487 | 1242 | 2412 | 3190 | 2453 | 1253 | 2331 | 2269 [ 1620 6000

Blanda | 602 | 848 | 1109| 838 | 1032 | 596 | 920 | 940 | 1156 | 1257 | 531 | 930 | 548 | 957 | 1253|1214 519 | 985 | 1227 | 629
Strandir 3162 2864 3501 6384 8 2025 5000

Vestfirair 2704 2426 | 3022 2510 | 3069 | 3368 1471|3258 | 3175 4 2868 2049
Hvita i Borgarf. | 1621|1372 | 2218 | 1441 | 1436 | 1180 | 1403 | 1408 | 2258 | 2485 | 864 | 2098 | 819 | 1459 2691 | 2863 | 1152 | 1689 | 2055 | 1089 4000

Olfusa [3367 | 2177 | 3603 | 2886 | 2585 | 2565 | 2526 | 2630 1680 | 3442 | 2061 | 2379 2678 | 3485 1886
bjorsa 3002 018 2697 6452 AR 6349 3665 3000

Markarfliot | 1124] 888 | 1168|1005 | 857 | 687 | 809 | 047 | 14411273 660 | 1225 593 | 1098 | 1512 | 1765 | 1043 | 1336 | 1437 | 774
Kudafljot [1118 | 665 | 669 | 643 | 420 | 482 | 566 | 595 | 946 | 815 | 735 | 776 | 578 | 670 | 823 | 1188 773 | 678 | 740 | 531 2000

Skafta | 1695 966 | 1015|1097 | 656 | 698 | 825 | 942 | 1862 1184|1004 | 1264 | 604 | 1072 | 1342|1836 | 1168 | 1500 | 1317 | 898
Npsvétn | 907 | 678 | 881 | 989 | 574 | 399 | 692 | 687 | 1164 | 823 | 644 | 795 | 376 | 789 | 977 |1241| 781 | 976 | 989 | 507 1000

Gygja | 263 | 197 | 278 | 406 | 157 | 135 | 173 | 241 | 276 | 285 | 385 | 244 | 119 | 180 | 284 | 300 | 221 | 235 | 261 | 219

{I/QQQ 'L@\ {L@W {1965 W@“‘ W@“’ WQQ‘" (196\ q/@‘b q/q& @"Q 'L“\\ '90 ,9\‘5 ,»Q\V {9\‘0 'L“NQ) 'Ls(\ 'L“N‘b %“\q

Glacier (SWE GL)

Austfirgir 4500
Lagarfliotsos 4481 3836 4382 3879 3618 3619
Jok. Fjéllum 1 4053 3657 4000

Skjalfandi

p X 3500

Trollaskagi
V-Hérdasvotn 3000
Blanda
Strandir 2500
Vestfirgir 2000
Hvita i Borgarf. | 880 | 1227 | 1080 855 | 868 | 973 [ 1040| 799 | 1413
Oliusa | 2061 1774 | 1934] 220 1923 1500
bjorsa 3883
Markarfljét | 667 | 590 | 908 836 | 805 846 | 840 1000
Kudafljot | 808 | 766 | 1109 | 867 | 1086|1033 | 935 [ 1037|1077 | 946 [1175| 936 | 997 | 858 | 968 | 763 | 978 | 996 | 809 500
Skafta | 898 | 767 | 1172|1369 | 1213 | 1143 | 1176 | 1127 1152 | 1031|1877 | 956 | 1043 | 926 |1218| 720 | 1170 | 1009 | 958
Npsvétn | 1429 1242 1962 1963 1738 | 1842 | 1801 | 1878 1739 1387 | 1681 | 1501 | 1816 | 1325 | 1849 | 1665 | 1634

Gygja 40 0 9 . NaN

S X &
$
e P

Figure B1. Seasonal snow annual melt volumes for the main catchments for (upper panel) non-glaciated areas and (lower panel) glaciated

areas.
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Glacier (SWE mm)

Vatnajo Kull | 1964 | 1465 | 2271 | 2739 | 2448 | 2494 | 2371 | 2281 | 2327 | 2010 1794 | 2214 | 1909 | 2295 | 1435 | 2215 | 2018 | 2247 | 2378 5500
Vatnajokull NE | 2083 | 1352 | 2063 | 2774 | 2405 | 2678 | 2394 | 2258 | 2263 | 1782 | 2913 | 1570 | 2308 | 1845 | 2135 | 1211 | 2080 | 1923 | 2238 | 2171
Vatnajokull NW | 1692 [ 998.1 | 1670 | 2302 | 1860 | 2057 | 1793 | 1682 | 1881 | 1423 | 2563 | 1270 | 1742 | 1510 | 1726 | 941.6 | 1672 | 1351 | 1659 | 1928 5000
Vatnajokull SE | 2307 | 1918 | 2857 | 3054 | 2944 | 2991 | 2885 | 2828 | 2805 | 2556 2352 | 2573 | 2331 | 2753 | 1890 | 2608 | 2596 | 2891 | 2666 4500
Vatnajokull SW | 1819 | 1485 | 2325 | 2723 | 2427 | 2252 | 2295 | 2216 | 2276 | 2064 1794 | 2107 | 1859 | 2343 | 1511 | 2274 | 1996 | 2104 | 2482
Hofsjokull | 2080 | 1733 | 2381 2974 | 2280 | 2465 | 2497 | 2614 | 2296 2052 | 2248 | 2001 | 2565 | 1572 | 2780 | 2190 | 2054 | 2603 4000
Hofsjokull N | 2280 | 1644 | 2308 2983 | 2412 | 2467 | 2449 | 2643 | 2151 2006 | 2310 | 2032 | 2681 | 1434 | 2727 | 2126 | 2176 | 2601
Hofsjokull SE | 1998 | 1897 | 2522 2290 | 2568 | 2648 | 2725 | 2510 [ENEWN 2251 | 2368 | 2093 | 2617 | 1732 | 2959 | 2408 | 2101 | 2749 3500
Hofsjokull SW | 1839 | 1363 | 2005 | 2768 | 2361 | 1933 | 2078 | 2077 | 2155 | 1903 1563 | 1774 | 1650 | 2168 | 1298 | 2375 | 1669 | 1655 | 2222
Langjokull | 2459 | 2167 | 2926 2619 | 2787 2700 2662 | 2632 | 2354 2163 2202 3000
Langjokull NE | 2592 | 2245 | 3021 [[:E0 2701 | 2870 2793 :ll 2727 | 2691 | 2406 2188 2260
Langjokull NW | 2430 | 2081 | 2786 2632 | 2737 | 3010 2509 2440 | 2480 | 2311 2087 2017 | 2222 2500
Langjokull S | 2447 | 2301 2527 | 2847 2868 2793 | 2655 | 2303 | 2990 | 2354 3002 | 2174 | 3056
Myrdalsjokull 2892 WKL 8 96 4 0 44 828 [PLIkN 4064 |38 2000
Myrdalsjokull NE & 6 8 9 440 8 06
Myrdalsjokull NW PLUN 4266 4083 | 39 80 995 39 842 [PLECY 409 1500
Myrdalsjokull S| 2823 | 2598 2816 2684 2798 1000
S FLFTEE S OG0 e Lo
R L 2 i A L L i A O L 2
Glacier (SWE GL) 10*
Vatnajokull 22021 22429 21330 20032 21387
Vatnajokull NE | 4059 | 2635 | 4022 4687 | 5220 | 4666 | 4401 | 4410 3061 | 4497 | 3596 | 4161 | 2360 | 4054 | 3749 | 4362 | 4232
Vatnajokull NVV | 2465 | 1454 | 2433 | 3353 | 2709 | 2996 | 2611 | 2450 | 2740 | 2073 | 3732 | 1850 | 2537 | 2199 | 2513 | 1371 | 2436 | 1968 | 2416 | 2808 28
Vatnajokull SE | 5242 | 4359 | 6492 | 6940 | 6691 | 6797 | 6557 | 6427 | 6375 | 5810 | 7700 | 5346 | 5848 | 5298 | 6257 | 4295 | 5927 | 5900 | 6571 | 6060
Vatnajokull SW | 6417 | 5240 | 8203 | 9608 | 8564 | 7947 | 8098 | 7820 | 8031 | 7282 | 11704 | 6328 | 7436 | 6560 | 8268 | 5331 | 8022 | 7043 | 7422 | 8756
Hofsjokull | 2018 | 1681 | 2310 | 3039 | 2885 | 2211 | 2391 | 2422 | 2536 | 2227 | 3630 | 1990 | 2180 | 1941 | 2488 | 1525 | 2697 | 2124 | 1992 | 2525 2
Hofsjokull N | 735 | 530 | 744 | 1030 | 961 | 777 | 795 | 789 | 852 | 693 | 1169 | 646 | 744 | 655 | 864 | 462 | 879 | 685 | 701 | 838
Hofsjokull SE | 905 | 860 | 1143 | 1443 | 1431 | 1038 | 1164 | 1200 | 1235 | 1138 | 1827 | 1020 | 1073 | 948 | 1186 | 785 | 1341 | 1001 | 952 | 1246
Hofsjokull SW | 331 | 245 | 361 | 498 | 425 | 348 | 374 | 374 | 388 | 343 | 574 | 281 | 319 | 207 | 390 | 234 | 428 | 300 | 298 | 400 5
Langjokull | 2467 | 2173 | 2035 | 3791 | 3483 | 2627 | 2795 | 3182 | 3340 | 2708 | 4639 | 2670 | 2640 | 2361 | 3147 | 2170 | 3400 | 3087 | 2208 | 3221
Langjokull NE | 942 | 816 | 1098 | 1392 | 1209 | 982 | 1043 | 1185 | 1266 | 1015 | 1729 | 991 | 978 | 875 | 1191 | 795 | 1283 | 1179 | 822 | 1193
Langjokull NV | 893 | 765 | 1024 | 1384 | 1232 | 967 | 1006 | 1106 | 1184 | 922 | 1565 | 897 | 911 | 849 | 1137 | 767 | 1204 | 1072 | 817 | 1135 !
Langjokull S | 837 | 787 | 1067 | 1265 | 1206 | 864 | 974 | 1103 | 1114 | 981 | 1546 | 955 | 908 | 788 | 1023 | 805 | 1100 | 1027 | 744 | 1045
Myrdalsjokull | 1966 | 1797 | 2676 | 2474 | 2565 | 2464 | 2254 | 2562 | 2549 | 2203 | 2615 | 2303 | 2451 | 2050 | 2379 | 1805 | 2526 | 2377 | 1958 | 2245
Myrdalsjokull NE | 682 | 641 | 942 | 808 | o17 | 866 | 790 | 867 | 907 | 788 | 998 | 785 | 832 | 727 | 811 | 637 | 823 | 842 | 680 | 736 05
Myrdalsjokull NW | s62 | 495 | 754 | 722 | 702 | 672 | 644 | 706 | 699 | 585 | 746 | 627 | 662 | 588 | 679 | 475 | 724 | 621 | 546 | 620
Myrdalsjokull S | 848 | 780 | 1133 | 1084 | 1088 | 1037 | 943 | 1110 | 1085 | 963 | 977 | 1005 | 105 | 845 | 1016 | 806 | 1102 | 1026 | 840 | 982
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Figure B2. Seasonal snow annual maximum cumulative melt for glaciers (upper panel) and cumulative melt volumes in GL (lower panel).
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