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Summary

The Arctic is an important element in the global climate. Circulations of the atmosphere and
the ocean transport energy from the equator to high-latitudes. In the northern hemisphere
this is mainly done by transient disturbances of the atmospheric circulation (cyclones and
anticyclones, low- and high-pressure regions) at mid-latitudes and the North Atlantic
Current. Svalbard, an archipelago in the North Atlantic and Arctic Ocean, is strongly
influenced by the activity of the North Atlantic cyclone track transporting moisture and
moist static energy into the region. Furthermore, strong climate gradients with interannual
and intra annual variability are generated by the interaction of the West Spitsbergen
Current transporting warm Atlantic water northward and the fluctuating sea ice margin. The
climate of Svalbard is characterized by close couplings between atmosphere, ocean and

land.

Two of the largest ice masses of the European Arctic (Vest- and Austfonna) and several
smaller ice bodies (e.g. De Geerfonna) are located in the north-east of Svalbard, on
Nordaustlandet. Little is known about the current state and variability of the surface energy
balance (SEB) and surface mass balance (SMB) of these ice masses and their sensitivity to
large-scale atmospheric forcing. The central goal of this work is to improve the
understanding of atmosphere-cryosphere interactions on Arctic glaciers and in particular to
investigate seasonality and variability of the climate in Svalbard and its impact on Vestfonna
ice cap. A methodology combining field observations, remote sensing and numerical
modeling is employed to provide detailed information about the state and sensitivity of SEB
and SMB on Vestfonna, what meso-scale processes generate the changes and how these
processes link the synoptic to the local process space during the first decade of the 21

century. This thesis also demonstrates how difficult it is to obtain field observational data

and to reliably assess the current state and future development in the Arctic region.

The SEB and SMB on Vestfonna show the highest sensitivity of surface ablation rates to
changes in radiation conditions. Surface albedo is identified as a key factor for ablation rate
estimations on Vestfonna. The SMB on Vestfonna also shows high dependency on
snowdrift, causing considerable mass loss in accumulation rates. An annual SMB rate on

Vestfonna of +0.02 +0.22 mw.e.yr " is calculated from a regional reanalysis, i.e. the
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European Arctic Reanalysis (EAR), and an annual SMB rate of -0.02+0.20 m w.e. yr " is
calculated by an empirical approach for the mass balance years 2001 to 2009. The estimate
derived from the EAR is assumed to be too high since snow drift is not considered in the
accumulation rates, and a constant high surface albedo could have caused underestimations
in ablation rates. On the other hand the empirical approach shows uncertainty in estimating
the air-temperature fields and refreezing rates. Thus, combining results derived from both
approaches, the “pessimistic” annual SMB rate on Vestfonna of about
-0.09 £0.19 m w.e. yr_1 for the mass balance years 2001 to 2009 is estimated by using the
higher ablation rates derived from EAR calculations and the lower accumulations rates

derived from the empirical study.

The activity of the North Atlantic cyclone track shows strong influence on accumulation and
ablation rates on Vestfonna. Since the North Atlantic Oscillation (NAO) is one of the most
important indices of variability in the northern hemisphere atmospheric circulation, it also
shows strong correlations with accumulation and ablation rates on Vestfonna. During
winter, the NAO index significantly correlates with the frequency of cyclones from the North
Atlantic sector through precipitation, air-temperature and wind speed. The moisture
transported by the cyclones into the region during the winter season mainly determines the
annual accumulation rates on Vestfonna. During summer, the NAO index significantly anti-
correlates with local cyclogenesis and summer precipitation, generating variability in
ablation rates on Vestfonna by complex feedback mechanisms between surface albedo,

surface absorption of solar radiation and air-temperature.

All results indicate that the annual SMB rate was almost balanced on Vestfonna during the
first decade of the 21° century. However, especially changes in the rain-snow ratio due to
changes in air-temperature are assumed to have great potential to generate strong changes

in the SMB rates on Vestfonna in the future.
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Zusammenfassung

Die Arktis ist ein wichtiges Element des globalen Klimasystems. Zirkulationen der
Atmosphire und des Ozeans transportieren Energie vom Aquator in die hohen Breiten. In
der Nordhemisphare geschieht dies hauptsachlich durch Stérungen der atmospharischen
Zirkulation (Zyklone und Antizyklone) in den mittleren Breiten und durch den
Nordatlantikstrom. Die Inselgruppe Svalbard ist durch ihre Lage stark durch Sturmtiefs
beeinflusst, die Feuchte und feuchtstatische Energie aus dem Nordatlantik in den Arktischen
Ozean transportieren. Darlber hinaus erzeugen der Westspitzbergenstrom, der warmes
Atlantikwasser nordwarts transportiert, und die fluktuierenden Eiskante des
Nordpolarmeeres starke Klimagradienten mit inter- und intraannueller Variabilitat, wobei

die enge Kopplung von Atmosphére, Ozean und Land maRgeblich das Klima Svalbards pragt.

Zwei der groflten Eismassen der europdischen Arktis (Vest- und Austfonna) und etliche
kleinere Eismasse (z.B. De Geerfonna) befinden sich im Nordosten Svalbards auf der Insel
Nordaustlandet. Wenig ist (iber den momentanen Zustand, die Variabilitit und die
Sensitivitat der Oberflachenenergiebilanz (SEB) und Oberflaichenmassenbilanz (SMB) dieser
Eismassen und den groRraumigen Antrieb bekannt. Die zentrale Zielsetzung dieser Arbeit ist,
das Verstandnis der Wechselbeziehungen zwischen der Atmosphare und der Kryosphare
bezogen auf Arktische Gletschersysteme zu verbessern. Im Speziellen sollen die Saisonalitat
und Variabilitat des Klimas Svalbards und der damit verbundene Einfluss auf die Vestfonna-
Eiskappe untersucht werden. Die angewandte Methodik kombiniert Felduntersuchungen,
Fernerkundung und numerische Modellierung, um den Zustand und die Sensitivitat der SEB
und der SMB des Vestfonna, die steuernden mesoskaligen Prozesse und die Art und Weise,
wie diese Prozesse den synoptischen und lokalen Prozessraum verbinden, fir die erste
Dekade des 21. Jahrhunderts zu untersuchen. Diese Arbeit zeigt auch, wie schwierig es ist,
Felddaten in der Arktis zu erheben und zuverldssig den momentanen und zukinftigen

Zustand in der Arktis abzuschatzen.

Die Oberflachenablationsraten des Vestfonna sind stark durch die Strahlung gesteuert,
wodurch die Oberflachenalbedo als ein entscheidendes Schliisselelement zur Abschatzung
der Ablationraten identifiziert wurde. Darliber hinaus beeinflusst der Masseverlust durch

windgesteuerte Schneeverfrachtung erheblich die Akkumulationsraten und stellt damit ein
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weiteres wichtiges Element der SMB des Vestfonna dar. Aus einer regionalen Reanalyse, der
European Arctic Reanalysis (EAR), wurde eine jahrliche SMB von +0.02 + 0.22 m w.e. yr
und aus einem empirischen Ansatz eine jahrliche SMB von -0.02 £ 0.20 m w.e. yr_1 fir den
Vestfonna als Mittelwert der Massenbilanzjahre 2001 bis 2009 berechnet. Da das fir die
EAR verwendete Modell keinen Masseverlust durch Schneeverwehungen berechnet und
zusatzlich zu hohe Oberflachenalbeden annimmt, sind die Akkumulationraten bei diesem
Ansatz wahrscheinlich Uber- und die Ablationsraten unterschatzt worden. Der empirische
Ansatz zeigt hingegen starke Unsicherheiten in der Abschatzung des Temperaturfeldes und
der Wiedergefrierraten. Eine Kombination der hoheren Ablationsraten der EAR und der
niedrigeren Akkumulationsraten des empirischen Ansatzes ergeben eine jahrliche SMB des

Vestfonna von -0.09 + 0.19 m w.e. yr " als Mittelwert der Massenbilanzjahre 2001 bis 2009.

Sturmtiefs aus dem Nordatlantik zeigten starken Einfluss auf die Akkumulations- und
Ablationsraten des Vestfonna. Da die Nordatlantische Oszillation (NAO) einer der
wichtigsten Indizes fir den Modus der atmospharischen Zirkulation der Nordhemisphare ist,
zeigte dieser Index auch Korrelationen mit den Ablations- und Akkumulationsraten des
Vestfonna. Im Winter korrelierte der NAO-Index signifikant mit der Haufigkeit der
eintreffenden Sturmtiefs aus dem Nordatlantik, welche stark auf Niederschlag,
Lufttemperatur und Windgeschwindigkeit wirkten. Dabei wurde die jahrliche
Akkumulationsrate des Vestfonna hauptsachlich durch den mit den Sturmtiefs verbundene
Feuchtetransport im Winter gepragt. Im Sommer anti-korrelierte der NAO-Index signifikant
mit der lokalen Zyklogenese und den damit verbundenen Niederschlagen. Die Analysen
induzieren, dass die Ablationsraten des Vestfonna hierbei durch komplexe Riickkopplungen
zwischen Niederschlag, Oberflaichenalbedo, Absorption solarer Strahlung und

Lufttemperatur gesteuert wurden.

Alle Ergebnisse zeigen eine fast ausgeglichene SMB des Vestfonna fiir die erste Dekade des
21. Jahrhunderts. Dennoch birgt die enge Kopplung der Ablationsraten an das Regen-
Schnee-Verhiltnisses Uber die Lufttemperatur ein groBes Potential fir zukinftige

Anderungen der SMB des Vestfonna.
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1 Introduction

1.1 Motivation

Warming of the global climate system is indisputable since the IPCC Fourth Assessment
Report (IPCC, 2007). Observations in all continents document the impact of regional climate
change on natural systems while Polar regions experience the strongest regional warming
on Earth. Nevertheless, great regional differences are observable (e.g. ACIA, 2005; AMAP,
2012).

The Arctic is an important element in the global climate. It works in concert with the
Antarctic to set up the large-scale circulation patterns and teleconnections that make our
planet habitable (e.g. Barber et al., 2008). Circulations of the atmosphere and the ocean
transport energy from the equator to high-latitudes. In the northern hemisphere this is
mainly done by transient disturbances of the atmospheric circulation (cyclones and
anticyclones, low- and high-pressure regions) at mid-latitudes and the North Atlantic
Current (e.g. Tsukernik et al., 2007; Sorteberg and Walsh, 2008; Walczowski and Piechura,
2011; Rudels, 2012). Property changes in the Arctic such as snow or ice cover therefore

influence the energy balance of the whole Earth and its seasonality and vice versa.

Meanwhile great changes in the Arctic environment are observable (e.g. Gardner et al.,
2011; Berthier et al., 2010; Moholdt et al., 2012). Arctic glaciers and ice caps are assumed to
be major contributors to global sea level rise (e.g. Arendt et al., 2002; Berthier et al., 2010;
Wu et al,, 2010). Kaser et al. (2006) estimate Arctic glaciers (without Greenland) to be
responsible for one fourth of the sea level rise since 1960 and other studies (e.g. Raper and
Braithwaite, 2006; Meier et al., 2007; Bahr et al., 2009) indicate a future increase since most
Arctic glaciers are located in the region of the greatest predicted temperature increase

during the next decades (e.g. Rinke and Dethloff, 2008).

However models used in current climate projections show the largest differences between
individual results in the Polar regions (e.g. Stroeve et al., 2007). Results of remote sensing
studies like Jacob et al. (2012) stay in contrast to traditional mass balance estimates (e.g.
Bamber, 2012). In this context Molg and Kaser (2011) point out problems of traditional

multiscale mass balance studies since they often bypassed the mesoscale process space by



statistical transfer functions or subgrid parameterizations and included simplified glacier
mass balance models. Furthermore, other studies (e.g. New et al., 2002; Fgrland and
Hanssen-Bauer, 2003; Kristjansson et al., 2011) point out that the knowledge of the Arctic
climate system suffers from a prominent lack of observational data compared to other
regions. This indicates great uncertainty about the current state and future development in

the Arctic region.

Thus, the central goal of this work is to improve the understanding of atmosphere-
cryosphere interactions on Arctic glaciers. Little is known about the current state and
variability of the surface energy balance (SEB) and surface mass balance (SMB) of two of the
largest ice masses of the European Arctic, i.e. Vest- and Austfonna ice caps. Therefore, this
work adds new data on current state and variability of SEB and SMB components of
Vestfonna ice cap and their sensitivity to large-scale atmospheric forcing in the first decade

of the 21% century. An overview of the general research concept is presented in Figure 1.1.

Atmosphere

BT
|

Glacier surface energy and mass balance

Glacier dynamics and total mass balance

Cryosphere

Figure 1.1 General research concept.

The research strategy comprises methods of field observation, remote sensing and
numerical modeling to investigate the cryosphere-atmosphere interactions by

complementary approaches. Field observational data is used to analyse the involved
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processes, to calibrate and optimize the SEB/SMB and meso-scale atmospheric modeling
(regional reanalysis). Complementary data sets derived from remote sensing, global
tropospheric analyses and reanalyses are used in the analyses and for model forcing
providing data on large-scale climate variability. Thus, numerical modeling forms a key
element in this study by linking the large-scale variability to the local-scale at the
cryosphere-atmosphere interface and provides distributed data sets on high spatiotemporal

resolution for further analyses. Specific objectives of this work are defined in Section 1.3.

This thesis is part of the research projects “Dynamic Response of Surface Energy and Mass
Balance of Vest- and Austfonna (Nordaustlandet, Svalbard) on Climate Change” funded by
grants no. BR 2105/6-1, SCHE 750/3-1, SCHE 750/3-2, SCHN 680/2-1, SCHN 680/2-2 of the
German Research Foundation (DFG) and “Sensitivity of Vestfonna to climate change” funded
by grants no. 03F0623A and 03F0623B of the German Federal Ministry of Education and
Research (BMBF). Both projects are part of the international project frameworks
“GlacioDyn”, “IPY — Kinnvika” and “ESF - SvalGlac”. The origin and relation of these project

frameworks are briefly summarized in the following paragraphs.

1.2 “GlacioDyn”, “IPY — Kinnvika” and “ESF — SvalGlac”

Coordinated international science programmes like the International Polar Year (IPY)
2007/2008 or the European Polar Board programme PolarCLIMATE of the European Science

Foundation (ESF) have been established to improve the knowledge about the Polar regions.
Six scientific themes have been defined within the IPY framework.

e Status: to determine the present environmental status of the Polar regions;

e Change: to quantify and understand past and present natural environmental and
social change in the Polar regions and to improve projections of future change;

e Global linkages: to advance understanding on all scales of the links and interactions
between Polar regions and the rest of the globe and of the processes controlling
these;

e New frontiers: to investigate the frontiers of science in the Polar regions;

e Vantage point: to use the unique vantage point of the Polar regions to develop and
enhance observatories from the interior of the Earth to the sun and the cosmos

beyond;



e The human dimension: to investigate the cultural, historical and social processes
that shape the sustainability of circumpolar human societies and to identify their

unique contributions to global cultural diversity and citizenship.

The IPY efforts to organize and implement structures and strategies for science frameworks,
data management, outreach, communication and education have led to the formation of
large international scientific consortia for research on the response of Arctic glaciers to
climate change. Among others two fully endorsed IPY core activities, namely “GlacioDyn”
and “IPY - Kinnvika”, have been established aiming on the dynamics of a key set of Arctic
glaciers, using observational techniques and models for data aggregation and analysis.
Herein “IPY — Kinnvika” particularly focuses on the northernmost terrain of the European
Arctic: Nordaustlandet, Svalbard. Several investigations have been started and a field
infrastructure has been established. Most of these efforts have been continued by the
subsequent “ESF — SvalGlac” project within the European Polar Board programme

“PolarClimate”.

1.3 Aims and outlines of this thesis

This work addresses the topics (1) field observations (2) glacier surface energy and mass
balance and (3) linking the synoptic to local process space by asking the following research

questions.

I.  Which expedition procedures and which methods for measuring surface energy and
mass balance components and atmospheric variables are practical and applicable in
the region of Vestfonna ice cap?

II.  What is the current state and sensitivity of the surface energy and mass balance of
Vestfonna ice cap?

lll.  Which large-scale processes produce changes in surface energy and mass balance
components on Vestfonna ice cap and how do these process chains link the synoptic

to the local process space?

A large part of this work was to set the basis for the analyses. Field campaigns, using
automatic and manual measurements, had to be conducted in the region of Vestfonna ice
cap and a powerful computational modeling and analysis infrastructure had to be

established. These efforts will be briefly presented in addition to the applied analytical work.
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Research question | is mainly addressed by analyzing field work. Research question Il and Il
are addressed by modeling approaches, though field work was crucial to obtain the

calibration and validation data.

This thesis is organized into four main parts excluding, the introduction. Chapter 2
introduces the study region. A methodical overview is given in Chapter 3. The results are

discussed and analyzed in Chapter 4 and conclusions are drawn in Chapter 5.



2 Study region

2.1 Overview

The study region of this work is Svalbard, an archipelago in the North Atlantic and Arctic
Ocean far north of the Arctic Circle (see Figure 2.1). The Svalbard archipelago comprises a
land area of about 63,000 km? (Hisdal, 1976) consisting of various islands, islets and rock
stacks. The biggest island Spitsbergen (~39,000 km?) is separated by the Hinlopen Strait
from the second largest island Nordaustlandet (~14,600 km?) and by Storfjorden from the
third largest island Edgegya (~5,000 km?). Most of the archipelago is covered by glaciers, ice

fields and ice caps. Svalbard comprises about 13 % (~36,600 km?) of the ice-covered land

areas (~272,700 km?) of the whole Arctic (Dowdeswell et al., 1997).

80N
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76N

Figure 2.1 Overview of the Svalbard study region. Shading indicates the terrain height.
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Two of the largest ice masses of the European Arctic (Vest- and Austfonna) and several
smaller ice bodies (e.g. De Geerfonna) are located in the north-east on Nordaustlandet.
Austfonna is the largest (8,120 km?) and Vestfonna the second largest (2,340 km?) single ice
body of Svalbard (Hagen et al., 2003; Braun et al., 2011). The field observational data was
gathered and surface energy balance (SEB) and surface mass balance (SMB) studies
conducted in the region of Vestfonna (see Figure 2.2), a polythermal ice cap approximately
1,100 km south of the North Pole. Vestfonna has a dome-like shape with altitudes up to
647 ma.s.l. (see Figure 2.2). Two large ridges form the highest points of Vestfonna
stretching across the central parts in east-west and north-south directions. Vestfonna drains

through several outlet glaciers most of them terminating in the ocean.

The climate of Svalbard is characterized by close couplings between atmosphere, ocean and
land. Svalbard lies in the border zone of cold Arctic air from the Polar Basin and mild
maritime air over the oceans towards the south (e.g. Hisdal, 1976). Svalbard is strongly
influenced by the activity of the North Atlantic cyclone track transporting moisture and
moist static energy (sensible heat, latent heat and geopotential) into the region (e.g.
Tsukernik et al., 2007; Sorteberg and Walsh, 2008). This and the North Atlantic Current (i.e.
the West Spitsbergen Current) generate a maritime climate characterized by cooler
summers and warmer winters than generally found at comparable latitudes. Furthermore,
strong climate gradients with interannual and intra annual variability are generated by the
interaction of the West Spitsbergen Current transporting warm Atlantic water northward
and the fluctuating sea ice margin (e.g. Walczowski and Piechura, 2011). The warm ocean
current can reach Nordaustlandet only by circling around the northern top of Spitsbergen
(see Figure 2.1) due to the complex Barents Sea bathymetry, while sea ice formation and
southward transportation is generally stronger in the eastern sea regions of Svalbard (e.g.
Nghiem et al., 2005). This makes Nordaustlandet one of the coldest regions of Svalbard.
Furthermore, the high latitudinal position makes the annual rotation of polar day and polar

night an important amplifier of seasonal features in Svalbard and in the Vestfonna region.
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Figure 2.2 Overview of the Vestfonna study region. Contours indicate terrain height on Vestfonna.

2.2 Previous work in the region of Vestfonna

2.2.1 Weather and climate observations

The first reported scientific expedition on Nordaustlandet (Torell and Nordenskjold) was in
1861 (Chydenius, 1865). Herein, only some generalised weather observations were
mentioned. In 1873 an expedition by Nordenskidld produced some general data on air
pressure and air-temperature (Barr, 1988; Ahlmann, 1933). Between 1899 and 1902 the
expedition for measuring an arc of meridian on Svalbard took place (De Geer, 1923). It is
likely that some measurements were carried out besides the survey of Nordaustlandet. The
first comprehensive description of various atmospheric variables (air pressure, air-

temperature, humidity, clouds, sun, wind and precipitation) covering nearly a month was



obtained by “The Oxford University Arctic Expedition” in 1924 led by F.G. Binney (Tymms,
1925; Sandford, 1926). Seven years later H.W. Ahlmann led “The Swedish-Norwegian Artic
Expedition” (Ahlmann, 1933; Angstrom, 1933; Eriksson, 1933). Data sets of differing
temporal resolution (general, daily and hourly observations) for several locations were
published for the period 29" June to 10" August 1931. Observations on humidity, air
pressure, clouds, fog, visibility, precipitation, air-temperature, wind speed and direction,
radiation and the general weather situation were provided. “The Oxford University Arctic
Expedition” led by A.R. Glen in 1935-36 brought the first winter data (Glen, 1937 and 1939).
Several sites were observed between September 1935 and August 1936. Monthly and daily
data sets have been found for observations on snow, wind speed and wind direction, air
pressure, air-temperature, sun hours, clouds and rain. At the end of the Second World War
the German weather station “Haudegen” was operating near Rijpfjorden district (see
Figure 2.2) between 13" September 1944 and 5™ September 1945 (Dege, 1960).
Observations on air pressure, air-temperature, humidity, visibility, weather situation, wind
speed and direction, clouds and precipitation were carried out every three hours. Daily
radiosonde data and general observations are also available. In Thompson (1953) weather
observations are mentioned for the Oxford expeditions led by Hartog in 1949 and 1951. Also
an Oxford expedition to Nordaustlandet in 1955 was mentioned in Donner and West (1957),
but no data could be found. During the International Geophysical Year (IGY) in 1956-58 the
Kinnvika research station was build (see Figure 2.2). Weather measurements have only been
found in Swedish for 1957-58 at Kinnvika (Liljequist, 1959; Schytt, 1964; Ekman, 1971,
Palosuo, 1987a). Monthly means and general observations of air pressure, air-temperature,
wind speed and wind direction, precipitation, clouds and sun hours were found. So far no
weather data could be found for the Swedish expedition (Stockholm University) led by V.
Schytt in 1966 (Schytt, 1967; Schytt et al., 1968). Martma (pers. com.) mentioned weather
observations for Kinnvika and a drill site on Vestfonna covering a few weeks in 1981. In
Arkhipov et al. (1987) general and daily observations of air pressure, air-temperature, wind
and precipitation were published, which covered a few weeks in 1985 at a drill site at
Austfonna. Another ice core drilling took place in 1987 but it is unclear if weather
observations were carried out. Blake (2006) mentioned a Nordaustlandet-90 expedition
which could not be proven through further references. In 1995 the Japanese Arctic

Glaciological Expedition (JAGE) observed air-temperature, air pressure, weather situation,
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visibility, wind and clouds twice a day at a drilling site at Vestfonna between 19" May and
11" June (Motoyama et al., 2001; Motoyama, pers. com.). Another JAGE produced hourly
observations on air-temperature, wind speed and humidity for a drilling site at Austfonna
between 9" March and 19" April 1998 (Watanabe et al., 2000; Motoyama et al., 2001;
Kameda, pers. com.). The JAGE 1999 observed the same variables as JAGE 1995 at another
drilling site at Austfonna between 26" April and 30" May 1999 (Motoyama et al., 2001;
Motoyama, pers. com.). Continuous automatic weather station (AWS) measurements
started on Nordaustlandet in April 2004, when two AWSes were installed on Austfonna
(Schuler et al., 2007). In 2007 an additional AWS was set up by The University Center in
Svalbard (UNIS) at the coast line of Rijpfjorden.

The weather observations before 2004 were mostly manually measured and consist of
disconnected time series. Only three data sets (1935-36, 1944-45 and 1957-58) provide
continuous observations for nearly a whole year. All other data sets cover a few weeks up to
a few months. Most expeditions were highly influenced by weather or sea ice conditions. So
most data was found for periods between May and August while other months, i.e. the

winter season, are barely covered.

2.2.2 Glaciological studies

Although earlier explorations in the region of Vestfonna were carried out The Oxford
University Arctic Expedition in 1924 was the first exploration of inner parts of Vestfonna.
Sandford (1925) described the general shape and morphology of the ice cap including its
drainage characteristics on crevasses and moraines. The first overview of the glaciological
conditions on Vestfonna was given by Sandford (1929). The Swedish-Norgwegian Arctic
Expedition in 1931 carried out detailed analyses of the general snow-pack evolution during
the ablation season including the transient snow-line altitude of the glaciated areas on
Nordaustlandet (Ahlmann, 1933). Fjeldstad (1933) described the snow and firn stratification
in the accumulation area of Vestfonna and published several snow and firn-temperature
profiles. The Oxford University Arctic Expedition in 1934/35 studied Vestfonna for a 14-
month-period (Glen, 1939). Moss (1938) presented detailed measurements of the snow and
firn-temperature. He also discussed the impact of wind drift in connection with observed

accumulation processes on Vestfonna. The first comprehensive overview on Vestfonna ice
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cap and all glaciated areas on Nordaustlandet was given by Glen (1939 and 1941). Further
glaciological studies were carried out during the International Geophysical Year 1957/58
(Schytt, 1964). Palosuo (1987a and 1987b) presented first studies of refreezing of melt
water on Vestfonna and point energy balance studies including descriptions of the
temperature distribution and evolution in the upper 10 m of a glacier. Ice cores were drilled
at Ahlmann Summit in 1981 and at the second peak further east in 1995 (Vaykmyae et al.,
1985; Punning et al., 1986; Sinkevich, 1991; Pinglot et al., 1999; Kotlyakov et al., 2004). The
ice core studies provided the first data on paleoclimate reconstructions in the region of
Vestfonna and Svalbard-wide accumulation patterns. First data of snow chemistry resulted

from field work within the "IPY-Kinnvika" core project (Beaudon and Moore, 2009).
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3 Materials and methods

3.1 Field observations

The study area was Nordaustlandet, Svalbard, where the two ice caps Vest- and Austfonna
form the largest ice masses of the European Arctic (see Figure 2.2). The field measurements
comprised meteorological-climatological investigations by AWSes installed on or close to

Vestfonna as well as mass-balance observations on Vestfonna and De Geerfonna.

3.1.1 Field work

Nine field campaigns have been conducted between May 2008 and June 2012 in the region
of Vestfonna (see Figure 2.2). In May 2008 a measurement network comprising six AWSes
and 24 ablation stakes were installed and the first manual measurements were conducted
(see Figure 3.1). During the following campaigns the measurement systems were
maintained and further manual observations were gathered. The measurement methods
are described in the following sections. In 2009 four AWSes and nine ablation stakes were

removed. In 2012 the last two AWSes and the remaining 15 ablation stakes were removed.

Except for the dismounting campaign in 2012 all field work was scheduled so that one field
campaign took place before and one after the ablation season. Depending on weather
conditions and scheduled tasks a campaign took one to three weeks of field work. In spring
only transportation by helicopter from Lonyearbyen to Nordaustlandet was possible due to
the sea ice situation. Snowmobiles could be used during four spring campaigns for field
work on Nordaustlandet. All other campaigns were conducted by foot operations. Two
summer campaigns were completely based on ship logistics. During the other two summer
campaigns the team was dropped by helicopter in the field and brought back to

Longyearbyen by ship.

During spring campaigns the use of snowmobiles and the old Kinnvika research station (see
Section 2.3.1) as a logistical base was possible until it was prohibited in the end of 2009 by
the Governor of Svalbard due to cultural heritage issues. For the last two spring campaigns
the use of snowmobiles and a fortified camp at Oxfordhalvgya of Norwegian project

partners (Pl Hagen) doing research on Austfonna was granted (see Figure 2.2). During
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campaigns without skidoo logistics these sites could not be used as bases since mobility in

the field was strongly limited due to foot operations.

Temporary camps comprising a kitchen tent and sleeping tents were established during field
work close to the measurement sites. The only exceptions were the two campaigns where a
ship was used as the logistical base and day trips by foot to the respective measurements
sites were carried out. During all other campaigns the team stayed most of the time in the

temporary tent camps on the glacier.

The team comprised three to four members. Shifting night watches and bear fences were
established at the camp sites during each campaign. For bear defence two firearms and
signal pistols with flares were always available. Beside the risk of polar bear attacks also
storms, crevasses and slush flows endangered the field work. Therefore the team was in
addition to the rifles and signal pistols equipped with four GPS systems, two satellite
phones, an emergency beacon and a comprehensive medical pack. Some examples of the

logistics and equipment are presented in Appendix F.

Funding of the field work was granted by the DFG and BMBF within the projects “Dynamic
Response of Surface Energy and Mass Balance of Vest- and Austfonna (Nordaustlandet,
Svalbard) on Climate Change” and “Sensitivity of Vestfonna to climate change”. Logistical
support was given by Alfred Wegener Institut (AWI), Norsk Polarinstitutt (NPI), the Swedish
Polar Research Secretary (SPRS) and the Polish Research Vessel Horyzont Il (Akademia

Morska, Gdynia).
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Figure 3.1 Overview on measurements in the Vestfonna region. Contours indicate terrain height on

Vestfonna. Pink dots are snow pit sites, red dots are AWS sites and blue dots are ablation/accumulation

stakes locations. At sites of multiple measurements labels AWS names are indicated in the first line,

ablation/accumulation stake name in the second line and snow pit number in the third line.

3.1.2 Automatic measurement systems

Six AWSes were installed in the region of Vestfonna in May 2008 (see Figure 3.1). A small

and a large AWS setup was used (see Figure 3.2 and Table G.1) at different measurement

sites. Except for KV-AWS the aluminium tube constructions were set up on snow and ice

surfaces. Each mast of the AWS was drilled 2 m into the ice and wired with three anchor

stakes which were also drilled 2 m into the ice. At KV-AWS the anchors and masts were fixed

by heavy stones on solid ground. Solar panels were used to recharge the batteries when

solar radiation was available. During yearly field campaigns at the beginning and the end of
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the ablation season the measurement systems were maintained and recorded data was

gathered.

Small AWS setup Large AWS setup

Figure 3.2 Automatic weather station (AWS) setups.

All stations recorded air-temperature, relative humidity, short-wave radiation fluxes, net
radiation, vertical profiles of soil and ice temperature and surface displacement. The AWS
inclination was recorded (VTI Technologies, SCA111T) and radiation shields for the air-
temperature sensors were ventilated by connecting the fans directly to solar panels, thus
minimizing radiation errors. Some stations also measured long-wave radiation fluxes, wind
speed and direction, atmospheric CO, and water vapor concentration, three-dimensional
wind components and virtual acoustic air-temperature, soil and ice heat flux and water
content. CR800 and CR1000 (Campbell Sci.) loggers were used. For wind variables
aggregation methods were used. All other variables were measured and stored as
instantaneous samples. Storage rates changed over time. (See Tables in Appendix G for

further details.)

Precipitation values are one of the most serious uncertainties in the Arctic due to severe
measuring problems (e.g. Fgrland and Hanssen-Bauer, 2003). Manual measurements of
snow water equivalent (SWE) require a considerable effort, which is why several automatic
methods for single-point SWE estimates have been developed. Egli et al. (2009) compared
different automatic methods for estimating snow water equivalent. In their assessment the

snowpillow technique performed best followed by techniques measuring the snow depth
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and estimating bulk snow densities. Gauges and laser-based optical systems performed
worst. Even if the snowpillow had performed better its installation and maintenance require
a considerable effort. Thus, a sonic ranger (e.g. Goodisen et al., 1988) measuring of the
snow depth was used in this study and the bulk snow densities were determined from snow

pit observations.

3.1.3 Manual measurements

A network consisting of 24 ablation/accumulation-stakes has been installed in the region of
Vestfonna in May 2008 (see Figure 3.1). Manual measurements of snow depth and ice
surface height changes were carried out at the ablation/accumulation-stakes. A total of 88
successful repeat readings were retrieved during the field campaigns between May 2008
and June 2012 (see Table J.8). Additionally manual measurements of snow water equivalent
and bulk snow densities as well as profiles of snow temperature, snow density, grain size,
grain type and snow stratigraphy were carried out in 21 snow pits (see Table J.9) during
these campaigns. Locations of snow pits were distributed across the ice cap (see Figure 3.1).
Examples of an ablation/accumulation-stake and a snow pit measurement are shown in

Figure 3.3.

Ablation/accumulation-stake Snow pit

Figure 3.3 Examples of ablation/accumulation-stake and a snow pit.

Snow pit locations were chosen where they were undisturbed by snowmobile or foot tracks.
Each pit was excavated at least down to the respective previous end-of-summer surface.

North facing walls were chosen for snow sampling to diminish disturbance by sunshine.
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Excavated snow was placed aside of the pit, avoiding influences on the edge of the sampling
wall. Access to the deeper parts of the pits was assured by construction of several steps
opposite to the test walls. The stratigraphic records acquired from the test walls comprise
layering, hardness, density and/or temperature of the snowpack. Layering was determined
according to snow-hardness classifications along the profile and visual inspection of the test
wall regarding varying grain characteristics. Snow hardness itself was classified using the
hand hardness test. Measurements of snow density were performed using different metal
tube density samplers. Ice layers and wind or melt crusts within the snow pack that could
not be measured separately were treated in different ways. A density of 800 kg m™> was
assigned to ice layers. Crusts created by strong wind drift or temporal melt events were not
treated separately but were sampled together with the over and/or underlying snow layers.
They were thus not allocated a specific density. Snow temperature was measured using

handheld thermometers with attachable metal probes.

The ablation/accumulation-stakes have been metered by measuring the distance between
the snow surface and a fixed reference mark above the snow surface on the stake using a

measuring tape.

3.2 Modeling and analysis framework

3.2.1 Hardware

A complex computational infrastructure has been established to set the basis for the applied
modeling and analyses in this thesis. The infrastructure comprises 26 computing nodes, two
controlling nodes and a 138 TB pool of network attached storage (NAS) distributed over
three separate locations (see Figure 3.4) and wired by a Gigabit LAN network. Specifications
of the hardware can be found in Tables in Appendix H. Extensive testing of hardware,
customised software installation and development was carried out. The computing
infrastructure can be distinguished into two subsequent frameworks: a framework
exclusively for modeling tasks and an additional framework for data analyses, product

generation, data storage and backup tasks (see Figure 3.5).
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Figure 3.4 Computer infrastructure.

3.2.2 Software

Software addressing various tasks had to be developed to achieve the results of this thesis.
Data sets had to be pre-processed, distributed, gathered, post-processed, stored, analyzed
and backed up. Processing of data and modeling had to be controlled and logged, and tools
for detailed data analysis had to be developed and adjusted. Key areas of this software
development work are outlined schematically for an exemplary data processing chain in

Figure 3.5.

Debian GNU/Linux 6.0.1 was used as the operating system in all the computing systems. As
pointed out earlier the developed data processing software can be separated into two main
frameworks, i.e. the modeling software framework and the analysis and storage software
framework (see Figure 3.5). Both frameworks are separated by software and by location, i.e.
the modeling framework is located in the IT-Service-Center of the Technische Universitat
Berlin (tublT) and the analysis and storage framework is located in two rooms of the

Department of Ecology of the Technische Universitat Berlin (see Figure 3.4).
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Figure 3.5 Areas of software development within the established data processing chain. Roman numerals
indicate states of data processing: Input data (I), raw model output (II), post-processed model output (1II),
products and analyses from post-processed model output (IV). Arabic numerals indicate section of software
development: Input data pre-processing (1), job distributing, controlling and logging within the modeling
cluster (2), gathering of model results and garbage collection within the modeling cluster (3), post-

processing of raw model output (4), product generation, analyses and data backup (5).

The modeling software framework is mainly based on the open source batch-queuing
system Sun Grid Engine (SGE), developed and supported by Sun Microsystems. This
software was installed on all nodes of the modeling framework. On this basis Apache Ant, a
software tool for automating software build processes, was used to develop, define and run
modules of data processing chains on the individual computing nodes. These modules
integrate various binaries and scripts written in JAVA, C, C++, Fortran, Shell scripting, Perl,
NCL and CDO for pre-processing, modeling and post-processing tasks. In addition an
interface for automated recording of all important metadata of the conducted data
processing or modeling in a MySQL data base was developed and integrated. The model
used in this thesis and data sets for the regional reanalysis within this framework are

described in detail in Section 3.3.3.

The programming language IDL (Interactive Data Language) was mainly used for data
analysis. The developed programs are partly based on preexisting IDL libraries (TNT and

WAVE) at the Chair of Climatology. A major task is to produce “easy to use” products for
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project partners and own analyses from the regional reanalysis data. Furthermore, IDL was
used to do individual data analyses and plots also part of this thesis. Beside this a backup
concept was developed and realized by Perl and Shell scripts. Herein the rsync software
application and the cron daemon, a time-based job scheduler in Unix-like computer

operating systems, were used to handle all data storage and backup tasks automatically.

3.3 Analytical methods

3.3.1 Measurement quality assessment

The quality of automatic measurements is assessed by the availability of valid data. Thus, a
strict filtering method was developed and applied to identify invalid data in the records. The
first filtering method was a cross checking of values of different variables at the considered
AWS to reveal malfunctions or other problems. The tilt sensor was used to identify station
overturn (exceeding of 20° difference from perpendicular) and to correct radiation and
surface displacement measurements by the measured angle. For upward facing radiation
sensors the short wave albedo was used to reveal and mask periods of coverage and
shading (i.e. riming, snow and ice coverage). For combined air-temperature and humidity
sensors both variables had to be in a valid range. At ultra-sonic anemometers
measurements of all three directions in space (u, v and w) and of the acoustic temperature
had to be valid. The second filtering level included a range checking of the remaining values.
Range limits for the diverse variables are presented in Tab 3.1. In the case of surface
displacement an upper limit was set to the distance of the ice or soil surface, where it had
been manually measured. Also a difference of more than 0.2 m from daily mean was filtered

out. Finally, extremes and periods of known malfunction were masked manually in the data.
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Table 3.1 Validity ranges for measured variables.

Variable Range

Air temperature -50°Cto 30°C
Relative humidity 0% to 100 %

Up and Down-welling short-wave radiation [0 Wm™ to 1367 Wm™
Downwelling long-wave radiation 100 Wm 2 to 500 Wm™?
Upwelling long-wave radiation 100 Wm ™ to 400 Wm™>
Net radiation 300 Wm ™ to 800 Wm >
Wind speed Oms*to80ms™
Wind direction 0° to 360°

Air pressure 800 hPato 1100 hPa
Surface displacement >0.4m

The resulting filtered data was used to calculate the percentage of monthly valid data. The
number of records representing 100 % was calculated from the storage intervals. In months
comprising less than 50 % of valid data the cause of error or failure was tried to be
determined. Besides no and unknown failures five additional failure categories have been
defined as described in Table 3.2. The respective categories have been used at each AWS

and sensor to assess the measurement quality and general problems.

Table 3.2 Categories of measurement failures.

Category Description

No failure. Data availability is greater or equal to 50 %.

Failure of the physical AWS setup due to climate conditions, e.g.
station fell over due to strong wind, riming or ablation.
Failure in the electric system, e.g. AWS ran out of power or short-
circuited due to melt water.

Failure caused by animals, e.g. cables damaged by polar foxes or
polar bears.

Sensor failure, e.g. corrosion of the sensor head.

Failure due to bugin logger program.

N
C
A
p
u

Unknown cause.

Concerning the manual measurements, i.e. ablation/accumulation stake readings and snow

pits measurements, the spatiotemporal distribution and availability is briefly discussed.
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Some of the data derived from snow pit measurements are also analyzed in Paper I.
Furthermore, the availability of manual measurement data is strongly connected to the
general success of a certain field campaign. Therefore, general problems of field work are

also discussed.

3.3.2 Climatic mass balance analysis

A glacier mass balance may consider mass changes of a whole glacier or only within parts of
it over a certain period. Thus, SMB, internal mass balance and basal mass balance are often
distinguished. The surface layer is defined as the part between the current glacier-
atmosphere interface and the last summer surface. The SMB respectively comprises all mass
changes only within this layer. All mass changes within the interior of the glacier are
summarized by the internal mass balance. Nevertheless, changes of the internal mass
balance are strongly connected to processes at the glacier surface, e.g. percolation of melt
water and subsequent refreezing. Thus, the SMB and the internal mass balance are
summarized by the climatic mass balance (Cogley et al., 2011). The basal mass balance is
often neglected in mass balance studies since it is difficult to measure and changes are small

compared to the other parts.

The model used in Paper Il was mainly developed by Marco Médller. The climatic mass
balance of Vestfonna is computed by summing up results of surface accumulation, surface
ablation and refreezing calculations. The model is calibrated by point climatic mass balance
observations at the ablation/accumulation stake network, through snow pit observations
and AWS measurement data. Input data sets of suitable resolution for the modeling were
obtained by applying statistical methods for downscaling and spatial distribution of

reanalysis and remote sensing data.

The ablation is calculated by an enhanced version of the temperature-radiation-index model
of Pellicciotti et al. (2005), considering air-temperature and absorbed short-wave radiation

as influencing factors.

a=f,T+ f.Ry forT > 0°C (1)

a=0 forT <0°C 2)
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where a is ablation, f; and f, are empirical coefficients, T is air-temperature and R, is
absorbed short-wave radiation. The values f, = 1.394 mm w.e. K" day™" and f, = 0.098 mm
w.e. W m? day™ have been determined for Vestfonna. Refreezing is estimated using the
Pmax approach (Reeh, 1991). As done by Schuler et al. (2007) for Austfonna, P, is set to 0.6.
Hence, melt and rainwater are retained by refreezing processes until 60% of the current
year’s winter accumulation is reached. Surface accumulation is assumed to be exclusively
formed by snowfall. All precipitation occurring at air-temperatures below 0 °C is assumed to
fall as snow, while rain is assumed for all precipitation at temperatures above 2 °C. Between
0 and 2 °C, a mixture of snow and rain is assumed and the amount of snowfall is scaled

between 100 % (0 °C) and 0 % (2 °C) using a hyperbolic function (Méller et al., 2007).

Modeling is done for the 9-year period from September 2000 until August 2009 with a daily
resolution on a 250 m grid. Input data are derived from ERA-Interim daily air-temperature
and total precipitation of a grid point south of Vestfonna and MODIS-based cloud cover
(MODO06_L2) and albedo (MOD10A1l) data using statistical transfer functions for
downscaling, distribution and variance inflation. Terrain information is based on the

elevation data set of the ASTER Global Digital Elevation Model (GDEM).

(Further details are described in Paper Il.)

3.3.3 European Arctic Reanalysis (EAR)

Observational data is not available for most Arctic regions and available data sets often
comprise only single point measurements of short periods. This substantially complicates
the analysis of atmospheric processes and atmosphere-cryosphere interactions at a regional
scale. Available data sets of global circulation models or from remote sensing are not at the
resolution needed for local climate impact studies. A successful downscaling of climate
signals present in coarse observational data sets allows to reconstruct atmospheric variables

at local scales where the data is needed.

Various techniques have been developed to bridge the gap between scales. Two kinds of
approaches can be distinguished. One is the statistical downscaling which uses observed

relationships of variables to large scale patterns to generate data of higher spatiotemporal
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resolution from the coarser data sets. Although frequently used and often quite successful
in reconstructing regional climate the estimated relationships might not hold true in a
changing climate or for other regions. The other type of downscaling technique relies on
high-resolution modeling to dynamically downscale the atmospheric flow to a regional
scale. This method is physically based and coherent but is computationally expensive and
subject to error due to imperfect parameterizations, land-surface conditions and numerics.
However, a successful numerical modeling of the regional circulation is a valuable tool for
subsequent meteorological and climatological studies since it provides homogenous

distributed data sets of high resolution for detailed process analyses at different scales.

Numerical models suitable for dynamical downscaling purposes have been developed and
used since the late 1970s as a tool in meteorology for weather forecasting purposes. Most
of Numerical Weather Prediction (NWP) modeling is done by national and international
organizations that manage large data sets from various heterogeneous sources. Data from
satellites, weather stations, radio-soundings and radar are combined with models through
complex data assimilation methods to obtain the best estimate of the state of the
atmosphere every six hours. Realistic initialization data of atmospheric and boundary
conditions play a fundamental role for atmospheric modeling and forecasting at both the
global and regional scales. At the regional scale the importance of soil conditions increases
since they may affect especially near surface variables at short time scales. This sensitivity is
generally larger for NWP models that include detailed schemes of soil-vegetation—

atmosphere interactions.

Operational analysis data sets generally suffer from inconsistencies over time since
operational analysis systems are frequently being improved. Therefore, the technique of
reanalysis uses modern analysis systems to reprocess long-term observational data. Using
high-resolution limited area models (LAM) for this purpose is called regional reanalysis. The
NCEP North American Regional Reanalysis (NARR) or the Arctic System Reanalysis (ASR)
projects are examples of providing regional reanalysis data sets of 30 km horizontal
resolution for limited areas. Nevertheless, the term regional reanalysis can also be used for
reprocessing observational data sets together using a LAM on a regional scale without a
temporal assimilation. This approach keeps observational data sets unmodified but uses

state-of-the-art LAMs for analyzing the atmospheric flow on regional scales. This does not
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allow trend analyses but maintains the goal of avoiding over-interpretation in cases where

observations have been insufficient.

In Paper Ill such a regional reanalysis has been done for the European Arctic, i.e. European
Arctic Reanalysis (EAR), using version 3.1.1 of a polar-optimized LAM known as Polar WRF.
Polar WRF (http://polarmet.osu.edu/PolarMet/pwrf.html) is being developed at Ohio State
University on the basis of the Weather Research and Forecasting (WRF) Model
(http://www.wrf-model.org/index.php), a next-generation mesoscale numerical weather
prediction system designed to serve both operational forecasting and atmospheric research
needs. The reanalysis was initialized by data from the Operational Model Global
Tropospheric Analyses (Final Analyses, FNL; data set ds083.2), published by the CISL Data
Support Section at the U.S. National Center for Atmospheric Research, Boulder, CO;
performed by the U.S. National Centers for Environmental Prediction (NCEP)) (1°, 6 h) and
NCEP’s Real-time, global, sea surface temperature (RTG_SST) analysis (0.5°, daily). Static
geographical fields are initialized by the United States Geological Survey (USGS)
geographical data sets. Additionally we used daily sea ice concentrations from Advanced
Microwave Scanning Radiometer for Earth Observing System (AMSR-E) observations at
12.5 km horizontal resolution. Since data of daily sea surface temperature are not available
before 12 February 2001 and daily sea ice concentration are not available before 20" June
2002 we did the reanalysis before these dates without the respective data set. We filled
missing values in the sea ice dataset with values of the nearest valid neighbor and generated
6 h data sets from the daily data of SST and sea ice by linear interpolation. Thus, the

reanalysis was driven providing data of lateral boundary conditions at 6 h intervals.

Three two-way nesting levels of 30 km, 10 km and 2 km horizontal resolution are defined
with a polar stereographic projection (see Figure 3.6). The first-level EAR domain called the
European Arctic domain (99 x 99 grid points, 30 km) is centered at 80.0 °N, 20.0 °E. The
second-level Svalbard domain (49 x 52 grid points, 10 km) covers the archipelago of
Svalbard. Six third-level domains of 2 km horizontal resolution cover areas of Svalbard of
special interest. These are areas where we have access to data of field observations like
AWS observations or synoptic observations by the Norwegian Meteorological Institute, i.e.
Nordaustlandet domain (106 x 86 grid points, 2 km), North-West Spitsbergen domain (46 x

66 grid points, 2 km), Lomonosovfonna domain (31 x 31 grid points, 2 km), Longyearbyen
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domain (26 x 26 grid points, 2 km), Hornsund domain (46 x 31 grid points, 2 km) and Hopen
domain (21 x 26 grid points, 2 km).
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Figure 3.6 Terrain height and location of the parent European Arctic domain (left) and the second-level
Svalbard domain (right) .part of the European Arctic Reanalysis (EAR). Black squares show the location of
the nested Svalbard domain (left) and of the six third-level domains (right): a) Northwest Spitsbergen, b)

Nordaustlandet, c) Lomonosovfonna, d) Longyearbyen, e) Hornsund and f) Hopen.

All domains are resolved by 28 vertical levels with the top set to 50 hPa. The first nine levels
approximately represent the bottom 1500 m of the boundary layer. We set the surface
parameterization options to use time-varying sea surface temperature and fractional sea ice
cover. The Runge-Kutta time step is set to 120 s for the European Arctic domain, to 40 s for
the Svalbard domain and to 8 s for the third-level domains. The choice for the physical
parameterization schemes as summarized in Paper lll is based on the studies of Hines and

Bromwich (2008), Hines et al. (2011) and diverse sensitivity studies.

A cascading approach was used for the reanalysis of the different domain levels. In a first
step all three domain levels were processed using a two-way telescope nesting obtaining
reanalysis data for the third-level domains. In a second step the reanalysis of the Svalbard
domain was processed by discarding all third-level domains from the recalculation to obtain

unaffected results, i.e. we found out the two-way nesting produces artifacts in the region of
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nesting in the data of the parent domain (Maussion et al., 2011). In a last step the reanalysis

of the European Arctic domain was done without any nesting of other domains.

Individual simulation runs comprising 36 h were produced by daily reinitialization
(simulation started at 1200 UTC daily). A continuous time series comprising a period of 1°*
September 2000 to 31°" August 2011 for each domain analog to the strategy of Maussion et
al. (2011) was produced by assembling individual simulation runs comprising 36 h each,
whereof the first 12 h were discarded to avoid spin-up effects and the next 24 h were
stored. Output was written at 3-hourly intervals for the European Arctic domain and at

hourly intervals for all other domains.

After production the EAR data sets have been analyzed with synoptic observations of the
Norwegian Meteorological Institute provided by the National Climate Data Center (NCDC)

and field observations of AWS measurements in the region of Vestfonna.

(Further details are described in Paper lll.)

3.3.4 Snowdrift analysis

Field observations indicate that a considerable part of solid precipitation is redistributed by
wind drift in the region of Vestfonna. The redistribution of snow mass by wind drift can have
an important impact on the balance of glaciers. Thus, an assessment study of the intensity
of the redistribution process has been conducted in Paper IV. The snowdrift model used in

this thesis was developed by Tobias Sauter.

Blowing and drifting of snow is considered to be a dilute two-phase flow consisting of solid
snow particles in a fluid phase. Within a thin surface layer (i.e. saltation layer) the ejected
particles follow a ballistic trajectory under the influence of gravity. Snow particles in
suspension are balanced by the particle-fluid drag force and the counteracting gravity force.
Transport- and exchange processes in such two-phase flows are created by turbulent fluid
motion, which in turn is affected by the presence of the particles. The model neglects
interactions between particles and snow particles are treated as a continuous phase solely

interacting with the background flow.

The rate of snow mass change is described by the continuum equation for conservation of

mass. Therefore, the Reynolds averaged Navier-Stokes equation is solved using the k-w
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turbulence model. The snow mass flux at the boundaries for the saltation layer is given by

the formulation of Pomeroy and Gray (1990)

68
Pug(u? — u2y) 3)

where g4t is snow mass flux in the saltation layer, p is air density, u, is the friction velocity,
g is gravity acceleration and uyy, is friction velocity threshold. The inlet snow density profile

for the suspension layer is given by Pomeroy and Male (1992)

¢s(u,,z) = 0.8 exp[—1.55(4.784u, 034 — 270544 4)

where ¢, is snow mass in saltation layer, u, is the friction velocity and z height above
ground. Sublimation of suspended snow particles has been approximated as a function of
the mean particle size, solar radiation, saturation deficit and conductive and advective

energy and moisture transfer.

The spatiotemporal estimate of snowdrift was applied to the southwestern part of
Vestfonna ice cap for the accumulation period 2008/2009 since radio-echo sounding
measurements (Grabiec et al., 2011) are available for this region only for May 2009. The
domain top was set to 3000 m consisting of five vertical layers in the near surface layer
(5 m) and further 40 vertical layers above. The model was forced by 2 km atmospheric fields
from the EAR (see Section 3.3.3) and resolves processes on a spatial resolution of 250 m.
Terrain information is based on the elevation data set of the ASTER Global Digital Elevation
Model (GDEM). Besides radio-echo sounding measurements results have also been

compared to onsite snow-pit data.

(Further details are described in Paper IV.)
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3.3.5 Analysis of elevational gradients of air-temperature

The climatic mass balance modeling study in Paper Il used a constant elevational gradient of
air-temperature (i.e., Z—: = -7 K/km) and a digital elevation model (i.e., ASTER GDEM) to
extrapolate air-temperature data across the entire Vestfonna ice cap. Other studies have
shown considerable seasonal or even daily variations in Z—Z (e.g. Braun and Hock, 2004;

Marshall et al. 2007; Gardner and Sharp, 2009; Gardner et al., 2009; Petersen and

Pellicciotti, 2011) indicating that modeling results may be sensitive to the assumptions on

a a . e - . . .
%. Thus, % and its temporal variability on Vestfonna is investigated in Paper V with the

ultimate goal to improve the spatial representation of air-temperature in mass balance

modeling.

Since all time series of air-temperature measurements show considerable data gaps due to
measurement failures a direct analysis of these data is not constructive. Data obtained from
a statistical reconstruction method and from the EAR are analyzed instead for the period
2001 to 2011. The reconstruction method uses data at Svalbard-Lufthavn, Longyearbyen
(WMO-Nr. 010080, 15.4667°E 78.2500°N, 28 m a.s.l.) operated by the Norwegian
Meteorological Institute to reconstruct daily temperatures of each AWS by linear
regressions. In addition, gridded 2 m air-temperature data of the Vestfonna region of 2 km

horizontal resolution obtained from the EAR are used.

. 0T . . .
Daily o, are computed from day by day least-squares regression. In the regression analysis
altitude is used as the predictor and air-temperature is used as the predictand. The slope of

. . . . 5} a .
the resulting regression function defines é. Results are compared to a—:; derived from

measurements where available. When measurement data only comprises elevational
differences less than 150 m results are discarded since the difference in the near-surface air-
temperatures at two different altitudes is likely to be smaller than the measurement error
of the sensors. Since the EAR provides gridded data sets a comparison of results obtained

from distributed and single-point data is implicitly done.

In addition net radiation data obtained from AWS measurements on Vestfonna, AMSR-E sea

ice concentration data and vertical profiles of air temperature measured by radio soundings
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in 1944/1945 at Haudegen station (Dege, 1960) is used to explore and discuss the origin of

. . s oT
interannual and intra annual variability of T

(Further details are described in Paper V.)

3.3.6 Analysis of the impact and origin of cyclones, the North Atlantic
Oscillation (NAO) and the Arctic Oscillation (AO)

Data sets of Northern Hemisphere Cyclone Locations and Characteristics from NCEP/NCAR
Reanalysis Data provided by the National Snow and Ice Data Center
(http://nsidc.org/data/docs/daac/nsidc0423 cyclone/) and indices of the North Atlantic
Oscillation (NAO) and the Arctic Oscillation (AO) provided by the NOAA Climate Prediction
Center (http://www.cpc.ncep.noaa.gov) are analyzed by linear regression analyses to
investigate the impact of modes of northern hemisphere atmospheric circulation on the

local climate.
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Figure 3.7 Areas of cyclogenesis.
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In a first step cyclones are detected within a monitoring sector comprising the main islands
of Svalbard (76°N 10°E to 81°N 30°E) in the cyclone data set. In a second step for each of the
detected cyclones the location of first detection within the data set is identified. If this
location lies within the areas “South-West” (40°N 30°W to 76°N 10°E) or “Local” (76°N 20°W
to 81°N 10°E) shown in Figure 3.7 the cyclone is added to the respective area category. If
the cyclone origin lies not in one of these areas the cyclone is added to the category

“Other”.

The frequency of cyclones of a specific area category and variations in the NAO and AO are
finally analyzed by seasonal linear regressions with anomalies in air-temperature,

precipitation and wind speed on Vestfonna and in Svalbard as resolved by the EAR.

-31-



4 Results and synthesis

4.1 Which expedition procedures and which methods for measuring
surface energy and mass balance components and atmospheric
variables are practical and applicable in the region of Vestfonna ice
cap?

4.1.1 Expedition procedures

A team of three to four members performed well during the nine field campaigns. All
scheduled tasks, except during the summer campaign 2008, could be achieved with this
team size. For daily recovery four bear watches of two and a half hours length each
provided seven and a half hours sleep for each team member. Thus, periods for recovery

could be kept short and efficient.

During summer campaigns only by foot operations were possible due to insufficient snow
cover around the ice cap. Therefore, the mobility during summer campaigns was strongly
limited. Besides the gathering of data on a very local scale only minor maintenance at the
AWSes was possible since the transportation of heavy tools and spare parts was not
possible. The summer campaign 2008 made clear that it would be more trouble than it is
worth to reach measurement sites by foot operations far inside the ice cap, like Ahlmann
Summit where VF-AWS605 was located. The team reached its performance limit while doing
by foot operations of 15 km per day and carrying equipment of 30 kg per person. During
spring the use of snowmobiles with sledges or pulkas during by foot operations was possible
due to a broadly available snow cover. This strongly improved the capability of the team to
transport heavy equipment. Nevertheless, the mobility was still very limited during spring

campaigns if no usage of snowmobiles was possible.

The team had five contacts with polar bears. In two situations a polar bear had to be scared
away by firing flares at it from a signal pistol. Once a maximum of five flares had to be used
to succeed. Nevertheless, the set of two rifles with ten bullets each and two signal pistols
with ten flares each provided enough resources for self-defense. The used bear watch
strategy enabled early warning of all team members so that the team could act adequately

and no polar bear was killed or injured. Also the temporary field camps were structured so
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that the toilet place and food storages, which could attract polar bears by their smell, were

far away from the sleeping tents.

The use of helicopter transport required the allocation of about three day time slots for
each flight in the planning schedule since weather conditions like icing or decreased visibility
due to white out strongly complicated the transfers in the region of Svalbard. In two cases a
helicopter flight had to be aborted due to bad flying condition. The cargo (passengers plus
equipment) was limited to 600 kg per flight. Thus, if more or heavier equipment was
required (e.g. snowmobiles, heavy or bulky spare parts, etc.) it had to be transported by
additional flights or stored in the field beforehand. In summer campaigns ship transport was
used in addition to helicopter transport, enabling large amounts of cargo. Nevertheless, the
transport in the field during summer campaigns was very limited since all terrain vehicles
(ATV) were forbidden by environmental laws in this region and no snow cover for
snowmobile logistics was available. In two summer campaigns the ship anchored in the bay
closest to the measurement sites, what enabled the possibility to use the ship as the base.
That strongly improved the efficiency of the team since recovery was better onboard and a

large set of equipment was available.

To sum it up, spring campaigns using helicopter transport with snowmobiles logistics were
indispensable for installation, dismounting and major maintenance of the measurement
network. Without the logistical support from other groups (especially snowmobiles) the
field work would have been hardly successful. Maintenance work generally strongly
competed with work for manual measurements, i.e. excavating snow pits. Summer
campaign using ship transport and by foot operations are suitable for gathering data close
to the fringe of the ice cap. Major maintenance of the stations and reaching areas far inside
the ice cap is not possible during summer campaigns due to logistical constraints. However
summer campaigns provided valuable data on ablation from ablation/accumulation stakes
metering and snow pit measurements. A brief summary of the conducted field work is

presented in Appendix J.

4.1.2 Automatic measurements

In the following paragraphs the performance of AWS measurements will be assessed. VF-

AWS605 fell over due to extensive riming in June 2008 and was subsequently buried by

-33-



snow. Also VF-AWS500 was bent over in July 2008 but fixed in August. The event destroyed
the solar-radiation sensor of the VF-AWS500. At VF-AWS500, VF-AWS370 and VF-AWS240
an Ultrasonic Anemometer (Thies, USA 4.3830.22.300) was installed until May 2009. No
valid data could be acquired due to a bug in the manufacturer software. Nevertheless, the
high power consumption of the heating of these sensors caused low battery power at these
AWSes in January 2009. At DG-AWS a lot of measurement failures were observed during
2008/2009 until battery power was low in April 2009. The nature of the failures strongly
indicated problems in the electric system of the logger box. Thus, we completely replaced
the logger box in May 2009. At KV-AWS polar foxes destroyed the power cables in
December 2008. The damaged electricity caused short circuits which broke the logger at KV-
AWS and no valid data could be acquired after December 2008. Bugs in the logger program
caused some data loss at VF-AWS605 and KV-AWS. At VF-AWS500, VF-AWS370 and DG-AWS
the sonic ranger sensors showed severe problems with airborne sea salt corroding the
sensor head and causing sensor failures. The sensor head was replaced at VF-AWS370 and
DG-AWS in May 2011. Due to the variety of technical and logistical problems VF-AWS240,
VF-AWS500 and VF-AWS605 were removed in spring 2009. In summer 2009 KV-AWS had to
be removed since Kinnvika station was closed by the governor and only DG-AWS and VF-

AWS370 remained operating.

At VF-AWS370 a polar bear destroyed all cable connections of the sensors installed above
ground in August 2009. The AWS was fixed in May 2010. Low battery power in March 2010,
i.e. after winter, at DG-AWS caused data loss. During a complete inspection of the electricity
in June 2010 the team found large amounts of condense water behind an access cover in
the logger box. At this point the electric contacts of multiple sensors had been corroded
causing short circuits in the whole system. The station inclinometer was broken but all other
problems could be fixed. The team started in May 2011 to put large amounts of drying
agents into the logger boxes of DG-AWS and VF-AWS370 to absorb the emerging condense
water. At VF-AWS370 the power cable was cut in October 2011. No evidence that the
damage was caused by animals was found this time. It is very likely that extensive ablation
at the end of summer stretched and exposed the cables and subsequent extensive riming
and strong winds during October caused the final fail. Furthermore, an Ultrasonic

Anemometer (Gill Instr. WindMaster) at VF-AWS370 also started to fail due to rime at the
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sensor heads in July 2011 and the whole DG-AWS fell over due to extensive riming and

strong winds in October 2011.

The following sensors have not been considered in this assessment since no valid data could
be obtained at all. At VF-AWS605, DG-AWS and KV-AWS a cup anemometer (Schildknecht)
was installed but the needle bearings were destroyed after a few days due to riming. Also a
laser precipitation monitor (Thies, 5.4110.01.000) was initially installed at KV-AWS. The
sensor completely failed due to heating and power consumption problems. At VF-AWS605,
VF-AWS500, VF-AWS370 and VF-AWS240 a precision infrared temperature sensor (Campbell
Sci., IRTS-P) was installed. This sensor revealed to not be suitable for measuring thermal
surface radiation at the measurement sites. The former mentioned Ultrasonic Anemometer
(Thies, USA 4.3830.22.300) installed at VF-AWS500, VF-AWS370 and VF-AWS240 was
removed as well from the assessment since no valid data could be acquired. For the
remaining sensors the various failures fall into the categories described in Section 3.3.1.
Results are presented in Table 4.1. Detailed assessment results for each AWS can be found

in Appendix J.

Table 4.1 Results of the measurement quality assessment. Used categories are described in Table 3.2.

N C P U
56% 14% 12% 11% 3% 1% 3%

As indicated before most measurement failures were caused by the rough climatic
conditions (14 %), electrical problems (12 %) or animals (11 %). Minor data loss was
produced by internal sensor errors (3 %) or bugs in the logger program (1 %). Nevertheless,
gaps of distinct variables (e.g. snow depth) at individual AWSes (e.g. VF-AWS605) were
enormous. A remaining part of 3 % unknown measurement failures is strongly assumed to
be related to electrical problems and internal sensor errors. In average 56 % of
measurements were successful. Four of six AWSes had to be removed after a year since the
additional benefit did not make up for logistical costs. Especially AWSes above the
equilibrium line altitude (ELA) of about 400 m a.s.l. quickly showed strong physical problems

due to extensive riming and snowfall. However at lower altitudes special events like the
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once in October 2011 caused equal problems. The long polar night prevented recharging by
solar panels and cold temperatures further lowered the capacity of the emptying batteries.
A wind generator failed at VF-AWS370 since it was destroyed due to rotor unbalance caused
by riming and icing. These energy constraints are less frequent during polar day.
Nevertheless, sensors with high energy consumption may prevent batteries from
completely recharging also during this season. In lower altitudes and coastal regions data

loss due to damage by animals can be enormous.

4.1.3 Manual measurements

Assessing conducted manual measurements the most limiting factors were logistical
constraints, manpower and climatic conditions. A strong elevation dependency can be
observed in repeat readings of the ablation/accumulation stake network (see Table J.8). On
the one hand this is due to the inability to reach the Ahlmann measurement site during
summer campaigns or without snowmobile logistics and on the other hand most of the
ablation stakes above 400ma.s.|. were destroyed by riming. Thus, nine
ablation/accumulation stakes have been removed in spring 2009 since they were broken or
not reachable during the previous campaigns. One of the biggest problem during spring
campaigns was to find the ablation/accumulation stakes after extensive snow fall. Thus,
except in 2009, the number of repeat readings is higher during summer campaigns than
during spring campaigns. During summer 2009 long lasting whiteout conditions strongly
decreased the ability to find the AWSes and ablation/accumulation stakes by foot
operations due to limited visibility. Also the snow pit data shows elevation dependency (see
Table J.9). Nine snow pits are available below 300 m a.s.l., eight between 300 m a.s.l. and
500 m a.s.l. and four above 500 m a.s.l.. Only four snow pits (see Table J.10) have been
excavated during summer campaigns since nearly no snow cover was available at altitudes
reachable by foot operations or other fieldwork (mainly maintenance of the AWSes)
consumed most of the time and manpower during the other campaigns. Some of these
factors were also observable during spring campaigns. During campaigns of intense work on
other tasks like dismounting of AWSes (e.g. spring 2009 and spring 2012) or limited mobility
(spring 2010) the number of conducted snow pit measurements is reduced to one or two

each campaign (see Table J.10). Besides the temporal and elevational bias a general
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distribution bias to western areas and to the glacier fringe is observable in all field

observations of this study due to the logistical constraints (see Figure 3.1).

4.1.4 Surface energy and mass balance measurements

In the following paragraphs sensor performance is assessed focusing on individual
components of the SEB and SMB. Concerning net radiation measurements the CNR-1
(Kipp&Zonen) sensor performed best. All individual fluxes of the net radiation are measured
which is an important benefit compared to the NR-LITE (Campbell Sci.) sensor which further
requires wind speed correction. For measurements of individual radiation fluxes CS300
(Campbell Sci.) sensors showed good performance measuring short-wave fluxes and CGR3
(Kipp&Zonen) showed good performance measuring long-wave fluxes. Direct measurements
of turbulent heat fluxes using ultra sonic anemometers and infrared gas analyzers failed due
to severe energy problems. However this is more a problem of being unable to provide
enough energy at remote locations than with the measurement systems themselves. Thus,
since sufficient energy could not be provided bulk approaches using measurements of wind
speed, air-temperatures and relative humidity remained the only way for turbulent heat
fluxes estimations. Wind speed measurements failed using cup anemometer (Schildknecht)
but other sensors (Young, 05103-45) performed well. Air-temperature and relative humidity
measurements performed well using CS215 (Campbell Sci.) sensors with ventilated radiation
shields. Also CS107 (Campbell Sci.) temperature probes performed well measuring soil and
ice temperature profiles and therefore providing data on ground heat flux. The SR50A
(Campbell Sci.) sonic ranger sensors were the only sensors installed for automated indirect
SMB measurements. They showed severe problems with airborne sea salt corroding the
sensor heads. This caused large data loss at DG-AWS and VF-AWS370 (see Appendix J). At
VF-AWS500 the sonic ranger was damaged after the station fell over due to extensive
riming. The sensor seems generally suitable but needs a lot of maintenance by replacing
sensor heads after at least a year in the region of Vestfonna. A problem is the inability of the
sensor to directly measure snow water equivalents or to detect liquid precipitation. This and
the large data loss made manual measurements (ablation/accumulation stakes and snow
pits) indispensable for SMB estimates in this study. Nevertheless, only integral values could

be achieved since these methods require considerable logistical effort and manpower.
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4.2 What is the current state and sensitivity of the surface energy
and mass balance of Vestfonna ice cap?

Results in Paper | reveal mean snow densities of 388 +43 kg m? for the snowpack of
Vestfonna with no apparent spatial or interannual variability. A distinctly higher value of
more than 457 £ 70 kg m? is obtained for De Geerfonna. A spatial comparison of snow
water equivalents above the previous end-of-summer surface serves for obtaining insights
into the spatial distribution of snow accumulation across Vestfonna. Altitude is found to be
the only significant spatial parameter for controlling snow accumulation across the ice cap.
Furthermore, these data is used to scale snow precipitation by quadratic index functions for
the climatic mass balance study of Vestfonna in Paper Il. The determination of snow density
is also needed for accumulation and ablation calculations from stake readings. The
homogeneous snow density that is observed throughout Vestfonna justifies the simplified

assumptions of constant snow density in mass balance-modeling.

4.2.1 Climatic mass balance resolved by an empirical method

In Paper Il the modeled SMB regime of the Vestfonna ice cap is characterized by long
accumulation periods (September to May) and short ablation (June to August). Model
results reveal a mean climatic mass balance rate of -0.02+0.20 m w.e. yr* suggesting
roughly balanced conditions for the period September 2000 to August 2009. Year-to-year
variability is relatively low (<0.5 m) as indicated by the small standard deviation of annual
balances (0.15 m w.e.). The mean annual surface ablation rate is -0.58 + 0.18 m w.e. yr‘l,
while annual surface accumulation and refreezing rates amount to +0.40 + 0.07 m w.e. yr *
and +0.15 + 0.04 m w.e. yr *, respectively. Hence, on average, approximately one fourth of
the surface ablation refreezes. For individual mass balance years this fraction ranges
between 5 % and 48 %. In average the temperature-index module contributes 31 % and the
radiation-index module 69 % to total melt. The modeled glacier-wide climatic mass balance

of Vestfonna is presented in Figure 4.1.
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Figure 4.1 Glacier-wide climatic mass balance of Vestfonna for the mass balance years 2001 to 2009: The
bar chart shows annual ablation (orange bars), annual accumulation (blue bars), and annual refreezing
(white bars). The refrozen part of ablation is indicated by hatching. Black squares with error bars represent

the annual balances. Each mass balance year lasts from 15t September to 315t August.

4.2.2 Surface energy and mass balance as resolved by the EAR

Analyzing the SEB of Vestfonna for the same period (September 2000 to August 2009) data
of the EAR of Paper lll is used. The SEB is resolved in the EAR by an optimized version of the
unified NOAH LSM (Version 1.0 July 2007) of the Polar WRF 3.1.1 model. The algorithm

solving the SEB distinguishes the following fluxes.

Qv +Qu+Q,+Qc+Qu=0 )

where Qy is net radiation, Qy is sensible heat flux, Q;, is latent heat flux, Qg is ground heat
flux and Qp comprises all heat fluxes for melt and refreezing processes within the

snowpack. Qy and Q) are conglomerates of other variables. Qy is calculated by

Qv=S(1-a)+L, —eoTg* (6)
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where S, is downward short wave flux, a is albedo, L; is downward long wave flux, € is
surface emissivity, o is Stefan-Boltzmann constant and Tg is surface skin temperature. Qy

comprizes three individual calculated fluxes.

Qu =F1+F;+F3 )

where F; is the heat flux from snow surface to newly accumulated precipitation, F, is the
freezing rain latent heat flux and F5 is the snow phase change heat flux. Considering Qy a

negative value can be equated with melt and a positive value with refreezing.

Since background albedo is 0.8 for whole Nordaustlandet due to USGS land cover types,
snow depth is set back daily to 0.5 m due to reinitialisation of the model, snow albedo is 0.8
and no further input data has been provided a and € values are constants on Vestfonna in
the EAR (a = 0.8 and € = 0.98 for Vestfonna grid points). Other studies (e.g. Winther et al.,
1999; Moller, 2012) and measurements of VF-AWS370 (see Figure K.1) indicate that albedo
of fresh snow in Svalbard is about 0.85 but considerably decreases during ablation season.
The mean value for the period June to August 2011 at the ELA measured by VF-AWS370 was
about 0.7. Thus, it is assumed that the EAR underestimates the surface absorption of solar
radiation especially in ablation areas. Nevertheless, SEB of Vestfonna will be analyzed as
resolved by the EAR in this study. The SEB of Vestfonna on 2 km horizontal resolution for the

period September 2000 to August 2009 is presented in Figure 4.2.
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Figure 4.2 Seasonal course of surface energy balance (SEB) of Vestfonna ice cap as resolved by the European
Arctic Reanalysis (EAR) on 2 km horizontal resolution for the mass balance years 2001 to 2009. A 30-day

moving window was used to smooth the curves.

In Paper | an analysis of all spring 2008 temperature profiles reveals that the reduction of
the cold content from the previous winter season starts in late April. This is consistent with
the starting decrease of Qy in Figure 4.2. Q) indicates ablation between beginning of May
and end of September. Decrease of Qy accelerates begin of June. The minimum is reached
in the middle of July and Q) immediately takes a mirror-inverted course. The calculated
annual energy budget consumed by Qp sums up to 164 +39 MJ m?2yrl. Year-to-year
variability of Qy and the following values is indicated by total mean t one standard
deviation. Qy supplies 74 £ 7 %, Qi 23+ 5 % and Qg 3 £ 2 % to the melt energy budget. The
energy budget is equivalent to a mean annual surface ablation rate of
-0.49 + 0.12 m w.e. yr *. Furthermore, the EAR resolves +0.09 + 0.02 m w.e. yr * of liquid
precipitation and +0.51+0.13 m w.e.yr © of solid precipitation within the same period.
Energy fluxes from freezing and melting of the liquid precipitation are assumed to equal out.
Thus, an additional throughput of 0.09 m w.e. yr* to the melting and refreezing fluxes of
Qum is assumed. The resulting mean surface mass balance rate of Vestfonna as resolved by

the EAR is +0.02 £ 0.22 m w.e. yr* for the mass balance years 2001 to 2009. The obtained
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value is in accordance with the mean climatic mass balance rate of —-0.02 + 0.20 m w.e. yr_1
obtained from the empirical study in Paper Il. Figure 4.3 shows annual mean values of the

SEB and SMB as resolved by the EAR.
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Figure 4.3 Modeled glacier-wide surface energy and mass balance of Vestfonna as resolved by the European
Arctic Reanalysis (EAR) for the mass balance years 2001 to 2009: Bar charts show the contribution of net
radiation (yellow), sensible heat flux (red) and ground heat flux (green) to annual ablation and solid
precipitation (blue). White bars show the annual fraction and dashed line the mean of sensible heat flux on
ablation. Black squares represent the annual balances. Each mass balance year lasts from 15t September to

315t August.

4.2.3 Comparison and discussion of results derived from the empirical
method and the EAR

For comparison annual SMB values are derived from the climatic mass balance modeling of
Paper Il by neglecting refreezing rates and reducing the ablation rates by the same amount.

The resulting ablation rates are indicated in Figure 4.1. Differences between annual SMB

obtained from the empirical approach and from the EAR show strong year-to-year variability
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(see Figure K.2). A detailed error analysis in Paper |l reveals that the largest uncertainty in
the empirical approach is produced in ablation rates by air-temperature and albedo
estimations. A detailed error analysis of the SEB modeling results has not been conducted so
far. Nevertheless, obtained ablation rates are in the error limits but indicate higher ablation
most of the years as estimated by the empirical approach. The empirical approach is
compared with measured point climatic mass balances at the stakes in the period 2007 to
2009 in Paper Il. For this period total ablation calculated from the SEB model of the EAR is

only 0.02 m w.e. less than calculated by the empirical approach (see Figure K.2.).

The analysis in Paper | shows that the cold content of the snowpack was completely
removed by energy gain throughout warmer episodes of the ablation season. As this
development was evident up to at least 500 m a.s.l., it is reasonable to assume that summer
melting regularly affects the entire ice cap. This is supported by the firn-core data of
Beaudon et al. (2011) and was also reported from in situ observations by Sandford (1925)

and Ahlmann (1933). Also analyses in Paper V reveal an increase of elevational gradients of

. oT . .
near-surface air temperature (£) on Vestfonna during summer (see Figure K.3). The
. aT . .
summer increase Ofﬁ could be confirmed by AWS measurements. Obtained seasonal mean

d ; .
values of % of about -4 Kkm™ for June to August reaching monthly means of about

-3 K km™ in July are strong evidence of prevailing melt conditions all over the ice cap.

oT ; . .
In Paper Il a constant o of -7 Kkm™ has been used for air-temperature extrapolation over
the ice cap since the analysis of Paper V was not available at that time. Unfortunately, the
. aT . . . .
assessment of changes in o5 ©On ablation using methods of Paper Il is not conclusive.

Vestfonna shows a quasi-linear relation of altitude and portion of grid points of the used
ASTER DEM. The used reference altitude of 370 m a.s.l. at VF-AWS370 for ERA-Interim air-
temperature reconstruction is close to the altitude of 396 m a.s.l. at which exactly 50 % of
Vestfonna grid points are below and above the altitude (see Figure K.4). Thus, glacier-wide

means of air-temperature or temperature based ablation estimates are insensitive to
. aT . . .
changes in P when the reference altitude of 370 m a.s.l. for air-temperature extrapolation

is used (see Figure K.5). Nevertheless, changes of glacier-wide ablation rates should result
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. . . . . aT
when air-temperature is assumed to be about 0 °C during ablation at lower altitudes and o

values are rather -4 K km™ than -7 K km™ as indicated by analyses in Paper V.

Annual accumulation rates obtained from solid precipitation of the EAR exceed estimated
accumulation of the empirical approach in all years (see Figure K.2). Also most of the error
limits are exceeded. Furthermore, Polar WRF 3.1.1 is not capable of resolving snowdrift
processes. Nevertheless, persistent katabatic wind flows throughout the year were
observed in Paper lll. Moss (1938) reported wind-drift conditions during 119 of 255 days
between September 1935 and June 1936 in the region of Vestfonna. Also wind crusts have
been found in the snow profiles at various locations in analyses of Paper |, indicating strong
wind regimes. Thus, the spatial snowdrift over Vestfonna ice cap during the accumulation
season 2008/2009 was analyzed in Paper IV. The analysis revealed that blowing and drifting
snow were frequent processes (10 — 25 %), which strongly modified snow accumulation
distribution of the entire ice cap. In particular, along the wind exposed zones about 10 -
20 % of the primarily accumulated snow was redistributed to peripheral zones and must be
considered a loss term for the ice cap mass balance. Furthermore, the analysis showed that
there is a pronounced snowdrift sublimation of about 6 -12 %. Thus, annual surface
accumulation as resolved by the EAR has to be corrected by mass loss due to snowdrift on
Vestfonna. Some annual surface accumulation rates for the period September 2000 to
August 2009 assuming different annual mean mass losses due to snowdrift are presented in
Table K.2. Thus, expecting a mean SMB rate of -0.02 m w.e. yr'1 as estimated in Paper Il a
mass loss of 7 % due to snowdrift would be sufficient in addition to the melt rates derived
from SEB modeling of the EAR. A mass loss of 20 % due to snowdrift would generate annual
surface accumulation rates into the range of error limits of the accumulation rates of the
empirical approach. Nevertheless, the fact that De Geerfonna received up to 20 % additional
snow mass in the analysis of Paper IV, which is in accordance with field observations,
indicates the importance of detailed wind modeling to resolve the whole complexity of

these processes.

4.2.4 Summary

To sum it up, presented approaches show the highest sensitivity of surface ablation rates to

changes in radiation conditions. However SMB on Vestfonna is also assumed to be highly
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influenced by considerable mass loss due to snowdrift. The SMB rate obtained directly from
EAR data of about +0.02 + 0.22 m w.e. yr " is assumed to be too high due to the snow drift
and albedo problematic. The SMB of -0.02 + 0.20 m w.e. yr_1 derived from Paper Il showed
great uncertainty in estimating the air-temperature field and probably underestimates
ablation in the temperature-index module. For the validation period 2007 to 2009 both
approaches produced similar total ablation with only 0.02 m w.e. difference. Thus, more
indications for a negative SMB than for a neutral or positive SMB on Vestfonna could be
found. Assuming the larger ablation rate of -0.49 +0.12 m w.e. yr_1 of the SEB as resolved
by the EAR and the lower accumulation rates of +0.40 + 0.07 m w.e. yr * of the empirical
approach in Paper Il a negative annual SMB rate of about -0.09 £ 0.19 m w.e. yr‘1 would

result for Vestfonna.

4.3 Which large-scale processes produce changes in surface energy
and mass balance components on Vestfonna and how do these
process chains link the synoptic to the local process space?

On Vestfonna katabatic winds showed strong impact on accumulation patterns and ablation
showed strong sensitivity to surface net radiation and sensible heat flux (see Section 4.2).
Incoming long wave radiation and sensible heat flux represent usually the largest energy
sources for snow and ice melt and strongly correlate with air-temperature (e.g. Ohmura,
2001). The contribution of sensible heat to ablation is determined by the temperature
gradients between the air and the surface and turbulence in the lower atmosphere as the
mechanism of vertical air exchange (e.g. Hock, 2005). Other studies (e.g. Oerlemans and
Grisogono, 2002) show the sensible heat flux on glacial sites is mostly conditioned by
changes in air-temperature and wind speed during ablation seasons. Furthermore, Moller
(2012) showed precipitation and air-temperature are the principle governing factors for
albedo evolution on Vestfonna. Since sensitivity to radiation is large surface albedo plays a
key role in understanding the SEB and SMB of Vestfonna. To sum it up, the climate elements
air-temperature, precipitation and wind seem to be the least common denominator for an
inexpensive description of the governing conditions of SEB and SMB on Vestfonna. Thus,
analyses of the seasonality and variability of air-temperature, precipitation and wind are
assumed to capture most of the seasonality and variability of the SEB and SMB on

Vestfonna. Since the regional reanalysis method solves the whole mesoscale (e.g. Orlanski,
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1975) physical links between energy and mass exchange at the glacier-atmosphere interface

and large-scale climate dynamics are analyzed in the following paragraphs.

4.3.1 General patterns of air-temperature, precipitation and wind speed

Air-temperature

Analyses in Paper Il of the EAR data for the glacier mass-balance years 2001 to 2011 identify
Nordaustlandet as the coldest region of Svalbard (see Figure L.1). December to February
(DJF) is the coldest and June to August (JJA) the warmest season for all areas of the Svalbard
domain. A pronounced south-west to north-east gradient in air-temperatures is observable.
Standard deviation of annual mean air-temperature is larger for lower altitudes and mainly
happening in the eastern parts of Svalbard (see Figure L.2). The largest standard deviation is
found over sea areas in the east of Svalbard and the lowest standard deviation at sea areas
in the south-west or at the highest points of Spitsbergen. Land areas show a generally lower
standard deviation than sea areas. A clear seasonality of standard deviation is observable
(see Figure L3). In general the DJF season shows the largest standard deviation and JJA
shows the lowest standard deviation. Air temperature is very stably spatially distributed and
strongly influenced by orography. However, the absolute range of air-temperature within
the orographic pattern varies by season. The range of air-temperatures is the largest in DJF
and the smallest in JJA while Paper Ill shows the large range of air-temperature during DJF in
Svalbard is mainly generated by differences in sea surface temperature. The West-
Spitsbergen-Current (see Figure 2.1) transports warm Atlantic water northwards and the sea
ice margin fluctuates in the east. The complex Barents Sea bathymetry forces the warm
ocean current along the western coast of Spitsbergen while sea ice formation and
southward transportation is generally stronger in the eastern sea regions of Svalbard (e.g.

Nghiem et al., 2005). This sets up the large ranges in DJF and the generally pronounced
south-west to north-east gradient in air-temperatures. In contrast analyses of % on
Vestfonna in Paper V show values close to 0 K km™ in DJF (see Figure K.3) indicating small
ranges of air-temperature on land areas. The seasonal course of g—}Tl indicates that air-
temperature ranges are largest during September to November (SON) and March to May

(MAM) and smallest in DJF and JJA over land areas. The two maxima ofg—: on Vestfonna are
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mainly caused by processes of radiative cooling in winter and melt in summer. Nevertheless,

considerable year-to-year variability was observed especially during winter.
Wind

The eleven-year mean wind field as resolved by the EAR in Figure L.1 shows a strong south-
west component on synoptic scale with wind speeds of about 6 m s, Over sea areas the
wind field is generally very uniform due to the lack of disturbing land masses. In valleys and
areas surrounded by high mountains or ice caps wind speed is lower due to sheltering
effects and reaches values of 3-4 m s™. In contrast highest wind speeds of about 8 ms™* are
reached at high elevations (ridges). Prevalent katabatic wind fields are observable especially
at large ice caps like Vestfonna or Austfonna on Nordaustlandet. Also analyses of the
vertical wind field revealed strong down winds (often exceed 0.4 m s in the eleven-year
mean) especially over mountain tops and ice caps which have strong katabatic wind
systems. In contrast to that the surrounding sheltered areas which show low wind speeds
experience pronounced up winds. The up and down wind columns reach heights of about
1500 m above ground while the horizontal extent between the opposed columns is in the
scale of 50 km. This is consistent with observations of Sandvik and Furevik (2002) or Barstad
and Adakudlu (2011). DJF is the windiest season at most places reaching values of 10 ms™
whereas JJA is the calmest season. Areas of higher relative standard deviations of about
16 % are mainly limited to areas of generally low wind speed (see Figure L.2). These areas
are orographically sheltered from the north-east which is the main wind direction and show
strong up winds. In contrast the relative standard deviation is lower at ridges where the
highest wind speeds and strong down winds are present. A clear seasonality of standard
deviation is observable (see Figure L.3). Largest values are found in DJF and lowest values
are found in JJA. In contrast to that the relative standard deviation of wind speed is largest
(smallest) in MAM (SON) indicating that the seasonal coefficient of variation of year-to-year

variability is greatest (smallest) in MAM (SON).

Precipitation

A distinct orographic dependency of precipitation as resolved by the EAR is observable in
Figure L.1 while the absolute amount of precipitation decreases with latitude and maxima

tend to be located eastwards. A strong relation of snow water equivalent (SWE) to elevation
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is also found in field observations. Analyses in Paper | and Paper Il of SWE and elevation
across Vestfonna revealed a highly significant correlation (r* = 0.92, 0.01 significance level)
and a weak positive partial correlation of SWE with both easterly and northerly directions,
which is consistent with results of the EAR. Paper IV furthermore shows local accumulation
patterns on Vestfonna and De Geerfonna are consistent when snowdrift is considered. Field
observations of Winther et al. (1998) showed elevation, south-north and west-east
precipitation gradients on Spitsbergen. The precipitation distribution in Figure L.1 derived
from the EAR shows consistent patterns and amounts. Precipitation over sea areas is small
compared to land areas due to the lack of orography. SON is the wettest and JJIA the driest
season. A distinct decrease of precipitation is observable between SON and JJA. Svalbard is
in average wetter than the Nordaustlandet region. South Spitsbergen is the wettest region
of Svalbard with the highest values of about 1139 mm/year of accumulated annual
precipitation. Within the Nordaustlandet domain accumulated annual precipitation reaches
values of about 844 mm/year. Spatial mean of accumulated annual precipitation of all land
based grid points reaches 602 mm/year within the Svalbard domain and 545 mm/year
within the Nordaustlandet domain. This is due to large dry regions in the center and north-
west of Spitsbergen. The largest relative standard deviation of annual mean precipitation of
about 37 % is found in the eastern parts on land with a prominent decrease from north to
south (see Figure L.2). The spatial distribution is not consistent with the spatial distribution
of precipitation in general. For instance Vestfonna and Austfonna in the Nordaustlandet
domain show areas of the same annual precipitation amount but the relative standard
deviation of the north-eastern areas on Austfonna is nearly doubled compared to the other
areas. SON shows the largest and JJA the lowest standard deviation (see Figure L.3).
Nevertheless, as well as found for wind speed the relative standard deviation of
precipitation is largest (smallest) in MAM (SON) indicating that the seasonal coefficient of

variation of year-to-year variability is greatest (smallest) in MAM (SON).

4.3.2 Analysis of seasonal correlations

One phenomenon observed during field work is that perseverative solid precipitation can
considerably dampen the albedo decrease during ablation seasons. This further dampens

ablation rates due to the strong sensitivity to net radiation. For instance SMB studies in
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Section 4.2 show the lowest ablation rates for the mass balance year 2008 (see Figures 4.1
and 4.3). Field observations on Vestfonna confirm perseverative snow fall events during
May to August 2008. Furthermore, the EAR data shows the highest amount of solid
precipitation and the lowest rain-snow ration, i.e. fraction of liquid to solid precipitation,
during ablation season 2008 compared to the other mass-balance years between 2001 to

2011 (see Figures L.4 and L.5).

The correlation analysis of EAR data in Table L.1 indicates that the rain-snow ration is
strongly controlled by air-temperature during spring and summer (correlations significant on
0.05 significance level). During the other seasons air-temperature and rain-snow ratio
showed no significant correlation on 0.05 significance level. Studies of Méller (2012) and in
Paper Il also documented this relation during ablation season. A direct correlation of air-
temperature and precipitation shows only 77 % probability in JJA. However, precipitation
shows significant correlations (on 0.05 significance level) with wind speed during ablation
season (see JJA in Table L.1). This relation is also significant on 0.05 significance level in SON
and DJF. Furthermore, during high winter (DJF) correlations between all three variables are
significant on 0.05 significance level. The correlations during winter are assumed to be
caused by relations of cyclone frequency from southern directions advecting warm wet air

to Svalbard (see below).

Only weak variability in air-temperature is observable between ablation seasons compared
to accumulation seasons in the EAR data (see Figure L.4). The lack of variability strongly
influences correlations of air-temperature with other variables during ablation season (see
Table L.1). Dampening effects on air-temperature by existing antagonistic processes during
ablation season are assumed to be the cause. On the one hand warm air advection reduces
the heating effect of the solar rays but increases thermal radiation due to related overcast
skies (e.g. Hisdal, 1976). On the other hand the existence of concurring processes of melt
and refreezing dampens the variability of air-temperature and fixes it at about 0 °C (e.g.
Ohmura, 2001). Since the dampening effect of melt and refreezing processes vanishes
during accumulation season air-temperature shows more variance in these seasons (see
Figures L.3 and L.4). Analyses in Paper V showed strong impact of surface thermal net

radiation which is strongly controlled by clouds during the polar night on the seasonal

N aT _, . . . .
variability of Fre This supplies an explanation for the observed strong correlation between
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air-temperature and precipitation anomalies during accumulation periods on Vestfonna (see
Table L.1) since precipitation is connected to overcast skies. Furthermore, this is consistent

with significant correlations (see Table L.2) of year-to-year variations of DJF means of sea

. . . oT . . .
ice, precipitation, air-temperature and o Less sea ice correlates with precipitation (more

. . . . . dT
clouds) and air-temperature while more sea ice correlates with increases in ™ due to less

clouds and increased radiative cooling.

4.3.3 Analysis of the impact and origin of cyclones

A clear seasonality of standard deviation of seasonal mean air-temperature, precipitation
and wind speed on Nordaustlandet and in Svalbard between years is observable in the EAR
data (see Figure L.3). All variables show a decrease of interannual variability between DJF to
JIA. Interannual variability of precipitation is also increased in SON, showing even higher
values than in DJF on Nordaustlandet while the interannual variability of air-temperature
and wind speed in SON shows intermediate values. Further analyses of the seasonal impact
of cyclones of different origin on anomalies of air-temperature, precipitation and wind
speed on Vestfonna (see Section 3.3.6) reveal significant correlations (on 0.05 significance
level) with local cyclogenesis in summer and cyclogenesis in the North Atlantic in winter (see
Table L.3). Significant correlations (on 0.05 significance level) with frequency of cyclones
from the south-west sector affecting Svalbard are observable in SON with precipitation
anomalies, in DJF with anomalies in precipitation, air-temperature and wind speed and in
MAM with wind speed anomalies. The local cyclogenesis anti-correlates significantly (on
0.05 significance level) with precipitation anomalies in DJF. In JJA the frequency of cyclones
from the south-west affecting Svalbard significantly anti-correlates (on 0.05 significance
level) with anomalies in wind speed and sea ice while local cyclogenesis significantly

correlates (on 0.05 significance level) with precipitation anomalies.

Other studies (e.g. Tsukernik et al., 2007; Sorteberg and Walsh, 2008) point out that
Svalbard is strongly influenced by the activity of the North Atlantic cyclone track
transporting moisture and moist static energy (sensible heat, latent heat and geopotential)
into the region by cyclones of 200 to 500 km in diameter (e.g. Kristjansson et al., 2011). Thus
precipitation and air-temperature anomalies during winter are strongly connected to

advection of moisture and sensible heat from the south. The cyclones further affect the sea
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. . . . o . aT
ice margin and thus generate additional changes in precipitation, air-temperature and o

during winter due to the exposure of warm sea water and associated cloud formation. Thus,

during winters with less sea ice or late recovering of sea ice (e.g. winter 2005/2006,
2006/2007 and 2007/2008, see Figure L.6) Z—Z shows low values (see Figure K.3) since air-

temperatures at low altitudes are increased, radiative cooling is decreased due to clouds

and turbulent mixing is increased by the cyclones. In contrast, during winters with positive
sea ice anomaly or early recovering of sea ice (e.g. 2003/2004, 2010/2011) % shows the

highest values due to excessive radiative cooling. The differences are especially noticeable

when comparing extreme years, e.g. the winters of 2003/2004 and 2007/2008.

During summer the activity of the North Atlantic cyclone track is generally decreased and
precipitation anomalies as resolved by the EAR show strong correlations with local
cyclogenesis (see Table L.3). Also sea ice anomalies show correlations (with 88 % probability)
with precipitation in JJA (see Table L.2), i.e. more sea ice generates more precipitation.
Other studies (e.g. Inoue and Hori, 2011) observed frontal cyclogenesis at marginal sea ice
zones in the Arctic and discuss the thermal contrast between ocean and ice surfaces as likely
favorable to cyclogenesis. Thus, the position of the sea ice margin in conjunction with the
activity of the North Atlantic cyclone track is supposed to mainly control the precipitation
anomalies during summer and affect ablation rates by complex feedback mechanisms of
surface albedo, surface absorption of solar radiation and air-temperature. On the other
hand the correlation of warm air advection by cyclones from southern directions with air-
temperatures is assumed to be strongly distorted during summer due to the dampening
effect of melt and refreezing processes. However, further analyses of events of cold air
advection during JJA (not shown) revealed strong correlations with negative air temperature

anomalies.

4.3.4 Correlations with the North Atlantic Oscillation (NAO) and the Arctic
Oscillation (AO)

The NAO is one of the most important indices of variability in the northern hemisphere
atmospheric circulation (e.g. Wanner et al., 2001) and a measure of the strength of the

westerly flow which mainly controls storm tracks across the North Atlantic. Thus, the
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frequency of cyclones originated in the North Atlantic sector affecting Svalbard, the local
cyclogenesis in the Svalbard sector and seasonal variability of air-temperature, precipitation
and wind speed on Vestfonna as resolved by the EAR are analyzed with the NAO Index in the
following paragraphs. The AO Index was also analyzed but showed only weak correlations

with seasonal variability of air-temperature, precipitation and wind speed (see Table L.4).

Table L.3 shows significant correlations (on 0.05 significance level) of the frequency of
cyclones originated in the south-west sector affecting Svalbard with the NAO Index in DJF. In
contrast significant anti-correlation (on 0.05 significance level) is observed between the
NAO Index with local cyclogenesis in JJA. Also seasonal anomalies of air-temperature,
precipitation and wind speed on Vestfonna show correlations with NAO Index (see
Table L.4). The NAO Index shows significant correlations (on 0.05 significance level) with
wind speed anomalies in SON and with precipitation and wind speed in DJF. In JJA air-
temperature anomalies correlate on 0.05 significance level with the NAO Index.
Furthermore, Other studies reported correlations of positive NAO conditions with less sea
ice in the Barents Sea (Yamamoto et al., 2006), increased precipitation over Svalbard
(Rogers et al., 2001) and anti-correlation of sea ice anomalies in the Barents Sea with air-
temperature anomalies over Svalbard (Koenigk et al., 2009). Nevertheless, a significant
correlation on 0.05 significance of NAO Index and the sea ice anomalies in the smaller

Nordaustlandet domain was not observed in this study.

Since the activity of the North Atlantic cyclone track shows correlations with the NAO Index
and its impact on Svalbard is strongly assumed to generate most of the variability in SEB and
SMB rates of Vestfonna also analyses in Paper Il showed dependencies of the mass balance
variability on the NAO Index. Modeled winter balances correlate significantly (r* = 0.44, 0.1
significance level) with the mean winter NAO Index (DJF). The summer balances in turn anti-
correlate significantly (r* = 0.46, 0.05 significance level) with the mean summer NAO Index

(JJA).

4.3.5 Summary

To sum it up, correlation analyses showed the activity of the North Atlantic cyclone track
strongly influences the variability of SEB and SMB on Vestfonna. Since the activity of the

North Atlantic cyclone track correlates with NAO also correlations are observed with this
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index. Increased frequency of cyclones from the south-west during winter (summer) shows
positive (negative) impact on SMB rates on Vestfonna. The cyclones of meso-a-scale advect
moist and warm air and influence the sea ice margin. During winter accumulation rates
correlate with the activity of the North Atlantic cyclone track, i.e. moisture transport by
cyclones from the south during September to February. During summer precipitation anti-
correlates with the activity of the North Atlantic cyclone track but correlates with local
cyclogenesis and sea ice anomalies. Furthermore, the summer precipitation is assumed to
control ablation rates by complex feedback mechanisms of surface albedo, surface
absorption of solar radiation and air-temperature while most of the variability of the
ablation rates is generated in the higher parts of Vestfonna. The activity of the North
Atlantic cyclone track and NAO index anti-correlate with ablation rates and correlates with
accumulation rates on Vestfonna. Variability in air-temperature and precipitation shows
strong orographic dependency, i.e. the highest elevations experience the highest variability
in precipitation and summer air-temperature and the lowest elevations experience the
highest variability in winter air-temperature. Maximum variability of precipitation is

dislocated to north-eastern directions.

Since most of the variability is generated on meso-a-scale the statistical transfer functions
of Paper Il show good performance. Nevertheless, the identification of complex snowdrift
processes on micro-a-scale, local differences in dampening of air-temperatures by melt and
refreezing processes, cyclogenesis in the region of Svalbard during summer and associated
precipitation-ablation feedbacks and a general dislocation of maximum variability of
precipitation to north-eastern directions indicate large uncertainty and error proneness of

the statistical transfer functions in a changing climate.
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5 Concluding remarks and outlook

At the beginning of this work, the goal was to improve our understanding of the
atmosphere-cryosphere interactions on Arctic glaciers and in particular to investigate
seasonality and variability of the climate in Svalbard and its impact on Vestfonna ice cap.
Now, five years later, nine field campaigns have been conducted, a powerful computational
modeling and analysis infrastructure has been implemented and huge data sets of field
observational data and regional reanalysis data are available. The results of this thesis
provide detailed information about the state and sensitivity of SEB and SMB on Vestfonna,
what meso-scale processes generate the changes and how these processes link the synoptic
to the local process space during the first decade of the 21% century. This thesis also
demonstrates how difficult it is to obtain field observational data and to reliably assess the
current state and future development in the Arctic region. The mechanisms of impacts and
interactions in the region of Svalbard are complex and could only partly be analyzed in this
work. Nevertheless, the answered questions may contribute to further close the large gap in

knowledge that exists for the Arctic.

The SEB and SMB on Vestfonna show the highest sensitivity of surface ablation rates to
changes in radiation conditions. Surface albedo is identified as a key factor for ablation rate
estimations on Vestfonna. The SMB on Vestfonna also shows high dependency on snowdrift
causing considerable mass loss in accumulation rates. An annual SMB rate on Vestfonna of
+0.02 £ 0.22 mw.e. yr ' is calculated from the EAR data and an annual SMB rate of
-0.02+0.20 m w.e. yr'1 is calculated by an empirical approach for the mass balance years
2001 to 2009. The estimate derived from the EAR is assumed to be too high since snow drift
is not considered in the accumulation rates and the constant surface albedo of 0.8 could
have caused underestimations in ablation rates. The empirical approach shows uncertainty
in estimating the air-temperature fields. Furthermore, uncertainty about estimated
refreezing rates used to calculate SMB rates from climatic mass balance estimates exists.
However, combining results derived from both approaches, the “pessimistic” annual SMB
rate on Vestfonna of about —0.09 + 0.19 m w.e. yr " for the mass balance years 2001 to 2009
is estimated by using the higher ablation rates derived from EAR calculations and the lower

accumulations rates derived from the empirical study.
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All results indicate that the annual SMB rate was almost balanced during the last decade on
Vestfonna. However, especially changes in the rain-snow ratio due to changes in air-
temperature are assumed to have great potential to generate strong changes in the SMB
rates on Vestfonna in the future. Since this thesis concentrates only on SEB and SMB
changes of the ice cap, changes in glacier dynamics have not been investigated.
Nevertheless, other studies suggest calving to be a non-negligible term of Vestfonna’s
overall budget while several outlet glaciers seem to be of surge type (e.g. Braun et al., 2011;
Pettersson et al., 2011; Schafer et al., 2012). However, since reliable estimates of the calving
rates and glacier dynamics are lacking, a considerable uncertainty about the overall budget
of Vestfonna still remains. Furthermore, detailed analyses of refreezing rates on Vestfonna

remain one of the crucial research topics for the future.

The activity of the North Atlantic cyclone track shows strong influence on accumulation and
ablation rates on Vestfonna. Since the NAO is one of the most important indices of
variability in the northern hemisphere atmospheric circulation, and a measure of the
strength of the westerly flow which mainly controls storm tracks across the North Atlantic, it
also shows strong correlations with accumulation and ablation rates on Vestfonna. During
winter, the NAO index significantly correlates with the frequency of cyclones from the North
Atlantic sector through precipitation, air-temperature and wind speed since moisture and
moist static energy is transported by the cyclones into the region. During summer, the NAO
index significantly anti-correlates with local cyclogenesis and summer precipitation,
generating variability in ablation rates on Vestfonna by complex feedback mechanisms

between surface albedo, surface absorption of solar radiation and air-temperature.

Variability in air-temperature and precipitation show strong orographic dependency in
general, and most of the seasonal variability is generated on meso-a-scale. This is why
statistical transfer functions showed good performance in the empirical study. Nevertheless,
especially snow drift and summer precipitation show considerable year-to-year variability
on smaller scales indicating large uncertainty and error potential of the employed statistical

transfer functions in a changing climate.

The regional reanalysis method shows great potential for process-based analyses of the
atmosphere-cryosphere interface. Since this approach is based on physical laws rather than

statistical transfer functions, it is supposed to better reproduce relations between the
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atmosphere and cryosphere also under a changing climate. Nevertheless, this study also
demonstrates great possibilities of future optimization of the EAR. One of the crucial
prerequisites is to provide a highly accurate DEM for future regional reanalyses as well as
for other modeling, since most of the analyzed variables show strong orographic
dependency. In addition, detailed datasets of land surface categories and related properties
are required. Especially errors in the surface energy balance modeling could be decreased
by using additional remote sensing products of snow depth and surface albedo in the
reanalysis. A subsequent implementation of high resolution snow drift modeling is further

required to reproduce accurate accumulation patterns from reanalysis data.
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Appendix A: Snowpack characteristics of Vestfonna
and De Geerfonna (Nordaustlandet, Svalbard) — a
spatiotemporal analysis based on multiyear snow-pit
data

Moller, M., Méller, R, Beaudon, E., Mattila, O.-P., Finkelnburg, R., Braun, M., Grabiec, M. Jonsell, U.,
Luks, B., Puczko, D., Scherer, D. and Schneider C., 2011. Snowpack characteristics of
Vestfonna and De Geerfonna (Nordaustlandet, Svalbard) - a spatiotemporal analysis
based on multiyear snow-pit data. Geografiska Annaler: Series A, 93 (4), 273-285.
doi:10.1111/j.1468-0459.2011.00440.x.
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ABSTRACT. Extensive glaciological field measure-
ments were carried out on the ice cap Vestfonna as
well as on the minor ice body De Geerfonna (Nor-
daustlandet, Svalbard) within the framework of IPY
Kinnvika. Field campaigns were conducted during
the period 2007-2010 in spring (April/May) and
summer (August). In this study we compile and
present snow cover information obtained from 22
snow pits that were dug on Vestfonna during this
period. Locations are along two transects on the
northwestern, land terminating slope of the ice cap,
on its central summit, Ahlmann Summit, and at a
set of several other locations in the eastern and
northern part of the ice cap. Snow-cover informa-
tion acquired from four snow pits on adjacent De
Geerfonna is also incorporated in this study. Field
data are analysed regarding snow stratigraphy,
snow density, snow hardness and snow tempera-
ture. Results reveal mean snow densities of around
400 kg m™2 for the snowpack of Vestfonna with no
apparent spatial or interannual variability. A dis-
tinctly higher value of more than 450 kg m= was
obtained for De Geerfonna. A spatial comparison of
snow water equivalents above the previous end-of-

© The authors 2011
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summer surface serves for obtaining insights into
the spatial distribution of snow accumulation
across Vestfonna. Altitude was found to be the only
significant spatial parameter for controlling snow
accumulation across the ice cap.

Key words: accumulation, snow cover, snow profiles, Svalbard

Introduction

In the framework of the IPY (International Polar
Year) Kinnvika project (Pohjola et al. 2011) and its
follow-on activities several field campaigns with
focus on snow-cover related fieldwork were carried
out during seven individual field campaigns on
Nordaustlandet, Svalbard, in the period 2007—
2010. Snow cover conditions were investigated on
the ice cap Vestfonna as well as the neighbouring
minor ice body De Geerfonna. Snow-cover related
fieldwork on Vestfonna focused on two transects
along the northwestern slope of the ice cap and on
its main ridges, including the two highest points,
Ahlmann Summit and Japanese Summit, whereas
the activities on De Geerfonna were limited to one
central study site (Fig. 1, Table 1). In all, 26 snow
pits (22 on Vestfonna, 4 on De Geerfonna) were
excavated during the various field campaigns.
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Fig. 1. Location of Vestfonna and De Geerfonna and overview of locations of snow pits. Contour spacing is 100 m. Coordinates
correspond to Universal Transverse Mercator (UTM) zone 34N. Inset: Location of the study area within the Svalbard archipelago.

The aim of this study is to present a comprehen-
sive compilation of snow stratigraphy data from
recent point-based field investigations. It provides
a data basis of in situ information regarding snow
accumulation on Vestfonna and western Nordaust-
landet. Hence, the more descriptive main part of
the study is supplemented by a basic analysis of
spatial distribution of accumulation across Vest-
fonna. Our results serve as a basis for calibration
and validation regarding a) mass- and energy-

2

balance modelling of the ice cap (Mboller et al.
2011) and b) meteorological modelling of atmo-
spheric conditions over Nordaustlandet. Still only
limited information on the status of mass balance
and its climate forcing is available for this major
Arctic ice cap. This study provides valuable infor-
mation on physical properties and processes within
a high Arctic snowpack and thus contributes to
closing this gap in the knowledge on Arctic glacier
mass balance.
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The comprehensively described results, more-
over, provide validation and ground-truth data for
various remote sensing applications, as only in situ
observations permit the analysis of the validity and
accuracy of various satellite obtained snowpack
characteristics (e.g. Tong and Velicogna 2010).
From multispectral sensors like MODIS, AVHRR,
TM or ETM+ snow surface temperatures can be
derived (Dozier and Painter 2004). Radar sensors
like AMSR-E, in contrast, allow for a determination
of water equivalent, density and depth as well as
liquid water content of the snowpack (e.g. Kelly
etal. 2003). This study presents a valuable set
of ground-truth data, as in situ observations of these
snow-cover properties are generally scarce in
remote Arctic regions. However, accuracy-assess-
ment studies of remote sensing data have highly
individual requirements regarding ground-truth
information. This study, therefore, aims to provide
the most comprehensive description of point snow-
pack observations possible, in order to serve the
varying needs of the remote sensing community.

Previous work

The first exploration of Vestfonna, including its
interior parts, was done by A.E. Nordenskiold who
crossed the ice cap during an expedition in 1873
(Ahlmann 1933). After that, Vestfonna was inves-
tigated in several studies during the twentieth
century.

Pioneering scientific work was conducted in the
context of the Oxford University Arctic Expedition
1924 (Thompson 1953). Extensive descriptions of
spatial distribution and intra-annual evolution of
the snow cover were presented by Sandford (1925,
1929). Seven years later, the glacierized areas
of Nordaustlandet were studied by the Swedish-
Norwegian Arctic Expedition 1931. From this
second exploration, a detailed analysis of general
snow-pack evolution during the ablation season,
including transient snow-line elevations, were
achieved (Ahlmann 1933). Moreover, snow and
firn stratification in the accumulation area as well
as several snow- and firn-temperature profiles were
described (Fjeldstad 1933). In 1935-36 Vestfonna
was yet again visited by a British expedition from
Oxford University (Thompson 1953). A detailed
description of observations related to snow and firn
temperature measurements and accumulation pro-
cesses, including considerations of the influence of
wind drift, was presented by Moss (1938) and Glen
(1939).

4

Snowpack studies carried out during the Inter-
national Geophysical Year 1957-58 focused on
refreezing of melt water, as well as on snow density
and ice temperatures. Related fieldwork was
carried out on Ahlmann Summit and on the nearby
northwestern slope of the ice cap (Schytt 1964;
Palosuo 1987a, 1987b). In the 1980s and 1990s, ice
cores were drilled near Ahlmann Summit (1981) as
well as on the secondary, eastern peak (1995) of the
ice cap (Vaykmyae eral. 1985; Punning et al.
1986; Sinkevich 1991; Pinglot ez al. 1999; Matoba
et al. 2002; Kotlyakov et al. 2004). The core data
reveal information about long-term accumulation
on Vestfonna. In this work we report the next phase
in the study of snow characteristics on Vestfonna.
Beaudon and Moore (2009) reported preliminary
results, and here we publish all data of snow prop-
erties that were collected from Vestfonna during
IPY.

Study area and climate conditions

The study area comprises two ice bodies in the
western part of the island Nordaustlandet (north-
eastern Svalbard archipelago, Fig. 1) at around
80° N, the polythermal ice cap Vestfonna and a
minor ice body called De Geerfonna.

With a surface area of ~2340km’ in 2005
(Braun et al. 2011), Vestfonna is the second largest
single ice mass of Svalbard, and one of the largest
ice masses of the European Arctic. The highest
parts of the ice cap reach 630 m a.s.l. The dome-
like shape of Vestfonna is dominated by two large
ridges. The main one is an E-W oriented ridge that
extends over the highest points of the ice cap.
Ahlmann Summit is located almost in the centre,
whereas a slightly higher peak is located in the
eastern part of the ice cap. Starting from this
eastern peak, a ridge extends northward. It culmi-
nates in a secondary peak close to its northernmost
edge. Moving away from these central ridges, the
surface topography of Vestfonna is mainly formed
by the extensive basins of its outlet glaciers.

De Geerfonna is a minor ice body located on
Storsteinhalvgya close to the northwestern ice
margin of Vestfonna. It is situated on a south-
facing slope covering a surface area of 1.6 km* in
2005 (Braun et al. 2011) and elevations between
200 and 270 m a.s.l. It has a slightly concave,
rather uniform topography.

The climate of Svalbard is influenced by cold
arctic air masses as well as by comparably warm
ocean water originating in the North Atlantic
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Current (Loeng 1991; Schuler er al. 2007). Due to
strongly maritime influence summer seasons on
Svalbard are generally cooler than at comparable
latitudes while the winter seasons are generally
warmer. Air temperatures in the study area were
measured since spring 2007. Mean air temperature
during the short summer seasons was 0.0°C at
around 350 m a.s.l. on the northwestern slope of
Vestfonna. Most of the summer days were charac-
terized by mean air temperatures of between —3.5
and +3.2°C (lower and upper 10% percentiles).
During winter, air temperatures typically fluctuated
between —24.1 and -3.5°C (lower and upper
10% percentiles) but did also show several per-
iods of considerable, short-term warming with
air temperatures rising close to melting point.
Nordaustlandet is less influenced by westerly
weather systems than other parts of the archi-
pelago. Its climate is mainly affected by weather
systems originating in the Barents Sea region (Tau-
risano et al. 2007). The major source of moisture is
formed by the ice-free areas of the Barents Sea, and
the precipitation regime is mostly governed by
easterly weather systems (Fgrland e al. 1997).
However, the western part of Nordaustlandet is
situated in the lee of Austfonna during synoptic
conditions of easterly air flow. Therefore, precipi-
tation is less than that at Austfonna (Hagen et al.
1993) but absolute amounts are highly variable
(Beaudon et al. 2011).

Methods

Snow pit locations were chosen such that they are
undisturbed by snowmobile or foot tracks. Each pit
was excavated at least down to the respective pre-
vious end-of-summer surface (PSS). This layer
was easily identifiable as the ice surface throughout
the lower parts of the ice cap. Throughout the
uppermost parts of the ice cap PSS was identifiable
as a continuously thick, hard and icy layer mostly
overlain by a layer of autumn hoar. The PSS
marker horizon thus showed a two-part structure
that has been reported before (e.g. Steffen et al.
1999). North facing walls were chosen for snow
sampling to diminish disturbance by sunshine.
Excavated snow was placed aside of the pit avoid-
ing influences on the edge of the sampling wall.
Access to the deeper parts of the pits was assured
by construction of several steps opposite to the
test walls.

The stratigraphic records acquired from the test
walls comprise layering, hardness, density and/or

© The authors 2011

Table 2. Overview on hardness classes of deposited snow.
Classes are denoted according to the hand hardness test (Fierz
et al. 2009).

Term Hand hardness index Hand test object
Very soft 1 Fist

Soft 2 4 fingers
Medium 3 1 finger

Hard 4 Pencil

Very hard 5 Knife blade
Ice 6 Ice

temperature of the snowpack. Layering was deter-
mined according to snow-hardness classifications
along the profile and visual inspection of the test
wall regarding varying grain characteristics. Snow
hardness itself was classified using the hand hard-
ness test (Table 2). Measurements of snow density
were performed using different metal tube density
samplers. Ice layers and wind or melt crusts within
the snow pack that could not be measured separa-
tely were treated in different ways. A density of
800 kg m™ was assigned to ice layers (Parry et al.
2007). Crusts created by strong wind-drift or tem-
poral melt events were not treated separately but
were sampled together with the over and/or under-
lying snow layers. They were thus not allocated a
specific density. Snow temperature was measured
using handheld thermometers with attachable
metal probes.

Snow water equivalents (SWE) above the PSS
were calculated according to measured bulk
densities along the respective profiles. If density
measurements did not cover the entire profile depth
down to the PSS, bulk densities of the respective
snow pits were calculated from the sampled parts
of the profiles only and are assumed to be constant
down to the PSS.

Results and discussion

Snow-profile analysis

Fieldwork In the period 2007-2010 snow profiles
from a total of 22 snow pits on Vestfonna and four
snow pits on De Geerfonna were analysed. Vari-
ability regarding the amount of snow-pit data was
high in both space and time due to logistical
restrictions. The majority of the snow pits was
excavated within the last month of an accumula-
tion season (May). Only four snow profiles were
obtained during or close to the end of an ablation
season (August). At a limited number of locations
(V2, V4, V9 and DG) snow pits were excavated
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during several, successive field campaigns. They
were denoted by identical coordinates and IDs
(Fig. 1, Table 1) even if their actual locations in the
field varied within a few tens of metres.

In spring 2007 three snow pits were excavated
on Vestfonna (Table 1). Locations (Fig. 1) were on
the central ridge close to the drilling sites of the
2007 firn cores described by Beaudon er al. (2011)
and on the northwestern slope of the ice cap.

During the spring 2008 field season, highest
spatial coverage of the ice cap was achieved.
Eleven snow pits were excavated in total (Table 1).
Locations (Fig. 1) were along two transects on the
northwestern slope, along the main E-W ridge and
on the northern summit. Snow-pit locations V2, V4
and V9 correspond to the locations of AWS1-3 in
Moller et al. (2011). In summer 2008 the locations
V2 and V9 were revisited and snow profile studies
were renewed during the ablation season (Table 1).

During spring 2009 snow pits were dug at the
locations of the 2009 firn-coring sites (Beaudon
et al. 2011), on Ahlmann Summit and on a second-
ary peak located in the southern slope of the ice cap
(Fig. 1, Table 1).

In 2010, snow profiling on Vestfonna was only
done at one location on its northwestern slope
(Fig. 1) during both the spring and the summer
field season (Table 1).

All four snow pits on De Geerfonna were exca-
vated at the same location (Fig. 1). Snow profiles
were obtained in the spring seasons 2008 and 2009
as well as in spring and summer of 2010 (Table 1).

Table 1 gives a comprehensive overview of the
attributes of all 26 snow profiles expressed by bulk
values and internal variability measures.

Snow density and hardness Snow-density data of
Vestfonna (Fig. 2) reveal a mean bulk density of
388 + 43 kg m™ (mean * one standard deviation)
over all 22 snow profiles, which is in good agree-
ment with values reported for other Arctic ice caps
(e.g. Bell et al. 2008). Also the former studies on
Vestfonna in the 1930s and 1950s reported compa-
rable values (Moss 1938; Schytt 1964). The
increase of density during the ablation seasons was
found to be rather low. Mean spring density is
379 = 39 kg m™ (n=19), whereas mean summer
density amounts to 442 = 33 kg m™ (n = 3).

The small standard deviation of bulk snow
density across Vestfonna suggests that snow
density is rather homogeneous in both space and
time in terms of bulk values. No spatial or altitu-
dinal patterns are observable. Layers characterized

6

by distinctly higher densities are evident in both
the spring and the summer snow profiles, indicat-
ing no major densification during the ablation
seasons. Snow-hardness profiles yield a rather
homogeneous, medium range mean bulk value of
3.4 = 0.6 without significant variations in space or
time (Table 1). No spatial, altitudinal or temporal
patterns are identifiable, except for very limited
formation of thin ice layers during the summer
seasons (Fig. 3). However, it has to be borne in
mind that the information on changes between
spring and summer characteristics is based on
scarce data from only two snow-pit locations.

Snow density on De Geerfonna is higher than
on Vestfonna. Mean bulk density amounts to
457 = 70 kg m™ when considering all four snow
profiles (Table 1). Regarding snow hardness no
significant differences between De Geerfonna and
Vestfonna are observable (Table 1, Fig. 2).

These findings point to continuous settling and
compaction by wind drift. Wind drift comprises the
only frequently present agent that is able to assure
continuous rounding of snow grains and thus a
densification of the snow cover even during the
months without melting. Wind-deposited snow is
usually characterized by higher density than undis-
turbed snow as grains are smaller. Therefore, the
snowpack is more compact due to rounding of the
snow crystals during drift transport (Goodison
etal. 1981). Wind crusts, i.e. thin layers of high
hardness (5), that were found in the spring snow-
pack at various locations (Fig.2) support this
hypothesis. Especially, as in the uppermost parts of
the ice cap high wind speeds frequently occur.
Moss (1938) reported wind-drift conditions during
119 of 255 days between September 1935 and
June 1936.

Snow depth on De Geerfonna was found to be
distinctly higher than at comparable terrain eleva-
tions on Vestfonna (Table 1). This also supports
the hypothesis of strong wind-drift influences on
the snowpack of the study region, as the observed
pattern can be attributed to the periodical deposi-
tion of wind-drifted snow in the hollow covered by
De Geerfonna. Moreover, the higher snow depths
result in a positive feedback regarding density, as
bulk snow density tends to increase with snowpack
thickness, because of stronger compaction due to
the increasing pressure of overlying snow.

Snow temperatures Mean temperature of the
snowpack of Vestfonna at the end of the accumu-

lation seasons is —10.1 = 2.7°C (mean * one
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Fig. 2. Profiles of snow density (solid lines) and snow hardness (dashed lines). The snow-pit ID (Table 1) is given in the lower left of
each profile graph. The date of snow pit excavation is given by year and season. The year is marked by black bars on the right. The
season, either spring (spr.) or summer (sum.), is given after the snow-pit 1D.

standard deviation). Temperatures decrease with  seasons (6.0 = 0.8°C). A direct comparison of
increasing altitude (Table 1). Accordingly, the spring 2008 data yields —6.6 £ 1.8°C on De Geer-
snowpack on De Geerfonna was found to be dis- fonna against —8.0 = 0.8°C in comparable altitude
tinctly warmer at the end of the accumulation (V2, Table 1) on Vestfonna.
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Fig. 3. Snow temperature profiles obtained during spring 2008. Individual profiles are given with elevation and date of excavation
(lower left corner of each profile graph) in a coordinate system that represents the spatiotemporal distribution of the corresponding
snow pits. The profiles are arranged in order of increasing data (x-axis) and elevation (y-axis). Positioning of the profiles within the
coordinate system is done according to their snow-pit ID (cf. second subgroup of Table 1). A legend for all temperature profiles is
given in the lower left.
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An analysis of all spring 2008 temperature pro-
files (Fig. 3) revealed a starting of the reduction of
the cold content from the previous winter season in
late April. At lower altitudes on Vestfonna (cf. V11
in Fig. 3) the seasonal warming signal already pen-
etrated down into the glacier ice, while at higher
altitudes, the signal just started to affect the upper
parts of the snowpack (cf. V16 and V17 in Fig. 3).
Until late May, the entire snowpack of the ice
cap was affected by a deeper penetration of
the warming signal (e.g. V7 in Fig. 3). The snow
temperature profiles give evidence that this devel-
opment was occasionally interrupted by short-term
cooling at the beginning of May (cf. V1 and V17 in
Fig. 3). Ahlmann (1933) described the beginning
of the summer melt on Vestfonna and thus the
complete removal of the cold content for the
second half of June. Accordingly, in the summer
seasons, all snow pits reveal homogeneous tem-
perature profiles near the melting point (e.g.
Fig. 4).

Annual snowpack evolution In 2008, repeat data
were obtained at V2 and V9 (Fig. 1, Table 1). The
frequent existence of ice layers in the correspond-
ing summer profiles (Fig.4) indicate refreezing
processes within the snowpack. Regarding summer
2008, the various, rather thin (<1 cm) ice layers
that were observed at different depths within snow
profiles V2 and V9 indicate several strong but short
melt events interrupted by periods of snow accu-
mulation. Long-lasting melt events would likely
have resulted in thicker layers. This difference was
already reported for Vestfonna by Sandford (1929).
Snow densification during summer 2008 was thus
influenced by frequent snowfall events such that
the snow cover outlasted the entire ablation season.
However, even in this snow-rich summer the cold
content of the snowpack was completely removed
by energy gain throughout warmer episodes of the
ablation season (Fig. 4). As this development was
evident up to at least 500 m a.s.l. (Table 1), it is
reasonable to assume that summer melting regu-
larly affects the entire ice cap. This is supported by
the firn-core data of Beaudon et al. (2011) and was
also reported from in situ observations by Sandford
(1925) and Ahlmann (1933).

Likewise, the repeat data of 2010 obtained at V4
and DG cannot be regarded as representative.
The summer snowpack of V4 (Fig. 2) comprised
a single layer of fresh snow under conditions
of surface melting. The snowpack at DG (Fig. 2)
indeed showed an increase of bulk density of
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141 kg m™ (Table 1) between the spring and the
summer season, but the distinctly higher bulk
density of the summer snowpack (554 + 0 kg m™~)
can be attributed to a thick, water-saturated snow
layer.

Spatial distribution of accumulation

Snow water equivalents (SWE) above the PSS
were calculated from measurements of snow depth
and bulk snow density for each snow pit (Table 1).
The absolute variation in SWE found across Vest-
fonna and De Geerfonna is in the range between
0.16 and 0.89 m w.e. (Fig. 5, Table 1) considering
the entire study period. Spatial distribution of accu-
mulation and thus SWE across Vestfonna has been
assumed to be predominantly controlled by altitude
(Moller et al. 2011). This is supported by the
results of this analysis (Table 3).

From Fig. 5 a clear distribution of SWE accord-
ing to elevation becomes obvious for Vestfonna for
spring 2008. This is also the case for all other years
studied (Table 1). Only one snow pit (V2) forms
an outlier from this pattern. It is explainable by an
increase of snow depth towards lower elevations at
the lowermost parts of the north-western slopes of
Vestfonna that originates from deposition of wind-
drifted snow in the hollow along the fringe of the
ice cap. A band of snow cover regularly outlasts the
summer months throughout these areas and can be
regarded as evidence for a systematic accumulation
pattern. Hence, SWE obtained from V2 was
excluded from further analysis.

The strong relation between SWE and elevation
across Vestfonna is demonstrated by a highly sig-
nificant (99% level) correlation of 0.96 (t-test;
Table 3). A significant (95% level) positive corre-
lation is also evident between SWE and easting
(0.71). This coincidence is, however, biased by
a likewise significant (90% level) correlation
between elevation and easting (0.65). A partial cor-
relation analysis (Table 3) reveals that elevation is
by far the most important factor for determining
the spatial variability of SWE and thus accumula-
tion on the ice cap. Multiple partial correlation
analysis reveals a highly significant (99% level)
value of r = 0.93 between SWE and elevation when
leaving out easting and northing. Easting and
northing only account for insignificant partial cor-
relations with SWE of 0.34 and 0.35, respectively.
In summary, this indicates that the spatial distribu-
tion of accumulation across Vestfonna is primarily
controlled by elevation, at least during the 2007/

9
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Fig. 4. Snow profiles obtained at the same locations in spring (upper graphs; V2 on May 19, V9 on May 20) and summer (lower
graphs; V2 on August 5, V9 on August 8) 2008: snow density (black line), snow hardness (dashed line) and snow temperature (grey
line). The snow-pit ID (cf. second and third subgroup of Table 1) is given in the lower left of each profile graph. Ice layers within the
stratigraphy are indicated by broken snow density lines (black circles).

2008 accumulation period. The positive, weak
partial correlations of SWE with both easting and
northing might be interpreted as a slight increase of
accumulation towards easterly and northerly direc-
tions. This interpretation is also partly supported
by ground penetrating radar studies of Grabiec
Puczko, Budzik and Gajek (unpublished) in spring
2009.

This conclusion, however, partly contradicts
the findings of Hagen et al. (1993) who suggested

10

a decrease of precipitation sums throughout the
very eastern and northern parts of Vestfonna.
Hagen eral. (1993) also suggest that the
maximum precipitation over the ice cap occurs in
the area around its eastern peak, which in this
study is represented by snow pits V10, V12 and
V13. The seeming increase of SWE with easting
indeed fits this pattern, but an increase towards
northerly directions is not supported by Hagen
etal. (1993).
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Fig. 5. Dependency of snow water equivalent (above previous
summer surface) on elevation. Data are obtained from snow pits
excavated during the four spring field seasons in the period
2007-2010. DG marks values obtained on De Geerfonna. The
thick black line represents the linear regression (1>=0.92,
Table 3) for values of spring 2008. It is calculated by leaving out
data of snow pit V2 which is located in an area of high, wind-
drifted snow accumulation. It is biased towards much higher
snow depth when compared to overall Vestfonna.

Table 3. Correlation matrix regarding snow water equivalents
(SWE) obtained from snow pits on Vestfonna during the spring
2008 field season and spatial parameters of the snow-pit loca-
tions (cf. second subgroup of Table 1). Snow pits V2 and DG are
excluded from the analysis. The dependency of SWE on the
corresponding spatial parameters is given as both, Pearson cor-
relation (cor.) and partial correlation (p.cor.). Statistically
significant values (90% level) are represented by bold characters.

Easting  Northing  Elevation SWE
cor.  peor.
SWE - - - n.a. n.a.
Altitude - - n.a. 096 0.93
Northing - n.a. 0.20 031 035
Easting n.a. 0.32 0.65 071 034

A discrepancy appears when comparing our
results with the results of the firn-core study of
Beaudon et al. (2011) in terms of both absolute and
relative considerations. In spring 2008, SWE above
the 2007 end-of-summer surface was measured to
0.77 m w.e. on Ahlmann Summit (V7, Table 1).
The corresponding accumulation rates for the years
2007 and 2008 obtained from a firn core drilled
at V5 (about 250 m horizontal distance to V7)
in spring 2009 are suggested to be 0.48 and
0.77 m w.e., respectively (Beaudon et al. 2011).

This difference might be attributed to temporal
aspects related to the two different data sources.
The firn core data represent annual sums inte-
grated roughly over an entire calendar year. The
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snow pit data, on the other hand, represent sums
integrated over an accumulation season that lasts
roughly from the end of September to the date of
the snow pit excavation in April or May. As both
inter- and intra-annual variability of snow accu-
mulation is high throughout the study region
(Moller etal. 2011) the varying time reference
can be seen as a likely explanation for the
obtained discrepancy.

A discrepancy also appears when comparing our
findings regarding zonal accumulation variability
on Vestfonna to the findings obtained by Beaudon
etal. (2011). Two firn cores drilled at Ahlmann
Summit and at the eastern peak of Vestfonna in
spring 2007, at the same locations where the pits
V3 and V10 were dug, revealed distinctly differing
mean annual accumulation rates in recent years.
While the core taken from Ahlmann Summit
(V3) indicated an annual accumulation rate of
0.52 = 0.15 m w.e. (mean * one standard devia-
tion), the core extracted from the eastern peak
(V10) only suggested an annual accumulation rate
of 0.25 = 0.08 m w.e. and thus roughly half the
amount of Ahlmann Summit (Beaudon etal.
2011). The spatial analysis of SWE above PSS
obtained from the set of spring 2008 snow pits,
however, revealed no statistically significant zonal
variability of snow accumulation across the ice cap
(Table 3).

A look into the inter-annual variability of accu-
mulation differences between the two firn-core
sites puts this seeming discrepancy into perspec-
tive. Years with almost equal accumulation sums
at both sites are frequently found in the firn-core
data (Beaudon er al. 2011). This suggests that the
accumulation season 2007-2008 and therewith
our snow-pit data might also represent such a
year.

Small-scale accumulation variability due to
patchy deposition of wind-drifted snow has to be
regarded as another possible source for the discrep-
ancies between snow pit and firn-core data.
Formation of large and flat sastrugi is a common
feature on Vestfonna and can cause accumulation
differences of several decimetres within a radius of
some tens of metres. However, this affects both
data sources, even though different magnitudes
cannot be ruled out. Further studies regarding the
relocation of snow across the ice cap by wind drift
are needed to contribute to a quantification of
potential local- or regional-scale snow-depth dif-
ferences and to reveal their spatial and/or temporal
impact on SWE distribution.
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Conclusions

Snow profile data obtained from 22 snow pits on
Vestfonna and from four snow pits on De Geer-
fonna were analysed regarding density, hardness
and temperature distribution within the snowpacks.
Results reveal homogeneous snow densities across
Vestfonna with no distinct spatial or interannual
variability being evident (Table 1). Mean bulk
snow density was calculated to be ~400 kg m~,
The snowpack of De Geerfonna was found to be
considerably denser with a mean bulk density of
~450 kg m™. This fact was attributed to the influ-
ences of periodic deposition of wind-drifted snow
in the hollow covered by De Geerfonna that results
in both higher snow density and higher snow depth
(Fig. 5).

The homogeneous snow density that was
observed throughout Vestfonna justifies simplified
assumptions of constant snow density in future
mass balance-modelling studies.

The amounts of snow accumulation across Vest-
fonna were found to be predominantly controlled
by elevation. Especially, SWE above PSS mea-
sured in spring 2008 showed a highly significant
partial correlation with elevation (0.93, Table 3).
Partial correlations with easting and northing were
found to be low. A distinct spatial difference
between western and eastern parts of the ice cap as
represented in long-term mean accumulation rates
derived from the firn-core studies of Beaudon er al.
(2011) is thus not evident for the accumulation
season 2007-2008. This suggests high inter-annual
variability of the accumulation pattern on Vest-
fonna. It stresses the need for further studies on
wind-drift based relocation of snow across the ice
cap. Also, gains and losses of snow from or to areas
beyond the lateral borders of Vestfonna should be
investigated in the future. Nevertheless, even the
present knowledge on spatial distribution of accu-
mulation already facilitates first calibration and
validation applications in regional precipitation
modelling studies.
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[1] The ice cap Vestfonna in the northern Svalbard archipelago is one of the

largest ice bodies of the European Arctic (~2400 km?), but little is known about its
mass balance. We model the climatic mass balance of the ice cap for the period
September 2000 to August 2009 on a daily basis. Ablation is calculated by a spatially
distributed temperature-radiation-index melt model. Air temperature forcing is provided
by ERA-Interim data that is downscaled using data from an automatic weather station
operated on the ice cap. Spatially distributed net shortwave radiation fluxes are obtained
from standard trigonometric techniques combined with Moderate Resolution Imaging
Spectroradiometer-based cloud cover and surface albedo information. Accumulation is
derived from ERA-Interim precipitation data that are bias corrected and spatially
distributed as a function of elevation. Refreezing is incorporated using the P, approach.
Results indicate that mass balance years are characterized by short ablation seasons
(June to August) and correspondingly longer accumulation periods (September to May).
The modeled, annual climatic mass balance rate shows an almost balanced mean of
—0.02 £0.20 m w.e. yr ' (meters water equivalent per year) with an associated equilibrium
line altitude of 383 + 54 m above sea level (mean + one standard deviation). The mean
winter balance is +0.32 £ 0.06 m w.e. yrﬁl, and the mean summer balance —0.35 +0.17 m
w.e. yr . Roughly one fourth of total surface ablation is retained by refreezing indicating

that refreezing is an important component of the mass budget of Vestfonna.

Citation: Mbller, M., R. Finkelnburg, M. Braun, R. Hock, U. Jonsell, V. A. Pohjola, D. Scherer, and C. Schneider (2011),
Climatic mass balance of the ice cap Vestfonna, Svalbard: A spatially distributed assessment using ERA-Interim and MODIS

data, J. Geophys. Res., 116, F03009, doi:10.1029/2010JF001905.

1. Introduction

[2] The Arctic glaciers outside of Greenland have been
found to be a major contributor to present sea level rise [e.g.,
Arendt et al., 2002; Berthier et al., 2010; Wu et al., 2010].
They account for about one fourth of all glacier (excluding
Greenland and Antarctica) sea level rise contributions since
1960 [Kaser et al., 2006]. These contributions are expected to
increase in the future [Raper and Braithwaite, 2006; Meier
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et al., 2007; Bahr et al., 2009], as these glaciers are located
in the region of highest predicted air temperature increase
during the coming decades [Rinke and Dethloff, 2008].

[3] During the last four decades the glaciers and ice caps of
Svalbard showed a mean geodetic mass balance of —0.36 +
0.02mw.e.yr ! (meters water equivalent per year), (excluding
Austfonna and Kviteya) corresponding to a mean sea level rise
contribution of 0.026 = 0.001 mm yr ' [Nuth et al., 2010].
However, their surface mass balance was roughly in equilib-
rium (—0.014 £ 0.003 m w.e. yr ') during the last 30 years of
the 20th century [Hagen et al., 2003]. Glaciers in western
Svalbard have experienced an accelerating thinning during
recent decades with changes in surface elevation of —0.47 and
—0.62 m w.e. yr ' during the periods 1995-2003 and 2003—
2005, respectively [Kohler et al., 2007]. These values are in
line with results from the ice caps on Edgeoya, eastern Sval-
bard, where the thinning rate averaged —0.63 m w.e. yr ! for
the period 2002-2004 [Kdcb, 2008], and results from southern
Spitsbergen where mean thinning during 1990-2005 was
—0.55 m w.e. yr | [Nuth er al., 2010]. However, most recent
estimates indicate significant changes in the mass balance
pattern of the Svalbard archipelago. For the period 2003-2008,
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Moholdt et al. [2010b] calculated the overall geodetic mass
balance to be much less negative at —0.11 = 0.04 m w.e. yr .
[4] Results for Vestfonna are close to the regional mean
(-0.14 £ 0.07 m w.e. yr'), while a much more positive
balance of +0.1 = 0.04 m w.e. yr ' was obtained for Aust-
fonna for the same period [Moholdt et al., 2010b]. Positive
mass balances for Austfonna have also been reported for the
end of the 20th century [Bevan et al., 2007]. For Vestfonna
Nuth et al. [2010] obtained a near zero $lacier7wide geodetic
mass balance of +0.05+0.15mw.e. yr ' for the period 1990—
2005 and a thickening of parts of its accumulation area.

[s] Hence, Vestfonna seems to have shifted from slight
mass gain to mass loss. Vestfonna does not experience the
typical low-elevation thinning observed throughout the
Svalbard archipelago. Rather, it features a complex pattern
of ice thickness changes [Moholdt et al., 2010b] due to the
relatively complex surface topography of Vestfonna when
compared to the smoother surface of Austfonna.

[6] With the exception of Austfonna, the negative mass
balance observations agree with the positive trends of air
temperature observed in the Arctic and the Svalbard area in
particular [Rigor et al., 2000; Moritz et al., 2002]. In general,
the archipelago experienced warming during the 20th century
[e.g., Hanssen-Bauer and Forland, 1998; Forland and
Hanssen-Bauer, 2003]. During the last decades of the 20th
century, the Atlantic sector of the Arctic as a whole showed the
strongest warming trend of any part of the northern polar
region [Przybylak, 2000; 2007]. During the period 2001-2005,
the mean annual air temperature in the Atlantic sector of the
Arctic was 1.3 K higher than its long-term mean during 1951—
1990 [Przybylak, 2007]. This development led to a consider-
able increase of the mean length of annual melt season
throughout the Arctic [Stroeve et al., 2006b], and thus possibly
initiated a trend toward more negative mass balances.

[7] The aim of this study is to model daily fields of surface
accumulation, surface ablation, refreezing, and their sum, the
so-called climatic mass balance of Vestfonna for the first
decade of the 2 1st century (September 2000 to August 2009).
We apply the spatially distributed temperature-radiation-
index ablation model presented by Pellicciotti et al. [2005]
that is based on air temperature and net shortwave radiation
inputs. We enhance the model by including fractional cloud
cover and albedo fields derived from daily MODIS (Moder-
ate Resolution Imaging Spectroradiometer) imagery in order
to compute net shortwave radiation. The model is forced by
statistically downscaled ERA-Interim daily air temperatures.
Local reference is provided by records of automatic weather
stations (AWS) operated in the study area. Accumulation is
modeled as a function of altitude based on ERA-Interim daily
total precipitation. Our model approach accounts for the
frequent and spatially variable cloud cover in the study area,
despite the limited availability of meteorological data at
boundary layer level. Model results provide new insight into
the spatial and temporal variability of the surface mass bal-
ance of Svalbard’s second largest ice cap.

2. Study Area

[8] Vestfonna is a polythermal ice cap located on the island
Nordaustlandet (northernmost Svalbard archipelago) at around
80°N (Figure 1). It covers ~2400 km® making it one of the
largest ice masses of the European Arctic. It ranges in altitude

MOLLER ET AL.: CLIMATIC MASS BALANCE OF VESTFONNA
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from sea level to 630 m above sea level (asl). The ice cap has a
main ridge that is oriented east-west, with its second highest
point, called Ahlmann Summit, located near the center.
Another main ridge extends northward from a slightly higher
peak located in the eastern part of the ice cap. Between these
ridges, Vestfonna has pronounced, bowl-shaped outlet glacier
basins. Some of these outlet glaciers have been suggested to be
surge-type glaciers [Dowdeswell and Collin, 1990], although
this has not yet been proven.

[o] The majority of the ice cap drains southward into
‘Wahlenbergfjorden through large (=5 km wide) calving
fronts [Strozzi et al, 2008]. The largest outlet glacier,
Franklinbreen, is located on the northwestern side of the ice
cap and drains into Lady Franklinfjorden. A few smaller
outlet glaciers drain into northeastern fjords.

[10] Svalbard features a maritime climate characterized by
cooler summers and warmer winters than generally found at
comparable latitudes. Mean monthly air temperatures on
Vestfonna during the short summer seasons do not exceed
+3°C and in winter they typically range between —10°C and
—15°C. Periods of considerable short-term warming with air
temperatures rising close to the melting point frequently
occur, even during the winter months (Figure 2).

[11] The location of Vestfonna in the northeastern part of
Svalbard causes the ice cap to be more directly influenced by
weather systems originating in the Barents Sea region than by
the westerly weather systems that determine the climate of
other parts of the archipelago [Taurisano et al., 2007].
Accordingly, the ice-free areas of the Barents Sea form the
major source of moisture for precipitation over Nordaustlandet
[Forland et al., 1997]. However, as Vestfonna is situated in the
lee of its higher-elevation neighbor, Austfonna, it receives less
precipitation and has a smaller horizontal precipitation gradient
than Austfonna [Taurisano et al., 2007].

3. Data

[12] The model requires elevation data of the ice-cap sur-
face as well as daily air temperature and precipitation data.
Fractional cloud cover, atmospheric turbidity and albedo data
are used to compute net shortwave radiation. Mass balance
data that are obtained from ablation-stake measurements are
used to calibrate the model.

3.1.

[13] The glacier outlines were digitized from Terra ASTER
(Advanced Spacebome Thermal Emission and Reflection
Radiometer) imagery acquired on 17 August 2000 (EOS Data
Gateway Granule ID: SC:ASTL1B 00-08-12:36:0010269001).
Terrain information is based on the elevation data set of the
ASTER Global Digital Elevation Model (GDEM). Small data
gaps in the uppermost parts of the ice cap were filled with
values interpolated from surrounding grid cells. Sporadic ele-
vation outliers along the ridges were likewise substituted with
interpolated values. The original grid was then bilinearly
resampled to a grid-cell resolution of 250 x 250 m to facilitate
coregistration with the MODIS data sets,

Glacier Outline and Elevation Data

3.2. Meteorological Data

[1a] The model is forced by statistically downscaled daily
ERA-Interim 2 m air temperatures and daily ERA-Interim
total precipitation (Figure 2). ERA-Interim is the follow-up
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Figure 1. Location of the ice cap Vestfonna and overview on installed measurement network. The four

AWSs are marked by large black circles. Locations

of stakes are marked by small triangles, and locations

of snow pits are marked by small circles. Locations along the transect AWS1-3 are hidden behind the
AWSs marks. Contour spacing is 100 m. Coordinates correspond to Universal Transverse Mercator
(UTM) zone 34N. Inset: Location of Vestfonna within Svalbard archipelago. Black circle marks the loca-

tion of the ERA-Interim grid point.

reanalysis product of the well-established ERA-40 data set
[Uppala et al., 2005]. Data are supplied by the European
Centre for Medium-Range Weather Forecasts (ECMWF).
We use data from the grid point located at 79.5°N 19.5°E
(Figure 1). The downscaling procedure for air temperature
data is detailed in section 4.5.

[15] In addition, data from four automatic weather stations
(AWS) operated on the northwestern side of the ice cap and
on neighboring De Geerfonna (Figure 1) during the period
27 May 2008 to 30 April 2010 are used to downscale ERA-
Interim air temperatures, to derive temperature slope lapse
rates, and to calibrate the radiation model (Table 1).

[16] The air temperature records of AWS2 show data gaps
in the winter seasons due to power shortage. They were
filled by linearly scaled data (R° = 0.97) of the AWS on De
Geerfonna (AWS4) in order to provide a continuous local
reference during air temperature downscaling. However,
short gaps without any air temperature data remain in May
2009 and March 2010. The time series is nevertheless
considered an adequate local reference for downscaling as in
this study air temperature accuracy is by far most important
during the summer seasons.

3.3. Albedo

[17]) Terra MODIS data were used for retrieval of daily
albedo fields of Vestfonna. Albedo information is based on
the daily updated MODIS snow product MOD10A1 version
5 [Hall et al., 2002; Hall and Riggs, 2007] with a spatial
resolution of 500 m. Daily albedo information is based on
the scene acquired closest to nadir relating to each indi-
vidual pixel. Where no MODIS albedo information is
available due to cloud cover, the albedo time series at that
grid point is interpolated between the temporally closest
data values available.

[18] During polar winter, when no MODIS snow cover
data are available (25 October to 15 February), the entire ice
cap is assumed to be covered with snow having a constant
albedo of 0.80. Mean update interval for albedo over the ice
cap is 2.9 + 10.8 days for the period of available MODIS
snow cover, with the given range indicating one standard
deviation and thus a strongly asymmetric distribution.

[19] On the southern outlet glacier tongues of the ice cap,
small areas of permanent data gaps are present in the MODIS
snow product (26.25 km?). Surface albedo throughout these
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Figure 2. Climate data time series for mass balance years 2000/2001 to 2008/2009: (a) downscaled
ERA-Interim air temperature, (b) modeled global radiation, and (c) scaled ERA-Interim precipitation
sums. All data are presented at a daily resolution and refer to the location of AWS2 (see Figure 1).
Annual subdivisions on the x axis start September 1.

areas was extrapolated based on the albedo of neighboring
grid cells.

[20] Comparison of remotely sensed surface albedo with
the measurement record of AWS2 yield a mean difference of
+0.02 over the period May 2008 to July 2009 and a root mean
square error (RMSE) of 0.12. This result is in agreement with
uncertainties obtained by Greuell and Oerlemans [2005] on
the Greenland ice sheet and is regarded as an adequate
reproduction of in situ conditions, given that the AWS only
samples a small point within the much larger MODIS foot-
print [Stroeve et al., 2006a]. A characteristic annual evolution
of the albedo bias depending on solar zenith angle as
described by Wang and Zender [2010] is not clearly identi-
fiable due to the limited length of the study period. Therefore,
a systematic correction of the albedo fields was not feasible,
and uncertainty of unknown magnitude is introduced to
modeled climatic mass balances.

3.4. Fractional Cloud Cover

[21] Daily fractional cloud cover fields over Vestfonna
were created on the basis of the MODI10AI daily snow
product and serve as input for the global radiation computa-
tion. Binary cloud cover information is contained by default
in this 500 m resolution gridded data set. MODIS cloud cover
information has been widely used in several studies and was
successfully validated over snow covered ground [e.g.,
Berendes et al., 2004, Wang et al., 2008].

[22] Preprocessed fractional cloud cover fields are pro-
vided by the MODIS cloud product (MODO06_L2), but only

on a 5 km spatial resolution. These fields are created by
averaging the binary cloud cover information (1 km) of fixed
5 x 5 pixel subsets. We customized this method to obtain
fractional cloud cover fields at the same 500 m resolution as
the MOD10AL1 input data. A running 5 x 5 pixel window is
used to calculate fractional cloud cover for the respective
central pixel. During polar night, when no MOD10A1 data
are available (25 October to 15 February) and incoming
shortwave radiation is negligible, fractional cloud cover is
assumed to be 0 throughout the entire model domain.

3.5. Atmospheric Turbidity

[23] Atmospheric turbidity data needed for radiation mod-
eling are represented by the Linke turbidity factor [Linke, 1961].
The Solar Radiation Database SoDa [Wald et al., 2002] pro-
vides mean monthly values of the Linke turbidity factor on a
0.5 global grid. It is a standard tool among solar engineering

Table 1. Metadata of Automatic Weather Stations®

Station Altitude (m asl) Period
AWS1 240 23 May 2008-30 Apr 2009
AWS2 370 29 May 2008-30 Apr 2010
AWS3 500 22 May 2008-30 Apr 2009
AWS4 240 27 May 2008-30 Apr 2010

Variable at AWS1-4

sensor accuracy
Air temperature Campbell CS215 +0.9°C
Shortwave radiation Campbell CS300 +5%

“All four AWS recorded air temperature and incoming and reflected
shortwave radiation
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Table 2. Overview of Model Parameters. d7/dz Is Air Tempera-
ture Slope Lapse Rate

Parameter Value and Unit Equation
mon 0.0000099, 0.0079 1
fr 1.394 mm we. K day 2
fr 0.098 mm w.e. W ' m* day ! 2
oy, P -2.73°C, 1.10 3
02, P2 —4.26°C, 0.90 3
03, 3 —1.79°C, 1.05 3
04, Pa —3.34°C, L.00 3
05, ps -3.37°C, 1.08 3
04 e ~2.70°C, 1.30 3
07, 7 -2.30°C, 1.20 3
08, Ps —4.00°C, 2.01 3
09, Py -2.96°C, 1.26 3
010. P1o =2.57°C, 1.06 3
011 P11 ~3.10°C, 1.02 3
012 P12 —2.74°C, 1.02 3
q.r 0.0, 0.364 9, 10
dTidz ~7.0 K km' n.a.

professionals and a widely used data provider for various solar
radiation modeling applications [e.g., Schiittemeyer et al.,
2007]. Grids of monthly values were downloaded from the
database (http://www.soda-is.com) and resampled to the 250 m
resolution model domain.

3.6. Mass Balance Data

[24] Measurements of snow depth and ice surface height
changes used for calibration of the mass balance model were
carried out at a network of ablation/accumulation-stakes con-
sisting of 15 stakes distributed over parts of the ablation area of
the ice cap (Figure 1). We do not use stake data from the
accumulation area because the amount of refreezing is not
measured. A total of 29 successful repeat readings were
retrieved during several field campaigns in 2007, 2008, and
2009. Measurement intervals are grouped into two major clas-
ses, that is, 70-90 days (between spring and summer cam-
paigns) and 270 days (between summer and spring campaigns).

[25] Measurements of snow water equivalent and bulk snow
densities were carried out in 21 snow pits distributed across
the ice cap (Figure 1) [Méller et al., 2011]. Data were used for
calibration of the accumulation model and for conversion of
repeat stake measurements into water equivalent values. A
mean bulk snow density of 398 + 41 kg m * (mean % one
standard deviation) was obtained from the snow pits. Density
showed a low variability in space and time, which is explained
by continuous compaction of the snowpack throughout the
year due to frequent snowdrift [Goodison et al., 1981].
Accordingly, all snow-related mass balance measurements are
converted into water equivalent value using a single snow
density (400 kg m ). Ice density is set to 900 kg m >
[Paterson, 1994].

4. Model Description and Calibration
4.1. Mass Balance Model

[26] Our mass balance model computes surface accumu-
lation, surface ablation and refreezing as well as their sum, the
so-called climatic mass balance, following the terminology
by Cogley et al. [2011]. Ablation (defined as negative in case
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of ' mass loss) is calculated as a function of downscaled ERA-
Interim air temperature data and modeled net shortwave
radiation. Accumulation is derived from ERA-Interim pre-
cipitation data that are distributed as a function of elevation.
Refreezing is estimated using the P, approach [Reeh,
1991].

[27] Modeling is done for the 9-year period from Septem-
ber 2000 until August 2009 with a daily resolution on a 250 m
grid. Calibration is based on point balance data provided by
repeat stake readings and snow pit data.

4.2. Accumulation

[28] Surface accumulation is assumed to be exclusively
formed by snowfall. All precipitation occurring at air tem-
peratures below 0°C is assumed to fall as snow, while rain is
assumed for all precipitation at temperatures above 2°C.
Between 0 and 2°C, a mixture of snow and rain is assumed, and
the amount of snowfall is scaled between 100% (0°C) and 0%
(2°C) using a hyperbolic function [Mdller et al., 2007]. Initial
snowfall fields are calculated from daily ERA-Interim total
precipitation of a grid point south of Vestfonna (Figure 1) by
using the air temperature fields described in section 4.5.

[20] Moller et al. [2011] have shown a strong increase of
surface accumulation with altitude. Here we approximate
surface accumulation (¢) from the initial snowfall fields
(Sera) by quadratic scaling according to an index function
of altitude (z):

e(z) = Sgra (m2* + nz + 1). ()

The coefficients m and n (Table 2) of this index function are
determined empirically (Figure 3) from in situ measure-
ments of snow water equivalent in 16 snow pits across
the ice cap [Mdller et al., 2011]. For each snow pit location,
index values are calculated as the ratio of the sum of snow
pit-derived surface accumulation close to the end of the
winter season and the corresponding snowfall sum obtained
from the initial ERA-Interim snowfall fields.

Index value

0 200
Elevation (m a.s.l.)

400 600

Figure 3. Index function for distribution of accumulation
with altitude. Individual index values are marked as black
squares. The black line is the fitted index function given
in equation (1).
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[30] A quadratic accumulation index function defined by m
and n is fitted to the set of individual index values (Figure 3).
The intercept of the index function is forced to 1.0, as surface
accumulation is assumed to be equal to ERA-Interim snow-
fall at sea level. The relation between index values and ele-
vation holds for all four accumulation seasons included in the
data (2006/2007 to 2009/2010).

[31] The fitted index function explains 83% of the variance
of the individual index values. Considerable parts of the
remaining deviations (RMSE = (0.94) can be attributed to local
scale snow depth variability induced by frequent formation of
flat, small scale surface roughness (sastrugi). According to the
index function, surface accumulation on Vestfonna increases
by a factor of more than eight from the margin to the top of the
ice cap. Modeled surface accumulation thus resembles mag-
nitudes and gradients previously reported for Austfonna
[Schuler et al., 2007; Taurisano et al., 2007].

4.3, Refreezing

[32] Refreezing in snow and firn plays a major role in the
mass budget of Arctic glaciers [e.g., Palosuo, 1987]. In this
study, it is accounted for by applying the well-established
Prmax modeling approach introduced by Reeh [1991]. Py is
calculated as a fraction of winter accumulation. It represents
the maximum meltwater amount that can refreeze within the
snowpack during the following ablation season before runoft
occurs. It thus adds a positive value to glacier mass balance.
As done by Schuler et al. [2007] for Austfonna, we set Py, =
0.6. Hence, melt and rainwater are retained by refreezing
processes until 60% of the current year’s winter accumulation
is reached. Any excess water is assumed to be lost from the
glacier as runoff.

4.4. Ablation

[33] Surface ablation, that is, snow or ice melt, is calculated
using a combined temperature-radiation-index approach.
Since it only depends on air temperature and surface type as
input variables, the temperature-index method [e.g., Hock,
2003] is a useful melt modeling approach in regions with lim-
ited data availability [e.g., Braithwaite and Raper, 2007; Mdéller
and Schneider, 2010]. It is justified by the fact that incoming
long wave radiation and sensible heat flux, which usually rep-
resent the largest energy sources for snow and ice melt, are
strongly correlated to air temperature [Qhmura, 2001].

[34] We use the temperature-radiation-index model devel-
oped by Pellicciotti et al. [2005], which parameterizes snow
and ice ablation as

a =frT +fx(1 — )R for T > 0°C (2)

a=0for T <0°C,

where « is ablation, T is air temperature, and R, is global
radiation. « is albedo, and f7-and fy are empirical coefficients.

[35] Spatially distributed global radiation is modeled using
the radiation model described in section 4.6. The amount of
global radiation absorbed at the surface is determined using
the MODIS-based albedo fields (see section 3.3).

4.5. Air Temperature

[36] ERA-Interim daily 2 m air temperatures from a grid
point south of Vestfonna (Figure 1) were statistically
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downscaled to match local conditions at Vestfonna using the
variance-inflation method [Karl et al., 1990; Huth, 1999].

[37] The variance-inflation method was developed for
downscaling of global circulation model data, in order to
make its variance match the one at local scale. It implicitly
assumes local variability to be entirely governed by synoptic
scale forcing [von Storch, 1999], but was nevertheless con-
sidered to be an appropriate tool for reproduction of day-to-
day variability in local scale air temperature data [Huth et al.,
2001]. Reanalysis data such as those used in this study rep-
resent an interpolated local scale and are thus based on
measurements and observations. We therefore consider var-
iance inflation to be an appropriate tool for downscaling of
ERA-Interim air temperatures to Vestfonna local conditions.

[38] The downscaling follows a two-step approach [von
Storch, 1999]. It is done separately for each month 7 in
order to account for the strong interannual variability of air-
temperature variance at the study site, that is, small variance
in summer and high variance in winter. First, the synoptic
scale data (Tggra,) are linearly adjusted to local scale con-
ditions at Vestfonna according to

Teras = 0; + piTerai- (3)

The coefficients o; and p; (Table 2) are determined from
linear regression analysis between ERA-Interim and AWS2
data. Then, the variance of the adjusted air temperatures is
inflated to match the one observed at AWS2:

_ var (Tawsa,) -
T; var(Fens) Terai- 4
The downscaled air temperature time series (Figure 2)
shows RMS errors of 0.7 K (June to August) and 1.2 K
(September to May), when compared to measurements at
AWS2.

[39] Air temperature fields are created using a constant
linear lapse rate (d7/dz, Table 2). This average lapse rate is
obtained from daily mean air-temperature data of AWS1-3
during the period June 2008—April 2009. Results suggest a
value of 7.0 + 3.7 K km ', with the given range indicating
one standard deviation.

4.6. Global Radiation

[40] Global radiation (R;) is calculated as the sum of solar
radiation (Rg.,) and multiple scattering and reflection
between the glacier and the lowermost cloud layers (R p):

RG = Rs 501 + Rs msr- (5)

[41] All shortwave radiation fluxes are computed with an
hourly resolution from which daily means are computed.
4.6.1. Solar Radiation

[42] Potential clear-sky direct solar radiation on an arbi-
trarily oriented and inclined surface (Rjs) is estimated
according to Bernhardt and Philipps [1958] and Modlg et al.
[2003]:

T

0.907 w
Roso1 = SoE cos ¢* { - 0,mg:| (6)

(cosC)
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Figure 4. Modeled versus measured daily global radiation
at AWS?2 in the period May 2008 to April 2010.

Sy is the solar constant (1368 W m’z). Eccentricity correction
factor (£) and zenith angle of the sun with respect to a theo-
retical, planar surface (¢) or with respect to an arbitrarily ori-
ented and inclined surface ({*) are calculated according to
standard solar geometry [e.g., Ighal, 1983]. Atmospheric tur-
bidity is represented by spatially distributed grids of the Linke
turbidity factor (7} ) [Linke, 1961]. Terrain shading is taken into
account using standard algorithms of solar-radiation geometry
[Corripio, 2003].

[43] The reduction of clear-sky solar radiation due to actual
cloud-cover conditions is determined from R, using the
Savinov-Angstrom formula [e.g., Kondratyev, 1969]. The
portion of clear-sky solar radiation actually reaching the sur-
face (Rgqi) is thus calculated as

Rsol = Rogar[1 = (1 = 1) Cre]. (7)

Cloudiness is incorporated in terms of spatially distributed
fractional cloud cover grids (Cz) and 1’ is an empirical
coefficient being 0.58 at 80°N [Budyko, 1974]. This implies
that under completely overcast conditions (Cy. = 1) Rg o1
amounts to 58% of clear-sky solar radiation. Due to the
minimal input requirements, the Savinov-Angstrém formula
(equation (7)) is a feasible method for efficient radiation
calculation and has thus been used before in several studies
[e.g., Emelyanov and Konovalov, 1975; Dumanskaya, 2008].
4.6.2. Multiple Scattering and Reflection

[44] Multiple scattering and reflection between the glacier
and the lowermost cloud layers is an important component of
global radiation at the surface [@rbeek et al., 1999]. Reflected
shortwave radiation from surrounding topography is assumed
to be negligible in this study, as the roughly convex shape of
the ice body and the resulting lack of surrounding surfaces do
not allow for reflections toward the ice cap.
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[45] The radiation flux due to multiple scattering and
reflection (Rg, ) is calculated from direct radiative forcing
according to

Rsmsr = Rs saisn. (8)

The spatially distributed scaling factor (sz) that accounts for
surface albedo and fractional cloud-cover conditions is
empirically calibrated from a comparison of measured and
modeled global radiation fluxes at AWS2 in the period from
28 May 2008 to 6 August 2009. It is given by

N

SR:q+mC,;m.

9

and depends largely on surface albedo («) and fractional cloud
cover (Cp.). Differences in sky-view factors (S¥) between any
location on the glacier and the calibration site (AWS2) are
taken into account by the given quotient (S¥ws, = 0.88). Sky-
view factors are computed according to Corripio [2003]. The
scaling factor sy, is thus a gridded quantity whose spatial dis-
tribution depends on daily updated albedo and fractional cloud
cover grids and a fixed distribution of sky-view factors. The
regression constants (g, »; Table 2) are calibrated from a
comparison of measured global radiation (R,yc,s) and modeled
(R qir) solar radiation at AWS2 using the following equation:

Rincas,aws2 — Ry sl aws2
Rs sol.aws2

(10)

= q + roaaws2Cr,aws2.

The difference given in the numerator, that is, the deviation of
modeled from measured values, is treated as radiation fluxes
originating in multiple scattering and reflection (R me)-
Hence, the left side of equation (10) represents the ratio
between multiple scattering and reflection and direct radiation
fluxes at AWS2, and therefore with sz. The constant r is
obtained using linear regression techniques. With the product
of albedo and fractional cloud cover ranging between 0 and 1,
this means that multiple scattering and reflection at AWS2
might contribute more than one fourth to global radiation. The
intercept ¢ is forced to 0 in order to account for the fact that
multiple scattering and reflection do not exist where either
albedo or fractional cloud cover are zero.

[46] Modeled global radiation fluxes are able to explain
90% of the variance of in situ measurements at AWS2
(Figure 4), and considerable parts of the remaining devia-
tions (RMSE = 36.1 W m™) can be attributed to intraday
changes in cloud cover. This high temporal resolution is not
provided in the MODIS-based fractional cloud cover data as
it only represents samples at the overpass times of the Terra
satellite.

[47] Alternative tests considering a spatially or temporally
averaged cloud cover over Vestfonna resulted in a consid-
erably diminished performance of the radiation model.
Modeling attempts using the preprocessed 5 km MODIS
fractional cloud cover fields led to slightly higher deviations
between measured and modeled global radiation fluxes.

4.7. Model Calibration

[48] The calibration of the mass balance model is based on
point balances at the stake network. Calibration is done
by adjusting the empirical coefficients f7-and fx of the ablation
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Figure 5. Modeled versus measured point climatic mass
balances at the stakes (Figure 1) in the period 2007-2009.

model. Iterative mass balance model runs with continuous
changes of fr and f are performed until a best fit approxima-
tion between modeled point balances and their measured
counterparts is reached, using RMSE minimization (Table 2).
The modeled point balances account for an explained variance
of 86% of the stake measurements (Figure 5). The RMSE
between modeled and measured values is £0.10 m w.e. Both
the spatial and temporal variability in mass balance is repro-
duced well by the model.

5. Model Uncertainty

[49] The overall uncertainty of the modeled climatic mass
balances time series (Up) is quantified by accounting for
errors inherent in the input data and in calibrated model
parameters. We include seven individual errors (Table 3)
that are assumed to be uncorrelated to each other. The
overall uncertainty is thus calculated as

(11)

by applying error propagation rules [Bevington, 1969]. U, is
calculated on a monthly basis (Figure 6) by performing
additional model runs with input data or model parameters
altered according to the individual error ranges (Table 3).
[s0] Uncertainty originating from air temperature inputs
(U}) is accounted for by the RMSE between downscaled
ERA-Interim data and measurements at AWS2. Different
values for ablation and accumulation seasons are given as
the distinctly different variances of air temperatures in
summer and winter lead to similarly different downscaling
accuracies. The uncertainty of the temperature lapse rate
(U5) is accounted for by its measured standard deviation.
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[51] Uncertainty originating from global radiation inputs
(Us) is assessed from the RMSE between modeled values
and measurements at AWS2. The inaccuracy of the albedo
fields (Uy) is incorporated by accounting for the RMSE
between measurements at AWS2 and MODIS data of the
respective grid cell.

[52] The variability of snow density results in uncertainty
ranges of the temperature and radiation factors of the abla-
tion model during calibration (Us). It is incorporated using
the standard deviation of measured bulk snow densities
[Mdélier et al., 2011].

[53] Uncertainties induced by the accumulation model
(Us) are accounted for considering the RMSE of the fitted
accumulation-index function (Figure 3). It is incorporated
by constant shifts of the function along the intercept accord-
ing to the RMSE value. The uncertainty within the calcu-
lation of refreezing (U5) is estimated by applying alternative
values for the assumed P, fraction, that is, 0.5 and 0.7.

[s4] The overall model uncertainty shows distinct dif-
ferences between summer (June to August) and winter
(September to May) seasons (Figure 6). Monthly errors
in summer are found to be about nine times higher than
in winter. The mean monthly error range in summer is
+0.062 m w.e. and shows high intermonthly variability (stan-
dard deviation of £0.034 m w.e.). Error ranges in the winter
months show a mean of only +0.007 m w.e. with only small
intermonthly variability (standard deviation of +0.005 m w.e.).

[55] This temporal pattern is due to the fact that uncertainty
in ablation calculation exceeds that of accumulation and
refreezing calculation (Figure 6). The mean annual error
range of calculated ablation sums up to £0.18 m w.e. while
that of accumulation and refreezing only amount to +0.07 m
w.e. and £0.04 m w.e., respectively (Table 4). This is because
most of the uncertainties considered predominantly affect
ablation. The uncertainties inherent in the albedo fields and
the downscaled air temperature data have the greatest impact
on overall model uncertainty. Overall, the uncertainty anal-
ysis suggests that the model is sufficiently robust to assess the
climatic mass balance of Vestfonna.

6. Results and Discussion

[s6] In the period 20002009, the modeled surface mass
balance regime of the ice cap is characterized by long
accumulation periods (September to May) and short ablation
periods (June to August, Figure 6). Model results reveal a
mean climatic mass balance rate of —0.02 + 0.20 m w.e. yr |

Table 3. Overview of Uncertainties of Model Parameters®

Variable Parameter Value
U air temperature +0.7 K (abl. period)
+1.2 K (acc. period)
U, dvdz £3.7 K km™!
U, global radiation +£36.1 W m 2
Uy albedo +0.12
Us snow density +40 kg m*
Ug accumulation index +0.94
U, refreezing (Piax) 0.1

“See equation (11).
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Figure 6. Uncertainties of monthly climatic mass balances. The naming of the individual uncertainty
ranges corresponds to Table 3. The black error bars in the bar chart of climatic mass balance represent
the overall uncertainty according to equation (11). x axis shows mass balance years. Annual subdivisions

start September 1.

for the period September 2000 to August 2009 (Figure 7 and
Table 4), suggesting roughly balanced conditions. Year-to-
year variability is relatively low (<0.5 m) as indicated by the
small standard deviation of annual balances (0.15 m w.e.). The
mean annual surface ablation rate is —0.58 £ 0.18 m w.e. yr t
while annual surface accumulation and refreezing rates amount

to +0.40 = 0.07 m w.e. yr" and +0.15 £ 0.04 m w.e. yr L

respectively. Hence, on average, approximately one fourth of
the surface ablation refreezes. For individual mass balance
years, this fraction ranges between 5 and 48% (Figure 7).

[57] The mass balance variability shows a dependency on
the North Atlantic Oscillation (NAO, Figure 7). Modeled
winter balances correlate significantly (+ = 0.66, 90% level)
with the mean winter NAO (December to February). Posi-
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Table 4. Glacier-Wide Modeled Climatic Mass Balance, ELA, and Mass Balance Gradient for the Mass Balance Years 2000/2001 to

2008/2009*
Annual

Annual Winter Summer Surface Annual

Balance Balance Balance Accumulation  Annual Surface Refreezing ELA Gradient
Mass Balance Year (m w.e.) (m w.e.) (m w.e.) (m w.e.) Ablation (m w.e.) (m w.e.) (masl) (mw.e km™")
2000/2001 +0.06 £0.17  +0.26 £0.05 -0.20 +0.14 +0.33 £ 0.05 -0.36 =0.15 +0.09 =004 375+18 2.65
200172002 -0.22+0.23 +0.21 £0.06 043 +0.19 +0.29 = 0.05 —0.55+0.21 +0.03 =003 457 +17 2.91
2002/2003 —0.16 £0.18  +0.21 £0.04 036+ 0.17 +0.24 = 0.04 —0.49 = 0.16 +0.09 = 0.04 453 £22 2.47
2003/2004 -0.12+021 +032+0.06 044 +0.19 +0.39 + 0.07 ~0.70 = 0.18 +0.19 0,05 415+ 19 3.05
2004/2005 =0.03 £ 028 4042 +£0.07 -0.45+025 +0.51 £ 0.09 =0.78 £ 0.23 +0.24 £ 0.06 383+ 15 4.16
2005/2006 +0.02 £ 022 +045+0.08 -043+0.19 +0.53 £ 0.09 -0.74 £ 0.22 +0.23 £ 0.06 364+ 19 3.71
2006/2007 -0.10 =022 +0.36=0.06 -046+0.19 +0.45=0.07 —0.66 = 0.20 +0.11 =007 377 +18 2.97
2007/2008 +0.28 £ 0.18  +0.44 £ 0.07 —0.16 £ 0.14  +0.51 = 0.09 —0.45+0.15 +0.21 = 0.06 283 £ 10 3.19
2008/2009 +0.05 £ 0.18  +0.24 + 0.05 -0.19 £ 0.14  +0.36 £+ 0.06 -0.45 + 0.16 +0.13 £ 003 339+ 14 272
Average =0.02+020 +0.32+0.06 -0.35+0.17 +0.40+0.07 -0.58 = 0.18 +0.15+0.04 383 +17 3.09
Standard Deviation 0.15 0.10 0.13 0.10 0.15 0.08 54 0.54

“Annual and seasonal balances are given according to the fixed date system (winter balance, September 1 to May 31: summer balance, June 1 to August 31).
Unit is meters water cquivalent error ranges are given according to equation (11).

tive NAO conditions have been suggested to coincide with
less sea ice in the Barents Sea [Yamamoto et al., 2006], and
thus increased precipitation over Svalbard [Rogers et al.,
2001], and vice versa. The summer balances in turn antic-
orrelate significantly (r = —0.68, 95% level) with the mean
summer NAO (June to August). Sea ice anomalies in the
Barents Sea were found to anticorrelate with air temperature
anomalies over Svalbard [Koenigk et al., 2009]. Hence,
during positive NAO conditions, increased air temperatures
are to be expected over Svalbard, and vice versa.

[s8] An exceptionally positive annual climatic mass bal-
ance (+0.28 + 0.18 m w.e.) occurred in 2007/2008. This
mass balance year is characterized by a highly positive
winter NAO (+0.66) and a highly negative summer NAO
(—1.27), thus favoring large accumulation and small abla-
tion. However, comparable NAO conditions also occurred
during other mass balance years of the study period, and
thus other driving forces for the exceptionally positive mass
balance have to be considered. Francis et al. [2009] found
that negative summer sea ice-extent anomalies also coincide
with increased precipitation over Svalbard. Hence, the
highly positive winter balance (+0.44 £ 0.07 m w.e.) may be
attributed to the coincidence of the highly positive winter
NAO and the small Arctic sea ice-extent in September 2007.
The least negative summer balance (—0.16 £ 0.14 m w.e.) of
the entire study period is consistent with the most negative
summer NAO (Figure 7), and with transient weather con-
ditions on Nordaustlandet. Several days of heavy snowfall
in the first week of August resulted in a deep fresh snow
layer (~0.20 m according to own field observations) that
effectively increased the surface albedo on the ice cap.
Additionally, this led to distinctly reduced ablation sums
during the last month of the 2008 ablation season (Figure 6).

[s9] The climatic mass balance profiles of Vestfonna
show high interannual variability with gradients ranging
from 2.47 to 4.16 m w.e. km ' (Figure 8). Modeled annual
equilibrium-line altitudes (ELAs) during the nine years
range from 283 £ 10 m asl (2007/2008) to 457 = 17 m asl
(2001/2002), with a mean of 383 + 54 m asl (mean = one
standard deviation). Hagen et al. [2003] estimated the ELA
of Vestfonna to fluctuate between 400 and 500 m asl during

the last decades of the 20th century. However, their estimate
refers to surface mass balance and thus does not consider
refreezing below the end-of-summer surface. Refreezing
has a large impact on the ELA as it tends to shift the ELA
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Figure 7. (a) Modeled glacier-wide climatic mass balance
of Vestfonna for the mass balance years 2000/2001 to 2008/
2009: The bar chart shows annual ablation (gray bars),
annual accumulation (white bars), and annual refreezing
(dotted). Black squares with error bars represent the annual
balances, light gray circles represent the winter balances,
and dark gray diamonds represent the summer balances. Each
mass balance year lasts from September 1 to August 31.
(b) Mean winter (December to February) and mean summer
(June to August) NAO (source is the NOAA Climate Predic-
tion Center, http://www.cpc.ncep.noaa.gov).
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Figure 8. Area-altitude distribution of Vestfonna (bar chart) and mean climatic mass balance profiles for
the mass balance years 2000/2001 to 2008/2009. Each mass balance year lasts from September | to
August 31. Calculations are performed on 20 m altitude bins.

toward higher elevations. As expected, years with more
negative climatic balance coincide with lower ELAs, and
vice versa.

[60] The spatial variability of climatic mass balance is
shown in Figure 9. Mass gain dominated over large parts of
the interior of the ice cap, while considerable mass loss
occurred throughout the lower marginal areas of the ice cap,
in particular on its south facing slopes, as well as Frank-
linbreen and the northeastern land-terminating parts.

[61] The temporal variability of the modeled climatic
mass balances of Vestfonna is in line with findings obtained
for Austfonna or the Ny-Alesund region [Hagen et al.,
2003; Rasmussen and Kohler, 2007; Schuler et al., 2007].
Hagen et al. [2003] suggested Austfonna to be in equilib-
rium at the beginning of the decade, but for the period from
April 2004 to April 2005 Schuler et al. [2007] suggested a
clearly negative climatic mass balance of —0.32 m w.e. Our
results also reveal a quasi-balanced state at the beginning
of the decade, but they do not show a distinctly negative
mass balance year in the period 2004-2005 (Table 4 and
Figure 7). This is likely due to the fact that Schuler et al.
[2007] modeled accumulation on the basis of the daily pre-
cipitation record of the nearest synoptic weather station
operated in Ny-Alesund (180 km southwest of Vestfonna).
This record shows a pronounced relative minimum in the
period 2004-2005 that is not evident in the ERA-Interim data
used in this study. As the ERA-Interim grid point is located
much closer to Vestfonna (<50 km SSW), we consider this
time series to be distinctly more representative for regional
climate on Nordaustlandet than the one from the Ny-Alesund
weather station. The decreasingly negative climatic mass
balances of Vestfonna during parts of the decade (Figure 7)

are also evident on Austfonna. A comparable pattern was
identified in a 5 year surface mass balance time series (2004
2008) of the Eton-/Winsnesbreen basin (northwestern Aust-
fonna) [Moholdt et al., 2010a]. Taken together, it can be
concluded that the climatic mass balances of Vestfonna
modeled in this study mirror the general mass balance pattern
throughout the northern Svalbard archipelago.

7. Conclusion

[62] The climatic mass balance of Vestfonna was calculated
for the 9 year period from September 2000 to August 2009
using a temperature-radiation-index mass balance model
driven by ERA-Interim air temperature and precipitation data
as well as MODIS-based cloud cover and albedo data. Results
indicate generally short ablation seasons (3 months) and cor-
respondingly longer accumulation seasons (9 months) over the
9 year period.

[63] Over the nine mass balance years studied Vestfonna
shows a mean annual climatic mass balance of —0.02 +
0.20 m w.e. Mean winter and summer balances amount to
+0.32 £ 0.06 and —0.35 £ 0.17 m w.e., respectively, and are
found to correlate significantly with NAO conditions.
Refreezing plays a major role in the mass budget of the ice
cap. On average, roughly one fourth of annual ablation is
retained in the firn due to refreezing. However, more mea-
surements and more sophisticated subsurface models are
desirable to better ascertain results.

[64] The mean annual ELA is calculated to be 383 + 54 m
asl (mean = one standard deviation) and thus to a slightly
lower altitude than suggested by Hagen et al. [2003] for the
end of the 20th century. Further studies are needed to
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Figure 9. The climatic mass balance of Vestfonna: (a) annual balance, (b) winter balance, and (c) summer
balance. (d) Annual accumulation, (e) annual ablation, and (f) annual refreezing presented as deviation from
the spatial mean (i.e., as the ratio of specific mass balance components and their glacier-wide means). Each
plot shows the averaged pattern of the mass balance years 2000/2001 to 2008/2009. Each mass balance year
lasts from September 1 to August 31. Elevation contour spacing is 100 m.

quantify mass loss by calving, in order to arrive at total mass
changes of the ice cap.
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Seasonality and variability of the climate in Svalbard as
resolved by the European Arctic Reanalysis (EAR) for the
glacier mass-balance years 2001 to 2011

R. Finkelnburg®, F. Maussion® and D. Scherer’

'Department of Ecology, Technische Universitit Berlin, Berlin, Germany.

Abstract. The European Arctic Reanalysis (EAR)
was carried out using the numerical weather
prediction model for polar conditions (Polar
WRF) to provide an atmospheric data set with
focus on Svalbard and selected regions, to
overcome the limitations arising from data
scarcity in the Arctic. Data from NCEP Final
Analyses were reprocessed together with high
resolution geographical fields and remotely
sensed sea surface temperature and fractional
sea ice cover to obtain data for 30, 10 and 2 km
grids for the glacier mass-balance years 2001 to
2011. We analyzed air temperature,
precipitation and wind with respect to
seasonality and variability. Generally, seasonal
courses of the climate elements are consistent
with observations from other studies. The EAR
shows mean cold biases for air temperature at
coastal locations, while no biases were detected
at inland locations that are reasonably
represented by the digital elevation models
used in the EAR. No detectable bias was found
for precipitation. Wind speed is slightly higher
in the EAR than field observations. Variability of
air temperature and wind speed is higher during
winter than during other seasons. We found
that air-temperature anomalies correlate with
precipitation anomalies and are stronger over
sea ice. Four winter seasons were analyzed with
respect to the driving processes. The results
indicate that cyclone activity is a key factor of
climate variability in the European Arctic during
winter. The EAR has shown to be a suitable data
set for studying climate at monthly to annual
time scales.
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1 Introduction

Our understanding of the Arctic climate system
seriously suffers from a lack of data from field
observations compared to other regions (e.g.
New et al., 2002; Fgrland and Hanssen-Bauer,
2003; Kristjansson et al.,, 2011). Thus, remote
sensing (e.g. Frei et al, 2012), general
circulation models (GCMs) (e.g. Shaffrey et al.,
2009), global operational analyses (e.g.
Kanamitsu, 1989; Kalnay et al., 1990; Kanamitsu
et al,, 1991) and reanalyses (e.g. Kalnay et al.,
1996; Uppala et al., 2005; Onogi et al., 2007;
Dee et al., 2011) became data sources for
studies of Arctic weather and climate (e.g. Bitz
et al., 2002; Eneroth et al., 2003; Serreze et al.,
2011). However, data sets of large-scale climate
dynamics are of coarse resolution. Reprocessing
these global data sets using limited area models
(LAM) links the large-scale controls to small-
scale processes. Regional reanalyses like the
U.S. National Centers for Environmental
Prediction (NCEP) North American Regional
Reanalysis (NARR) or the Arctic System
Reanalysis (ASR) with horizontal resolutions of
about 30 km are adequate data sets for process
analyses on the meso-beta scale (Orlanski,
1975, Mesinger et al.,, 2006; Wilson et al.,
2012). Nevertheless, other studies (e.g.
Orlanski, 1975; Sandvik and Furevik, 2002;
Barstad and Adakudlu, 2011; Kilpelainen et al.,
2011; McInnes et al.,, 2011; Wagner et al., 2011)
indicate that horizontal resolutions of about
2km are necessary to solve the whole
mesoscale and completely downscale synoptic
signals to the local scale. A dynamical
downscaling at such high resolutions generates
data sets of adequate spatio-temporal
resolution for energy and mass balance



modelling (e.g. Mdlg and Kaser, 2011) and
provides the ability to physically link energy and
mass exchange at the glacier-atmosphere
interface to large-scale climate dynamics.
Furthermore, such methods can give a better
understanding of cascaded process chains.

We present the European Arctic Reanalysis
(EAR) that has been carried out to provide a
data set especially for the glaciological
community investigating regions located in
Svalbard. A state-of-the-art numerical weather
prediction model for polar conditions, Polar
WRF (Hines and Bromwich, 2008), was used to
reprocess meteorological data together with
geographical fields and remote sensing data of
sea surface temperature and fractional sea ice
cover. The resulting regional reanalysis data
comprise horizontal resolutions of 30 km, 10 km
and 2km of the glacier mass-balance years
2001 to 2011.

We hypothesise that the EAR can give better
insight into the spatial variability of processes
and therefore improve our understanding of
how large-scale climate change can affect
glacier behaviour locally. In this study we want
to examine the nature of the mesoscale
processes in Svalbard and Nordaustlandet
rather than to quantitatively link our results to a
glacier energy and mass balance model (e.g.
Ettema et al.,, 2010; Claremar et al., 2012; van
Pelt et al., 2012). We want to illustrate the
potential of the EAR to enhance our
understanding of climate-glacier relations in the
mesoscale process space. Therefore we
concentrate our analysis on interseasonal and
interannual variability of climate elements like
air temperature, precipitation and wind. For
simplification we will use the terms air
temperature for the 2m air temperature
derived from EAR, precipitation for the sum of
all surface precipitation variables derived from
EAR and wind for the resulting vector obtained
from the sum of 10 m u and v vectors derived
from EAR. Furthermore, we mean monthly
mean values if temporal resolution is not
further specified.

A description of the EAR is presented in
Section 2, followed by a comparison of the EAR
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with field observations in Section 3, where we
only analyzed the variables which are central to
this study. In Section 4 we show how the EAR
resolves seasonality and variability of air
temperature, precipitation and wind using
monthly aggregated values for the time period
from 1% September 2000 to 31 August 2011. In
addition, we show for a set of cases how
anomalous climate conditions are developing in
the study region. The results are then discussed
in Section 5, and conclusions are drawn in
Section 6.

2 The European Arctic Reanalysis
(EAR)

This regional reanalysis was made using the
Polar WRF model version 3.1.1 (Hines and
Bromwich, 2008). Three two-way nesting levels
of 30 km, 10 km and 2 km horizontal resolution
are defined with a polar stereographic
projection. The first-level EAR domain called the
European Arctic domain (99 x 99 grid points,
30 km) is centered at 80.0°N, 20.0°E (see
Fig. 1). The second-level Svalbard domain (49 x
52 grid points, 10 km) covers the archipelago of
Svalbard. Five third-level domains of 2km
horizontal resolution cover areas of Svalbard of
special interest. These are areas where we have
access to data of field observations like
automatic weather station (AWS) observations
or synoptic observations by the Norwegian
Meteorological Institute, i.e. Nordaustlandet
domain (106 x 86 grid points, 2 km), North-West
Spitsbergen domain (46 x 66 grid points, 2 km),
Longyearbyen domain (26 x 26 grid points,
2 km), Hornsund domain (46 x 31 grid points,
2 km) and Hopen domain (21 x 26 grid points,
2km) (see Fig.2 and 3). Besides the
identification of the regions Fig. 1, 2 and 3 show
the topography of each domain.

All domains are resolved by 28 vertical levels
with the top set to 50 hPa. The first nine levels
approximately represent the bottom 1500 m of
the boundary layer. Static geographical fields
are initialized by the USGS geographical data
sets. We set the surface parameterization
options to use time-varying sea surface



temperature and fractional sea ice cover. The
Runge-Kutta time step is set to 120s for the
European Arctic domain, to 40s for the
Svalbard domain and to 8s for the third-level
domains.

A cascading approach was used for the
reanalysis of the different domain levels. In a
first step all three domain levels were
processed using a two-way telescope nesting
obtaining reanalysis data for the third-level
domains. In a second step the reanalysis of the
Svalbard domain was processed by discarding
all third-level domains from the recalculation to
obtain unaffected results, i.e. we found out the
two-way nesting produces artifacts in the
region of nesting in the data of the parent
domain (Maussion et al., 2011). In a last step
the reanalysis of the European Arctic domain
was done without any nesting of other
domains.

The reanalysis was initialized by data from
the Operational Model Global Tropospheric
Analyses (Final Analyses, FNL; data set ds083.2),
published by the CISL Data Support Section at
the U.S. National Center for Atmospheric
Research, Boulder, CO; performed by the U.S.
National Centers for Environmental Prediction
(NCEP)) (1°, 6 h) and NCEP’s Real-time, global,
sea surface temperature (RTG_SST) analysis
(0.5°, daily). Additionally we used daily sea ice
concentrations from Advanced Microwave
Scanning Radiometer for Earth Observing
System (AMSR-E) observations at 12.5km
horizontal resolution. Since data of daily sea
surface temperature are not available before
12.02.2001 and daily sea ice concentration are
not available before 20.06.2002 we did the
reanalysis before these dates without the
respective data set. We filled missing values in
the sea ice dataset with values of the nearest
valid neighbor and generated 6 h data sets from
the daily data of SST and sea ice by linear
interpolation. Thus, the reanalysis was driven
providing data of lateral boundary conditions at
6h intervals. Individual simulation runs
comprising 36h were produced by daily
reinitialization (simulation started at 1200 UTC
daily). A continuous time series comprising a
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period of 01.09.2000 to 31.08.2011 for each
domain analog to the strategy of Maussion et
al. (2011) was produced by assembling
individual simulation runs comprising 36 h each,
whereof the first 12 h were discarded to avoid
spin-up effects and the next 24 h were stored.
Output was written at 3-hourly resolution for
the European Arctic domain and hourly for all
other domains.

The choice for the physical parameterization
schemes as summarized in Table 1 is based on
the studies of Hines and Bromwich (2008),
Hines et al. (2011) and diverse sensitivity
studies.

3 Comparison with field observa-
tions

3.1 Methods

The results are compared on a monthly basis
against field observation data to assess the
accuracy of EAR. Discrepancies of EAR to
observations are expected to be smaller inland
where the surface is more homogenous and the
climate gradients less steep than in coastal
areas. Therefore, we distinguish between
coastal and inland stations in this analysis (see
Table 2 and 3). For coastal stations, it was
checked for the model land surface category,
and the closest non water-covered grid point
was selected. The elevation bias is defined as
positive if the elevation of the reanalysis grid
point is above the station’s elevation. If the
resulting elevation bias exceeds 10 % of the
horizontal model resolution, the station was
discarded from the analysis. No further
adjustments (e.g. bias correction for 2m
temperature or 10 m wind) were applied, since
the bias value is rather the result of complex
interactions of different influences (e.g.
different measurement heights and stability of
stratification) than a simple offset. Further-
more, we want to analyse the general
performance of EAR including all error sources.

We applied a strict data filtering, i.e. only
monthly means with 100% valid data are
considered, to obtain most complete



observational data for the analysis. Two
different data sources were employed, i.e.
synoptic observations of the Norwegian
Meteorological Institute provided by the
National Climate Data Center (NCDC) and field
observations of AWS measurements in the
region of Vestfonna (see Fig.2). No data on
wind direction were available in the NCDC data
sets and no precipitation was measured by the
AWS located in the region of Vestfonna.

The Pearson's correlation coefficient, mean bias
and bias corrected root mean square deviation
(rmsd) are calculated for the assessment.

3.2 Field observations

3.2.1 Coastal regions

Synoptic observations of the Norwegian
Meteorological Institute were downloaded from
the NCDC database (ftp://ftp.ncdc.noaa.gov/
pub/data/gsod/) comprising daily means of air
temperature, precipitation and wind speed
measured for the period 2000 to 2011 at Ny-
Alesund  (WMO-Nr. 010070,  11.9333°E
78.9167°N), Svalbard-Lufthavn, Longyearbyen
(WMO-Nr. 010080, 15.4667°E 78.2500°N),
Hornsund  (WMO-Nr. 010030, 15.5000°E
77.0000°N) and Hopen (WMO-Nr. 010620,
25.0133°E 76.5097°N) (see Fig. 2). An additional
data set provided by The University Center in
Svalbard (UNIS) of AWS measurements at the
coast line of Rijpfjorden at Nordaustlandet (RF-
AWS, Fig.3) was used. At this station no
precipitation was measured. Further infor-
mation and data can be found on the UNIS
website (http://met.unis.no).

3.2.2 Inland regions

Monthly means of air temperature, wind speed
and wind direction were calculated from field
observations of AWS located in the region of
Vestfonna (see Fig. 3). The AWS network had no
precipitation sensors installed. A detailed
description of the different locations and time
series used in this study is given in Table 3. We
discarded data of VF-AWS335 from the analysis
of the 2 km resolution results due to a very
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large elevation bias compared to the horizontal
resolution (see Table 2).

3.3 Air temperature

The wvery high correlations indicate that the
variability of air temperature is well captured by
EAR (see Fig.4 and Table 4). All correlations
were significant on a 0.01 significance level.
Correlations for inland regions show slightly
better performance than for coastal regions.
The mean bias at coastal sites exceeds the
range of the rmsd, i.e. the systematic error
exceeds the variance of error. In contrast the
mean bias at inland sites is always within the
range of the rmsd. Results of higher resolution
reanalysis indicate generally smaller deviation
since both mean bias and rmsd values are
smaller.

The data population used for coastal regions
differs from the data population used for inland
regions due to general availability and covered
periods of field observations (see Fig.4 and
Table 4), i.e. 264 pairs (eleven years) of data at
coastal sites and 67 pairs (five years) of data at
inland sites. However, this cannot cause the
range of the mentioned differences in statistical
measures found at coastal sites and inland sites
(e.e. mean bias). We rather assume the
elevation bias (see Table 2) to be the main
source of error besides the fact that surface
types and reanalysis physics were optimized for
glacial sites and all inland AWS are located on
glaciers. Nevertheless, a general under-
estimation of the near-surface air temperature
(i.e. cold bias) is mentioned for polar regions as
result of an unsolved problem in the land
surface model used in Polar WRF (e.g. Wilson et
al., 2012). This problem is also observable in
this study while the cold bias is generally larger
during summer and at lower altitudes.

3.4 Precipitation

Field observations of precipitation were only
available at coastal sites, i.e. synoptic
observations of the Norwegian Meteorological
Institute. Thus, the vertical distribution of field
observational data is very small due to the lack



of inland observations. Our strict data filtering
strongly reduced the precipitation data since
only monthly means consisting of 100 % valid
data were considered in this study. We applied
a correction factor of 1.6 to the measurement
data to take account of snow undercatch as
suggested by Fgrland and Hanssen-Bauer
(2003). The results of our analysis are presented
in Fig. 5 and Table 5. Herein field observations
and reanalysis show very good correlations in
consideration of the very high spatio-temporal
variability of precipitation. All correlations were
significant on a 0.01 significance level.
Generally, mean biases are very small. The
variance of deviation exceeds the systematic
error since the rmsd value exceeds the mean
bias. We could only find slight improvement of
reanalysis results using higher horizontal
resolutions. The fact that 57 % of the variance
of precipitation is already captured at a
horizontal resolution of 30 km indicates that
advective precipitation processes dominate in
the region of Svalbard. This is consistent with
observations of other studies (e.g. Wada and
Konoshi, 1998) that precipitating clouds are
associated with deeply occluded fronts and
extratropical cyclones in the study region. We
will discuss general precipitation distribution in
respect to findings of other studies in Svalbard
in Section 5.

3.5 Wind

All correlations except for inland regions at a
30 km resolution were significant on a 0.01
significance level (see Fig. 6 and Table 6). Mean
bias values were always smaller than rmsd
values indicating the variance of deviation
exceeds the systematic error. A strong
improvement of the captured wind speed
variability with higher resolutions is observable
due to better representation of orography. Very
high correlation (r* = 0.84) was only found for
inland regions at 2 km resolution. All other
correlations  showed low to medium
performance. Results at inland regions again
showed generally better accordance with field
observations than results at coastal regions.
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This further indicates that the mismatch of
surface types and/or reanalysis physics is
greater for coastal regions. Reanalysis results of
2km resolution showed a prominent
improvement compared to results of 10 km and
30 km resolution since reanalyzing at the lower
limit of meso-gamma scale enables the closure
of complex terrain flows.

We produced monthly vector means of field
observations and compared the data to 2 km
EAR results in Fig. 7. The wind rose plots show
that low and high wind speeds as well as main
wind directions are well represented by the
EAR. This suggests that surface friction and
terrain is adequately accounted for in the
reanalysis using 2 km horizontal resolution,
especially at glacial sites.

3.6 Further variables

Correlation analyses (not shown in this paper)
between the EAR and air pressure, specific
humidity, down-welling short- and long-wave
radiation from  field observations are
statistically significant (p = 0.01), showing r’
values greater than 0.97. The results for specific
humidity are analog to those for air
temperature. Highest r’ values are reached for
air pressure at coastal stations independent of
the horizontal resolution, while largest mean
bias values were found for the same variable
due to elevation biases. Down-welling short-
wave radiation is overestimated while down-
welling long-wave radiation is underestimated
by about 10 W m? each, and thus total down-
welling radiation does not show a mean bias.

4 Seasonality and climate variability

4.1 Annual means and seasonal courses

4.1.1 Air temperature

Air temperature shows a very stable spatial
distribution strongly formed by orography.
However, the absolute range of air temperature
within the orographic pattern varies by season



(see Fig. 8, 9 and 10). Fig. 8 shows eleven-year
mean values of air temperature and identifies
Nordaustlandet as coldest region of Svalbard
(see also Fig.14 and Table 7). A pronounced
south-west to north-east gradient is observable.
The warmest regions with an annual mean air
temperature of about -0.5 °C are located in the
south-west and the coldest regions with an
annual mean air temperature of about -12.8 °C
are located in the north-east (see Fig. 8).
Thereby the range between highest and lowest
air temperature within the Svalbard domain is
about 12.3K and about 55K within the
Nordaustlandet domain. The Nordaustlandet
domain shows nearly the same minimum air
temperature of -12.5°C as found in the
Svalbard domain whereas the maximum air
temperature with about -7.0 °C differs. The air-
temperature ranges are smaller on land areas
than over sea areas as indicated by Table 7 and
Fig. 10.

Considering the seasonality of air temperature,
DJF is the coldest and JJA the warmest season.
The range of air temperatures is the largest in
DJF and the smallest in JJA (see Fig. 9, 10 and 14
and Table 7). The intermediate SON season
shows very similar values and spatial
distribution compared to the annual mean air-
temperature fields in Fig.8. The air-
temperature range of SON and MAM within the
Svalbard domain is nearly identical but smaller
than the range of DIF and larger than JJIA (see
Fig. 10 and Table 7), and air temperatures in
MAM are generally lower than in SON.
Considering the Nordaustlandet domain MAM
is also colder than SON but shows a range more
similar to JJA. The SON range is in the
dimension of DJF. Air temperatures at coastal
land areas partly exceed air temperatures over
neighboring sea areas in JJA (see Fig. 10). During
the other seasons air temperatures at sea areas
especially in the south-west exceed air
temperatures over land areas due to warm
currents from the Atlantic Ocean [e.g.
Walczowski and Piechura, 2011).

4.1.2 Precipitation

A distinct  orographic  dependency  of
precipitation is observable in Fig.8 and 11
whereas the absolute amount decreases with
latitude and maxima tend to be located
eastwards. Fig.8 shows eleven-year mean
values of accumulated annual precipitation and
identifies south Spitsbergen as wettest region
of Svalbard with the highest values of about
1139 mm/year (see Fig. 14 and Table 8) since
moisture is transported into the region of
Svalbard mainly from the south-west (e.g.
Sorteberg and Walsh, 2008). Precipitation over
sea areas is small compared to land areas due
to the lack of orography. Within the
Nordaustlandet domain the eleven-year mean
values of accumulated annual precipitation
reach a maximum of about 844 mm/year (see
Fig. 14 and Table 8). Mean values of the eleven-
year mean values of accumulated annual
precipitation of all land based grid points reach
602 mm/year within the Svalbard domain and
545 mm/year within the Nordaustlandet
domain. This is due to large dry regions in the
center and north-west of Spitsbergen.
Comparing values of the Nordaustlandet
domain (2 km grid) to values in the Svalbard
domain (10 km grid) in the overlapping region
(not shown) we found that mean precipitation
is 13 mm/year (approx. 2%) higher in the
higher-resolution data set. The difference in the
maxima of the eleven-year mean values of
accumulated annual precipitation between the
Nordaustlandet domain and the Svalbard
domain was even higher; 70 mm/year (approx.
8 %) higher maxima are present in the high-
resolution data set.

SON is the wettest and JJA the driest season. A
distinct decrease of precipitation is observable
between SON and JJA. In the region of
Nordaustlandet no significant difference were
found between JJA and MAM (see Fig. 11,
Fig. 14 and Table 8). The seasonal decrease in
precipitation is more pronounced in the
northern parts of Svalbard, i.e. accumulated
precipitation in MAM exceeds still 3 mm/d in
the south-east of Spitsbergen. Mean and
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maximum values derived for the Svalbard
domain were always larger than for the
Nordaustlandet domain, i.e. Svalbard is in
average wetter than the Nordaustlandet region.

4.1.3 Wind

The eleven-year mean wind field shows a strong
south-west component on meso-beta scale with
wind speeds of about 6 m/s (see Fig. 8). Over
sea areas the wind field is generally very
uniform due to the lack of disturbing land
masses. In valleys and areas surrounded by high
mountains or ice caps wind speed is lower due
to sheltering effects and reaches values of 3-
4 m/s. In contrast highest wind speeds of about
8 m/s are reached at high elevations (ridges).
Especially areas at the lee side (south-west) of
the ridges in respect of the subordinated wind
direction (south-west) show the highest wind
speeds. This dislocation is probably produced by
the combination of frequent katabatic winds
adding to a channeling effect at the ridges
caused by low Arctic boundary layer heights.
Prevalent katabatic wind fields are observable
especially at large ice caps like Vestfonna or
Austfonna on Nordaustlandet. At slopes
directed windward (north-east) to the mean
wind direction (south-west) katabatic winds
counteract and windward slopes show weaker
winds than leeward slopes. Further, analyses of
the vertical wind field (not shown) revealed
strong down winds (often exceed 0.4 m/s in the
eleven-year mean) especially over tops of
mountains and ice caps having strong katabatic
wind systems. In contrast to that the
surrounding sheltered areas which showed the
low wind speeds in Fig.8 experience
pronounced updraft winds. The up and down
wind columns reach heights of about 1500 m
above ground while the horizontal extend
between the opposed columns is in the scale of
50 km. This is consistent with observations of
Sandvik and Furevik (2002) or Barstad and
Adakudlu (2011). They further documented a
strong gap flow (Hinlopen jet) at the northern
exit of the Hinlopen Strait as the result of the
local wind systems and the mechanical

disturbance of the subordinated wind field also
observable in Fig. 8.

Fig. 12 shows that DJF is the windiest season at
most places reaching values of 10 m/s and JJA is
the calmest season. Synoptic wind fields tend to
have a more pronounced east-to-west direction
component in seasons of higher wind speeds
and a more pronounced north -to-south
direction component in seasons of lower wind
speed. This is probably due to the increased
Coriolis effect (e.g. Skeie and Grgnas, 2000).
SON and MAM are intermediate seasons.
Katabatic patterns are strongest in DJF,
probably due to excessive radiative cooling, and
weakest in JJA.

4.2 Seasonal and interannual anomalies

4.2.1 Air-temperautre anomalies

Fig. 13 shows that the standard deviation of
annual mean air temperature is larger for lower
altitudes and in the eastern parts of Svalbard.
Largest standard deviation is found over sea
areas in the east exceeding 3K and lowest
standard deviation at sea areas in the south-
west or at the highest points of Spitsbergen.
The same pattern is observable in the
Nordaustlandet domain but the range of
differences is lower. Land areas show a
generally lower standard deviation than sea
areas. This is due to strong vyear-to-year
variability of sea ice cover and the West
Spitsbergen Current. Considering only larger
islands we see standard deviation is larger on
Nordaustlandet, Barentsgya and Edgegya than
on Spitsbergen. A clear seasonality of standard
deviation is observable for Nordaustlandet and
whole Svalbard (see Fig.14). Values of the
Nordaustlandet domain are slightly larger.
Largest differences are found in SON and DIJF. In
general the DJF season shows the largest
standard deviation of about 4 to 5 K. JJA shows
the lowest standard deviation of about 1K.
Standard deviations of SON and MAM are about
3K.
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4.2.2 Precipitation anomalies

Largest relative standard deviation of annual
mean precipitation of about 37 % is found in
the eastern parts on land with a prominent
decrease from north to south (see Fig. 13) since
cyclones from southern directions generate
most of the precipitation variability (not
shown). The spatial distribution of relative
standard deviation of precipitation (Fig. 11) is
not similar to the spatial distribution of
precipitation (Fig.8). E.g. Vestfonna and
Austfonna in the Nordaustlandet domain show
areas of same annual precipitation amount but
the relative standard deviation of the north-
eastern areas on Austfonna is nearly doubled
compared to the other areas. Also areas of high
precipitation amounts in the west and south of
Spitsbergen and on Edgegya show very little
relative standard deviation. A clear seasonality
of standard deviation of precipitation is
observable for Nordaustlandet and whole
Svalbard (see Fig. 14). Both regions show the
same pattern with a maximum of about
1.0 mm/d in SON and DJF, values of about
0.8 mm/d in MAM and a minimum of about
0.6 mm/d in JJA. Values for the Nordaustlandet
domain are slightly higher for SON whereas a
distinct increase to 1.5 mm/d during November
causes the main difference. Except SON and JJA,
values for the whole Svalbard domain are
slightly higher. In contrast to that the relative
standard deviation is largest (smallest) in MAM
(SON) indicating that the seasonal coefficient of
variation of year-to-year variability is greatest
(smallest) in MAM (SON).

4.2.3 Wind anomalies

Areas of higher relative standard deviations of
about 16 % are mainly limited to areas of
generally low wind speed in average (see Fig. 8,
12 and 13). These areas are orographically
sheltered from the north-east which is the main
wind direction and showed strong updraft
winds. In contrast the relative standard
deviation is lower at ridges where the highest
wind speeds and strong down winds are
present. A clear seasonality of standard

deviation is observable in Fig. 14. Largest values
of about 1.5m/s are found in DJF in the
Nordaustlandet domain. Lowest values for the
Nordaustlandet domain of about 1.0 m/s are
found in JJA. Values for SON are about 1.3 m/s
and for MAM are about 1.4 m/s. The standard
deviation of the Svalbard domain shows the
same seasonal course but is approximately
0.2m/s lower due to effects of coarser
horizontal resolution discussed in Section 3. The
seasonal course of standard deviation of wind
speed is consistent with seasonal courses of
cyclone activity in the region of Svalbard (e.g.
Sorteberg and Walsh, 2008). Nevertheless, as
well as found for precipitation the relative
standard deviation of wind speed is largest
(smallest) in MAM (SON) indicating that the
seasonal coefficient of variation of year-to-year
variability is greatest (smallest) in MAM (SON).

4.3 Examples of anomalies

In the following we will analyze four examples
comprising extremes in precipitation and air
temperature during seasons of the highest
absolute variability, i.e. DJF. We picked two of
the driest and two of the wettest winters of the
eleven-year time series, i.e. 2003 and 2004
were cold and dry, 2005 and 2006 were warm
and wet.

The frequency of cyclones reaching Svalbard
over the North Atlantic cyclone track (e.g.
Tsukernik et al., 2007) is higher during 2005 and
2006 compared to 2003 and 2004 while the
frequency is lowest during 2003 (not shown).
We will use the 850-300 hPa thickness (also
termed relative topography) as an indicator for
the movement of meso-beta scale convective
elements following Corfidi et al. (1996) who
showed that the motion of convective systems
can be considered the sum of an advective
component, given by the mean motion of the
cells composing the system, and a propagation
component, defined by the rate and location of
new cell formation relative to existing cells.
Furthermore, they showed the 850-300 hPa
thickness is an indicator of the differences
between the mean flow in the cloud layer and
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the low-level jet. Shifts in seasonal mean 850-
300 hPa thickness, sea level pressure and
surface wind field between the examples are
observable in Fig. 15. The thickness indicates
that cyclones could hardly reach Svalbard in
2003 and 2004. Nevertheless, in 2004 eastward
propagation south of Svalbard was possible. In
2005 and 2006 the thickness indicates strong
northward  cyclone  propagation  mainly
transported over the Greenland Sea. The low
sea level pressures switch from eastern
locations in 2003 and 2004 to western locations
in 2005 and 2006 in respect to Swvalbard.
Respectively, air masses are frequently
transported to Svalbard from northern
directions in 2003, north-eastern directions in
2004, south-eastern directions in 2005 and to
southern directions in 2006, i.e. air masses were
mainly transported over the Arctic Ocean in
2003, the Barents Sea and Arctic Ocean in 2004,
the Norwegian and Barents Sea in 2005 and the
Norwegian Sea in 2006.

These synoptic circulation patterns generate
differences in the spatial distribution of air-
temperature and precipitation anomalies as
shown in Fig.16 and 17. Colder and drier
(wetter and warmer) conditions than normal
are connected with a decreased (increased)
impact of the North Atlantic cyclone track to
the Arctic Ocean, i.e. air mass transport from
northern directions is increased (decreased) in
2003 and 2004 (2005 and 2006). The anomalies
are more pronounced over sea ice and land
masses than over open water and are mostly
limited to areas of about 500 — 700 km to the
sea ice margin. Comparing this feature in 2003
and 2004 with 2005 and 2006 (see Fig. 16) cold
anomalies show sharper boundaries. Especially
in the south a clear gradient in the region of the
sea ice margin is observable during cold
anomalies in 2003 and 2004. This gradient is
more diffuse during warm anomalies in 2005
and 2006. Fig. 18 indicates that the very strong
gradients observed at the southern edge of cold
anomalies are mainly produced by a positive
sea ice anomaly covering the normally exposed
warm sea surface. This is further backed by
observable strong cold anomalies in SST fields in

these regions (not shown). Nevertheless, great
parts of cold and warm air-temperature
anomalies are located further north where no
anomalies in sea ice could be observed. In
general areas of maximum anomalies in DJF
2003 to 2006 are mostly located to the sea ice
region east of Svalbard while warm anomalies
show the tendency to reach far north and cold
anomalies show the distinct cut at the sea ice
margin.

Strong precipitation gradients are observable at
the ice margin in Fig. 17 whereas the region of
positive (negative) air-temperature anomalies
in Fig. 16 show more (less) precipitation than
normal. Strong negative (positive) precipitation
anomalies on Svalbard were experienced during
2003 and 2004 (2005 and 2006). During
negative (positive) precipitation anomalies in
the north (over sea ice) a positive (negative)
precipitation anomaly in the south (over open
water) is observable (see Fig.17). However,
distinct differences are also observable. The
transport of air masses in 2003 and 2004 from
the Atlantic Ocean was strongly suppressed (see
Fig. 15). Large differences in precipitation over
the Norwegian Sea are observable between
these years. Compared to normal amounts,
precipitation was reduced in the Norwegian Sea
in 2003 and increased in 2004 (see Fig.17).
Similar differences in this sector can be found
between 2005 and 2006. Precipitation was
increased in the Norwegian Sea in 2005 and
reduced in 2006 compared to normal amounts.
Comparing 2003 and 2005 as well as 2004 and
2006 we observe opposite patterns in
precipitation and wind field anomalies.

As indicated in Section4.2.1 the air-
temperature anomalies in the Svalbard domain
in Fig. 19 are stronger over sea areas than over
land areas showing an east-west gradient.
Nevertheless, Svalbard is entirely within the
area influenced by the anomalies. The years
2003 and 2004 show strong negative and 2005
and 2006 strong positive air-temperature
anomalies in Svalbard. The wind field anomaly
shows stronger eastern directions in 2003,
southern directions in 2004, north-western
directions in 2005 and north-eastern directions
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in 2006. Precipitation anomaly distribution in
Fig. 20 show more connection with wind field
anomalies than the air-temperature anomalies
in Fig. 19 do. Negative (positive) precipitation
anomalies in 2003 (2005) are mainly limited to
the eastern parts of Svalbard which are the
regions of the highest precipitation amounts
(see Fig.8 and 11). The wind field anomalies
show strong south-eastern (north-western)
directions during 2003 (2005). Precipitation
anomalies in 2004 and 2006 are shifted to the
west compared to 2003 and 2005 while the
wind field anomalies show south-western
(north-eastern) directions during 2004 (2006).

Therefore, positive (negative) precipitation
anomalies seem to increase windward
(leeward).

Summarizing these examples a positive

(negative) precipitation anomaly on Svalbard
correlates with a positive (negative)
temperature anomaly (see Fig.19 and 20).
Positive (negative) precipitation and air-
temperature anomalies are connected with
increased (decreased) influence of the North
Atlantic cyclone track (see Fig.15). Averaging
the sea level pressure results in central to
western (eastern) positions of lows in respect to
Svalbard for increased (decreased) influence of
the North Atlantic cyclone track.

air-

5 Discussion

A pronounced air-temperature gradient
between south-west and north-east Svalbard
was observed in the EAR data (see Fig. 8, 9 and
10). This is consistent with observations of
other studies (e.g. Hisdal, 1976; Walczowski and
Piechura, 2011) which discuss the interaction of
warm Atlantic water (West Spitsbergen Current)
and sea ice as origin of the strong air-
temperature gradient in the region of Svalbard.
Nevertheless, examples of air-temperature and
precipitation anomalies show beside
connections to sea ice and sea surface
temperature also strong connections to the
influence of advected air masses since Svalbard
lies in the border zone of cold Arctic air from

10

the Polar Basin and mild maritime air over the
oceans towards the south.

Sorteberg and Walsh (2008) showed the major
moisture transport and therefore precipitation
in the region of Svalbard is strongly correlated
with the cyclone activity of the North Atlantic
cyclone track. They identified two different
paths by a cluster analysis. One is taking course
northward along the Greenland Sea strongly
affecting Svalbard and terminates in the Arctic
Ocean and the other is taking course eastward
along the Barents Sea and terminates in Siberia.
This is consistent with patterns of 850-300 hPa
thickness and precipitation found in Fig. 15 and
17. First analyses suppose the cyclone activity
was generally low in 2003 resulting in strong
negative precipitation anomalies all over the
European Arctic. In 2004 cyclones mainly
traveled along the path south of Svalbard
resulting in a negative precipitation anomaly in
Svalbard and the Arctic Ocean and a positive
precipitation anomaly in the Norwegian and
Barents Sea. During 2005 and 2006 the cyclone
activity seems to have increased, resulting in
positive precipitation anomalies in Svalbard and
the Arctic Ocean. Precipitation patterns in
Fig. 17 show that the other path along the
Greenland Sea was more active during these
years, causing a negative precipitation anomaly
in the Barents Sea. Nevertheless, this needs
further investigation to show a robust relation.
Seasonal maxima in  wind speed and
precipitation were found in autumn and winter
(see Fig.11 and 12). A seasonal maximum of
precipitation in autumn and increased winds
during winter were also mentioned by Hisdal
(1976). Also the variability of air-temperature,
precipitation and wind speed was the largest
during these seasons (see Fig.14). This is
furthermore consistent with the increased
activity of the North Atlantic cyclone track
during winter (e.g. Tsukernik et al., 2007;
Sorteberg and Walsh, 2008), transporting
moisture and moist static energy (sensible heat,
latent heat and geopotential) into the Arctic
and also agrees with the observed connection
between positive (negative) air-temperature
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and precipitation anomalies (see Fig.16 and
17).

In respect to air-temperature we assume two
aspects mainly caused the observed anomalies.
The exposure (cover) of warm sea water causes
positive (negative) air-temperature anomalies
especially at the sea ice margin due to sea ice
anomalies (see Fig. 16 and 18). This aspect is
further supported by studies of Serreze et al.
(2011) and Day et al. (2012). Nevertheless,
Vihma and Pirazzini (2005) indicate that positive
air-temperature changes over sea ice are
strongly connected to an increase in cloud cover
and warm air advection. Furthermore, Hisdal
(1976) describes northerly to easterly winds on
Svalbard to be associated with clear skies and
radiative heat loss from the ground, while
southerly winds are generally associated with
overcast skies reducing heat loss from the
surface. In this study a connection of
southerlies (northerlies) and positive (negative)
air-temperature anomalies on sea ice far north
from the sea ice margin and over land is
observed. A considerable heat gain due to
increase (decrease) in cloudiness related with
southerlies (northerlies) as pointed out by
Hisdal (1976) could explain this feature. This
would furthermore match to the feature of
orographic  variability observed for air
temperature (see Fig.13) and the higher
potential temperature at high land areas (see
Fig. 9) since surface temperatures and therefore
thermal radiation has to be larger at lower
altitudes. The south-west to north-east air-
temperature gradient and the variability are
decreased during summer (see Fig. 10 and 14).
That is consistent with described decreases in
cyclone activity during summer, concurring
effects of increased solar input and warm air
advection reducing the heating effect of the
solar rays due to related overcast skies and
dampening effects due to melt and refreezing
processes (e.g. Hisdal, 1976; Ohmura, 2001;
Tsukernik et al., 2007).

Studies of Winther et al. (1998) discussed
elevation, south-north and west-east
precipitation  gradients on  Spitsbergen
consistent with the precipitation distribution in
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Fig. 8. The accumulation observations in
Winther et al. (1998) indicate precipitation
amounts of about 1200 mm/year in the region
of  Torell Land (south  Spitsbergen),
1000 mm/year in the region of Sabine Land
(central-east Spitsbergen) and 800 mm/year in
the region Olav V Land (north-east Spitsbergen).
Values resolved by EAR are of equal dimension
in these areas. Furthermore, west-east
transects showed a prominent accumulation
minimum in the center parts for northern
regions which is also observable in Fig. 8. Méller
et al. (2011) showed strong orographic
dependencies of precipitation and
accumulation on Vestfonna consistent with
results of this study. Solid ground and
orography act generally as a precipitation
trigger by forcing rising atmospheric motions.
We further assume cold surfaces like sea ice,
glaciers or ice caps may additionally activate
condensation and precipitation due to
increased radiative cooling of the clouds from
the bottom as Curry and Herman (1985) have
shown for the Arctic.

Strong katabatic wind systems are observable
(see Fig. 8) able to generate distinct mass loss
due to snow drift as discussed in Sauter et al.
(2013). Furthermore, the general existence of
differences in precipitation distribution and its
variability over very short distances is an
important result (see Fig.13). From a
glaciological perspective the tremendous
differences in precipitation variability on
Vestfonna and Austfonna observable in Fig. 13
in regions of similar precipitation amounts (see
Fig. 8) are valuable facts for the interpretation
of differences in surface mass balances in these
regions.

6 Conclusions

We analyzed climate variability of Svalbard and
Nordaustlandet using a regional reanalysis of
the European Arctic produced with Polar WRF

for an eleven-year period. The regional
reanalysis was in good accordance with
observations on Svalbard. Based on the

reanalysis some of the regional processes have
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been documented and analyzed. The results
were discussed with the synoptic features in the
region of Svalbard. Spatial distribution,
seasonality and variability of air temperature,
precipitation and wind were presented,
analyzed and were consistent with results of
other studies. Four examples of precipitation
and air-temperature anomalies were analyzed
and their coupling to cyclone activity was
discussed. Air-temperature anomalies correlate
with precipitation anomalies and are more
pronounced on sea ice whereas areas of cold
dry anomalies show better correlation with sea
ice anomalies and sea surface temperature. We
assume strong connections of clouds and air
temperature due to complex radiation climate
feedbacks. Nevertheless, ways of impacts and
interactions in the Arctic system are complex
and we have only touched on some of the
major issues. The results indicate that cyclone
activity is a key factor of climate variability in
the European Arctic.

Our analyses showed that the interaction of the
West Spitsbergen Current, sea ice, radiative

cooling/warming and advection processes
produces large gradients and therefore
increases  variability of  air-temperature,

precipitation and wind especially during winter.
Observed precipitation  patterns  strongly
correlate with orography. Greatest precipitation
amounts were observed in SON and smallest
precipitation amount were observed in JJA.
Regions of high precipitation amounts are
located to the east while a latitudinal gradient
exists in general. We could identify that
maximum  variability of precipitation is
dislocated to northeastern directions. From a
glaciological perspective the heterogeneous
distribution of precipitation variability is a
valuable fact, comparing the variability of mass
input in different regions such as the Vestfonna
and Austfonna ice caps on Nordaustlandet.
Pronounced katabatic wind systems were
observed in glaciated areas of Svalbard and are
prevalent in all seasons while regions of highest
wind speed show the smallest variability. A
considerable mass loss due to snow drift at
large ice caps caused by the katabatic wind
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systems is assumed. DJF is the season of highest
wind speeds and wind speed absolute
variability whereas JJA is the calmest season.
The warmest season is JJA while the coldest
season DJF shows the largest variability of air
temperatures with the greatest gradients
between sea and land.

The orographic influences were clearly captured
by the regional reanalysis. Nevertheless,
inaccuracy of the used elevation data set is one
of the most prominent flaws. We could even
observe strong influence of orography and a
large elevation bias at Vestfonna, an ice cap of
very simple shape. The errors surely increase
for more complex topographies. Larger
deviations between field observations and the
reanalysis are related to the elevation bias: the
less the elevation bias the less the deviation.
Especially results for air temperature and wind
show a large sensitivity to topography
mismatch. Besides this the study showed how
important a high horizontal domain resolution
is to properly resolve the local wind field.
Providing an elevation data set of better
accuracy is therefore fundamental for further
improvements.
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Table 1. Physical parameterization.

Microphysics Morrison 2-moment scheme

Boundary layer parameterization Mellor-Y amada-Janjic (Ea) TKE scheme

Cumulus parameterization Grell 3d ensemble cumulus scheme; no scheme for 2 km domains
Land-surface model Noah Land-surface Model (LSM)

Long-wave radiation Rapid Radiative Transfer Model (RRTM) scheme
Short-wave radiation Goddard scheme

Table 2. Elevation bias at domain resolution and region type (see Fig. 2 and 3). A positive elevation bias
indicates model elevation is greater than the measured elevation.

Coastal region Inland region
30 km 10 km 2km 30km 10 km 2km
(m) (m) (m) (m) (m) (m)

Hopen -6 -6 -6 -70 -50 6 DG-AWS
Hornsund 314 178 118 -36 -50 82 VF-AWS240
Svalbard- 164 254 128 -131 140 325" VF-AWS335
Lufthavn
Ny-Alesund 293 212 122 -166 -38 -48 VF-AWS370

RF-AWS 224 81 48 -296 -25 -39 VF-AWS500

-393 -122 63 VF-T597
Avera_ge Abs. 200 146 g4 182 7 48 Avera_ge Abs.
Bias Bias

*discarded due to elevation bias exceeding 10 % of horizontal resolution

Table 3. Coordinates, altitude and period of operation of the Automatic Weather Stations (AWS) in
western Nordaustlandet (Fig. 3).

AWS Name Latitude Longitude Altitude Start Date End Date
(°N) (°B) (m as.l)

DG-AWS 80.0163 19,1855 240 26-May-08 20-May-12
VF-AWS240 79.9995 19.4442 240 22-May-08 20-May-09
VF-AWS335 79.9342 19.1823 335 22-Apr-07 2-Dec-09
VF-AWS370 79.9847 19.4738 370 28-May-08 15-Sep-11
VF-AWS500 79.965 19.632 500 21-May-08 21-May-09

VF-T597 79.987 20.1299 597 28-Apr-07 11-May-08

RF-AWS 80.2183 224783 10 25-Jan-07 In operation
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Table 4. Results of air-temperature analysis at domain resolution and region type (see Fig. 4). A negative
bias indicates that reanalysis is colder than the observation. N is the number of pairs available for the
analysis.

30 km 10 km 2km
Coastal Inland Coastal Inland Coastal Inland
? 0.96 0.97 0.96 0.99 0.96 0.99
rmsd (K) 1.51 133 1.38 0.87 139 0.93
Mean bias (K) -4.02 -0.71 -3.31 -0.8 -2.28 -0.56
N 268 108 268 108 268 108

Table 5. Results of precipitation analysis at domain resolution and region type (see Fig. 5). A negative
bias indicates that reanalysis precipitation is less than observed. N is the number of pairs available for
the analysis.

30 km 10 km 2km

Coastal Coastal Coastal

r? 0.57 0.6 0.61

rmse (mm/d) 1.08 1.07 1.05

Mean bias (mm/d) -0.01 -0.05 -0.06

N 54 54 54
17

-111-



Table 6. Results of wind-speed analysis at domain resolution and region type (see Fig. 6 and 7). A
negative bias indicates that reanalysis wind speed is lower than observed. N is the number of pairs
available for the analysis.

30 km 10 km 2km
Coastal Inland Coastal Inland Coastal Inland
? 0.18 0.03* 0.33 0.36 0.48 0.83
rmse (m/s) 1.73 1,99 1.41 157 1.13 0.9
Mean bias (m/s) 1 -0.56 0.99 -0.24 0.47 0.53
N 264 67 264 67 264 41

*not statistically significant (p = 0.01)

Table 7. Averaged air temperature of all land based grid points as resolved in the Nordaustlandet and
the Svalbard domain (see Fig. 8 and 10).

Nordaustlandet domain Svalbard domain
Mean Min Max Range Mean Min Max Range
(°c) () (c) (K (c) (°c) (c) (K
SON -9.3 -123 -55 57 -8.2 -12.6 -3 96
DJF -17.2 -19.2 -13.6 5.6 -15.9 -21.3 -11.1 10.1
MAM -14.2 -16.2 -11.6 4.5 -12.8 -16.6 -8.2 8.4
JJA -0.7 -2.8 1.3 4.1 -0.3 -3 33 6.3
Annual -10.3 -12.5 -7.9 4.6 93 -12.8 -54 7.4

Table 8. Averaged accumulated precipitation of all land based grid points as resolved in the
Nordaustlandet and the Svalbard domain (see Fig. 8 and 11).

Nordaustl_andet Svalbard domain
domain

Mean Max Mean Max

(mm/d) (mm/d) (mm/d) (mmid)
SON 21 3.2 22 3.9
DJF 16 2.7 1.9 3.7
MAM 11 1.8 14 31
JJA 11 2 1.1 1.7
Annual 1.5 2.3 1.6 3.1
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Fig. 1. Terrain height and location of the parent domain (30 km) part of the European Arctic Reanalysis
(EAR). Black square shows the location of the nested Svalbard domain (10 km).
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Fig. 2. Terrain height of the second-level Svalbard domain (10 km) part of the European Arctic Reanalysis
(EAR). Black squares display the regions of the five third-level domains (2 km): a) Northwest Spitsbergen,
b) Nordaustlandet, c) Longyearbyen, d) Hornsund and e) Hopen. Blue points mark synoptic stations of
the Norwegian Meteorological Institute, while red points mark the automatic weather stations (AWS)
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used in this study.
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Fig. 3. Terrain height and location of the Nordaustlandet domain (2 km) part of the European Arctic
Reanalysis (EAR). Red points are locations of automatic weather stations (AWS) and blue outlines define
the region of Vestfonna derived from Randolph Glacier Inventory used in this study.

21

-115-



30 km 10 km 2 km

o
o
o

Reanalysis (°C)
8 o
R
H
Reanalysis (°C)
R L
o o o
'%&%
Reanalysis (°C)
3 o
*\g‘

20 - 1 ] 20 - E
4o ° /@
(@ -30 : : -30 - -30
30 20 -10 0 10 30 20 -0 0 10 30 20 -10 0 10
Observation (°C) Observation (°C) Observation (°C)
4 . 4 4r
2h o5y o 25 2 b
- %, . - X - s
g 0l . o g0 ! A g9 WA
o 2 ° o8 .Pﬁ @ 2 0 & o 2 L8 e
3 0oga S8 8 e
o -4f o -4 o4
6 F 6" 6F
Pooo 2004 2008 2012 Booo 2004 2008 2012 Booo 2004 2008 2012
30 km 10 km

Reanalysis ("C)
5 °
=)
=} °

Reanalysis (°C)
<
Reanalysis (°C)

5 3

20 ; 20 -
(b) - » :
N 20 d0 0 10 3020 M0 0 o 20 G0 010
Obesrvation (°C) Obesrvation (°C) Obesrvation (°C)
4 4 4-
2f 2- 2t o0
g0 o .“ g0 L=, 5 g o sw 9
w -2 w -2 o -2
ks s FI Bl K
g5 @“‘% g&@e Bl ﬁﬁg@% LAY -w%; %_;
-6 e% & . 500 % s E E -8
X ° L - P L L N L L L
5000 2004 2008 2012 Sooo 2004 2008 2012 So00 2004 2008 2012

Fig. 4. Analysis results of monthly mean air temperature for (a) coastal regions (Hopen, Hornsund,
Svalbard-Lufthavn, Ny-Alesund and RF-AWS) and (b) inland regions (DG-AWS, VF-AWS240, VF-AWS335,
VF-AWS370, VF-AWS500 and VF-T597). The results are presented for each domain resolution by scatter
plot (upper part) and time series of bias (middle part). Solid lines show the linear regression function in
the scatter plot and the mean bias in the bias time series plot. A negative bias indicates that reanalysis is
colder than the observation. Statistical measures of the regression analysis are presented in Table 4.
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Fig. 5. Analysis results of monthly mean precipitation for coastal regions (Hopen, Hornsund, Svalbard-
Lufthavn and Ny-Alesund). The results are presented for each domain resolution by scatter plot (upper
part) and time series of bias (middle part). Solid lines show the linear regression function in the scatter
plot and the mean bias in the bias time series plot. A negative bias indicates that reanalysis precipitation
is less than observed. Statistical measures of the regression analysis are presented in Table 5.
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lower than observed. Statistical measures of the regression analysis are presented in Table 6.
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Fig. 7. Comparison of monthly mean near surface wind speed and wind direction in the Nordaustlandet
domain at (a) DG-AWS, (b) VF-AWS370 and (c) RF-AWS (see Fig. 3). Observations are displayed in red
and reanalysis data are displayed in blue.
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Fig. 8. Eleven-year annual mean of air temperature, accumulated precipitation and wind as resolved by
the reanalysis. Each variable is plotted for the Nordaustlandet domain (left) and the Svalbard domain
(right). Arrows in the wind plot are vector averages while colours present the scalar average of wind
speed.
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Fig. 9. Eleven-year seasonal mean of potential temperature at 1013 hPa level derived from reanalysis air
temperature. Each season is plotted for the Nordaustlandet domain (left) and the Svalbard domain
(right).

27

-121-



Fig. 10. Eleven-year seasonal mean of air temperature as resolved by the reanalysis. Color table ranges
from minimum to maximum air temperature as indicated in each plot. Each season is plotted for the
Nordaustlandet domain (left) and the Svalbard domain (right).
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Fig. 11. Eleven-year seasonal mean of accumulated precipitation as resolved by the reanalysis. Each
season is plotted for the Nordaustlandet domain (left) and the Svalbard domain (right).
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Fig. 12. Eleven-year seasonal mean of 10 m wind as resolved by the reanalysis. Each season is plotted for
the Nordaustlandet domain (left) and the Svalbard domain (right). Arrows in the wind plot are vector
averages while colours present the scalar average of wind speed.
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Air Tempeature

Fig. 13. Variability of annual means derived from eleven-year reanalysis data. Values for air temperature
are displayed as standard deviation. Values for precipitation and wind speed are displayed as relative
standard deviation. Each variable is plotted for the Nordaustlandet domain (left) and the Svalbard
domain (right).
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Fig. 14. Seasonal means (bold line) of air temperature, precipitation and wind speed (left), their
standard deviation (middle) and relative standard deviation (right) as derived from eleven-year
reanalysis data. Only land-based grid points of the Nordaustlandet domain (red) and the Svalbard
domain (blue) are included.
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Fig. 15. Seasonal mean thickness (also termed relative topography), sea level pressure and wind field of
the EAR domain as resolved by the reanalysis. Thickness is calculated from 300 and 850 hPa level
heights.
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DJF 2003

Fig. 16. Seasonal air-temperature and wind field anomaly of the European Arctic domain (30 km) as
resolved by the European Arctic Reanalysis (EAR). Purple contours indicate seasonal sea ice margin.
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Fig. 17. Seasonal precipitation and wind field anomaly of the EAR domain as resolved by the reanalysis.

Purple contours indicate seasonal sea ice margin.
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Fig. 19. Seasonal air-temperature and wind field anomaly of the Svalbard domain as resolved by the
reanalysis.

37

-131-



DJF 2004

DJF 2003

e

o\n\'ly/o/u/»l./%»/..i.é.»f‘ulvivfw/,.lv/y/
e e e s D

s

DJF 2006

N TR A RO O O NN SN
L e e e NSNS NSNS R
S S SN

CER N N

S

e eu

DJF 2005

1.0 1.5

0.5

0.0
mm/d

-0.5

.0

-1

5

1
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Appendix D: Snowdrift modelling for Vestfonna ice
cap, northeastern Svalbard
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Abstract

The redistribution of snow by drifting and blowing snow frequently leads to an inhomeo-
geneous snow mass distribution on larger ice caps. Together with the thermodynamic
impact of drifting snow sublimation on the lower atmospheric boundary layer, these
processes affect the glacier surface mass balance. This study provides a first quantifi-
cation of snowdrift and sublimation of blowing and drifting snow on Vestfonna ice cap
(Svalbard) by using the specifically designed “snow2blow” snowdrift model. The model
is forced by atmospheric fields from the Weather Research and Forecasting model
and resolves processes on a spatial resolution of 250 m. Comparison with radio-echo
soudings and snow-pit measurements show that important local scale processes are
resolved by the model and the overall snow accumulation pattern is reproduced. The
findings indicate that there is a significant redistribution of snow mass from the interior
of the ice cap to the surrounding areas and ice slopes. Drifting snow sublimation of sus-
pended snow is found to be stronger during winter. It is concluded that both processes
are strong enough to have a significant impact on glacier mass balance.

1 Introduction

In high arctic regions, redistribution of snow mass by wind drift has an important im-
pact on the balance of glaciers. The intensity of the redistribution process is essentially
given by the interaction of the inherent erosional capacity of the wind flow and the
snow pack characteristics. Particularly along the margin of larger ice caps, persistent
katabatic winds become often strong enough to effectively remove snow from the sur-
face and re-accumulate the eroded snow mass within the surrounding areas (e.g. Boon
etal., 2010; Mernild et al., 2006). Once snow particles become mobile, they can be ad-
vected over long distances by the mean flow, while influencing the turbulent structure
of the atmospheric boundary layer. Snow particles, which are entrained far upwards
(above 2m) by turbulent eddies are generally refered to as blowing snow, whereas

710

-134 -



25

25

the advection of snow mass within the surface layer is termed drifting snow. During
transport part of the snow mass is removed by sublimation which modifies the verti-
cal temperature and moisture profiles of the near-surface layer. The cocler and more
humid air masses, then have a non-neglectable impact on the surface energy fluxes.
Since the effect on mass balance can be strong, bridging the gap between drifting and
blowing snow and the local scale impact on glacier mass balance in polar regions has
been addressed by several glaciological studies (e.g. Jaedicke, 2002; Bintanja, 1998;
Lenaerts et al., 2010, 2012).

The importance of drifting and blowing snow in the European Arctic has early been
postulated by Ahimann (1933). Based on point field measurements in Nordaustlandet,
he estimated that at least 1/8 of the total snow accumulation is redistributed by wind.
The first detailed accumulation map of Nordaustlandet (Spitsbergen) has been pro-
vided by Schytt (1964), based on point measurements collected during the Swedish
Glaciological Expedition in 1957/58. Later, better insights along several transects have
been gained by extensive repeated ground penetrating radar measurements carried
out by Taurisano et al. (2007) and Grabiec et al. (2011). Both studies substantially
contributed to a better understanding and a consistent idea of the spatial snow cover
pattern on the two large ice caps on Nordaustlandet, Austfonna and Vestfonna. Their
findings have been recently affirmed by on-site snow measurements from Maller et al.
(2011b) and Beaudon et al. (2011). Unfortunately, due to the heterogeneity of the com-
plex snowdrift processes a comprehensive, glacier wide spatio-temporal quantification
by measurements, however, proof to be a challenging task.

This study presents the first spatio-temporal estimate of snowdrift in the southwest
part of Vestfonna ice cap. We discuss the processes involved and describe the math-
ematical framework of the specifically designed three-dimensional snowz2blow model.
The model is then applied to Vestfonna ice for the accumulation period 2008/2009.
Model results are compared with radio-echo sounding measurements and on-site
snow-pitdata. Finally, the contribution and influence of individual component on the
snow distribution is discussed in detail.

711

2 Study area

The ice cap Vestfonna covers a surface area of 2340 km? in 2005 (Braun et al., 2011)
and is thus the second largest single ice mass of the Svalbard archipelago and among
the largest ice caps of the Eurasian Arctic (see Fig. 1). Its star-shaped ice dome is
formed by an east-west oriented ridge that extends over the main summit, Ahimann
Summit. From the eastern summit, which is the highest point of the ice cap (647 m
over WGS84 ellipsoid, Braun et al., 2011), a secondary ridge extends towards the
north. Apart from these main ridges the morphology of Vestfonna is dominated by
several land-terminating ice lobes and extensive outlet glacier basins that form marine
terminating, calving glacier fronts.

The strongly maritime climate of Svalbard is characterized by the contrasting influ-
ences of warm and humid North Atlantic air masses to the south and cold and dry Arctic
air masses to the northeast (Svendsen et al., 2002). The warm West Spitsbergen Cur-
rent (Walczowski and Piechura, 2011) frequently causes sea ice-free conditions along
the western part of the archipelago while the eastern areas are directly influenced by
cold Arctic ocean currents (Loeng, 1991) with closed sea-ice cover during most winters.
Extratropical cyclones mainly control the synoptic-scale variability in the southern parts
of the archipelago while the Arctic high pressure system forms the strongest influenc-
ing factor for the northern parts (Skeie, 2000). The synoptic forcing markedly imprints
on the surface climate especially during the winter months (Bednorz and Fortuniak,
2011). The synoptic-scale airflow across the archipelago is dominated by southerly di-
rections during the summer season while during winter northeasterly directions prevail
(Kasmacher and Schneider, 2011).

Due to its location within the archipelago, Nordaustlandet is less directly influenced
by the warmer Atlantic air and water masses. Its climatic setting is mainly governed by
easterly weather systems originating in the Barents Sea region (Taurisano et al., 2007).
These provide the major moisture source for precipitation during the winter season
(Ferland et al., 1997) with the absolute amounts partly depending on sea-ice coverage
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(Rogers et al., 2001). During conditions of easterly air flow, Vestfonna is located in the
lee of its larger and higher neighbour Austfonna which makes precipitation sums being
generally smaller here (Hagen, 1993).

Snow accumulation throughout the slopes of Vestfonna was found to be mainly gov-
erned by terrain elevation (Mdller et al., 2011a,b). Along the main ridges the pattern
of accumulated winter snow shows substantial zonal variability that differs between
individual years (Beaudon et al., 2011). The prevalence of katabatic wind directions
throughout the slopes of the ice cap (Claremar et al., 2012) promotes radial drifting
snow trajectories while synoptic winds and thus less consistent drifting snow directions
dominate on the ridges (Moller, 2012; Mdller et al., 2013). Overall, the magnitude of
snow accumulation across the ice cap shows high interannual variability and therewith
reflects the synoptic forcing (Beaudon et al., 2011).

3 Field observations

The here presented study requires different types of field data for validation purposes,
i.e. snow-depth information from radio-echo sounding and snow-pit analysis as well as
in situ meteorological measurements at automatic weather stations.

A snow-depth profile that is acquired from radio-echo sounding carried out in spring
2009 by Grabiec et al. (2011) serves as a basis for the validation of the modelled snow
accumulation pattern (Fig. 1). The first part of this profile that is used in this study ex-
tends over 14 km and reaches from the forefield of the northwestern land-terminating
parts of Vestfonna up to the main ridge of the ice cap and further on to Ahimann
Summit. The second used part of the profile covers 32 km of the western part of the
main ridge. The original snow-depth soundings provide point data that are unevenly
distributed along the profile line. For application in model validation we smoothed the
original data using a 21-point moving-window filter in order to eliminate local outliers.
Afterwards the smoothed profile data were averaged to fit the 250 m pixel resolution
of the modelling domain. Snow depth along the profile ranges between 0 and 2.24 m.
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According to the measurements three different types of altitude dependent accumu-
lation patterns are observable, i.e. inversion, precipitation and redistribution. At eleva-
tions below 350 m the snow accumulates in a permanent aggregation wedge (Grabiec
etal., 2011; Ahlmann, 1933) and forms a surrounding snow band that is clearly visible
on satellite images throughout the entire year. Within a small zone of this snow band
snow depth gradually decreases with increasing altitude. In contrast, snow depth above
an altitude of 350 m tends to increase with altitude. Throughout the uppermost parts of
the ice cap the spatial distribution of snow depth is mainly determined by snowdrift that
result in frequent sastrugi formation and thus in a high local-scale variability of snow
accumulation. The radar measurements shown in Figs. 2 and 3 indicate both low and
high frequency fluctuations of snow depth that can be attributed to short and longwave
sastrugi formation as it is especially visible between markers D and E.

Point related, multi-year snow-cover data from an extensive snow-pit study (Mdller
etal., 2011b) provide information on snow depth and density for 21 points on Vestfonna
and nearby De Geerfonna for the period 2007-2010. According to this study, the mean
density of the snow pack lies in the range 300-400kgm™". The snow-pit data are in-
tegrated in the discussion of qualitative model performance with respect to interannual
persistence of the ice cap-wide snow-depth pattern.

Meteorological data from an automatic weather station operated on the northwestern
slope of Vestfonna (VF-AWS, Fig. 1) since spring 2008 is used for validation of WRF
derived fields of wind speed and direction, air temperature and relative humidity. The
records used here comprise the period September 2008 to May 2009.

4 Physical processes in two-phase flow

The redistribution of snow strongly depends on the available turbulent kinetic energy
of the atmospheric boundary layer, and thus from the momentum flux and the surface
shear effects (Liston and Sturm, 1998; Lehning et al., 2008; Bintanja, 2000). Once the
surface shear stress exceeds the inertia and the cohesive bonds of the snow particles,
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transport takes place. Within a thin surface layer the ejected particles follow a ballis-
tic trajectory under the influence of gravity. The rebounds of these particles on the
snow surface, again, are able to eject more grains. This near-surface layer is barely
influenced by turbulence so that the prevailing particle transport mechanism is pure
saltation. Depending on the momentum flux some of the particles within the saltation
layer may be entrained further upwards against their gravitative force by turbulent dif-
fusion and further suspended by the mean flow. Once the particle is in suspension the
particle velocity is assumed to be equivalent to the fluid velocity.

Blowing and drifting of snow is considered to be a dilute two-phase flow consisting
of solid snow particles in a fluid phase. Transport- and exchange processes in such
two-phase flows are given by turbulent fluid motion, which in turn is affected by the
presence of the particles. Thus, snow particle can either enhance or damp turbulent
velocity fluctuations depending on the different characteristic time and length scales of
the flow. It appears that, if snow particles are small compared to the turbulent length
scale they tend to absorb turbulent kinetic energy (Gore and Crowe, 1989). The evolu-
tion of turbulence in the presence of snow particles is a function of the Stokes number
St, which is given by the ratio of the particle relaxation time and the characteristic time

scale of energy containing eddies (Kolmogorov time scale 7 = (V/E:)Vz). Assuming that
the particle diameters of drifting snow is typically in the range 10-400 um and the Kol-

mogorov length scale of the atmosphere is (n = (va/s)w) n~1mmleads toa St<1.
Such a small Stokes number implies that the particles enhance the dissipation of tur-
bulent energy in order to keep the particles in suspension. This reduces the available
turbulent energy for further entrainment.

Elgobashi (1994) likewise described interaction effects of particle-laden flows by the
Stokes number St and the average volumetric particle concentration. Since the aver-
age volumetric snow particle concentration of suspended snow is usually below 1078
(Bintanja, 2000; Gauer, 2001; Schneiderbauer et al., 2008), and thus the average dis-
tance between the particles is large compared to their size, it is feasible to neglect
interaction effects (Crowe et al., 1996; Elgobashi, 1994). As shown by Bintanja (2000)
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the presence of particles also modifies the mean wind velocity profile. Snow particles in
suspension are balanced by the particle-fluid drag force and the counteracting gravity
force. If this equilibrium is perturbed by turbulent motion the air parcel experience an
anomalous buoyancy, which is similar to a thermally stable turbulent layer. As a con-
sequence of the stable stratification the density of the fluid-particle mixture increases
towards the surface. Therefore, friction velocity u, is not constant with height according

to u, = \/74/p, leading to a reduction of the turbulent exchange coefficient Ky, = xu,z.
Due to the change of the turbulent exchange coefficient the wind speed gradient, and
thus the wind speed increases.

5 Model description
5.1 General comments and model setup

Snow erosion and transport processes are inherently linked to the characteristics of the
air flow and snow properties. Therefore, the quantitative assessment of snow redistri-
bution requires an approximation of the buoyant, turbulent surface wind field. Similar
to previous studies (e.g. Liston and Sturm, 1998; Naaim et al., 1998; Schneiderbauer
et al., 2008; Bintanja, 2000; Pomeroy and Gray, 1990; Gauer, 2001; Durand et al.,
2005), the interactions between particles are neglected and snow particles are treated
as a continuous phase solely interacting with the background flow. The proposed model
solves the Reynolds averaged Navier—Stokes equation using the k-@ turbulence model.
The model is implemented within the open source C++ library OpenFOAM and is freely
downloadable at the author's webpage.
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5.2 Governing equations

The turbulent flow is assumed to be incompressible, so that the continuous continuity
equation reduces to
L/ 0 (1)
ox;

Taken the particle buoyancy and Boussinesq approximation into account while ne-
glecting the Coriolis force, the extended momentum equation can be written using Ein-
stein’s summation notation as

®s
o)

du, 8%u; -
R i ~90ay +0ua[1-06-60) @
where x; (i =1,2,3) are the Cartesian coordinates and u; are the Cartesian compo-
nents of the velocity vector. The fourth term on the right side describes the particle
buoyancy. The Boussinesq approximation g[1 — B(8 — 8,)] considers density changes
due to temperature variations in the lower atmosphere and primarily forces the kata-
batic surface winds. The ( is the coefficient of thermal expansion. All remaining terms
are similar to the common Navier—Stokes equation (e.g. Stull, 1988). Proceeding from
the instantaneous internal energy equation the conservation equation of the potential
temperature can be derived, and finally becomes

96 8bu) o L
i - —)=0 3
at T Tox, ax; Keﬁax, @)

whereas temperature changes by radiative forcing and phase change of water are
neglected in this study. The Reynolds averaged momentum equation is closed using
the k-@ turbulence model. The equation for the turbulent kinetic energy, &, reads as

ok Ouk . ] v\ de
E+5—Xj—P,,—ﬁkkw+a—Xf v+6—; B_XJ 4)

717

with the production rate of kinetic energy by the mean velocity field, £, given by
Bu; auj an
Po=v| =—+=—)=— 5
K r(6){,— dx; | dx; ®)
The equation for dissipation uses the inverse time scale @ that determines the scale

of turbulence

de OU®
—+
ot 0x;

_a®p g s 2 [ (v ) 22
_akPk B @ +an (V+U‘;,)6Xj:| (6)

Based on these equations the turbulent viscosity is defined as

Ve = > (7)
While the particle effect on turbulence stability is taken into account (see Eq. 2) we
neglect the enhanced dissipation of turbulent kinetic energy by snow particles, even
though this effect is present.
The rate of snow mass change d¢, /8t is described by the continuum equation for
conservation of mass

¢, Olpsu) @ 95 9
DT 9 (g, 2TE_y |

ot ' Tox,  oxg ( M ox; 4)) +( ot )sub ®
—— —— —

I (M iy )

Since we make the simplifying assumption that the relative velocity between the two
phases is always zero there is no need to use a combined phase continuity equation
as it reduces to the equivalent single phase flow equation. The drifting snow flux in
the / direction is ¢;u; and therefore the net flux due to the fluid motion is given by the
divergence of the mass flux (Term Il). Term IV gives the mass loss of suspended snow
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by sublimation. Besides the vertical entrainment of snow particles by turbulent diffusion,
there is a downward flux -V ¢ due to gravity (Term Ill). For the sake of simplicity the
terminal fallout velocity V is assumed to be constant. The total amount of drifting and
blowing snow mass depends on the erosion flux and accumulation flux, respectively,
which are discussed in detail in the next section.

5.3 Erosion and accumulation flux

The snow mass within the saltation layer primarily gains by the aerodynamic entrain-
ment of snow particles from the underlying snowpack. According to Anderson and Haff
(1991) the erosional mass flux g, is assumed to be proportional to the excess surface
shear stress

0o = 0san (P02 - P, U3) )

Once the surface shear stress u? exceeds the friction threshold velocity uy, particles
are ejected from the snowpack. The efficiency of the erosional process is described
by the egy,. The friction threshold velocity strongly depends on the physical properties
of the snowpack. Through the process of kinetic and melt-freeze metamorphosis the
snowpack is in a constant state of change. Both processes modify the snow density
and hence the kinetic resistance of the snowpack. The friction threshold velocity is
therefore assumed to be proportional to the snow density,

Uy = 0.0195 + (0.021 \/,o_s) (10)

Typical values for uy, are in the range of 0.3 ms~" for loose fresh snow to 0.6 ms ™" for
consolidated firn. Based on these values saltation starts at wind speed v, of about 7—
14ms™" for consolidated snow and of about 4-11 ms™" for fresh snow (cf. Pomeroy and
Gray, 1990). However, the ejected particles do have a strong impact on the prevailing
flow which affects the mass exchange process. The force exerted by the particles on
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the wind field lowers the wind shear stress and consequently reduces the capacity to
eject further particles. To allow for such effect the friction velocity is corrected by the
particle-saturation ratio (Naaim et al., 1998). Taking into account the particle-saturation
ratio the corrected friction velocity u™®" can be written as

Lcorr (ps 2
u = u, + (- u) (11)
¢'max

If the drifting snow density reaches saturation ¢, the friction velocity reduces to
the friction threshold velocity and entrainment is suppressed. In case the saltation layer
contains no particles both, the corrected and uncorrected, friction velocity are equal.
The maximum concentration ¢,,,, is estimated by the following semi-empirical rela-
tionship (Pomeroy and Male, 1992),

0 U
Proax = —— [ 1- 2 12
max = 3 290, ( Uf) (12)

corr

By replacing v, by v, in Eqg. (9), the final erosion flux

2

2
Qe = Esait | P [(Uth -u.) (¢¢S ) + U'] - pu12h (13)
max

is obtained. Once the threshold velocity exceeds the friction velocity deposition is possi-
ble. Similar to Beyers et al. (2004) the deposition flux is simply related to the downward
flux (Eq. 8) and the shear stress ratio.

uE —uf
G =V -max| ——.0 (14)
th

u
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5.4 Sublimation

Sublimation of suspended show particles is an important process, particularly in arctic
regions where saturation deficits are usually large. The used approach approximates
the sublimation loss rates by

Gs = Wsbsh, + ] w(2)ey(2)dz (15)
h,

where the subscripts s and t indicate the saltation (with height A,) and suspension layer,
respectively. The sublimation-loss-rate coefficients, y; and y;, represent the time rate
of change of snow particle mass as a function of the mean particle size, solar radia-
tion, saturation deficit and conductive and advective energy and moisture transfer. For
a detailed description see Schmidt (1972, 1991), Pomeroy and Gray (1995), Pomeroy
et al. (1993), Bintanja (2000) and Naaim et al. (1998). The effect of sublimation on the
vertical profiles of temperature and humidity is not included in this work. This simplified
assumption ignores the fact that sublimation of drifting snow is a self-limiting process,
in the sense that the intensity depends on the saturation deficit of the environment.
Neglecting the feedback mechanism on the atmospheric profiles can therefore lead to
an overestimation of snow drift sublimation.

6 Numerical setup

The snow2blow model is applied to the southwestern part of Vestfonna
(79°41'49.029" N to 80°04'09.647" N and 18°12'33.253" W to 19°58'17.844" E) with
an horizontal resolution of 250 m. For this study the domain top is set to 3000 m con-
sisting of 5 vertical layers within in the near surface layer (5m), and further 40 vertical
layers above. This setup allows for a better representation of the turbulent near-surface
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wind field and the derived fluxes therefrom. The decision to highly resolve the sur-
face layer was done at the expense of the horizontal domain size, because any ad-
ditional vertical layer increases the computational cost exponentially. The daily atmo-
spheric fields from the WRF with a horizontal resolution of 2km are mapped onto the
snow2blow grid. It is then forced by the lateral boundaries of the WRF, so that an inde-
pendent internal turbulent wind field can evolve. The snow mass flux at the boundaries
for the saltation layer is given by the formulation of Pomeroy and Gray (1990)

0680 /.,
5 U (u* um) (16)

Gsat =

The inlet snow density profile for the suspension layer is given by Pomeroy and Male
(1992)

@.(u..2) = 0.8-exp [—1.55 (4.784u,’°'544 - z*°'5“)] (17)

Up to now, no parametrization scheme for the snow cover evolution is included, which
might account for the snow densification processes. However, in order to prevent that
the entire snow cover is eroded at once only the present day fresh snow is allowed
to redistribute. This is an acceptable assumption given the fact, that the high wind
velocities lead to a rapid densification of the upper snow cover (Mdller et al., 2011b)
and formation of sastrugi. Snowdrift model parameters used for the simulations are
given in Table 2.

The daily atmospheric fields employed by the WRF are based on the six hourly
Global Forecast System (GSF) global gridded analysis of the National Centers for En-
vironmental Prediction (NCEP) with a spatial resolution of 1.0°. The original fields of this
product are reprocessed and dynamically downscaled to one day temporal and 2 km
spatial resolution using a polar-optimized version of the WRF model (PWRF 3.1.1). Lat-
eral boundary conditions for the downscaling are given by NCEP low resolution Real
Time Global sea-surface temperature analysis (NCEP RTG SST) with a spatial resolu-
tion of 0.5° and Advanced Microwave Scanning Radiometer EOS (AMSR-E) daily sea
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ice concentrations with a spatial resolution of 12.5km. The static geographical fields
of the WRF model are initialized using the United States Geological Survey (USGS)
standard data sets. The applied downscaling procedure features a telescope two-way
nesting of three polar stereographic domains (30, 10 and 2 km horizontal resolution).
The inner domain of this nesting is used as input to the snow2blow model. All three do-
mains are resolved in 28 vertical layers reaching up to the 50 hPa level. The temporal
reprocessing from the original six hourly to the final daily datasets is done using the
method presented by Maussion et al. (2010). The setup of the physical parameteriza-
tions of the WRF model is motivated by Hines et al. (2011) and Hines and Bromwich
(2008).

7 Results and discussion
7.1  WRF model evaluation

The performance of the WRF generated atmospheric fields was evaluated with data
from the VF-AWS. Figure 4 shows the observed wind conditions at the VF-AWS and
the closest WRF grid point, respectively. Frequent strong winds of up to 15ms™" are
observed from the south-easterly direction, clearly indicating the persistent katabatic
wind flows. In contrast, the more fluctuating north-westerly flows are weak during the
entire observation period. For validation the best out of the four closest WRF model
grids points was chosen and compared with the observations (Claremar et al., 2012).
The WRF wind speed at 10 m height was corrected to the corresponding sensor height
at 2.4 m using Monin-Obukhov theory for stable boundary layer (Stull, 1988), while the
Obukhov length has been derived from the WRF output variables. The model slightly
overestimates the katabatic wind speeds and tends to have a more southerly wind
component (Fig. 4). Air temperatures at 2m height varied at the VF-AWS between
-37.9and +5.8°C during this period. Observed and modelled air temperatures signifi-
cantly correlate with an r“ = 0.98, but show a neglectable cold bias of —0.05K, which is
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a problem of the WRF model that was previously reported for the study region (Clare-
mar et al., 2012).

Figure 5 shows the spatial distribution of the uncorrected snow water equivalent
(SWE) field for the accumulation period September 2008 to May 2009 obtained from
the WRF model run. Snow distribution is predominantly controlled by altitude ranging
from 0.2m w.e. in coastal areas to 0.6 m w.e. in higher regions along the ice cap ridge.
The general increase of SWE with altitude is consistent with studies carried out by
Grabiec et al. (2011) and Mdller et al. (2011b). However, these studies also emphasize
that drifting and blowing snow often lead to local scale deviation from this dominant
pattern.

7.2 Snowdrift

The modelled distribution of SWE on Vestfonna ice cap for the period September 2008
to May 2009 is shown in Fig. 6. Snow is heterogeneously distributed across the domain
ranging between 0.11m w.e. in the southeast and 0.49 m w.e. in higher regions. This
corresponds to a total snow loss of ~ 10-20 % along the ridge by blowing snow. At the
ice cap slopes the total snow loss is about 5-15 %. Parts of the eroded and suspended
snow mass is later accumulated in the undulating northwestern forefield of the ice
cap. In regions of disturbed flow, re-accumulation can be more than 0.1 m w.e. for this
period. In this way, the De Geerfonna ice body receives between 15 and 20% of its
total snow mass by drifting snow which therefore is an important term for the local
mass balance. Snow mass blowing away from the ice cap to the open sea was not
quantified in this study. Jaedicke (2002) estimated that snow mass loss to the open
sea only accounts for 0.2 % of the precipitated mass in Svalbard. In most areas near
the ice fringe and the western forefield accumulation and erosion are widely balanced.
In contrary, largest snow mass losses of 0.10-0.25m w.e. (30-50 %) are found south-
easterly of the main ridge. A comparison of modelled snow depths with radio-echo
soundings and snow pits shows that there is a bias of +0.07m w.e. along the ridge,
while at the De Geerfonna snow is underestimated by about —0.08 m w.e. by the model.
724
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However, these errors are insignificant in the light of the spatial variability of snow
depth, which sometimes may vary between +0.13m w.e. within very short distances
of less than 50 m caused by sastrugi formation. Due to the limited information on the
spatial distribution it, however, remains uncertain, whether the deviations represent
a systematic pattern or are purely random.

The occurrence of drifting and blowing snow events follow a pattern similar to the
SWE distribution (see Fig. 7). Blowing and drifting of snow occur most frequently (38—
40%) at wind exposed region, such as the higher elevated regions along the ridge. In
the range of the isolated upstream ice bodies (including De Geerfonna) and the ice
cap slopes snow erosion occurs of 30-34 %. Lower frequencies (2024 %) are gener-
ally found in the forefield of the ice cap and on the south-eastern slope. These pattern
imply that drifting snow events are triggered by the superposition of the paramount flow
and katabatic winds, whereas the latter one is according to amount less efficient. This
result is similar to observations of Grabiec et al. (2011), who found that air circulation
patterns over Nordaustlandet and the mesoscale surface roughness play a major role
in snow redistribution on the interior of Vestfonna. The magnitude of the modelled kata-
batic wind component along the slopes vary between 1-2 ms™" at2m height during
the winter months, and thus leading to v, <0.1ms-1. The glacier wind components
may be underestimated as a consequence of the assumption of homogeneous surface
temperatures, which affects the buoyancy term and subsequently the occurrence of
drifting snow events at the slopes.

Indeed it is observed, that katabatic glacier winds redistribute snow from the slopes
to the ice edge forming a persistent surrounding snow band (see arrows in Fig. 6).
Since the snow band exists all year, it is very likely that more accumulation takes
place at these zones. Although katabatic winds might be underestimated, the distri-
bution of the snow band along the Vestfonna margin and the nearby Backabreen and
De Geerfona are clearly reproduced by the snowdrift model. Together with the radar-
echo sounding (Figs. 2 and 6) it appears that after the 2-3 km wide snow band SWE
decreases rapidly within a short distance of 2km (marker B in Figs. 6 and 2). This
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decrease in SWE with altitude in the vicinity of the ice edge is also observed in most
years by the snow pit measurements at location V2 and V4 (Mdller et al., 2011b). The
general spatial distribution along the slopes and the higher regions is reproduced by
the model, as indicated by Fig. 2. Discrepancies are found in the region of the snow
band and in the section between kilometer 54 and 58 along the radar-echo sounding
path. The former one is most likely due to the limitations of the 250 m grid cell resolu-
tion in reproducing the complex small scale topography and its curvature pattern along
the ice cap margin. Furthermore, the sudden change in mesoscale terrain roughness
at the glacier fringe increases the turbulent kinetic energy and decreases the vertical
wind shear. This process weakens the katabatic wind at the glacier slope, and thus
the suspension capacity of the flow. Snow accumulated by this process is not captured
by the model. To account for this process a Large Eddy Simulation model is required,
rather than a Reynolds Averaged Models, in order to resolve the small scale flow pat-
tern in detail. The overestimation of erosion between kilometer 54 and 58, however,
can be probably attributed to boundary effects.

For the sake of clarity, drifting snow sublimation is discussed for the location VF-
AWS, and has been integrated over the lower atmospheric boundary layer (10 m). Drift-
ing and blowing snow sublimation shows a seasonal cycle with maximum values up to
8-12% in April/May (see Fig. 8). During the winter months drifting snow sublimation
rarely removes more than 6-8 % of the suspended snow. The seasonal variability can
be attributed to the interplay between saturation deficit, temperature and wind speed.
Particularly in spring conditions are favourable when high saturation deficits occur si-
multaneously with strong winds and moderate temperatures. The absorbed heat due
to the sublimation process leads to a cooling and moistening of the near-surface air-
mass. As the moisture gradient decreases at the snow-atmosphere surface, surface
sublimation gradually ceases. Since in the Arctic surface sublimation significantly con-
tribute to the glacier surface mass balance, it is recommended to include drifting snow
sublimation in such studies.
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8 Conclusions

This paper presents a high-resolution (250 m) spatial estimation of snowdrift over Vest-
fonna ice cap during the accumulation season 2008/2009. Blowing and drifting snow
are frequent processes (10-25 %), which significantly modify snow accumulation distri-
bution of the entire ice cap. In particular, along the wind exposed zones about 10-20 %
of the primarily accumulated snow is redistributed to peripheral zones and must be
considered a loss term for the ice cap mass balance. In this way, ice bodies such as
the De Geerfonna receive up to 20 % additional snow mass. Based on the results, three
characteric erosion zones can be identified on Vestfonna ice cap: (1) inversion zone,
increase of SWE with altitude, (2) precipitation zone, decrease of SWE similar to the
precipitation gradient and (3) redisiribution zone, where the spatial distribution of snow
is characterized by blowing and drifting of snow triggered by the paramount flow. These
zones correspond to snow radar observations of Grabiec et al. (2011). Whether blow-
ing snow from sea ice surfaces provide additional snow mass is still an open question.
There is a pronounced variation in drifting and blowing snow sublimation during the
simulation period with a maximum in April/May of 8—-12 % and a minimum in winter with
about 6-8 %. A detailed analysis of the effect of drifting snow sublimation on surface
sublimation was not performed in this study, but will be covered in the future. Further
work will also include drifting and blowing snow processes into the calculation of glacier
mass balance and a more detailed description of snow pack processes.
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Table 1. Notation.
u, friction velocity [ms™"]
Ty surface shear stress [kgrn“ 5'2]
z height above surface [m]
K von Karman constant
b, snow mass in saltation layer [kgm™]

@Prax  Max. particle concentration (steady-state) [kgm'z]
B coefficient of expansion [K™']

] potential temperature [K]

Ky eddy diffusivity [m?s]

Ketp heat transfer coefficient [m2 s]

v kinematic viscosity [m?s]

v, turbulent viscosity [m?s]

5, Kronecker delta

p air density [kgm ]

k turbulent kinetic energy [m2 s
@ turbulent dissipation [s™']

a k — @ model coefficient
By,B, Kk — @ model coefficients
0,,0, k—@ model coefficients

s snow density [kgm’s]

Ogal efficiency of saltation [0 < egy, < 1]

Bga saltation layer height [m]

q gravity acceleration [ms’z]

Ugalt horizontal saltation particle velocity [ms™']
mean particle settling velocity [m s"]

Uy friction velocity threshold [m s"]

e erosion flux [kg m* s"]

Gy vertical turbulent diffusion flux [kgm=s™"]

q, horizontal flux in saltation layer [kgm™2s™']

Gwr  Snow mass flux in the saltation layer [kgm=s™"]

W, ¥, sublimation-loss-rate coefficients [-]
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Table 2. Model parameters.

450000

Parameter Symbol Value Unit

Erosion efficiency @ 5x107* -

Fallout velocity v 002 ms™’

Fresh snow density g 250  kgm™®
733

500000

8900000

Hinl,

8850000

stre

550000

" * Station/Snowpit
N «  Snowpit
A i ’
'y :;iv‘mfﬂ:;‘ — Radar profile
\ o
ﬂbergﬂ"‘de" %f;“
Jove
we 10 20 30 40 km
snow2blow domain < - — —

Fig. 1. Detailed map of Vestfonna ice cap (UTM 34N, WGS84). The grey shading shows the
approximately edge of the ice cap. The locations of the Automatic Weather Stations VF-AWS
(accompanied by snowpit measurement) are denoted as green dots, single snowpit measure-
ments as red dots. The radio-echo sounding profile of Grabiec et al. (2011) is indicated as

a blue line.
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Fig. 2. The standardized anomalies (by subtracting the sample mean, and dividing by the sam-

ple standard deviation) of the radio-echo sounding, modelled snow depths and WRF along the
profile shown in Fig. 1. Capital letters correspond to the markers given in Fig. 6.
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Fig. 3. The standardized anomalies (by subtracting the sample mean, and dividing by the sam-
ple standard deviation) of the radio-echo sounding, modelled snow depths and WRF along
the profile shown in Fig. 1. Note that the mean SWE of the radio-sounding, snow2blow model
and WRF model is approximately 0.34 m, 0.47 m and 0.56 m. Capital letters correspond to the
markers given in Fig. 6.
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Fig. 4. Wind direction and speed measured at the VF-AWS (left) and modelled by the WRF
(right).
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Fig. 5. Snow accumulation in m w.e. from the WRF model runs over the period September
2008 to May 2009. The arrows mask regions of special interest which are discussed in detail
in the text. The blue line shows the radio-echo sounding profile of Grabiec et al. (2011) in May
2009.
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Snowprofile messurements
Radio-echo sounding
—>  Zomes dacussed in text

Fig. 6. Modelled snow depths in m w.e. after the accumulation season 2008/2009 (left) and
ASTER satellite image from 17 August 2000 (right, UTM 34N, WGS84). The arrows mark
regions of special interest which are discussed in detail in the text. The blue line shows the
path of the radio-echo sounding measurements in May 2009.
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Frequency [-]

20 24 28 32 36 40
Fig. 7. Drifting snow frequency in the period September 2008 to May 2009, defined as the
ratio of days with non-zero erosion flux and the total number of days. The blue line shows the
radio-echo sounding profile of Grabiec et al. (2011) in May 2009.
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Fig. 8. Interseasonal variability of the mean drifting snow sublimation within the near-surface
layer (below 10 m) at the location VF-AWS. The boxes spread between lower and upper quar-

tiles of the values with the median shown as the thick line in between, the whiskers extend the
boxes by 1.5 times the inter quartile range. Values outside this range are considered as outliers.
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Appendix E: On elevational gradients of air
temperature on Vestfonna, Svalbard

Finkelnburg, R., Scherer, D., Moéller, M., Hock, R., Jonsell, U., Braun, M. and Schneider, C., 2013. On
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Abstract. Many glaciers and ice caps in Svalbard
show a negative surface mass balance. In
contrast, modelling studies of Vest- and
Austfonna ice caps in northeastern Svalbard
indicate near-zero surface budgets during
recent decades. However, uncertainty remains
about the present state of the balance of these
ice masses. Most of the used numerical
modelling approaches employ elevational

. . ar
gradients of near-surface air temperature (ﬁ}’

often also referred to as lapse rates, combined
with digital elevation models for generating the
required temperature input fields. Studies on
other glaciers show considerable seasonal or

. . . ar .
even daily variations in P Additionally results
of surface mass balance modelling have shown

. . ar
to be sensitive to the assumptions on P The

. . . . . a .
aim of this study is to investigate % and its

temporal variability on Vestfonna with the
ultimate goal to improve the spatial
representation of temperature in mass balance
models. We use data obtained from weather
stations on and around Vestfonna,
reconstructed time series derived from
statistical transfer of temperature measured at
Svalbard-Lufhavn and gridded data sets from
the European Arctic Reanalysis (EAR) for the
glacier mass-balance years 2001 to 2011.
Annual mean values (-5.4 + 2.9 K/km) are found
to be higher than the often used standard moist
adiabatic values. Furthermore, the existence of

ar .
a two-phase annual course of Pl revealed.

aT
The general course of o Seems to be

determined by the progression of radiative
cooling, advection and sea ice variations during
Polar night and melt and refreezing during Polar
day. We further found coherences with courses
and features published for the Arctic PBL in
general.

1 Introduction

Many glaciers and ice caps in Svalbard have
shown a negative surface mass balance during
recent decades (e.g. Rasmussen and Kohler,
2007; Rye et al., 2010; Grabiec et al., 2012; van
Pelt et al.,, 2012) consistent with glaciers in
many regions of the world (e.g. Kaser et al.,,
2006; Cogley, 2009). In contrast, observations
and modelling studies indicated that on average
the ice caps Vest- and Austfonna in
northeastern Svalbard have experienced a near-
zero surface budget in recent years (Schuler et
al., 2007; Moller et al., 2011; Moller et al.,
2013). However, uncertainty remains about the
present state of balance of these ice masses
and its possible response to climate change.
Spatially distributed numerical models are a
valuable tool to obtain information on the
current state and to better understand the past
and future of glacier mass changes. These
models require spatially distributed time series
of meteorological data as input. Observations at
one or several automatic weather stations
(AWS) or various gridded climate products have
been used to generate distributed temperature
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series by inter-/extrapolation using various
approximation techniques. One of the key
variables is near-surface air temperature
(usually at 2 m above ground), which largely
controls ice and snow melt (e.g. Ohmura, 2001;
Hock, 2003, 2005). Elevation generally exerts a
strong control on near-surface air temperature
whereas horizontal differences are often less
pronounced. Thus, elevational gradients of
near-surface air temperature, often referred to
as lapse rates, combined with digital elevation
models provide a widely used method for
generating temperature input fields.

In the glaciological community lapse rates
refer sometimes to a decrease (e.g. Gardner et
al., 2009) and sometimes to an increase (e.g.
Braun and Hock 2004) in near-surface air
temperature with elevation following the
glacier surface. On the other hand in
atmospheric science air temperature lapse rates
are defined as decrease (e.g. Stull, 1991) or
increase (e.g. Rennick, 1977) of air temperature
with vertical height. Thus, in this study we use
the term vertical gradient of air temperature,

ar )
henceforth referred to as 5 defined as

increase of air temperature with vertical height

and the term elevational gradient of air

aT
temperature, henceforth referred to as el

defined as increase in near-surface air
temperature with elevation along the glacier

surface to avoid any confusion.

Based on a digital elevation model, % may
be used to extrapolate temperature
measurements across an entire glacier. In the
simplest form, the standard moist adiabatic
lapse rate of -6.5 K/km is used as time-constant

value (e.g. Michlmayr et al., 2008; Nolin et al.,

8
2010). Other authors keep ﬁ constant in time,

but determine g—: from measurements (e.g.
Schuler et al.,, 2007; Moller et al, 2011).
However, previous studies have shown
considerable seasonal or even daily variations in
ar

o (e.g. Braun and Hock, 2004; Marshall et al.

2007; Gardner and Sharp, 2009; Gardner et al.,
2009; Petersen and Pellicciotti, 2011) indicating

that modeling results may be sensitive to the
. ar
assumptions on T Marshall et al. (2007)

- . ar
suggested that temporal variations in o5 are

primarily driven by variations in the local energy
balance.

. . . . . aT
The aim of this study is to investigate T and

its temporal variability on Vestfonna with the
ultimate goal to improve the spatial
representation of air temperature in mass
balance models. We use discontinuous daily
mean temperature measurements obtained
from several weather stations on and around
Vestfonna, and data from Svalbard-Lufhavn to
reconstruct continuous daily time series for the
period 2001 to 2011 by statistical transfer
functions. In addition we use daily mean
temperature time series for the Vestfonna
region from the European Arctic Reanalysis
(EAR) (Finkelnburg et al., 2013) for the glacier

mass-balance years 2001 to 2011. Daily Z—Z are

computed from linear regression analysis, and
effects of net radiation, melt, refreezing and sea

. - . ar
ice variations on seasonal progression of o are
explored.

2 Study region

Vestfonna is located on Nordaustlandet, the
second largest island of the Svalbard
archipelago, separated from Spitsbergen by the
Hinlopenstrait (Fig.1). Two large ice caps
(Vestfonna and Austfonna) and several smaller
ice masses are located on Nordaustlandet.
Vestfonna covers an area of approximately
2,340 km” (Braun et al., 2011) and has a dome-
like shape with altitudes up to 647 m a.s.l.. Two
large ridges form the highest points of
Vestfonna stretching across the central parts in
east-west  and north-south  directions.
Vestfonna drains through several outlet glaciers
most of them terminating in the ocean.
Generally, the winter season is warmer and
summer season is colder in Svalbard than at
comparable latitudes due to strong maritime
conditions. Cold arctic air masses and warm
ocean currents (West Spitsbergen Current)
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generate a strong air temperature gradient
from south-west to north-east across Svalbard
(Loeng, 1991 and Schuler et al., 2007). Thus,
Nordaustlandet is among the coldest regions in
Svalbard (Hisdal, 1976).

Near-surface air temperature at Vestfonna
shows a distinct seasonal pattern with large
day-to-day variability (Fig.2) especially in
winter. We observe some asymmetry in this
seasonal course since the period of
continuously increasing monthly mean air
temperatures comprises four months (March to
July) while the period of continuously
decreasing monthly mean air temperatures
comprises eight months (July to March). An
annual mean air temperature of -10°C at
370 m a.s.l., i.e. approximately the equilibrium
line altitude (ELA) of 380 m a.s.l. (Moller et al.
2011), for the region of Vestfonna was
calculated from data of VF-AWS370 (see Fig. 1)
for the period 2008 to 2011.

3 Data

3.1 Overview of atmospheric
measurement data on Nordaustlandet

As part of several expeditions atmospheric
variables have been measured on
Nordaustlandet since the 1930s. Most of the
datasets before 2004 cover only a few weeks up
to a few months (e.g. Tymms, 1925; Sandford,
1926; Ahlmann, 1933; Angstrom, 1933;
Eriksson., 1933; Thompson, 1953;
Arkhipov,1987; Watanabe et al. 2000;
Motoyama et al., 2001 and Blake, 2006). Only
three datasets (1935-36, 1944-45 and 1957-58)
provide continuous observations for nearly a
whole year (e.g. Glen, 1937 and 1939; Liljequist,
1959; Dege, 1960; Schytt, 1964, Ekman, 1971
and Palosuo, 1987).

Continuous AWS measurements started on
Nordaustlandet in April 2004, when two AWS
were installed on Austfonna (Schuler et al.
2007). In January 2007 an additional AWS (RF-
AWS, Fig.1.) was set up by The University
Center in Svalbard (UNIS) at the coast line of
Rijpfjorden. During the Third International Polar

Year (IPY) the measurement network was
extended by one additional AWS on Austfonna
and eight AWS near Kinnvika (KV-AWS) on De
Geerfonna (DG-AWS) and on various locations
on Vestfonna. While all stations recorded air
temperature, some stations also included
measurements of relative humidity, short- and
long-wave radiation fluxes, wind speed and
direction, atmospheric CO; and water vapour
concentration, three-dimensional wind
components and  virtual  acoustic  air
temperature, vertical profiles of soil and ice
temperature, soil and ice heat flux, water
content and surface displacement.

3.2 Air temperature

We use four different data sets of air
temperature in this study: (1) AWS data series
directly measured on and around Vestfonna
between 2007 and 2011, (2) reconstructed data
series at all station locations, (3) gridded air
temperature data obtained from the European
Arctic Reanalysis (EAR) and (4) air temperature
measurements at Haudegen station in
1944/1945. The datasets are described in detail
in the following sections.

3.2.1 AWS data

We use the daily mean near-surface air
temperature data from seven AWS (Fig. 1)
operated on and around Vestfonna between
2007 and 2011. Details about the AWS and
available datasets are provided in Tables 1 and
2. Sensor height differs between the
installations. No height correction of air
temperature is applied. All data were quality-
controlled and temperatures exceeding
plausible ranges (T < -50°C and T > 30°C) as
well as unrealistic outliers were eliminated.
Daily means based on data covering less than
80 % of the day and all days of any month
covering less than 80 % of the days of that
month were eliminated from the analysis.
Different sensor systems and installation
variants were used at the weather stations used
in this study (Table 2). Thus, systematic and
statistical errors can vary within the network.
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Considering the statistical errors a mean air
temperature of -10 °C was calculated from all
valid temperature readings of the measurement
network. Thus, we consider the contribution of
sensor accuracy to the statistical error in the
individual temperature reading to be equal to
the sensor accuracy at -10°C. We have a
statistical error reduction by almost a factor of
five in the daily means, since daily temperatures
are always based on at least 20 individual
readings (80 % of at least hourly readings, on
average the number of readings per day is much
higher). Therefore the statistical error on daily
mean values is estimated to be less than 0.1 K
considering the accuracies in  Table 2.
Addressing systematic errors we carried out
reference measurements between sensors.
These measurements showed sensor offsets
were less than 0.2 K. Radiation errors were
reduced by installing radiation shields at all
sensors. In addition some sensors were
artificially ventilated. Considering studies on the
influence of ventilation on air temperature
measurements for glacier-climate studies (e.g.
Georges and Kaser, 2002) we estimate the
systematic error caused by radiation on daily
means to be less than 0.5K for ventilated
sensors and less than 1K for unventilated
sensors in the region of Vestfonna. Therefore,
we estimate the mean error being not higher
than 1K for daily means considering all
contributing errors.

3.2.2 Reconstructed data

Due to instrument failure all time series
described in section 3.2.1 show considerable
data gaps (Fig. 3). Daily mean air temperature
data from Svalbard-Lufthavn, Longyearbyen
(WMO-Nr. 010080, 15.4667°E 78.2500°N,
28 ma.s.l) operated by the Norwegian
Meteorological Institute (http://eklima.met.no)
were used to reconstruct continuous data series
at all station locations by the method described
in section 4.1. For consistency we chose to use
the reconstructed data series also for the
periods of available measurements.

3.2.3 European Arctic Reanalysis (EAR)
data

In addition, we used gridded 2m air
temperature data of 2 km horizontal resolution
obtained from the European Arctic Reanalysis
(EAR). The EAR set up is described and analysed
in detail in Finkelnburg et al. (2013). The data
set used in this study comprises hourly data on
2m air temperature of 2km horizontal
resolution for the Nordaustlandet domain of
the glacier mass-balance years 2001 to 2011.

QOutlines of Vestfonna were derived from the
Randolph Glacier Inventory
(http://www.glims.org/RGl/randolph.html)  to
define the region of interest and generate the
subset of gridded 2 m air temperature data of
2 km horizontal resolution obtained from the
EAR. Finally, daily mean values were generated
for this subset.

3.2.4 Measurements at Haudegen
station in 1944/1945

We used daily mean near-surface air
temperature measurements and daily vertical
profiles of air temperature measured by radio
soundings in 1944/1945 at Haudegen station
(Dege, 1960; Fig.1) to investigate causes of

AT .
seasonality in an We discarded all data of a

month if less than 25 % of the month’s daily
vertical air temperature profiles were available.

3.3 Surface net radiation data

We used radiation measurement data from VF-
AWS335 (Fig. 1) between 1% June 2007 and 13"
May 2009 to explore the effect of surface net

o _— ar
radiation on the seasonal variations of n A

Kipp&Zonen CNR-1 sensor mounted 1.2m
above the snow surface measured all four
(short-wave and long-wave) radiation fluxes. All
data was quality-controlled analogue to the
procedure used for the air temperatures
applying plausible ranges of R > =300 W/m? and
R < 800W/m’ Surface net solar radiation
(down-welling minus up-welling short wave
radiation), surface net thermal radiation (down-
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welling minus up-welling long wave radiation),
and surface net radiation (surface net thermal
radiation plus surface net solar radiation) were
calculated from the filtered data.

3.5 Sea ice data

Additionally we used daily sea ice
concentrations from Advanced Microwave
Scanning Radiometer for Earth Observing
System (AMSR-E) observations at 12.5 km
horizontal resolution to explore the effect of
sea ice variation on the seasonal variations of

ar .. . .
e Missing values in the sea ice dataset were

filled with values of the nearest valid neighbor.
Since sea ice data was analysed with EAR data
the region of interest was defined by the
Nordaustlandet domain of the EAR. Domain-
wide daily mean sea ice concentration was
calculated from the subset and used for the
analysis.

4 Methods

4.1 Reconstruction of daily mean air
temperature time series

Due to large data gaps we reconstructed
continuous data series at the AWS using
temperature data from Longyearbyen. Daily
temperatures of each AWS have been regressed
against those from Longyearbyen. The resulting
linear relations in Table3 were used to
reconstruct continuous data series for the
entire study period 2001 to 2011. Thus
reconstructed data series were used to

ar )
compute —. For consistency we chose to use

the reconstructed data series also for the
periods of available measurements. Using data
from Ny-Alesund (WMO-Nr. 010070, 11.9333°E
78.9167°N, 8 m a.s.l.) instead of Longyearbyen
produced no statistically significant differences
in the correlations.

The distances between measurement site
and reference station vary between 203 and
263 km., which is below the correlation length
of approximately 1,000 km during the winter
season and 300 km during the summer season

for monthly mean near-surface air
temperatures in the Arctic as determined by
Rigor et al. (2000).

We used linear regressions as reconstruction
method which reduces the total variance and
simultaneously filters extreme values out of the
data. Unmatched variance and extremes are
therefore internalized into the root mean
squared errors (rmse).

Correlations between the mean daily
temperature at each sensor and the reference
station are very high (* values range between
0.85 and 0.93), and are statistically significant
on the 0.01 significance level. Table 3 shows the
results of the regressions used for the
reconstruction of daily mean air temperature by
each sensor. The average rmse of all sensor
regressions is 2.7 K on a daily basis and 0.9 K on
a monthly basis (not shown in Table 3). Table 3
also presents rmse values for all days with mean
near-surface air temperatures above 0°C for
which we find a 15 % lower value in average.
Probably, snow and ice melting and refreezing
dampens the amplitude in near-surface air
temperatures, and therefore slightly lowers the
rmse in the summer season.

4.2 Gradients of air temperature

In this study two kinds of gradients of air
temperature are calculated, i.e. g—z from AWS
measurements, reconstructed data and EAR
data and g from Haudegen data. The gradients

are computed day by day by linear regression
where altitude is used as predictor and air
temperature is used as predictand. The slope of
the resulting regression function defines the
gradient.

. ar
Calculation of PP from AWS measurements

consists of two steps. First, we determine the
lowest and highest elevation with valid data
within our AWS network day by day. If this

]
elevation difference is less than 150 m é is not

calculated. We estimated this limit from the
maximum mean measurement error of about
1K for daily means (see above) and the
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expected magnitude of -6.5K/km (standard

moist adiabatic lapse rate) for g—;, i.e.
1K
ABS| —— | = 150m
o5 K
~km

This means data of an elevation differences
less than 150 m are problematic since the
difference in the near-surface air temperatures
at two different elevations may be smaller than
the measurement error. In a second step daily

ar .
35 are computed by the regression method

described above.
) ar
For the calculation of P of the lower
boundary layer we use all valid air temperature

values below 1000 m a.s.|. at Haudegen station
including daily mean near-surface air

. ' ar .
temperatures and the radiosonde profiles. 2. 15

discarded if less than three valid records are
available for the linear regression or months
have less than 25 % of days with valid data (see
Table 4).

5 Results

5.1 Elevational gradients derived from
measurement data

ar .
Values of an derived from measurement data

have a mean value of -5.7+5.4K/km and a
median value of -6.3 K/km (Fig. 4). The large
standard deviation of 5.4 K/km is produced by
the large day-to-day variability. The mean and
median values of z—z are above the moist
adiabatic lapse rate (0°C and 1013 hPa:
-6.5 K/km, -20°C and 1013 hPa: -8.7 K/km)
indicating that stable atmospheric conditions
are generally prevailing near the surface on
Vestfonna. We observe a clear seasonality in

. ar
monthly mean and median of FTe The values of

arT . I
55 are generally higher in winter and summer

while lower in spring and autumn. Therefore,
conditions seem less stable during spring and

autumn (i.e. -7.5 £ 4.4 K/km, February, March
and August to October) than during winter and
summer (i.e. —-4.7 £5.5K/km, November to
January and April to July). The seasonal course

ar . ]
of I shows minima in February, May and

October and maxima in January, April and June.

5.2 Elevational gradients derived from
reconstructed data and the EAR

Values of Z—Z derived from the reconstructed
data and from EAR are of the same magnitude
like Z—: derived from measurements (see Fig. 5).
The interannual and intra annual variability of

aT . .
a—z is well captured by the EAR while

underestimated by the reconstructed data. A
prominent difference is observable especially
during summer wherein the reconstructed data
indicate very unstable conditions whereas the
EAR and measurement data indicate stable
conditions. We therefore assume the process of
melt and its influence on near-surface air
temperatures are not well captured by the
reconstruction. Also periods of strong stability
during winter (e.g. 2011 in Fig. 5) are not well
captured by the reconstruction while the EAR
performs better under these conditions. Thus,

ar |, .
we only analyze ™ derived from measured data

and the EAR in the following paragraphs.
A correlation analysis of the 30-day means of

Z—Z derived from measured data and the EAR is

shown in Fig.6. It is significant on the 0.01
significance level with a r’ of 0.45, rmsd of

1.7 K/km and a mean bias of 0.2 K/km. Z—Z

derived from the EAR. The EAR comprises data
of the whole Vestfonna region whereas the
measurement data comprises point
measurements with a strong bias to western
regions and lacks in the times series. We
assume that these factors partly generate the
differences indicated by r?, rmsd and bias in the
correlation.

g—z derived from the EAR has a mean value of

-5.4+29K/km and a median value of
-6.1 K/km (Fig. 7). The standard deviation of
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2.9 K/km is nearly half of the standard deviation
of Z—Z derived from the measurements (see
above). Mean and median values are in good
accordance with  results derived from
measurements (Fig. 4) if the bias of 0.2 K/km is
considered. This indicates a good accuracy of
the method. Nevertheless, differences between
values in Fig.4 and 7 are observable during

. ar . . . .
periods of o, Maxima in Fig. 7, i.e. January,

March and July. The April maximum of Fig. 4 is
shifted to March in Fig. 7 while the lJune
maximum in Fig. 4 is shifted to July in Fig. 7. As
mentioned before we strongly assume that
these differences are caused by temporal
changes in elevations represented by the
measurements data (see Fig.3 and Fig. 5).
During the period May 2007 to April 2008
measurements above 335ma.sl.  mainly

) ar .
provide data for I calculations. We observe a
. ) ar .
retarded increase in I derived from

ar .
measurements compared to an derived from

the EAR during this period. We suppose the
later increase during summer is caused by later
onset of melt and the later decrease in winter is
caused by better mixing due to higher wind
speeds at higher altitudes. This also explains the

: ) AT
decrease in amplitude of the variation in I

derived from measurements since climate
conditions are assumed to be more
homogeneous in the interior than at the edge
of the ice cap. During the period May 2008 to
July 2008 only measurements located in the
ablation zone, i.e. below the ELA of 380 m a.s.l.,
are available. g—; derived from measurement
data shows higher values and an earlier
increase than Z—Z derived from the EAR. The
same holds true for the period November 2010
to September 2011.

During the period September 2008 to April
2009 measurement data located in the ablation
zone and the accumulation zone is available.
During  this  period g—: derived from
measurement data show the best consistency

with Z—: derived from the EAR (see Fig.5).
Nevertheless, during February and March a

. o . ar .
systematic deviation, i.e. F derived from

ar .
measurement data are lower than n derived

from the EAR, is observable. We argue these
differences are mainly caused by the fact that
measurement data represents only parts of the
whole ice cap in contrast to gridded EAR data.

Thus, the EAR dataset seems the best
suitable for the analysis of the seasonal course,
inter- and intra-annual variability of g—z on
Vestfonna since it comprises an eleven-year
period without gaps or distribution biases and is
capable of reproducing measured seasonality in
general.

6 Discussion
Schytt (1964) published a value of -6.9 K/km of

obtained from field measurements on

Vestfonna carried out during July and August
1958. For these months we calculated a mean

of =5.3 K/km of Z—Z from the measurements and

-3.7 K/km of % from the EAR. Both values are

considerably higher. Schytt (1964) derived his
values by comparing two records from
Vestfonna with a record from Murchison Bay.
He mentioned that the temperature variations
are much smaller on the ice cap and that air
temperatures at Murchison Bay are generally
larger than at the glacial sites. We therefore
argue that the usage of Murchison Bay
temperature measurements not located on the

. ar
ice cap could have generated too small o

values.

In Moller et al. (2011) measurements of VF-
AWS240, VF-AWS370 and VF-AWS500 during
the period of June 2008 to April 2009 were used

to obtain a mean value of Z—Z of =7.0 £3.7 K/km.

We calculated a mean value of g—: of =5.6 K/km

from the EAR for this period. The difference
between these results is probably caused by
two reasons. Fig. 3 indicates that only using VF-
AWS240, VF-AWS370 and VF-AWS500 in the
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period of June to September 2008 is error-
prone since the elevational difference of the
used data is small enough that measurement

i : ar
errors can have considerable impact on I

calculations. Furthermore, we see in Fig. 5 that
the winter 2008 experienced very low g—i values
compared to other winters. Also a temporal
difference  between g—z derived  from
measurements (red line) and from the EAR

(black line) exists in spring 2009 whereas :—;

from measurements is lower than from the
EAR. Therefore data in Méller et al. (2011)
strongly reflect the conditions of the unstable
winter and spring period 2009. However, the
values derived from the EAR in this study (-
5.4+29 K/km) and in Méller et al. (2011) (-
7.0+3.7 K/km) are consistent since they are
within the 1-sigma ranges.

Schuler et al. (2007) reported a value of% of
—4.4 K/km obtained from field measurements
on Austfonna. Austfonna is also located on
Nordaustlandet but in the east of Vestfonna.
We found the same value on Vestfonna for the
ablation period (July to August) using the
eleven-year EAR data. Therefore, we assume a
Z—Z value of -4.4K/km to correctly reflect
conditions on Vestfonna during ablation periods
whereas the annual mean has to be slightly
larger (see above).

The values reported for Vestfonna so far
seem to be rather low whereas the value for
Austfonna is of the same magnitude as values
found during ablation seasons in this study. All
reported values are constants. But there are
strong indications (e.g. Gardner and Sharp,
2009; Petersen and Pellicciotti, 2011) that large
differences in the results of melt modelling can
be caused by not considering a seasonal course
of S—T during the ablation season.

Marshall et al. (2007) and Gardner et al.
(2009) pointed out seasonal courses of :—Z in the
Canadian high Arctic. We found a similar two-
phase seasonal course of g—: (i.e., values of :—:
are generally higher during winter and summer

than during spring and autumn) on Vestfonna
as indicated by the results of Marshall et al.
(2007) and Gardner et al. (2009). Their seasonal

AT
courses also show minima in o before and after
the ablation season. However, maximum values

ar i
of o during summer are less pronounced

compared to values found for Vestfonna
whereas maxima during winter are of the same
magnitude.  Furthermore, Rolland (2003)
showed for Alpine regions a prominent lack of a
summer maximum. On the other hand the
seasonality presented in Rolland (2003) is very
similar to results obtained from the
reconstructed data (see Fig.5). Since we
assume melt processes are not correctly
captured in the reconstructed data and
therefore cause the lack of the summer
maximum we argue that differences in melt
processes in the Canadian high Arctic and in the
Alps probably also cause the smaller to absent
summer maxima. The signal of melt is probably
more existent on an Arctic ice cap than in the
Alpine region during the ablation season since
the Polar day certainly strongly amplifies it.
Schytt (1964) also obtained very low values of

% during the ablation season by using
measurements of a non-glacial site which
probably lack on melt compared to locations on
Vestfonna what further supports this thesis.

As origin of the seasonal course Marshall et
al. (2007) assume differences in the local energy
balance (i.e. net radiative and turbulent heat
flux) as a primary determinant of the
differences in the local near-surface air

. ar . L
temperature (i.e. ﬁ)' We follow this estimation

by assuming complex interactions of radiation,
melt/refreezing, sea ice and advection creating

the variability and seasonal course observed for
ar
oh
examine a conceptual model by discussion the

on Vestfonna. Therefore, we want to

. ) ar . .
idealized seasonal course of o in Fig. 7

obtained by averaging the eleven-year EAR
data. Doing this we will keep our focus mainly
on general features and try to put them into the
context of other data and publication.
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Various publications (e.g. Curry et al., 1996,
Busch et al., 1982; Overland and Guest, 1991;
Kahl et al., 1992; Serreze et al., 1992; Serreze
and Barry, 2009) discussed radiation-climate
feedback mechanisms in the Arctic strongly
control the thermal structure of the lower
planetary boundary layer (PBL). One feature is
the frequently produced surface based low-
level tropospheric inversion especially during
Arctic winter. Furthermore, Wang et al. (2001)
and Vihma and Pirazzini (2005) showed that the
near-surface temperature strongly depends on
processes of advection and radiative cooling
controlled by cloudiness during the Polar night.

. . ar ar .
The strong interconnection of T and 2, s

further indicated by very similar winter courses
ar . _. ar
of o5 in Fig. 7 and % of the lower planetary
boundary layer (PBL) in Fig.8 derived from
radio soundings at Haudegen station in
1944/1945. Also further analyzes of the EAR
(not shown) revealed that winter seasons
S ar ) .
experiencing low n values (e.g. winter 2008 in
Fig.5) coincide with periods of increased
advection of warm moist air and low sea ice
concentration. Winter seasons experiencing
high % values (e.g. winter 2011 in Fig.5)
coincide with periods of increased cold dry air
advection and high sea ice concentration. Inter-
. a
annual variation of seasonal mean values of %
and sea ice concentration showed a high
correlation (f’ = 0.8) significant on 0.01
significance level for the winter seasos
(December to February). We therefore suppose
increased (decreased) cloud formation during
periods of warm (cold) air advection and low
(high) sea ice concentration combined with the
general character and thermal structure of the
advected air to control Z_z during the winter
feedback

. . . aTr
mechanisms broadly discussed in context of %
zZ

through radiation-climate

by the former mentioned publications.
The first solar radiation is detectable mid of
March (Fig. 9). We observe a coinciding start of

ar . . :
decrease of % in Fig. 7. The decreasing process

starts in March and ends in May when the
surface net radiation starts to become positive
(Fig. 9). We assume the increasing solar
radiation input to cause labialization of the PBL
during the spring period before the net
radiation surplus and the ambient air
temperature are high enough for ablation
processes. A formation of a mixed convective
boundary layer on Vestfonna causing the

decrease of Z—: would be consistent with Kahl et

al. (1992) and Serreze et al. (1992) who
indicated a formation of a mixed convective
boundary layer beneath an elevated low-level
inversions during periods of sufficient solar
input.  Further studies confirmed the
development of convective boundary layers in
the Arctic and Antarctic during summer (e.g.
Mastrantonia et al., 1999; Argentini et al., 2005;
Cullen et al., 2007; Di Liberto et al., 2012 and
Pietroni et al.,, 2012). Van den Broeke et al.
(2005) showed that near-surface  air
temperatures below 0 °C limit sublimation, and,
in the absence of other heat sinks, skin
temperatures rise rapidly during periods of high
insolation resulting in convective conditions.

; aT . .
We observe an increase of 35 0 Fig. 7

between May and July which coincides with the
period of increasing surface net radiation
surplus in Fig. 9. Moller et al. (2011) determined
that the ablation starts in average not before
June on Vestfonna. As soon as melt and
refreezing  processes become important
components in the local surface energy budget
near-surface air temperature is close to 0 °C
while variability is dampened (Fig.2). Other
studies (e.g. Busch et al., 1982; Serreze and
Barry, 2009) described that the constrained
surface temperature is often associated with
the formation of shallow surface-based
inversions. Furthermore, melt and refreezing
processes are supposed to unify near-surface
air temperatures within the ablation zone and
elevational differences also to near-surface air
temperatures in the accumulation zone

ar . . . )
decrease. Thus, on Increases during this period
sometimes reaching values close to 0K/km
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(Fig. 7) and dampening effects of melt and
refreezing combined with a decrease in cyclone
activity during summer (e.g. Tsukernik et al.,
2007) dampen day-to-day variability of Z—:.

Solar radiation inputs start to decrease the
end of June. But ongoing decrease in surface
albedo counteracts and keeps the surface net
solar radiation constant or even increasing until
mid of July (Fig. 9). With the start of decreasing
surface net solar radiation and therefore
surface net radiation melt processes become

. ar .
less dominant and T decreases. Snow events in

August and September may accelerate the
decrease. Surface-based inversions vanish and

L LL,aT
turbulent mixing may establish P similar to the

. . . aT .
conditions in spring. The decrease of I ends in

October (Fig. 7) when the surface net radiation
turns negative again (Fig. 9). Radiative cooling
builds up strong surface based low-level
tropospheric inversions reaching the maximum
frequency in March. As described above the

ar ar . .
courses ofﬁand 5 e linked again.

7 Summary and Conclusions

. ) aT
So far no extensive analysis ofﬁ on Vestfonna

was available. Considering the calculation of %
we found a high sensitivity to spatio-temporal
distribution of the used measurement data. We
completely reconstructed daily mean near-
surface air temperature on Vestfonna to
address the problem of generating unrealistic
values caused by inhomogeneity and/or lacks in
the data set. Two strategies were applied. A
statistical transfer function used to reconstruct
daily mean air temperature measurements
from a weather station of the Norwegian
Meteorological Institute closest to our
measurement sites showed major problems
especially during ablation season or cold air
advection form northern directions. In contrast
the EAR was capable of reproducing the general
course found in the measurement data
providing an eleven-year period used for
further analyses in this study. Furthermore we

10

validated the applicability of the EAR by
statistical analysis.

Annual mean values were found to be higher
than the often used standard moist adiabatic
values (-5.4+2.9K/km). Furthermore, this
analysis revealed the existence of a

. aT
considerably two-phase annual course of o5 on
Vestfonna which was also observed in other
regions. Our results during summer (-4.4 K/km)
are consistent with values published for
Austfonna by Schuler et al. (2007) but show
differences to values published by Schytt (1964)
and Moaller et al. (2011) for Vestfonna. We point
out that these differences can be caused by
using data of different spatio-temporal
distribution such as using different seasons,
different number and/or distances of
measurement sites or that measurement sites
are not located on the glacier. In general, using
ar
an
distribution on Vestfonna standard moist
adiabatic values seem not to be a proper
approximation. Large differences in the results
of melt modelling can be expected by not
considering a seasonal or daily variation.

to generate annual mean temperature

aT
The general course of o5 seems to be

determined by the progression of radiative
cooling, advection and sea ice conditions during
Polar night and melt and refreezing during Polar
day. Large inter-annual variability of the
seasonal course was found especially during
winter. We assume general changes in sea ice
cover and evaporation (clouds, precipitation),
synoptic circulation (wind regime and advection
of air and moisture) or mean air temperature
(melt) would have an impact on annual mean

values, amplitude and shape of the annual

aT

and day-to-day variance of an

Furthermore, depending on the sort of study

course

. aT
using even a seasonal course of ﬁ for

generating input fields could be unsuitable
since processes exist in parallel on Vestfonna
and differ by time and region. Therefore,
regional reanalyzes could be a valuable
alternative providing input fields for these
studies.
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Table 1. Coordinates, altitude and period of operation of the Automatic Weather Stations (AWS) in
western Nordaustlandet (Fig. 1).

AWS Name Latitude Longitude Altitude Start Date End Date
[m as.l]
DG-AWS 80.0163 N 191855 E 240 26-May-08 20-May-12
VF-AWS240 79.9995 N 194442 E 240 22-May-08 20-May-09
VF-AWS335 79.9342 N 19.1823 E 335 22-Apr-07 2-Dec-09
VF-AWS370 79.9847 N 19.4738 E 370 28-May-08 15-Sep-11
VF-AWS500 79.9650 N 19.6320 E 500 21-May-08 21-May-09
VF-T597 79.9870 N 201299 E 597 28-Apr-07 11-May-08
RF-AWS 80.2183 N 224783 E 10 25-Jan-07 In operation

Table 2. Characteristics of air-temperature sensors used in this study.

Sensor Accuracy Artificlall Sampling Storage
AWS Name height Sensor type v;n'ma:’e: interval interval  Aggregation
[m] at -10 °C [K] [min] [min]
DG-AWS 21 Campbell Sci., CS215 106 Yes 10,30,60 10,30,60 Sample value
VF-AWS240 23 Campbell Sci., CS215 0.6 Yes 10 10 Sample value
VF-AWS335 1.8 Vaisala, HWP45A 0.4 No 1 60, 120 Mean value
VF-AWS370 19 Campbell Sci., CS215 0.6 Yes 1,10,30,60 1,10,30,60 Sample value
VF-AWS500 11 Campbell Sci., CS215 086 Yes 10 10 Sample value
VF-T597 06  Campbel Sci Model 107 0.1 No 5 60 Mean value
Temperature Probe
RF-AWS 45 Rotronic, Hygroclip 02 No 025 60 Mean value

Table 3. Linear regression factors and statistics for correlations between daily mean air temperatures
measured at our Automatic Weather Station (AWS) sites and the reference WMO station located at
Svalbard-Lufthavn, Longyearbyen (WMO-Nr. 010080, 15.4667°E 78.2500°N, 28 m a.s.l.). n: Number of
data pairs used to calculate the linear regression factors ¢ and c; (AWS; = LYR * ¢; + ¢). For c1 also the
10-level (+o) is displayed. The root mean square error (rmse) and the coefficient of determination (r?)
refer to the correlation with n data pairs. n* is the number of days in n with a daily mean air
temperature above 0 °C. rmse* is the root mean square error considering only the n* data pairs.

AWS Name Sensor c0 cl r? n rmse n* rmse
K] K1
RF-AWS AIR_T_4.5m -3.83 1.04+0.016 0.85 754 3.56 223 2.66
DG-AWS AIR_T_21m -4.59 1.08 £0.010 0.93 9202 238 273 213
VF-AWS240 AIR_T_2.3m -4.61 1.030.022 091 242 266 11 2.24
VF-AWS335 AIR_T_1.8m -58 1.01+£0.010 0.92 817 236 104 21
VF-AWS370 AR_T_1.9m -5.64 1.03+£0.010 0.93 852 268 193 2.09
VF-AWS500 AIR_T_1.1m -6.68 1.02£0.022 0.89 242 28 6 2.19
VF-T597 AIR_T_0.6m -7.66 1.00 + 0.016 0.91 366 247 24 1.92
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Table 4. Percentage of monthly data coverage of measurement data at Haudegen station used in the
discussion.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
71 89 42 30 26 0 0 0 0 0 0o 77

19.0E 20.0E 21.0E 22.0E

Fig. 1. Locations of Automatic Weather Stations (AWS) in western Nordaustlandet used in this study. The
numbers in some of the station names refer to the AWS elevation inm a.s.l.
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Fig. 2. Daily mean air temperature measured at VF-AWS335 (Fig. 1) between 1 January 2007 and 31
December 2009. Labels refer to the beginning of the month.
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Fig. 3. Periods for which AWS temperature data are available (grey lines) and periods used to compute
daily elevational gradients (black lines), i.e. elevation difference of at least 150 m. See Fig. 1 for location
of AWS and Table 1 for their altitudes.
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“Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 4. Annual cycle of daily elevational gradients derived from measured near-surface air temperature
series between 1 January 2007 and 31 December 2011. Minimum: 5 % percentile, maximum: 95 %
percentile, box bottom: 25 % percentile, box top: 75 % percentile, blue bold line: median, red diamond:
mean, dashed red line: overall mean, dashed back lines: overall mean t 1-sigma, dashed blue line:

overall median.
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Fig. 5. Annual cycle of elevational gradients of air temperature on Vestfonna. Grey line: daily values
derived from reanalysis, black line: moving 30-day mean of daily values derived from European Arctic
Reanalysis (EAR), blue line: moving 30-day mean of daily values derived from reconstructed data
(RECON), red line: moving 30-day mean of daily values derived from measurements (MEAS).
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Fig. 6. Correlation analysis between 30-day mean values of elevational gradients derived from
measurements and from European Arctic Reanalysis (EAR) data in the region of Vestfonna.
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“Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 7. Annual cycle of daily elevational gradients derived from European Arctic Reanalysis (EAR) 2 m air
temperature series between 1 September 2000 and 31 August 2011. Minimum: 5% percentile,
maximum: 95 % percentile, box bottom: 25 % percentile, box top: 75 % percentile, blue bold line:
median, red diamond: mean, dashed red line: overall mean, dashed back lines: overall mean % 1-sigma,

dashed blue line: overall median.
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Fig. 8. Annual cycle of daily vertical gradients of air temperature derived from daily mean surface air
temperature and values below 1000 m a.s.l. of vertical profiles (radio soundings) of air temperature
measurements at Haudegen station in 1944/1945. Minimum: 5 % percentile, maximum: 95 % percentile,
box battom: 25 % percentile, box top: 75 % percentile, blue bold line: median, red diamond: mean,
dashed red line: overall mean, dashed back lines: overall mean * 1-sigma, dashed blue line: overall

median.
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Fig. 9. Daily mean surface net radiation (black line), daily mean surface net solar radiation (blue) and
daily mean surface net thermal radiation measured at VF-AWS335 (Fig. 1) between 1 June 2007 and 13
May 2009.
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Appendix F: Photos of field work logistics and
equipment

Snowmobile transport By foot operation

Helicopter transport Ship transport

Figure E1 Means of transport: snow mobile, hiking, helicopter, ship transport.
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Kinnvika research station Camp at Oxfordhalvgya

Figure E2 Logistical bases: Kinnvika research station and camp at Oxfordhalvaya.

Kitchen tents and equipment Sleeping tents

Figure F.3 Temporal tent camp set up.
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Satellite phones, GPS, etc. Rifle and signal pistol

Figure FE4 Various equipment.
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Appendix G: Metadata of automatic weather station
(AWS) measurements

Table G.1 Locations, measurement periods and physical setup of automatic weather stations (AWS).

Examples for a small and a large setup are given in Figure 3.2.

AWS Name |Latitude |Longitude | Altitude | Start Date | End Date |Grounding|Setup
(°N) (°E) (ma.s.l.)
KV-AWS 80.0514 | 18.2163 6 15.05.2008 | 04.08.2009 Soil Large
DG-AWS 80.0163 | 19.1855 240 26.05.2008120.05.2012 Ice Small
VF-AWS240 | 79.9995 | 19.4442 240 22.05.2008|20.05.2009 Ice Large
VF-AWS370 | 79.9847 | 19.4738 370 28.05.2008|15.09.2011 Ice Large
VF-AWS500 | 79.9650 | 19.5320 500 |21.05.2008(21.05.2009 Ice Large
VF-AWS605 | 79.9801 | 20.1242 605 |18.05.2008(19.05.2009| Snow |Small

Table G.2 Logger setup of automatic weather stations (AWS).

AWS Name Loggers

KV-AWS Campbell Sci., CR1000

DG-AWS Campbell Sci., CR1000

VF-AWS240 2 x Campbell Sci., CR800

VF-AWS370| 2 x Campbell Sci., CR800. Campbell Sci., CR1000 and CR800 since May 2010
VF-AWS500 2 x Campbell Sci., CR800

VF-AWS605 Campbell Sci., CR1000
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Table G.3 Sensor setup of automatic weather station (AWS) measurements. Ground type, locations,

measurement periods, physical setup, logger setup and storage intervals are summarized in Tables G.1 and

G.2.

SID Measured variable Sensor Initial height above Ground (m)
TH |Air Temperature, Relative Humidity [Campbell Sci., C5215 2.1,3.6
SD [Solar iradiation Campbell Sci. (Apogee), CS300 (PYR-P) 2.6
SU [Reflected shortwave radiation Campbell Sci. (Apogee), CS300 (PYR-P) 2.6
g LU [Surface thermal radiation Kipp&Zonen, CGR3 2.6
3 N [Netradiation Campbell Sci., NR-LITE 2.6
O | W |Wind speed, Wind direction Young, 05103-45 4.2
P |Air pressure T. Friedrichs & Co, 5004.000 BG 1.5
D [Snow depth Campbell Sci., SR50A 2.5
IT |Snow and ice temperature Campbell Sci., Model 107 Temperature Probe 0.1,0.0,-2.0,-8.0
TH |Air Temperature, Relative Humidity [Campbell Sci., CS215 2.3,4.0
S [ SD [Solar iradiation Campbell Sci. (Apogee), CS300 (PYR-P) 2.8
g SU [Reflected shortwave radiation Campbell Sci. (Apogee), CS300 (PYR-P) 2.8
E N |Netradiation Campbell Sci., NR-LITE 2.8
> | D [snow depth Campbell Sci., SR50A 2.7
IT |Snow and ice temperature Campbell Sci., Model 107 Temperature Probe 0.5,0.2,0.1,0.0,-0.2,-2.0,-5.0,-8.0
TH |Air Temperature, Relative Humidity |Campbell Sci., CS215 19,39
SD |Solar iradiation Campbell Sci. (Apogee), CS300 (PYR-P) 2.1
SU [Reflected shortwave radiation Campbell Sci. (Apogee), CS300 (PYR-P) 2.1
° LD [Thermal Kipp&Zonen, CGR3 2.1
a N |Net radiation Campbell Sci., NR-LITE 2.1
E N2 |Net radiation Kipp&Zonen, CNR-1 2.1
'->'-' W |Wind speed, Wind direction Young, 05103-45 2.4
U |Eddy covariance Gill Inst., WindMaster Ultrasonic Anemometer 4.3
P |Air pressure T. Friedrichs & Co, 5004.000 BG 1.5
D [Snow depth Campbell Sci., SR50A 2.0
IT |Snow and ice temperature Campbell Sci., Model 107 Temperature Probe 0.5,0.2,0.1,0.0,-0.2,-2.0,-5.0,-8.0
TH |Air Temperature, Relative Humidity [Campbell Sci., CS215 2.5,4.0
8 | SD [Solar iradiation Campbell Sci. (Apogee), CS300 (PYR-P) 3.0
g SU [Reflected shortwave radiation Campbell Sci. (Apogee), CS300 (PYR-P) 3.0
E N [Net radiation Campbell Sci., NR-LITE 3.0
> | D [snow depth Campbell Sci., SRS0A 29
IT [Snow and ice temperature Campbell Sci., Model 107 Temperature Probe 0.5,0.2,0.1,0.0,-0.2,-2.0,-5.0,-8.0
TH |Air Temperature, Relative Humidity [Campbell Sci., CS215 26,39
- SD [Solar iradiation Campbell Sci. (Apogee), CS300 (PYR-P) 3.0
§ SU [Reflected shortwave radiation Campbell Sci. (Apogee), CS300 (PYR-P) 3.0
E N |Net radiation Campbell Sci., NR-LITE 3.0
;' P |Air pressure T. Friedrichs & Co, 5004.000 BG 1.5
D [Snow depth Campbell Sci., SR50A 2.9
IT |Snow temperature Campbell Sci., Model 107 Temperature Probe -2.0,-10.0
TH |Air Temperature, Relative Humidity |Campbell Sci., CS215 25,40
SD [Solar iradiation Campbell Sci. (Apogee), CS300 (PYR-P) 3.0
SU [Reflected shortwave radiation Campbell Sci. (Apogee), CS300 (PYR-P) 3.0
- N [Netradiation Kipp&Zonen, CNR-1 3.0
E U |Eddy covariance Metek, USA-1 CHNS + LICOR 4.4
; P |Air pressure T. Friedrichs & Co, 5004.000 BG 1.5
D [Snow depth Campbell Sci., SR50A 2.9
IT |Soil temperature Campbell Sci., Model 107 Temperature Probe -0.025, -0.075, -0.125,-0.175
HF |Soil heat flux Carter-Scott Design, CN3 Heat Flux Plate -0.05,-0.10,-0.15
WC|Soil water content Campbell Sci., CS616-L -0.05,-0.15
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Table G.4 Storage intervals in minutes of sensors at DG-AWS. SIDs are described in Table G.3. Both intervals

are presented in months of storage intervals changes.

2008 2009
SO |JiFIMiAF M {JiJi A {ISIOINID|JJIFIMIAI M iJiJ}F A iISIOINiD
TH (2.1m) 10 :10:10; 10 :104{10{10{10]10{10;10;10;10,30:30{30};30,60:60;60:60:60
TH (3.6m) 10 :10:10; 10 :10410{10{10]10{10;10;10;10,30:30{30};30,60:60;60:60:60
SD 10 :10:10{ 10 :104{10{10{10]10{10;10;10;10,30:30{30};30,60:60;60:60:60
SU 10 :10:10{ 10 :10410{10{10]10{10:10;10;10,30:30{30};30,60:60;60:60:60
v N 30 i30{30{30,60:60;60:60:60
E W 30 :30;30:30,60:60{60:60;60
8' P 30 :30;30:30,60:60{60:60;60
D 10 i10:10; 10 :10j10;10;10)10:10:10;10;10,30:30{30:30,60:60;{60:60}60
IT(0.1m) 10 i10:10; 10 :10{10;10;{10)10:10:10;10;10,30:30{30:30,60:60;{60:60}60
IT (0.0m) 10 i10:10; 10 :10{10;10;{10)10:10:10{10;10,30:30{30{30,60:60{60:60}60
IT(-2.0m) 10 i10:10; 10 :10{10;10{10]10:{10:10{10;10,30:30{30:30,60:60{60:60}60
IT(-8.0m) 10 {10:{10; 10 {10{10{104{10)10{10:10{10410,30:30{30{30,60:60{60:60}60
2010 2011

sb |JIiFIMiA{ M iJiJi A {SIOINID|JIFIMIA}I M :JiJt A iSIOINID
TH (2.1m) |60:60{60:60{10,60i{10:10; 10 (10{10{10{10|10{10:10{10; 10 :10{10;10,60:60{60:60:60
TH (3.6m) |[60:60{60:60{10,60i{10:10; 10 (10{10{10{10|10{10:10{10; 10 :10{10;10,60:60{60i60:60

SD 60:60:60:60{10,60i10:10; 10 :10i{10{10{10]10{10:10{10; 10 :10{10:10,60:60{60:60}60
SU 60:60:60:60{10,60i10:10; 10 :10i{10{10{10]10{10:10{10; 10 :10{10:10,60:60{60:60}60
LU 10 i10§10{10{10|10410:10i{10} 10 :10i{10:10,60:60{60:i60:60
g N 60i60:60:60{10,60i10:10; 10 i10i{10{10{10]10{10:10{10} 10 :10{10:10,60:60{60:60}60
< (w 60:60:{60:60{10,60i10:10; 10 i10i10{10{10]10{10:10{10} 10 :10{10:10,60:60{60:60}60
8 P 60i60{60:60{10,60i10:10; 10 i10i10{10{10]10{10:10{10} 10 :10{10:10,60:60{60:60}60
D 60i60:{60:60{10,60i10:10; 10 i10§10{10{10]10{10:10{10} 10 :10{10:10,60:60{60:60}60

IT(0.1m) |60i60i{60:60:10,60{10:10{10,60:60{60{60{60|60i60:60 ;60
IT(0.0m) |60i60i60:60:10,60{10:10{10,60:60{60{60{60|60i60:60;60
IT(-2.0m)|60i60i{60:60:10,60{10{10{10,60:{60{60{60{60|60i{60:60i60; 60 :60i60;{ 60 :60{60i60:60
IT(-8.0m) |60i60;60:60;{10,60;10{10;10,60i{60{60:60{60|60i60:60{60; 60 :60i{60; 60 :60{60:60;60
2012

SID JIFIMIiAI M J i) A S{OiINID
TH(2.1m) |60i60:60:60; 60
TH (3.6m) |60i60:60:60; 60

SD 60:60160:60| 60
su 60:60160:60| 60
g LU 60i60(60:60| 60
<N 60:60160:60| 60
8w 60160160 60 60
P 60:60{60:60| 60
D 60:60{60:60| 60

IT(-2.0m) |60:60i60:60] 60
IT(-8.0m) |60:60i60:60] 60
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Table G.5 Storage intervals in minutes of sensors at VF-AWS370. SIDs are described in Table G.3. Both

intervals are presented in months of storage intervals changes.

2008 2009
SD |Ji{FIMIAiM{JiJ}i AiSIOIN|ID|JIFIM/A{ M {JiJI A {SIOINID
TH (1.9m) 10 {10i10} 10 {10{10{10{10{10{10;10;10/10,30{30{30{30,60i60i60}60}60
TH (3.9m) 10 {10{10} 10 {10{10;{10{10{10,10;10;10,10,30{30{30{30,60:60:60}60}60
SD 10 {10{10} 10 {10{10{10{10|10}10;10;10/10,30{30{30;30,60:60{60}60}60
suU 10 {10i10} 10 {10{10{10{10{10{10;10;10}10,30{30{3030,60i60:60}60}60
N 10 {10{10} 10 {10{10{1010{10,10;10,10,10,30{3030{30,60:60:60}60}60
o (W 30 13030{30,60i60i{60|60 60
o D 10 {10i10} 10 {10{10{10{10{10}10;10;10/10,30{30{3030,60:60:60}60}60
= [IT(0.5m) 10 (10§10} 10 {10{10{10{10|10,10;1010,10,30{3030{30,60:60{60}60}60
I [ITo2m) 10 {10§10} 10 {10{10{1010|10}10;10;10/10,30{30{30;30,60:60i60}60}60
= IT(0.1m) 10 {10i10} 10 {10{10{10{10{10{10;10;10,10,30{30{3030,60:60:60}60}60
IT (0.0m) 10 {10{10} 10 {10{10{10{10[10}10;1010,10,30{303030,60:60{60}60}60
IT(-0.2m) 10 ;10§10} 10 {10:10{1010|10}10;10;10/10,30;30{30}30,60:60i60}60}60
IT(-2.0m) 10 {10{10} 10 {10:10{10{10(10{10{10i10/10,30:30{30}30,60:60:60!60 ;60
IT(-5.0m) 10 {10{10} 10 {10{10{10{10|10}10;1010,10,30{30{3030,60:60i60}60}60
IT (-8.0m) 10 ;10§10{ 10 {10:{10{10;{10[10}10;10;10{10,30;30{30}{30,60:60i60}60}60
2010 2011
SO [JIFIMIAiM{JiJi AiSIOINID|JIFIMIAI M {JiJI A {SIOINID
TH (1.9m) [60160}60:60:1,60: 1 { 1 11,10i10{10/10{10]/10:10;10{10} 10 {10{10}10,60:60i60}60}60
TH (3.9m) [60160/60:60:1,60{ 1 { 1 11,10{10{10{10{10|10:10;10{10| 10 {10{10}10,60:60:60}60}60
SD 60{60{60i60i1,60} 1i1{1,10{10:10{10{10(10:10;10{10} 10 {10;10}10,60:60i60}60 60
sU 60{60{60i60i1,60} 1:1{1,10i10:10{10/10[10:10;10}/10f 10 1010}10,60:60i60|60 60
LD 1 i1:111,10i10i{10{10{10(10i10{10{10} 10 110:10}10,60i60i60}60 60
N (CNR-1) 10 {10/10{10,60:60:6060}60
N 60{60/60i60:1,60; 1 1,10{10{10{10{10|10:10;10{10} 10 {10{10}10,60:60i60}60}60
o (W 60{60{60i60i1,60} 1i111,10{10i10{10{10[10i10{10{10} 10 {1010}10,60i60:60}60 60
o (U 1 i1i14 1
Ed 60{60{60i60i1,60{ 1{1{1,10i10:10{10{10[10/10{10{10] 10 }10:10}10,60i60:60|60 60
Il 60{60{60i60i1,60} 1:11,10{10i10{10{10[10i10{10{10} 10 {1010}10,60i60i{60}60 60
= |iT(0.5m) |60{6060 60
IT(0.2m) |601{60}60:60
IT(0.1m) |60{60:60:60: 60 {60i60; 60 {60i60{60/60|60;60:6060] 60 [60i60! 60 (60:60{60:60
IT(0.0m) |60{60:60:60: 60 {60i60; 60 {60:60;60/60|60{60;60/60| 60 [60/60} 60 (60:60!60:60
IT(-0.2m) |60{60:{60:60: 60 {60i60; 60 {60i60!60/60|60;60{60/60| 60 [60i60! 60 {60:60{60:60
IT(-2.0m) |60{60:60:60: 60 {60i60; 60 {60i60!60/60|60;60:6060| 60 [60i60/ 60 (60:60!60:60
IT(-5.0m) |60{6060:60: 60 {60{60; 60 {60;60;60/60|60{60;60/60| 60 [60/60} 60 :60:60}60:60
IT(-8.0m) |60{60{60{60: 60 {60{60; 60 {60i60{60{60|60{60{60{60] 60 [60i60! 60 {60i60{60i60
2012
SD |[JIF MiAiMIJi{J}I AiISiOIN|D
TH (1.9m) [60{60/60i60! 60
TH (3.9m) [60160/60:60: 60
SD 60{60/60;60: 60
suU 60{60/60i60: 60
LD 60{60/60:60i 60
o N (CNR-1) |60{60/60:60} 60
s N 60:60:60:60: 60
g w 60{60/60;60i 60
< |P 60{60{60;60: 60
D) 60{60i60;60: 60
IT(0.1m) |60{60/60:60; 60
IT(0.0m) |60i60/60i60; 60
IT(-0.2m) |60160,60:60} 60
IT(-2.0m) |60{6060:60; 60
IT(-5.0m) |60{60160:60: 60
IT(-8.0m) |60{60{60:60} 60
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Table G.6 Storage intervals in minutes of sensors at VF-AWS240. SIDs are described in Table G.3. Both

intervals are presented in months of storage intervals changes.

2008 2009
SID JIFIMIAIM:J{J AISIOIN/D|JIFIMIAIMIJ{JIAISIOIN:D
TH (2.3m) 10{10{10{10;10;10;10;10|10:10:10;10;10
TH (4.0m) 10/10{10i10;10{10;10;10)10;10;10:10;10
SD 10§10;10{10;10;10;10{10|10:10:10;10:10
SU 10{10{10{10410;10;10{10|10;10:10;10;10
N 10/10{10i10;10{10;10;10)10;10:10:10:10
§D 10§10:10{1010;10;10{10(10:10:10;10:10
g IT (0.5m) 10/10{10{10{10{10;10{10)10:10:10:10:10
< |IT(0.2m) 10{10:10{10;10i10;10{10(10:10:10;10:10
S|IT(0.1m) 10{10{10{10410{10{10{10|10:10:10;10:10
IT (0.0m) 10{10{10{10{10{10;10{10)10;10:10:10:10
IT(-0.2m) 10{10{10{10410;10;10{10(10:10:10;10:10
IT(-2.0m) 10{10:10{10410;10;10{10|10:10:10;10:10
IT(-5.0m) 10{10{10{10{10}{10;10;10)10{10:10:10:10
IT(-8.0m) 10{10{10{104{10{10{10}{10(10{10;10;10;10

Table G.7 Storage intervals in minutes of sensors at VF-AWS500. SIDs are described in Table G.3. Both

intervals are presented in months of storage intervals changes.

2008 2009
SID JIFIMIAIMIJIJIAISIOINID|JIFIMIAIMIJIJEAISIOINID
TH (2.5m) 10/10{10{10{10{10;10;10)10;10:10:10;10
TH (4.0m) 10§10{10{10410;10;10;{10|10;10:10;10;10
SD 10;10{10i10;10{10;10;10)10;10:10:10:10
SU 10§10:10{10;10;10;10{10(10:10:10;10:10
N 10§10;10{10410;10;10{10|10:10:10;10;10
§D 10;10{10i10{10{10;10;10)10:10:10:10;10
é’ IT(0.5m) 10§10:10{10410;10;10{10(10:10:10;10:10
< |IT(0.2m) 10§10{10{10410;10;10{10|10:10:10;10;10
S 1T(0.1m) 10/10{10{10{10{10;10{10)10:10:10:10:10
IT(0.0m) 10{10{10{10;10;10;10{10|10:10:10;10:10
IT(-0.2m) 10{10{10{10{10{10;10;10)10}{10:10:10:10
IT(-2.0m) 10{10{10{10410}10;10{10(10:10;10;10:10
IT(-5.0m) 10{10{10{10410;10;10{10|10:10:10;10:10
IT(-8.0m) 10{10{10{10{10{10}10;10)10}{10;10:10;10
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Table G.8 Storage intervals in minutes of sensors at VF-AWS605. SIDs are described in Table G.3. Both

intervals are presented in months of storage intervals changes.

2008 2009
sb J|JIFIMiAIM{iJ}{JIAISIOIN/D[JIFIMIAIM{JiJIAISIOiINID
TH (2.6m) 10/10{10;10;10{10;10;10)10;10;10:10;10
TH (3.9m) 10§10{10{10;10{10;10410|10;10;10;10;10
1n SD 10;10{10;10;10{10;10;10)10;10:10:10:10
Q@ sV 10§10:10{10{10;10;10{10|10:10:10:10:10
=N 10/10{10i10{10{10;10;10)10:10:10:10:10
EP 10{10{10{10410{10;10{10|10:10;10;10:10
> Ib 10{10{10{10{10{10;104{10(10:10;10;10:10
IT(-2.0m) 10{10{10{10;10:10;10{10|10:10;10;10:10
IT(-10.0m) 10{10{10{10{10{10{10410{10{10}10;10;10

Table G.9 Storage intervals in minutes of sensors at KV-AWS. SIDs are described in Table G.3. Both intervals

are presented in months of storage intervals changes.

2008 2009
SID JIFIMIAIMIJi)J! AISIOIN|ID[JIFIMIAIMiIJIJIAISIOINID
TH (2.5m) 141:1:1,10;10{10;10;10]10;{10:10{10;10:10;10;10
TH (4.0m) 141:1:1,10;10{10;10;10]10;10:10{10;10:10;10;10
SD 1:1:11:1,10{10;10;10;10(10;10;10;10:10:10;10;10
SuU 1/1:1:1,10;10{10;10;10]10;10:10{10:10:10;10;10
N 141:1:1,10710{10;10;10]10{10:10{10;10:10;10;10
u 1:1:1:1,10;10;10;10;10(10;10;10;10:10:10;10:10
P 1:1:1:1,10i10;10;10;10(10;10:10;10:10:10:10:10
‘ﬁ D 14{1:1:1,10{10{10;10;10]10;10:10{10;10:10;10;10
< (1T (-0.025m) 141:1:1,10{10{10:10;10]10;10:10{10:10:10;10;10
< IT(-0.075m) 1:1:1:1,10i{10;10;10;10(10;10:10}10:10:10:10;10
IT(-0.125m) 14{1:1:1,10{10{10:;10;10]10;10:10{10:10:10;10;10
IT(-0.175m) 14{1:1:1,10{10{10:10;10]10;{10:10{10i10:10{10}10
HF(-0.05m) 1:1:{1:1,10{10;10{10}10(10410:10}10:10:10:10:10
HF(-0.10m) 111{1:1,10{10;10{10}10(10;10/10}10:10:10{10:10
HF(-0.15m) 141:{1:1,10{10{10{10;10]10;10:10{10i10:10}10}10
WC (-0.05m) 141:/1:1,10{10{10{10;10]10;10:10{10:10:10;10}10
WC (-0.15m) 1{1{1{1,10{10{10{10}10(10{10{10}10{10:10{10}10
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Appendix H: Metadata of hardware within the
modeling and analysis framework

Table H.1 Specifications of the hardware in the reanalysis framework.

# Task [Mainboard Arch. |RAM| Disk |Processor type Processors|Threads| appr. appr.
[GB] [space per node per |GigaFlops|GigaFlops
[GB] node | per node total
1_[Controling_|Intel $3210SH x86_64] 2 | 7240 |Intel Core 2 Duo CPU E8400 (2x3GHz)
6_|Computing [Tyan S7002 x86 64| 16 [ 220 [Intel Xeon CPU L5520 (4x2.26GHz) 2 16 43 257
17]|Computing |Intel S5520HC x86 64| 16 [ 220 |intel Xeon CPU E5620 (4x2.4GHz) 2 16 46 774
1032
Table H.2 Specifications of the hardware used for analyses.
# Task [Mainboard Arch. |RAM| Disk |Processor types Processors|Threads| appr. appr.
[GB] [space per node per [GigaFlops|GigaFlops
[GB] node | per node total
1 _[Controling_|Gigabyte EG41MF-US2H [x86 64| 2 70 |Intel Pentium Dual-Core CPU E6500 (2x2.93GHz)
3 [Computing |Intel S5400SF x86 64| 16 | 220 [intel Xeon CPU L5420 (4x2.5GHz) 2 8 47 141
141

Table H.3 Specifications of the network attached storage (NAS).

#|Name Network | Disk [Used Disks type RAID |Storage| Total
Slots Level| [TB] |Storage

[TB]
7|ReadyNAS Ultra 4 Plus | 2x1Gbit 4 [Western Digital WD RE4-GP (2TB) 5 6 42
6|ReadyNAS Pro 6 2x1Ghit | 6 [Hitachi HDS723030ALA640 (3TB) 5 15 90
1[ONAP Turbo NAS 2x1Gbhit | 4 [Western Digital WD RE4-GP (2TB) 5 6 6
138
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Appendix J: Results of conducted field work and
measurement quality assessment

Table J.1 Overview of conducted field work.

Date

Used logistics

Team members

Conducted work

01.05.-01.06.2008

Helicopter and
snowmobiles

Roman Finkelnburg,
Marco Moller, Dieter
Scherer and Christoph
Schneider

Setting up five AWS and 24 ablation/ice velocity
stakes. Digging of five snow pits. Differential GPS
measurements at nine ablation stakes. Eight
kinematic profiles.

01.08.-22.08.2008

Helicopter/ Ship and
by foot operations

Matthias Braun, Roman
Finkelnburg, Fred Meier
and Marco Moller

Gathering data from AWS. Fixing and maintaining
AWS. Metering and maintaining of ablation stake
network. Digging of two snow pits. Differential GPS
measurements at four ablation stakes.

10.05.-29.05.2009

Helicopter and
snowmobiles

Roman Finkelnburg,
Marco Moller, Tobias
Sauter and Dieter
Scherer

Gathering data from AWS. Fixing and maintaining
AWS. Dismounting three AWS and nine ablation
stakes. Metering and maintaining of ablation
stake network. Digging one snow pit. Differential
GPS measurements at four ablation stakes.

31.07.-19.08.2009

Helicopter/Ship and
by foot operations

Matthias Braun, Roman
Finkelnburg, Bob
McNabb and Marco
Moller

Gathering data from AWS. Fixing and maintaining
AWS. Dismounting one AWS. Metering and
maintaining of ablation stake network.

06.05.-26.05.2010

Helicopter and by
foot operations

Roman Finkelnburg,
Alber Polze, Rebecca
Moller and Marco
Moller

Gathering data from AWS. Fixing and maintaining
AWS. Metering and maintaining of ablation stake
network. Digging two snow pits.

12.08.-28.08.2010

Ship and by foot
operations

Roman Finkelnburg,
Marco Méller and
Christoph Schneider

Gathering data from AWS. Fixing and maintaining
AWS. Metering and maintaining of ablation stake
network. Digging two snow pits.

10.05.-29.05.2011

Helicopter and
snowmobiles

Roman Finkelnburg,
Marco Moller, Dieter
Scherer and Christoph
Schneider

Gathering data from AWS. Fixing and maintaining
AWS. Metering and maintaining of ablation
staknetwork. Digging seven snow pits.

27.07.-11.08.2011

Ship and by foot
operations

Roman Finkelnburg,
Fabien Maussion and
Marco Moller

Gathering data from AWS. Fixing and maintaining
AWS. Metering and maintaining of ablation stake
network.

09.05.-02.06.2012

Helicopter and
snowmobiles

Roman Finkelnburg,
Albert Polze, Marco
Moller and Lars
Schneider

Gathering data from AWS. Fixing and maintaining
AWS. Metering and maintaining of ablation stake
network. Digging two snow pits. Dismounting two
AWS and 15 ablation stakes.
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Table J.2 Quality assessment of measurements of DG-AWS. SIDs are described in Table G.3. Categories are

described in Table 3.2.
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Table J.3 Quality assessment of measurements of VF-AWS370. SIDs are described in Table G.3. Categories are

described in Table 3.2.
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Table J.4 Quality assessment of measurements of VF-AWS240. SIDs are described in Table G.3. Categories are
described in Table 3.2.

2008

SID JIFIMi A
TH (2.3m)
TH (4.0m)
SD
SU
N
D
IT(0.5m)
IT(0.2m)
IT(0.1m)
IT (0.0m)
IT(-0.2m)
IT (-2.0m)
IT(-5.0m)
IT(-8.0m)

VF-AWS240

ziziziziziziziziziziziziziZz|<Z

2221 212i2i2i2i2|2:12:12{2iZ2|«
ciciciciciciciciciziZziZ2iCciC|—
cicicic:ic:ic:cic:iciziZz:Z2ic:C|>
cicicic:ciciciciziziziziziZz|wn
Z2iZ2iZ2i2i2iZ2i2iZ2i2i2i2:2{2:i2|0
Z2iZ2iZ2i2i1Z2iZ2iZ2iZ2iZ2i2i2:i2i2i2|2
2221212212 2:2;2:2:2{2:2|0

Table ].5 Quality assessment of measurements of VF-AWS500. SIDs are described in Table G.3. Categories are
described in Table 3.2.

2008 2009

SID JiFIM{A
TH (2.5m)
TH (4.0m)
SD
SU
N
D
IT(0.5m)
IT(0.2m)
IT(0.1m)
IT (0.0m)
IT(-0.2m)
IT (-2.0m)
IT(-5.0m)
IT (-8.0m)

VF-AWS500

zizizizizziziziziziziziziz|Z
Z2iZ2iZ2i1Z2i12i12|2:12:12:12:12{2i{2iZ2|<
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Z2iZziZzizizi2i2ziZ2iZ2iZ2i2 i
zZ2iziziziziziziZ2ziZ2ziZ2i2

zZziziziziziZziZ2i2
Z2iZ2iZ2iZziZ2i2i2i2
222222122
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Table J.6 Quality assessment of measurements of VF-AWS605. SIDs are described in Table G.3. Categories are

described in Table 3.2.
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Table .7 Quality assessment of measurements of KV-AWS. SIDs are described in Table G.3. Categories are

described in Table 3.2.
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Table .8 Metering of ablation/accumulation stake network. A cross marks campaigns when stake was

metered. Spring campaigns are indicated by ,Sp’ and summer campaigns are indicated by ,Su’ Grayed periods

indicate that the ablation/accumulation stake has been removed.
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Name Lat Long Alt 2008 2009 2010 2011 2012 | Repeat
[°N] [°E] |[ma.s.d]| Sp Su Sp Su Sp Su Sp Su Sp |readings
VF1 80.00287|19.43709| 197 0
DG2 80.01375|19.19085| 210 X X X X X X 7
DG3 80.01227|19.19513| 225 X X X X X X 7
DG-AWS-1 80.01632|19.18440| 240 X X X X X X 6
DG-AWS-2 80.01630(19.18660| 240 X X X X X X 6
VF-AWS240-1|79.99952|19.44525| 240 X X X X 6
VF-AWS240-2 (79.99914(19.44303| 240 X X X X 6
VF-AWS240-3|79.99908|19.44149| 240 X X X X 6
DG4 80.01942|19.18938| 252 X X X X X 6
DG5 80.02163|19.19505| 266 X X X X 5
VF2 79.99616|19.45360| 285 X X X X X X 6
VF3 79.99050(19.46205| 329 X X X X X X 6
VF-AWS370-1|79.98516|19.47517| 370 X X X X 4
VF-AWS370-2|79.98484|19.47424| 370 X X X X X 5
VF-AWS370-3|79.98444119.47286| 370 X X X 4
VF4 79.97724|19.49016( 413 X X 2
VF5 79.97150|19.50872| 458 X X 2
VF-AWS500-1|79.96510/19.53296| 500 X 1
VF-AWS500-2 | 79.96489|19.53150| 500 X 1
VF-AWS500-3 | 79.9648419.53078| 500 X 1
VF6 79.95482119.57353| 550 0
VF-AWS605-1|79.97996/20.12621| 605 X 1
VF-AWS605-2|79.98011/20.12254| 605 0
VF-AWS605-3 | 79.98060|20.12549| 605 0
Repeat readings| 19 11 6 7 14 10 13 8




Table J.9 Dates and locations of snow pits measurements.

4 Date Lat Long Alt
[°N] [°E] [[ma.s.l]
1{18.05.2008|79.98015|20.12419| 600
2119.05.200879.99951|19.44416( 240
3120.05.2008|79.96506|19.53199( 500
4 (26.05.2008(80.01630|19.18551| 240
5128.05.2008|79.98473|19.47380( 370
6 |05.08.2008|79.99951(19.44416| 240
7 108.08.2008|79.96506|19.53199( 500
8 [23.05.2009(80.01630|19.18551| 240
9 (16.05.2010(79.98473|19.47380| 370
10(19.05.2010(80.01630/19.18551| 240
11(20.08.2010(79.98473(19.47380| 370
12]21.08.2010|80.01630(19.18551| 240
13]14.05.2011|79.83705(21.81320| 240
14]14.05.2011|79.86085(21.83096| 378
15|14.05.2011|79.91669(21.85447| 518
16(15.05.2011{80.13345]20.63861| 550
17]17.05.2011|79.98473(19.47380| 370
18]18.05.2011|80.01630(19.18551| 240
19]19.05.2011|79.96254(19.69312| 562
20|19.05.2012|79.98473(19.47380| 370
21]21.05.2012|80.01630{19.18551| 240

Table ].10 Number of snow pit measurements per field campaign. Spring campaigns are indicated by ,Sp’

and summer campaigns are indicated by ,Su’.

2008 2009 2010 2011 2012
Sp Su Sp Su Sp Su Sp Su Sp
5 2 1 0 2 2 7 0 2
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Appendix K: Results of surface energy and mass
balance analyses of Vestfonna ice cap

Table K.1 Annual surface accumulation on Vestfonna as resolved by the regional reanalysis assuming

different mass loss rates due to snow drift.

Mass loss | Accumulation
(%) (mw.e.yr-1)
0% 0.51
7% 0.47
12 % 0.45
15% 0.43
20% 0.41
1.0 —
08
o
D
3 06
<
04
0.2 | | | | | !
’ Jun Jul Aug

Figure K.1 Shortwave albedo measured at VF-AWS370 (see Figure 3.1) for the period 20t May - 315t August
2011.
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Figure K.2 Annual difference of accumulation (ACC), surface mass balance (SMB) and ablation (ABL) rates
from mass balance modeling in Paper Il and surface energy and mass balance as resolved by the regional
reanalysis for the mass balance years 2001 to 2009. Rates of refreezing have been subtracted from ablation
rates of Paper Il to obtain SMB values. A zero value represents the value obtained from analysis in Paper 11
with the respective error bar (black line). Bar charts show the difference of the respective rates derived from
the regional reanalysis. A positive difference indicates the value of respective rate is larger in Paper Il than

derived from the regional reanalysis.
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Figure K.3 Annual cycle of elevational gradients of air temperature on Vestfonna. Grey line: daily values
derived from reanalysis, black line: moving 30-day mean of daily values derived from regional reanalysis
(EAR), blue line: moving 30-day mean of daily values derived from reconstructed data, red line: moving 30-

day mean of daily values derived from measurements.
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Figure K.4 Altitudinal distribution of Vestfonna grid points within the ASTER ASTER Global Digital Elevation
Model (GDEM) in respect to a reference altitude. The values present the percentage of grid points above the
respective reference altitude (red line). The altitude of equilibrium, i.e. amounts of grid points above and

below this altitude are equal, is indicated by black lines.
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Figure K.5 Spatial means of accumulated positive degree days (PDD) for the mass balance years 2001 to
20009 presented as glacier-wide mean PPDs (green), mean PPDs above 370 m a.s.l. (blue) and mean PPDs

below 370 m a.s.l. (red). Different elevational gradients (‘;—Z) have been used for the extrapolation of air

temperature on Vestfonna using the ASTER Global Digital Elevation Model (GDEM). As input the

reconstructed air-temperature time series of VF-AWS370 located at 370 m a.s.l. of Paper Il is used.
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Appendix L: Results of large-scale process analyses

Table L.1 Correlation of seasonal anomalies of glacier-wide mean air-temperature, solid precipitation, wind
speed and rain-snow ratio at Vestfonna for September to November (SON), December to February (DJF),
March to May (MAM) and June to August (JJA) of the mass balance years 2001 to 2011 as resolved by the EAR
at 2 km horizontal resolution. Results are presented as squared Pearson product-moment correlation
coefficient (r?) and significance is indicated by the Student’s t probability (p). The type of correlation is
indicated, i.e. positive (C) and negative (A). Correlations significant on 0.05 significance level are highlighted,

i.e. positive correlation (green) and negative correlations (orange).

Predictor Predictand r | p(%)| Type

Wind speed Precipitation | 0.63 | 100 C

% Wind speed |Air-temperature| 0.01 [ 19 C
v | Air-temperature| Precipitation | 0.22 [ 86 C
Ait-temperature | Rain-snow ratio| 0.01 [ 19 C
Wind speed Precipitation | 0.68 | 100 C

w Wind speed |Air-temperature| 0.57 [ 99 C
a Air-temperature| Precipitation | 0.68 | 100 C
Ait-temperature | Rain-snow ratio | 0.02 | 31 C
Wind speed Precipitation | 0.23 | 86 C

E Wind speed |Air-temperature| 0.19 | 82 C
2 |Air-temperature| Precipitation | 0.05| 48 C
Ait-temperature | Rain-snow ratio | 0.44 | 97 C
Wind speed Precipitation | 0.55 | 99 C

« | Windspeed |Air-temperature| 0.00| 6 C
= Air-temperature| Precipitation | 0.15( 77 A
Ait-temperature | Rain-snow ratio | 0.42 | 97 C
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Table L.2 Correlation of seasonal anomalies of glacier-wide mean air-temperature, solid precipitation and
elevational gradients of air temperature at Vestfonna as resolved by the EAR at 2 km horizontal resolution
with indices of the sea ice coverage of the Nordaustlandet domain for September to November (SON),
December to February (DJF), March to May (MAM) and June to August (JJA) of the mass balance years 2001
to 2011 . Results are presented as squared Pearson product-moment correlation coefficient (r?) and
significance is indicated by the Student’s t probability (p). The type of correlation is indicated, i.e. positive (C)
and negative (A). Correlations significant on 0.05 significance level are highlighted, i.e. positive correlation

(green) and negative correlations (orange).

r* | p(%)| Type

> Precipitation | 0.14 ;| 71 A

8 Air temperature| 0.01 | 25 A

dT/dH 0144 72 C

Precipitation | 0.52 | 98 A

E Air temperature| 0.76 | 100 | A

dT/dH 080 100 | C

s Precipitation | 0.04 | 41 A

< [Airtemperature| 0.68 | 100 | A
=

dT/dH 0341 92 C

Precipitation | 0.27 | 88 C

§ Air temperature| 0.00 { 10 C

dT/dH 013 69 C
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Table L.3 Correlation of the frequency and origin of cyclones (see Section 3.3.6) with seasonal anomalies of
glacier-wide mean air-temperature, solid precipitation and wind speed at Vestfonna as resolved by the EAR
at 2 km horizontal resolution, sea ice anomalies within the Nordaustlandet domain and the North Atlantic
Oscillation (NAO) Index for September to November (SON), December to February (DJF), March to May
(MAM) and June to August (JJA) of the mass balance years 2001 to 2008 (source is the National Snow and Ice
Data Center (sources are http://nsidc.org/data/docs/daac/nsidc0423_cyclone/ and the NOAA Climate
Prediction Center, http://www.cpc.ncep.noaa.gov). Results are presented as squared Pearson product-
moment correlation coefficient (r?) and significance is indicated by the Student’s t probability (p). The type of
correlation is indicated, i.e. positive (C) and negative (A). Correlations significant on 0.05 significance level

are highlighted, i.e. positive correlation (green) and negative correlations (orange).

South-West Local
¥ p(%) Type| ¢ |p(%) Type
Precipitation [ 0.54 | 96 C |014; 64 C
Air temperature| 0.15 | 67 C |0.00; 13 A
§ Windspeed 019 72 | C |021 75 | C
Seaice 0.09{ 49 C |025¢ 75 C
NAO 0.16 i 67 C |0.02] 27 C
Precipitation | 0.57 | 97 C |08 100 A
Air temperature| 0.60 : 98 C |040; 91 A
S| Windspeed |068 99  C |036 8 | A
Seaice 0.20 | 68 A (030 80 C
NAO 0.65: 98 C (067 99 A
Precipitation | 0.11 | 58 A (018 71 C
s Air temperature| 0.06 | 45 A | 008 52 C
g Wind speed | 0.02 | 29 C |066: 99 C
Seaice 0.00; 3 C (039} 87 A
NAO 0.03: 30 C [012¢ 61 A
Precipitation | 0.08 | 50 A | 054: 9% C
Air temperature| 0.07 | 46 A 028 8 A
= | Windspeed |059 97 A |024] 79 | C
Seaice 0.74 | 99 A |[0.18: 65 C
NAO 000i 7 C |053; 96 A
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Table L.4 Correlation of seasonal anomalies of glacier-wide mean air-temperature, solid precipitation and
wind speed at Vestfonna as resolved by the EAR at 2 km horizontal resolution and sea ice anomalies within
the Nordaustlandet domain with indices of the North Atlantic Oscillation (NAO) and the Arctic Oscillation
(AO) for September to November (SON), December to February (DJF), March to May (MAM) and June to
August (JJA) of the mass balance years 2001 to 2011 (source is the NOAA Climate Prediction Center,
http://www.cpc.ncep.noaa.gov). Results are presented as squared Pearson product-moment correlation
coefficient (r?) and significance is indicated by the Student’s t probability (p). The type of correlation is
indicated, i.e. positive (C) and negative (A). Correlations significant on 0.05 significance level are highlighted,

i.e. positive correlation (green) and negative correlations (orange).

* |p(%)| Type

_______ Precipitaton 0.28 | 91 C

CZJ Air-temperature| 0.14 | 74 C

w | Windspeed | 0.38 [ 96 C
Seaice 0.06 | 52 A

_______ Precipitaton 0.52 | 99 C

u |Air-temperature| 0.13 | 72 C

S| Windspeed |045| 98 [ €

<0t Seaice 0.07 | 53 A
| | Precipitaton | 0.16 | 78 C
<§t Air-temperature| 0.06 | 52 | C

2| Windspeed |0.11| 69 C
Seaice 000 2 C
Precipitaton 0.24 | 88 A

<« |Air-temperature| 0.38 | 96 C

= wind speed |0.14| 74 A
Seaice 0.09| 60 A
Precipitaton 012 71 C

g Air-temperature| 0.08 | 60 C

| Windspeed |[0.07| 57 C
Seaice 0.02 | 31 C
Precipitaton 0.01| 20 C

u |Air-temperature| 0.00 | 5 A

O Windspeed [000| 12 | C

o Seaice 0.03 | 37 C
< Precipitaton 0.27 | 90 C
<§t Air-temperature| 0.03 | 37 | C

2| Windspeed |0.04| 43 C
Seaice 000 9 C
Precipitaton 0.16 | 78 A

<« |Air-temperature| 0.12 | 69 C

=1 wind speed |0.13| 72 A
Seaice 0.00| 8 A
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Figure L.1 Eleven-year annual mean of air-temperature, accumulated precipitation and wind as resolved by
the EAR. Each variable is plotted for the Nordaustlandet domain (left) and the Svalbard domain (right).

Arrows in the wind plot are vector averages while colours present the scalar average of wind speed.

-200 -



40

30

20

Figure L.2 Variability of annual means derived from eleven-year EAR data. Values for air-temperature are
displayed as standard deviation. Values for precipitation and wind speed are displayed as relative standard

deviation. Each variable is plotted for the Nordaustlandet domain (left) and the Svalbard domain (right).
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Figure L.3 Seasonal means (bold line) of air-temperature, precipitation and wind speed (left), their standard

deviation (middle) and relative standard deviation (right) as derived from eleven-year EAR data. Only land-

based grid points of the Nordaustlandet domain (red) and the Svalbard domain (blue) are included.
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Figure L.4 Seasonal anomalies of glacier-wide mean air-temperature (top), solid precipitation (middle) and
wind speed (bottom) as resolved by the EAR. Accumulation season (blue) comprises values of the period
September to May and ablation season (red) comprises values of the period June to August of the mass

balance years 2001 to 2011.
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Figure L.5 Glacier-wide mean air-temperature (red, top) and rain-snow ratio (blue, bottom) during ablation

season (June to August) of the mass balance year 2001 to 2011 as resolved by the EAR.
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Figure L.6 Mean sea ice concentrations from Advanced Microwave Scanning Radiometer for Earth Observing
System (AMSR-E) observations at 12.5 km horizontal resolution within the Nordaustlandet domain for the
period September 2000 to August 2011. A 30-day moving window was used to smooth the curves.
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