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Abstract

The Arctic is experiencing a higher rate of warming than any other part of the world,
through a feedback mechanism known as the “Arctic Amplifications”. The Arctic region
contains approximately 3 million km?® of land ice, which, if melted, has the potential to
rise sea level by 8 m. Although, most of this ice is stored in the Greenland ice sheet,
the smaller glaciers and ice caps have been most affected by the recent warming climate,
and represent a major contributor to sea level rise over the last century. The high Arctic
archipelago of Svalbard has a glacierized area of 34,000 km?, which, if melted, would lead
to 17-26 mm of eustatic sea-level rise. Svalbard is situated at the end of the Gulf-stream
through which warm Atlantic water is advected northwards. This relatively warm water
keeps the western fjords of Svalbard largely ice free year-round, but the eastern side of the
archipelago is dominated by cold Arctic Ocean currents, and there is as a result more sea
ice there. There is also contrasting behavior in the atmospheric circulation, with southerly
flow bringing warm and moist air, and cold and dry air coming from north-east. This
oceanic and atmospheric pattern combined with the fluctuating Arctic Ocean sea ice edge
leads to substantial variability in temperature and precipitation across the archipelago,

which is often referred to as one of the most climate-sensitive region in the world.

In northwest Svalbard, the Kongsfjord basin is a hotspot for interdisciplinary studies.
The fjord is surrounded by glaciers of different shapes and sizes; glaciers on the south
sides of the fjord are all small land-terminating glaciers, whereas the glaciers on the east
and north side of the fjord are mostly tidewater glaciers, fed by large ice fields. Runoff
from tidewater glaciers emerges beneath glacier ice to create buoyant freshwater plumes.
The strong upward current that is induced by the upwelling plume brings nutrients to the
fjord surface, creating a fertile feeding ground for marine life. Glacier freshwater mixes
with the salt water of the outer fjord at different vertical depths, thereby affecting the
large scale fjord circulation. Freshwater from land-terminating glaciers mixes with the
fjord at the surface and controls the physical and chemical environment of the fjord. To

understand how these glaciers are responding to the changing climate, evaluation of long-



term mass balance evolution is necessary, by understanding the processes occurring at the

glacier-atmosphere boundary.

The main goals of this thesis is to quantify the spatial and temporal distribution of
freshwater discharge at the outlet points of the subbasins around Kongsfjord, and to
investigate long-term mass balance evolution of the entire glacierized area of Kongsfjord
basin. To achieve these goals, an energy balance model coupled with a subsurface snow
model is used to simulate the mass balance of entire glacierized area, seasonal snow
development at the non-glacierized area, and spatial distribution of runoff from glacierized

and non-glacierized area of the basin.

The mass balance model requires appropriate precipitation forcing, else it may lead
to significant biases compared to the actual mass balance measurements. Precipitation
forcing comes either from climate models or is extrapolated from nearby meteorological
stations. To evaluate the precipitation forcing, snow depth data from two Automatic
Weather Stations (AWS) on two glaciers is investigated to categorize precipitation and
accumulation events, comparing them with measurements at the nearby meteorological
station in Ny-Alesund, and with large-scale meteorological reanalysis data in the form of

ERA-Interim precipitation.

There is a significant difference in precipitation and accumulation between two glacier
AWS sites, and ERA-Interim precipitation events coincide better with the AWS sites than
do the Ny-Alesund precipitation events. Therefore, we use ERA-Interim precipitation as
precipitation forcing in the energy balance model used to simulate mass balance and sea-
sonal snow development over the period 1980-2016. The mass balance of entire glacierized
area is +0.23 m w.e. a~! over the simulation period. However, there is significant spatial
variation in mass balance; glaciers in the south show strong negative mass balance (-0.43
m w.e. a~1), glaciers in the east show weak negative mass balance (-0.08 m w.e. a™!),
and glaciers in the north snow positive mass balance (+0.61 m w.e. a~!). The total
runoff comprises 16% from the seasonal snow cover in the non-glacierized area, and 84%
from glacier discharge. No significant trend is observed in the mass balance time-series;
however, the runoff time-series from the entire basin shows that there is a significant

increasing trend (6.83x10°% m3 a~!) over the simulation period.

Subglacial hydrological analysis of the tidewater glaciers shows that there is likely sub-
stantial water piracy between two adjacent glaciers of the basin which is supported by
observations. Tidewater glaciers contribute most of the freshwater to the fjord, with
the maximum contribution coming from Kronebreen, on the east side of the fjord. The

land-terminating glaciers altogether contribute 10% of the total runoff to the fjord. Dis-
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Abstract

charge hydrographs derived by simple routing model and by physically based HydroFlow
show good agreement for both land-terminating glaciers and for tidewater glaciers. The
runoff delay during peak discharge events is typically 17-30 hours for bigger glaciers like

Kronebreen.
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Sammendrag

Oppvarmingen i Arktis skjer raskere enn i andre deler av kloden, den sakalte “Arctic
Amplification”. Den Arktiske regionen inneholder omlag 3 mill. kubikk-kilometer is pa
land. Dette utgjor en potensiell havnivastigning pa ca. 8 m om all is skulle smelte. Det
meste av dette isvolumet er lagret i Grgnlandsisen, men de mindre breene og iskappene i
Arktis er sarbar for sma endringer i temperaturen og smeltingen av disse bremassene har
gitt et betydelig bidrag til havnivastigning de siste hundre ar. @ygruppen Svalbard har et
bredekt areal pa c. 34000 km? med et volum tilsvarende en midlere global havnivastigning
pa 17-26 mm. Svalbard pavirkes klimatisk av Golfstrgmmen som fgrer varme vannmasser
nordover. Disse relativt varme vannstrgmmene holder fjordene i de vestlige deler av Sval-
bard stort sett isfrie aret rundt mens de gstlige deler pavirkes mer av kaldere arktiske
havstrgmmer som resulterer i mer havis om vinteren her. Tilsvarende er det ogsa store
variasjoner i den atmosfeeriske sirkulasjonen med sgrlige og sgrvestlige luftstrgmmer som
bringer inn varm og fuktig luft mens kald og tgrr luft kommer inn fra nord-gst. Disse sirku-
lasjonsmgnstrene fgrer til store variasjoner i bade temperatur og nedbgr over gygruppen.

Svalbard refereres ofte til som en av de mest klimafglsomme regioner pa kloden.

Kongsfjorden og Ny-Alesundomradet i nord-vestlige Svalbard er et forskningsomrade
med stort fokus pa interdisiplingere studier. Mange breer drenerer ned mot Kongsfjorden,
breene pa sgrsiden av fjorden er sma dalbreer som ender pa land, mens breene i nord og @st
er tidevannsbreer med store dreneringsarealer. Avrenningen fra tidevannsbreene kommer
ut under breen og under havniva og gir oppdriftsstrgmmer av ferskvann i fjorden. Disse
sterke strommene bringer naeringsstoff opp til overflaten og gir et neeringsrikt omrade for
marint liv. Ferskvannet fra de marine breene blander seg med det salte vannet i fjordene
i ulike vertikale dybder og pavirker dermed den storskala vannsirkulasjonen. Ferskvannet
fra breene som ender pa land blander seg med fjorden i overflata og pavirker det fysiske
og kjemiske miljget i fjorden. For & forsta hvordan disse breene responderer pa klimaen-
dringer er det ngdvendig med analyser av utviklingen i massebalansen over lang tid og
a forsta prosessene i grenselaget bre/atmosfeere. Hovedmaélet med denne avhandlingen

er a kvantifisere de romlige og tidsmessige ferskvannsfluksene fra de ulike dreneringsfel-



tene ut i Kongsfjorden samt & evaluere lang-tids utviklingen av massebalansen til hele
det bredekte omradet i Kongsfjorden. Til disse analysene er det brukt en energibalanse-
modell koblet til en modell av utviklingen i sngpakken for & simulere massebalansen i
de bredekte omradene, utviklingen av sngdekket i de brefrie omradene og den romlige
fordelingen av avrenningen fra bredekte og brefrie omrader i hele Kongsfjordbassenget.
Massebalansemodellen krever en presis input av nedbgren, som uten det kan gi store
avvik sammenlignet med faktiske massebalansemalinger. Nedbgrsdataene kommer fra
klimamodeller eller som ekstrapolerte data fra neerliggende meteorologiske malestasjoner.
Nedbgrsdataene blir validert og testet ved hjelp sngmalinger og nedbgrshendelser ved to
automatiske veerstasjoner (AWS) pa to av breene og sammenlignet med nedbgrsdata fra
den permanente meteorologiske stasjonen i Ny-Alesund og med storskala re-analyserte
meteorologiske data (ERA-Interim).

Det er en signifikant forskjell mellom nedbgr og sngakkumulasjon fra de to veerstasjonene
pa breene. ERA-Interim nedbgrsdata korrelerer bedre med AWS-dataene enn nedbgrsdata
fra den meteorologiske stasjonen i Ny-Alesund. Av den grunn er ERA-Interim nedbgrs-
data brukt som input data i energibalansemodellen til & simulere massebalansen og sngens
sesongvariasjoner over perioden 1980 til 2016. Den midlere massebalansen over hele peri-
oden for hele det bredekte arealet i Kongsfjorden er + 0.23 m w.e. a~!. Det er imidlertid
signifikante romlige variasjoner i massebalansen; breene pa sgrsiden av fjorden viser sterk
negativ massebalanse med en middelverdi pa -0.43 m w.e. a~!, breene i gst har en svak
negativ balanse med -0.08 m w.e. a~!, og breene i nord viser en positiv massebalanse pa +

1. Den samlede avrenningen viser at 16% kommer fra sngsmelting i brefrie

0.61 m w.e. a~
omrader og 84% fra sng og issmelting pa breene. De sma landbaserte breene bidrar med
omlag 10% av den samlede avrenningen. Det er ikke observert noen signifikant trend i de
lange tidsseriene av massebalansen. Imidlertid viser avrenningsdataene fra hele bassenget

en gkning med 6.83x10% m? a~!

over hele simuleringsperioden. Tidevannsbreene bidrar
naturlig nok mest til ferskvannsfluksen ut i fjorden siden de er betydelig stgrre enn breene
som ender pa land. Den stgrste avrenningen kommer fra Kronebreen innerst i fjorden.
Avrenningsmgnsteret modellert med enkle hydrologiske modeller viser samme mgnster fra
landbaserte og marine breer. Ved kraftige smeltehendelser er det en forsinkelse i toppvan-

nfgringen pa 17-30 timer for de store breene slik som Kronebreen.
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1 Introduction

1.1 Motivation

Glaciers and ice sheets represent the largest reservoir of freshwater on the planet (Gleick
and White, 1993). Apart from their contribution to sea level rise (Church et al., 2011,
Leclercq et al., 2011), they play a crucial role on the ecosystem and on human life. Glaciers
are susceptible to the increasing global temperature, and hence are a good indicator of cli-
mate change. Glacier changes will affect the water resources, eco-system, and hydropower
production on a large scale. Glaciers affect human activities in mountain regions as well
as downstream as glacier meltwater is a source of drinking and irrigation water (Jones,
1999). Many rivers (e.g. in Himalaya, Hindu-Kush, Tibetian Plateau, Andes) originate
from glaciers, and millions of peoples' livelihood are dependent on these rivers (Sharma
et al., 2000, Bolch et al., 2012, Immerzeel et al., 2013). In the polar regions, freshwater
from glaciers affects large scale-ocean circulations, and on a smaller scale, the local ecosys-
tem, especially at the front of tidewater glaciers. Meltwater from tidewater glaciers enters
the fjord from beneath the glacier to create buoyant plumes (Carroll et al., 2015, Mankoff
et al., 2016, Slater et al., 2017), which bring nutrients to the surface of the fjord, creating
a foraging hotspot for marine mammals and birds (Lydersen et al., 2014, Urbanski et al.,
2017). In the future warming climate, freshwater flux from glaciers to the fjord/ocean will
supposedly increase substantially, which would cause more rapid vertical mixing of fresh-
water with the fjord water, which will further impact the fjord/ocean circulation (Bjork
et al., 2001, Cottier et al., 2005, Shchepetkin and McWilliams, 2005) and affect the for-
aging habits of different species. Freshwater from land-terminating glaciers and from the
seasonal snow of non-glacierized area mixes with the fjord at the surface and impacts
the physical and chemical environment of the fjord (Nash and Moum, 2005, Nowak and
Hodson, 2013, 2014, 2015). Thus, quantifying freshwater influx from glaciers and seasonal
snow of non-glacierized area to the fjord /ocean is important, to investigate sea-level rise,
on a broader scale, and on a smaller scale, to understand fjord /ocean circulation and fjord

ecosystem.



1 Introduction

Glaciers gain mass through precipitation and lose mass mainly due to melting and
calving. Glacier mass balance affects glacier geometry, e.g. glacier length (Nye, 1960),
and varies with climate perturbations. Systematic measurements of glacier length around
the world are available sporadically before the 1960s (Leclercq and Oerlemans, 2012),
but have been better monitored in recent decades. Glacier volume and temperature for
different regions of the world have been reconstructed from glacier length fluctuations
(Oerlemans, 2005, Liithi et al., 2010). Due to logistical expenses, systematic glacier mass-
balance measurements are limited to certain glaciers around the world, although recent
developments in satellite remote sensing help to monitor glaciers and their changes through

a wide range of different sensors.

Long-term mass balance measurements help to understand the impact of changing
climate on glaciers. Mass balance of glaciers can be measured in several ways. Direct mass
balance measurements are conducted seasonally or annually by measuring stakes drilled
into the ice/firn surface along the glacier centerline or distributed around the glacier in
a network. Changes in exposed stake height multiplied by the density of snow/ice yields
the mass change at a certain point. These point measurements are extrapolated over the

entire glacier using area-altitude distribution (hypsometry).

The geodetic mass balance uses elevation data from satellites or photogrammetry (Cox
and March, 2004, Kohler et al., 2007), or radar altimetry (Moholdt et al., 2010b, Nuth
et al., 2010). Glaciers lose mass from surface melting, basal melting, and through dynamic
loss, by calving. The basal mass loss is difficult to estimate, and is of lesser importance
for glaciers and ice sheets, but more significant for ice shelves (Rignot, 2002, Depoorter
et al., 2013). The dynamic mass loss is a major mass loss term for fast-flowing tidewater
glaciers, but surface mass loss dominates for land-terminating glaciers. In the context
of recent global warming, surface mass loss has increased on all glaciers and ice shelves
around the world (Rignot, 2002, Parkinson, 2006, Shekhar et al., 2017).

The Arctic region is experiencing greater warming than the global average through a
feedback caused by sea ice retreat, surface reflectivity, and air temperature, in a process
known as “Arctic Amplification” (Serreze and Francis, 2006, Serreze et al., 2009). The
High Arctic archipelago Svalbard has experienced 0.5 °C decade™ of warming since 1960,
the strongest measured in Europe (Nordli et al., 2014). Svalbard has a glacierized area of
34,000 km? (Nuth et al., 2013) which, if melted, would lead to 17-26 mm of eustatic sea
level rise (Radi¢ and Hock, 2010, Huss and Farinotti, 2012, Martin-Espanol et al., 2015).
In spite of being small in size compared to Greenland and Antarctica, Svalbard glaciers

have some similarities to these large ice sheets.



1.1 Motivation

In the northwest of Svalbard, Kongsfjord is an important site for scientific research, with
many interdisciplinary investigations underway. Kongsfjord is open to the sea to the west
and surrounded by glaciers on the other three sides. These glaciers are of different shapes
and sizes and show varying dynamic behavior (Hagen et al., 1993). The glaciers on the
southwest side of the fjord are land-terminating whereas those to the north and east of the
fjord are mostly tidewater glaciers. The proximity to the research town of Ny-Alesund
and its ready logistical accessibility makes this area ideal for field studies. Long-term

monitoring of glaciers in Kongsfjord started in 1967 by Norwegian Polar Institute (NPI).
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Figure 1.1: Schematic of tidewater glacier front in summer. Discharge from tidewater glaciers
underneath glacier ice mixes with fjord water and creates plumes. Plumes bring phytoplankton
and zooplankton to the fjord surface to make a feeding ground for birds and marine mammals.
Picture modified from Lydersen et al. (2014).



1 Introduction

1.2 Objectives

Glaciers lose mass in two ways; static mass loss and dynamic mass loss. As glaciers move
downslope under their own weight, different areas experiences different rates of inflow
and outflow of ice. Dynamic loss from a certain region occurs when outflow exceeds the
inflow. With high spatial and temporal resolution of satellite data, geodetic mass loss
over a wide region can be calculated (Schutz et al., 2005, Zwally et al., 2002, Moholdt
et al., 2010a). Static mass loss is more challenging to account for, because it involves
surface and subsurface processes. Surface mass balance measured in situ is relatively
restricted spatially. Extrapolation of point measurements can be done analytically or
empirically, by modeling climatic mass balance components (Hock, 2003, Arnold et al.,
2006, Sicart et al., 2008). Mass balance models can be used to calculate the static mass
balance of glaciers on daily or even sub-daily scales. There are several model approaches,
ranging in complexity from conceptual temperature index-models to more physically-
based energy balance models. Mass balance models simulate different mass fluxes (positive
and negative) by considering the physical processes through which the glacier interacts
with the atmosphere. The parameters of the model are calibrated with observational data.
Surface mass balance is calculated as the sum of all positive and negative mass fluxes over
a certain period. It requires climate forcing from either meteorological station or from

reanalysis data.

Surface mass balance models are able to produce mass balance estimates over short
time scales (days to hours) but their applicability is often limited by the climate forcing.
Precipitation data are especially crucial for estimating mass balance (Machguth et al.,
2008), a local phenomenon controlled to a large degree by topography and wind. Inac-
curate precipitation estimation can lead to substantial biases in modeled mass balance,
relative to that measured. Obtaining distributed precipitation data in the field requires
a dense measurement network and frequent monitoring, which is challenging for remote
areas (Braaten, 2000, Fountain et al., 2010, Knuth et al., 2010). Nevertheless, automatic
weather stations (AWSs) with snow height sensors can provide important information
about the spatial and temporal distribution of snow accumulation and precipitation. With
the help of a few distributed AWSs in a region, spatial and temporal accumulation and
snowfall variability could be inferred. Also, in situ measurement can be used for valida-
tion of weather models. This information combined with reanalysis data e.g. ERA-40,
ERA-Interim, NORA10 can constrain estimates of the precipitation field for mass balance

modeling.



1.2 Objectives

Distributed mass balance models can be used to calculate melt and runoff over large
areas. Runoff is transported through the glacier hydrologic system to the exit points, ei-
ther via portals on land-terminating glaciers or at the base of calving fronts on tidewater
glaciers. However, there can be substantial delays involved in the transport of meltwater
between where it is produced and where runoff exits the glacier (Bartholomew et al.,
2012, Chandler et al., 2013, Cowton et al., 2013). The delay varies temporally due to the
evolution of the hydrological system over a season. Quantifying time-varying discharge
is important for ocean modeling (Sundfjord et al., 2017) and for investigating the time-
varying behavior of foraging species at tidewater glacier fronts (Lydersen et al., 2014).
Hydrological models are required to account for different water transport processes inside
glaciers, models which take into account formation and evolution of channel system be-
neath the glacier over time (Walder and Fowler, 1994, Fountain and Walder, 1998, Hewitt,
2011, Hewitt et al., 2012). Simple runoff routing models can also be used to reproduce
discharge hydrographs (Slater et al., 2017); these are computationally less expensive, and
often serve the purpose of glaciologists, biologists, oceanographers who are interested in
discharge hydrographs at daily or sub-daily timescales.

This thesis combines both analyses of observational data and modeling in order to better
estimate the mass balance of glaciers and the temporally varying input of freshwater into
the fjord of the Kongsfjord basin, in northwest Svalbard. The basic questions I seek to

address in the thesis are:

1. What is the spatial and temporal variability in precipitation and accumulation be-
tween two glaciers? How does observational accumulation data correlate to nearby

meteorological data at Ny-Alesund and to reanalysis data?

2. How has the long-term mass balance of the glaciers around Kongsfjord evolved?
What is the spatial variability of melt and runoff throughout the glacierized and

non-glacierized part of this region?

3. What is the temporal variability of the freshwater flux to the fjord at different outlet

points around Kongsfjord?
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Figure 1.2: Plumes at tidewater glacier fronts (upper panel) (Sentinel image of 10 July 2016).
These glacier fronts are foraging hotspot for marine mammals and seabirds. Here kittiwakes
foraging at the Kronebreen glacier front (lower panel) (Picture is taken from Lydersen et al.

(2014))



1.3 Outline

1.3 Outline

I seek to answer the research questions stated in the previous section in the following

papers.

o PAPER I focuses on the spatial and temporal variability of accumulation and pre-
cipitation analyzed from automatic weather station data situated on two of the
larger glaciers in the Kongsfjord basin. I also compare the accumulation measured
at the glacier sites with nearby meteorological station data from Ny-Alesund and
to downscaled ERA-Interim precipitation. Through this study, I seek to evaluate

precipitation data used in the papers on mass balance modeling.

o PAPER II focuses on modeling the long-term mass balance evolution and runoff of
glaciers in the Kongsfjord basin, as well as runoff from the non-glacierized region.
[ use a surface energy balance model coupled to a subsurface snow/firn model to
simulate mass balance, refreezing and runoff of glaciers. A subsurface soil model
has been incorporated into the energy balance model to simulate seasonal snow

development and runoff from the non-glacierized area.

« PAPER III focuses on meltwater routing for the Kongsfjord glaciers. A simple
routing model is implemented to calculate discharge hydrographs at the outlets of

the glaciers. The model is calibrated and validated with different observational data.
There are in addition three papers where the model data are used in different contexts.

« PAPER IV investigates subglacial discharge revealed by CTD-instrumented ringed
seals. Runoff data from Paper III is used in a plume model to derive plumes which
shows good correlation with the foraging of ringed seals at the outlet of Kronebreen
glaciers in Kongsfjord basin. PAPER V investigates the influence of different factors
(subglacial discharge, fjord circulation, and free convection) on calving rates at
Kongsbreen North glacier, where runoff data is used to derive subglacial discharge
and its effect on calving. Paper VI investigates the effect of discharge from tidewater
glaciers and bedrock characteristics on the local primary production in Kongsfjord.
Runoff data from five tidewater glaciers are used in a plume model to estimate the
volume of upwelling driven by subglacial discharge plume. Papers IV, V, and VI

are not discussed in detail, only the abstract of these papers are provided.

In this thesis, Chapter 2 focuses on the scientific background of the mass balance model

and the simple delay model, the core of paper II and paper III. Chapter 3 gives an
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introduction to the study area, to the climate and glaciers of the Kongsfjord basin and
Chapter 4 discusses the data used in this study. Observational data have been used for
analyses in paper I and for model calibration and validation in paper II and paper III.
The papers that constitute this thesis are summarized in Chapter 5. Thesis outcome,
limitations of the study, and future outlook are discussed in Chapter 6. A flowchart of

the goals, methods used and findings are shown with a schematic in Figure 1.3.

10



1.3 Outline
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Figure 1.3: Flowchart showing the connection between papers, methodology used, data asso-
ciated with the work, and outlook.
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2 Scientific Background

The intention of this section is to briefly introduce the concepts and underlying physics
that form the basis of the thesis. Each paper describes the method and interpretation of
result in greater detail. Section 2.1 describes direct mass balance measurements, section
2.2 discusses glacier mass balance modelling, and section 2.3 introduces two runoff routing

models.

13
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Figure 2.1: Kongsfjord basin: Orange indicates tidewater glaciers, red indicates land-
terminating glaciers. White circles show mass balance stake locations, blue diamonds show
the locations of the four automatic weather stations, orange triangle shows the location of
the Bayelva discharge measurement site, and the magenta star indicates the location of Ny-
Alesund. The background is a Landsat image.
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2.1 Direct mass balance observations

2.1 Direct mass balance observations

This section describes the surface mass balance measurements as measured on four glaciers
in the Kongsfjord basin. Glacier surface mass balance is measured along the centerline
of the glaciers, which is assumed to be representative of the entire area. Surface mass
balance is measured twice a year; the winter mass balance is measured in spring (April-
May) and the summer balance is measured in early autumn (September). Direct mass
balance measurements are acquired by drilling stakes into ice or firn, along the centerline
of the glacier, with stakes covering uniform elevation intervals. Even with little transverse
mass balance variability, as few as 5 stakes can be used to characterize the balance as
a function of elevation (Fountain and Vecchia, 1999). A larger number of stakes can
capture both elevation and any lateral dependence of the surface mass balance (Krimmel,
1999, Jansson and Pettersson, 2007). Stakes are replaced ideally just before they melt out
(ablation zone) or become buried under snow (accumulation zone). Surface mass balance
is calculated by multiplying changes in the exposed stake heights by the density of the
material (snow/ice) gained or lost. In spring, snow density is measured by taking vertical
density profiles in snow pits or in ice cores. A compilation of 196 snow pit bulk density
measurements made between 2000 and 2016 at four glaciers in Kongsfjord basin yields
a mean bulk density of 0.37 g cm™2, with a standard deviation of 0.04 g cm™3 (Nuth,
2011). The bulk density is used to convert winter snow depth to water equivalent whereas
a combination of snow and ice density (0.9 g cm™3) is used to convert the summer stake
changes to water equivalent. If the equilibrium line altitude of a glacier increases, stakes
in the firn area must use firn density to convert to water equivalent mass change. While
firn density is reported in the literature to vary between 0.4 to 0.8 g cm™3 (Paterson,
1993), firn density profiles available from various ice core measurement (Pinglot et al.,
1999, Isaksson et al., 2001, Pohjola et al., 2002, Sjogren et al., 2007) around Svalbard, as
well as unpublished data (Jon Ove Hagen, personal communications) yield an average of

0.55 g cm™3 for Svalbard glaciers.

Meltwater produced at the surface enters the snowpack where it refreezes or is stored
as irreducible water. During later autumn or early winter, residual percolated water may
refreeze at the subsurface interface between snow or firn to ice, and form an ice layer
when cooling occurs from below or above. These ice layers, forming above the previous
year's summer surface is known as Superimposed Ice (SI) (Figure 2.4). The mass balance
of Arctic glaciers must account for SI formation (Konig et al., 2002, Brandt et al., 2008).

SI formation constitutes a substantial component of winter mass balance. SI cores are

15



2 Scientific Background

Figure 2.2: Snow density measurement at glacier Midtre Lovénbreen. Photo by Ankit Pra-
manik.

taken at stake locations in spring to account for the winter SI contribution. In summer,
glacier melts predominantly at the surface, with water percolating through the snowpack
either to be stored in the pore space or to refreeze, depending upon the condition of the
snowpack. Refreezing or storage of meltwater acts as a buffer to mass loss which is not
reflected in the surface measurement. In the accumulation zone, percolated meltwater
may penetrate deeper into snow/firn and refreezing can occur below the previous year's
summer surface, referred to as “Internal Accumulation” (IA). Unlike SI, it is difficult to

measure internal accumulation, which acts as an additional source of positive mass.

Glacier wide surface mass balance B is determined by extrapolating discrete mass bal-

ance measurement utilizing the glacier hypsometry.

z

B = 21: [b(2)A(2)] (2.1)

where b(z) is the winter, summer and/or net surface mass balance as a function of elevation
z or averaged within an elevation bin, and A(z) is the hypsometry of glacier. On glaciers
with dense stake measurement network, kriging could be applied (Hock and Jensen, 1999,
Jansson and Pettersson, 2007). Ideally, for glaciers undergoing change, the hypsometry
is updated often, although in practice this is not usually possible. Typically using two
digital elevation models from different years, hypsometry can be interpolated, assuming

linear transformation between two maps.
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2.2 Glacier mass balance modelling

Errors in surface mass balance measurements include stake measurement errors, density
conversion errors, and sampling errors. Jansson (1999) find a stochastic error of 0.1 m
from the sparse distribution of stakes for mass balance measurement in Storglacidren
but the mass balance was not sensitive to density and sampling error. Other studies have
shown specific measurement errors ranging from 0.2 m to 0.4 m (Cogley and Adams, 1998,
Cox and March, 2004), or even larger errors by combining all stochastic and systematic
errors (Thibert et al., 2008, Zemp et al., 2010). Systematic errors e.g. from shrinking
stakes in firn area (@strem and Brugman, 1991) or unaccounted internal accumulation in

accumulation zone are difficult to account for.
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Figure 2.3: Glacier processes that control glacier mass balance. Processes that are not con-
sidered in this study are marked with a cross. Figure modified from Cogley et al. (2011).

2.2 Glacier mass balance modelling

While mass balance can be measured with in situ measurements on one or several glaciers,

remote sensing and modeling are the tools needed to estimate mass balance on a regional

17



2 Scientific Background

scale. Mass balance models have the further advantage that they can be used to estimate

mass gain or mass loss over shorter timescales than can be obtained in the field.

Mass balance models not only compute mass changes over a certain period but also
provide information about factors controlling the glacier behavior, for example, climate
sensitivity, and thus help to understand the implications of future climate scenarios. With
the recent advancement of remote sensing technology, geodetic mass balance can be mea-

sured quite accurately; however, the subsurface processes remain unknown in this method.

The term climatic mass balance (CMB) includes all the climate-related processes rel-
evant to mass balance and takes into account internal accumulation/ablation. The total
glacier mass balance is the sum of CMB, frontal ablation due to calving at the glacier
front, and mass loss at the base (Figure 2.3). The latter two processes are not considered
in this study; despite their importance, it is beyond the scope of this study to consider
them. However, there is ample scope to further extend this study by coupling glacier

dynamic models with the mass balance model.

Models for calculating climatic mass balance range from simplified degree-day model
to more complex energy balance models. Degree-day model uses only temperature for
melt calculation, a meteorological parameter that is relatively easy to obtain. Distributed
models are forced with meteorological measurements from a weather station located on
the glacier or nearby. With the recent availability of climate models and reanalysis data,
gridded climate data at the appropriate scale has enabled full surface energy balance simu-
lations over glaciers without in-situ meteorological data, since relevant data are embedded
in the climate model land-surface schemes (van de Berg et al., 2006, Lang et al., 2015,
Fettweis et al., 2017).

In this study, a surface energy balance model coupled to a subsurface snow/firn model
developed by Van Pelt et al. (2012) is modified (Paper II of this thesis) by Pramanik
et al. (2018) for the entire Kongsfjord basin. The subsurface model is based on SOMARS
(Simulation Of glacier surface Mass balance and Related Subsurface processes), which was
first used in Greenland (Greuell and Konzelmann, 1994). The two models are coupled,
with meltwater production at the surface due to the exchange of energy serving as input
to the multilayered subsurface model, which simulates storage and refreezing of percolated

water. The following sections give a detailed description of the model.
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2.2 Glacier mass balance modelling

Accumulation zone ——»|«———Ablation zone

Equilibrium Line

Dry-snow line Wet-snow line Snow line
Dry-snow
zone Percolation

Maximum height
of superimposed ice

1 Superimposed
ice zone

0°C isotherm
at end of summer

[<]snow 5 Firn with ice layers  [[[]] Superimposed ice Regular ice

Figure 2.4: Glacier facies. The figure is taken from Cuffey and Paterson (2010).

2.2.1 Surface energy balance model

The surface energy balance model calculates all the energy fluxes interacting with the
glacier surface (Figure 2.5). The sum of the energy fluxes is equal to the energy available

for melting:

Qmelt = SWnet + LWnet + Qsens + Qlat + Qrain + qub ) (22)

where SW,.; is the net shortwave radiation, LW, is the net longwave radiation, Qseps
and (), are the turbulent sensible and latent heat fluxes, ), is the heat production by

rainfall, and @, is the glacier subsurface heat flux.

In each time step, the surface energy balance model iteratively computes the surface
temperature from the net energy. If the surface temperature is above the melting point,
it is set to the melting point and the excess energy is used to melt the surface and warm

the snowpack.
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Figure 2.5: Schematic diagram of energy fluxes interact with glacier surface. The figure is
taken from Van Pelt et al. (2013).

Radiation fluxes

There are four radiation fluxes; incoming and outgoing shortwave, and incoming and

out-going longwave. The net radiation flux is determined by

Qrad = SVVzn + SWout + LVVm + LWout ) (23)

where SW;, is the incoming shortwave radiation, SW,,; is the outgoing shortwave ra-
diation, LW, is the incoming longwave radiation and LW, is the outgoing longwave
radiation.

The amount of solar radiation which impinges on the surface grid cells as incoming
shortwave radiation depends on several factors. These are the top-of-the-atmosphere ra-
diation, the transmissivity of the atmosphere, shading by surrounding terrain, the slope
aspect and gradient of grid cell, reflectivity of the surrounding grid cell and the diffusivity
of the sky. Cloud cover, air pressure and specific humidity are used to compute atmo-
spheric transmissivity due to Rayleigh scattering and gaseous absorption (Kondratyev,
1972), water vapor absorption (McDonald, 1960) and attenuation by aerosols and clouds

(Houghton, 1954) and, thereby direct, diffuse and reflected solar radiation from surround-
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2.2 Glacier mass balance modelling

ing grid cells are computed. Shading by surrounding topography is determined using the
digital elevation model (DEM) and solar angle.

Outgoing shortwave radiation is computed using

SWOM = —OCSVVm s (24)

Where « is the reflection coefficient for shortwave radiation known as albedo. Albedo is
derived from a parameterization by Oerlemans and Knap (1998), in which albedo is a
function of the snow depth and the timing of the last snowfall.

As a result, the net shortwave radiation is given by:

SWnet - SWm + SWout - SWm(l - 05) ) (25)

Incoming longwave radiation flux from the sky is computed as:

LW, = ecT?

air

(2.6)

where the emissivity € is a function of specific humidity and cloud cover, o is the Stefan-
Boltzmann constant, and T,;. is the air temperature.

The Stefan-Boltzmann law of blackbody emission is used to compute both incoming
and outgoing longwave radiation:

LW, = 0T, (2.7)

where T is the temperature of the glacier surface.

Turbulent heat fluxes

The turbulent sensible heat flux (Qgens), and latent heat flux (@) are calculated following
Oerlemans and Grisogono (2002):

Qsens = _pairOpKk:at(Tair - Tsurf) ) (28)
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where p,;i; is the air density, C, is the specific heat of dry air, T, is the air temperature,
T'gury is the surface temperature, and Kj, is the katabatic bulk exchange coefficient. The

latter is defined as

Kyar = —/ﬁc(Tﬁng)lm (2.9)

where k; is empirical constants, C' is the temperature deficit at the glacier surface, ~ is
background potential temperature lapse rate, P, is Prandtl number.

Equation 2.9 is used to calculate latent heat flux (Oerlemans and Grisogono, 2002)
which is based on Prandtl model (Prandtl, 1942, Van den Broeke et al., 1994) via:

Qlat - 0-622pairLszat(€air - esu'r‘f) ) (210)

where Ly is the latent heat of sublimation, e is the vapour pressure at the atmosphere,
esurf 1S the vapour pressure at the surface.

In contrast to Monin-Obukhov theory (Foken, 2006, Pelliccioni et al., 2012), the above
theory does not take into account the near-surface temperature, humidity, and wind char-

acteristics, which is strongly influenced by the ice surface.

Sensible heat from rain

Energy supplied by rain is calculated from

Qrain = Ow Rrain(Train - Tsurf) ) (2 1 1)

where Tyq, is the temperature of the rain, 7%, is the surface temperature, C, is the
specific heat capacity of water and R,,;, is the rate of rainfall. The temperatures in the

above equation are simplified by assuming that T4, = To; and T,y = 273 K.

Subsurface heat flux

The glacier heat flux depends on the conductivity of the medium and the vertical tem-

perature gradient between the subsurface layers:
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2.2 Glacier mass balance modelling

qub = G(Tsub - Tsurf) y (212)

Where G is a function of the conductivity of the subsequent layers.

2.2.2 Subsurface Model
Temperature

Subsurface temperature evolution is calculated by solving the thermodynamic equation:

dT _ d(E(p)T) | RL

where p is the layer density, T is the layer temperature, ¢(T) is the heat capacity of the
layer, z is the vertical coordinate, £(p) is the effective conductivity, R is the refreezing
rate, L is the latent heat of melting and z is the layer thickness. Expressions for £(p) and
¢(T) come from Sturm et al. (1997) and Yen (1981) respectively:

£(p) = 0.138 — 1.01 x 107%p +3.23 x 107p* |, (2.14)

o(T) =152.2 4+ 7.122 x AT . (2.15)
Vertical diffusive heat flux is represented by the first term on the right-hand side of

Equation 2.13, whereas the second term of Equation 2.13 represents heat production by

refreezing of water within a layer.

Refreezing

The energy associated with positive temperatures is used for melting. The energy per

time step is:

Qu = mic AT, (2.16)
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where m; is the mass of the current layer, ¢; is the specific heat capacity of ice, and T is
the temperature above freezing point. This available energy is used to melt the ice mass

via

Mimelt = mz‘@f ; (2.17)
where Ly is the latent heat of fusion.

If liquid water is present in the snow with subzero temperatures, water will start to
refreeze. Refreezing in a layer is restricted by the mass of the available water and by the
temperatures. When refreezing occurs in a layer, the temperature of the layer increases,
by virtue of latent heat release. Temperature increase due to refreezing can be expressed

as:

mfrozean

AT = (2.18)

MmeltCmelt
Densification

Densification occurs in wet snow and firn relatively rapidly due to melt-refreeze meta-
morphism, while in dry snowpacks the process is slower, and caused by sintering and

compaction. The time evolution of subsurface density is described by:

dp

R
=K (0. T) + 1 (2.19)

Az

Here K, represents gravitational densification which was derived by Arthern et al. (2010)
based on in situ measurements of Antarctic snow compaction and later modified by Ligten-
berg et al. (2011):

E. . E,
Rd T Rd T(w g

Ko(p, T) = c(b)bg(pice — p) exp(— ) (2.20)
where b is the accumulation rate (in mm a~!), g is the gravitational acceleration (9.81 m
$72), pice is the density of ice (917 kg m™3), Ry is the universal gas constant, and E. (60 kJ
mol™!) and E, (42.4 kJ mol™!) are the activation energy associated with creep by lattice

diffusion and grain growth respectively. T,,, is the mean subsurface temperature and is
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2.2 Glacier mass balance modelling

computed by taking the mean subsurface temperature of the preceding year. Ligtenberg

et al. (2011) described the dependence of ¢(b) on accumulation rate as:

0.0991 — 0.0103 log(b), if < 500 kg m~3
c(b) = 5(0) P s (2.21)
0.0701 — 0.0086log(b), if  p > 500 kg m~>

Percolation and water contect

Meltwater percolates down through the subsurface layers until it refreezes. If all available
water does not refreeze in a layer, a small amount of water will be held between snow
grains by capillary forces; this is known as irreducible water. The residual percolates to
the next layer. An empirical relationship, following Schneider and Jansson (2004) is used

to compute the maximum irreducible water content ©,,; of a layer via:

O = 0.0143 exp(3.3¢) (2.22)

where ¢ is the layer porosity

Slush water

If the total availability of water exceeds the slush water content, water starts to accumulate
on top of impermeable ice, where it may form a slush layer. Slush water runs off gradually,

resulting in an exponential decay of slush water content S in time:

At
S(t) =S(t— t*)emp(—t—*) : (2.23)
where At is the model time-step, and the time-scale ¢* determines the estimated runoff
from a grid cell. The latter is expressed as a function of surface slope following Zuo and

Oerlemans (1996):

t* = C1+ C2exp(—C3tanrT) , (2.24)

where C1, C2, and C3 are constants given values 0.5, 200 and 133 respectively (Reijmer
and Hock, 2008), and 7 is the surface slope. On a horizontal surface, runoff occurs when

the slush water level exceeds the snowpack height or when bare ice is exposed at the
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surface.

2.2.3 Climatic Mass Balance

Finally, the climatic mass balance (B.;,) of a certain grid cell over one time-step is

calculated as

Qm Ql
Bcim:Ps P, R_iii, 2.25
1 + 1+ L; ~ L, (2.25)
where Py is the solid precipitation rate, P; is the liquid precipitation, R is the refreezing
calculated in the subsurface model, @), is the melt flux and @); is the negative latent heat
flux, and L= 3.340xx10° K J kg™ and L, = 2.849x10° K J kg™! are the latent energy

of fusion and sublimation respectively.

2.2.4 Model Set-up
Model Grid

We used a 250x250 m horizontal resolution model grid in the surface energy balance
model. The subsurface model consists of a vertically moving grid with 100 layers of
varying thickness. The uppermost layer has a variable depth which shifts upward or
downward as the layer thickness decreases or increases. Layer thickness is increased at

depths from the surface by merging the 15, 30", 45" layers and reaches up to 0.8 m.

Calibration

Calibration is used to deduce appropriate values for a number of parameters which are
often poorly constrained. Van Pelt and Kohler (2015) calibrated parameters associated

with short and long wave radiation using automatic weather station data.

Here we calibrated the temperature lapse rate using summer balance data from the four
NPI monitored glaciers. We considered a linear decrease of temperature with elevation

using:
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2.3 Runoff Routing

Tyya(Z, 1) = Toya(t) +273.15 — Cp(Z — Zpya) (2.26)

where T),,,(t) is the Ny-Alesund temperature time series, Z is the elevation of the grid
point, and Z,,, is the elevation of Ny-Alesund, and C7 is a temperature lapse rate, which
is adjusted by running the model at the stake locations on the four glaciers until the

model data match the observed summer balance values.

2.3 Runoff Routing

2.3.1 Simple Routing Model

Water which makes it to the bottom of the subsurface layer model defines the spatial
production of meltwater and runoff from each grid cell, which then is transported through
different channels to the fjord (Figure 2.6). There can be a significant delay between melt-
water production and runoff to the fjord (Chandler et al., 2013), a delay which depends
on several factors and varies through time with the evolution of the different channelized
systems as melt season progresses (Hewitt et al., 2012, Liston and Mernild, 2012, Schoof
et al., 2014, Lindbéack et al., 2015, Banwell et al., 2016, Schild et al., 2016, van As et al.,
2017). The subglacial hydrology system controls water movement underneath the glacier,
as well as influences the glacier ice flow speed (Zwally et al., 2002). A number of studies
have addressed the evolution of subglacial hydrology through time (Walder and Fowler,
1994, Fountain and Walder, 1998), and models have been developed which are capable of
calculating water flow with high temporal resolution (Hewitt et al., 2012, Schoof et al.,
2012, Werder et al., 2013), but which require a number of assumptions about the drainage
system.

Here we are interested in the discharge at the major outlet points of the Kongsfjord
tidewater glaciers at sub-daily intervals. Complex hydrological models require high com-
putational power and are highly parameterized; here we use a simple routing model to
calculate the drainage basin and hydrographs at outlet points. We only considered topo-
graphically controlled flow and used different uniform wave speeds to simulate the time
it takes runoff to reach the outlet points. Outlet points are determined using the Matlab
Topotoolbox package (Schwanghart and Scherler, 2014) which calculates drainage basins,
flow paths, and outlet points.
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Turbidity
oaTent

Figure 2.6: Elements of a hydrologic system for a) ice sheet and land-terminating glacier, b)
marine-terminating glaciers. The figure is taken from Chu (2013).

We computed the hydraulic potential of tidewater glaciers and used hydraulic head
gradient to control the water flow (Lindbéck et al., 2015, Everett et al., 2016). Hydraulic
potential is the sum of the potential of ice overburden pressure and elevation potential,
and is a steady-state proxy for the effect of subglacial hydrology on the flow system. The

hydraulic potential is calculated as:

® =P+ P. = ¢pigH + pug(Z; — H) (2.27)

where p; is the density of ice (916 kg m™3), p,, is the density of water at 0°C (1000 kg
m™3), ¢ is the gravitational acceleration, H is the ice thickness (Lindbéck et al., 2018),

and Z; is the ice surface elevation (Shreve, 1972).

The hydraulic potential can be expressed in terms of hydraulic head via:
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2.3 Runoff Routing

h=ylH+(z, - H), (2.28)
Pw

where the value of the parameter ) determines the fraction of ice overburden pressure con-
tributing to the subglacial water in the drainage system. When v equals 1, the subglacial
water flow pressure is equivalent to the ice overburden pressure, a situation we normally
expect in winter. If ¢ equals 0, the subglacial water pressure is at atmospheric pressure
and moves according to the bed topography alone. Any intermediate v value leads to
water flow along the steepest slope of hydraulic head gradient. To calculate hydraulic
potential we assume uniform ¢ over the entire glacier and route water accordingly. The
assumption of uniform ) is not accurate as v varies in space and time; however, this gives
a first-order estimate of subglacial water routing on spatial scales where the main control

of drainage is the geometry of the glacier.

We use hydraulic potential to derive flow paths and derive the distance of each grid
cell to its basin outlet point. Flow paths are derived according the steepest slope of
the hydraulic head around each grid cell (Schwanghart and Scherler, 2014). We assign a
uniform wave speed i.e., the velocity of water to calculate a time delay associated with
each grid cell, summing the delayed runoff from all the grid points in a basin to derive
the discharge hydrograph at the outlet points. We test different wave speeds in the range
[0.05—1 m s~ '] to consider the effect of slower or faster flow of water, and use observational

plume and discharge data to determine an optimal wave speed.

2.3.2 HydroFlow Model

We compare the simple routing approach to a somewhat more physical model, the phys-
ically based topographically controlled model HydroFlow (Liston and Mernild, 2012).
HydroFlow is a linear reservoir model which considers snow thickness to calculate time-
varying time coefficient associated with each model grid cell. Although HydroFlow is a
physically based model and has been tested in different glaciated and river catchments
(Mernild et al., 2017), it does not consider any subglacial hydrology in its flow routine.
For land-terminating glaciers, supraglacial channels play a major role to transport water
whereas, for tidewater glaciers, subglacial hydrology is quite important. Nevertheless, the
model can derive the discharge hydrograph on sub-daily timescale with a relatively simple

parameterization of complex processes as a series of linked linear reservoirs.
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2 Scientific Background

HydroFlow model was developed and first tested in Mittivakkat glacier catchment basin
in southeast Greenland by Liston and Mernild (2012). The physics of the model is de-
scribed by Liston and Mernild (2012), but briefly, each grid cell acts as a liner reservoir
which transfers water from itself and upslope to the downward cell. It consists of four
different submodels. First, the model calculates topographically controlled flow networks
from the DEM. Second, it calculates the individual watersheds inside the domain of inter-
est. Third, it assumes that there are two different transfer components (transfer functions)
associated with each grid: a slow-response flow and a fast-response flow. These transfer
functions are associated with different time-scales and represent different physical pro-
cesses. The slow time-scale accounts for the time it takes to runoff from each grid cell
produced from snow/ice melt, rain, whereas fast time-scale represents water transport
through channelized systems such as supraglacial, subglacial, en-glacial flow. These two

parameters are tuned with observational data.

The slow time-scale storage is defined as

dsS;
dt

where S is slow time-scale storage, @),, is melt-generated runoff and (), is slow-response

outflow.

The fast time-scale storage is defined as

ds;

e ) (2:30)

where Sy is the fast time-scale storage, I is the fast time-scale inflow from the adjacent

cells and (@) is fast-response outflow.

To solve these equations a relationship between storage and outflow is required. The
model assumes each grid cell is linear storage reservoir (i.e., storage is proportional to

outflow), and thus represented by

S(t) = kH)Q() (2.31)
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2.3 Runoff Routing

where S is the total storage, ) is the outflow and & is the residence time coefficient.

Water flow at an arbitrary point in the grid domain is governed by

P _1-Q, (2.32)

where [ is the inflow from neighboring grid cells and from the runoff simulated in energy

balance-subsurface model

The general solution to the equation has the form

—Akt) + L[l — ea:p(—g)] , (2.33)

Q= Qtflexp( 2

where [; represents inflow contribution from grid cell runoff, slow storage and/or flow
network, dt is the model time increment and ¢ and ¢-1 are the current and previous time
steps respectively. Two different solutions are derived for the two (fast and slow) flow

systems:

A A
Qs = Qpererp(— 1) + Qg+ Quoll — eap(— 2] (2.34)
! !
A A
Qu = Qureap(=25) + Quall — exp(=25)] (2.35)

To solve the equation, a resident time-coefficient value & must be defined. This & value
for land, glaciers, ice sheet could be formulated in such a way that it could be a function
of surface slope, density of surface depression storage, distance traveled, deviations from
straight path, snow, ice, soil porosity, cold content, density of supraglacial and englacial
moulins, channel dimension and roughness, hydraulic potential, water pressure (Liston

and Mernild, 2012).

Here the most basic form of & is considered:

D
k=— 2.36
V ) ( )
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2 Scientific Background

where D is the distance or average length dimension of grid cells and V is the velocity.
This V value for slow response time V, has been calibrated using field measurement.
The model considers four different V, values for four different cases; snow-covered ice,
snow-free ice, snow-covered land, snow-free land.

The fast velocity is defined as

Vi = VT | (2.37)

where [ is a scaling parameter that is used to control the flow speed and I' is the surface

slope.
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3 Study area: Svalbard and Kongsfjord

basin

The Svalbard archipelago is located between 75-81° North and 10-34° East, and was first
discovered by the Dutch explorer Willem Barentsz in 1596. The archipelago comprises the
main islands Spitsbergen, Nordaustlandet, Edgesya, Barentsgya, and Kvitgya. Spitsber-
gen is the largest island, and the location of Svalbard's largest settlement, Longyearbyen.
Initially, whalers and hunters mostly visited the archipelago, with increasing numbers of
scientific expeditions in the 19th and early 20th centuries. Svalbard has extensive coal de-
posits, which were discovered in the early 1900s. In the last decades, tourism and research

have become the main focus of Svalbard.

Research is localized around the main settlement in Longyearbyen and around the
research town Ny-Alesund, located in the Kongsfjord basin, northwestern Svalbard (Figure
2.1). Initially, Ny-Alesund was a coal mining town. Following the closing of the mines in
the 1960s, research became the primary focus, with a large number of studies in glaciology,
biology, ecology and oceanography. The total glacierized area of Kongsfjord basin is
around 1150 km?, with the total non-glacierized area comprising only 20 percent of the
total basin area. Kongsfjord is open to the Arctic Ocean in the west and surrounded
by glaciers on the other three sides. The glaciers on the southwest side of the fjord
are land-terminating whereas those on the east and north side of the fjord are mostly
tidewater glaciers. Two ice fields in this area, Holtedahlfonna and Isachsenfonna, drain to
Kongsfjord through the outlet glaciers Kronebreen and Kongsbreen, respectively. These
two are among the fastest flowing glaciers in Svalbard. Land-terminating glaciers in this
area are relatively slow and are experiencing rapid thinning; most have small accumulation

areas.

33



3 Study area: Svalbard and Kongsfjord basin

3.1 Climate

Svalbard glaciers are susceptible to changing climate (Lang et al., 2014, Aas et al., 2015,
Van Pelt and Kohler, 2015). As they respond rapidly to changing climate, frequent
monitoring is necessary to understand their response. Svalbard is situated at the northern
end of the Gulf Stream. Advection of warm Atlantic water through the Norwegian current
keeps the fjord of the western side of Svalbard mostly ice-free year-round (Walczowski and
Piechura, 2011), whereas eastern Svalbard is dominated by Arctic ocean currents (Loeng,
1991). Similarly, warm and moist air associated with the southerly flow and colder and
drier air masses originating from the north (Ké&smacher and Schneider, 2011) influence
Svalbard with contrasting atmospheric regimes. The oceanic and atmospheric circulation
pattern along with sea ice retreat leads to large spatiotemporal gradients of temperature
and precipitation across the archipelago (Hisdal, 1998). The sea ice cover around the
archipelago has declined substantially in recent decades, and there has been an increase
in the length of the ice-free season (Rodrigues, 2008). The ongoing decrease of the sea
ice extent strongly modulates the air-ocean exchanges of heat and moisture and has led
to an amplified temperature increase through albedo effect (Hanssen-Bauer and Fgrland,
1998, Serreze and Francis, 2006, Serreze et al., 2009).

Annual temperature

Temperature (°C)
|
N

~10 , . , , . , , , .
1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

—— Bjernoya —— Svalbard Airport
—— Hopen —— Ny-Alesund

Figure 3.1: Time-series of annual temperature at multiple sites in Svalbard. Figure is taken
from Fgrland et al. (2011).
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3.1 Climate

Overall, Svalbard has experienced 0.5°C decade™ of warming since 1960, the strongest
measured in Europe (Nordli et al., 2014). The recent warming is more pronounced in
winter/spring compared to summer/autumn, and is expected to continue into the 21%
century. Climate model experiments project large regional gradients of temperature for
Svalbard, with increases of 3°C in the southwest and 8°C in the northeast between 1961-
1900 and 2071-2100 (Naki¢enovié, 2000, Fgrland et al., 2011).
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Figure 3.2: Time-series of annual precipitation at multiple sites in Svalbard. Figure is taken
from Fgrland et al. (2011).

Simultaneously, precipitation in the archipelago has increased by 1.7% decade™! (For-
land and Hanssen-Bauer, 2000, Fgrland et al., 2011), which has been ascribed to changes
in atmospheric circulation (Hanssen-Bauer and Forland, 1998). However, precipitation
measurements are highly uncertain due to the effect of wind at measurement sites. For
example, Forland and Hanssen-Bauer (2003) report up to 50% undercatch in precipitation
gauges in Svalbard. Future projections indicate a further increase of precipitation. For-
land et al. (2011) project increase ranging from a few percents in southwest of Svalbard
to 40% in the northeast, comparing the periods 1981-1990 to 2071-2100 (Fgrland et al.,
2011). This is in line with IPCC (2007), which projects a precipitation increase of <5%
over the northern Atlantic and between 30 and 40% over the Arctic Ocean.

Large precipitation variability is observed across Svalbard, with a significant precipita-
tion gradient from west to east and from north to south. Sand et al. (2003) reported twice

as high snow accumulation on glaciers in the south, compared to those in the north, over
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3 Study area: Svalbard and Kongsfjord basin

the period 1997-99. Central Spitsbergen experiences less precipitation and less interan-
nual variability compared to the east and west coasts (Winther et al., 2003), with about
40% higher accumulation in the east compared to the west and 50% increase moving from
north to south; the mean accumulation gradient was measured to be 97 mm per 100 m

elevation.

3.2 Glaciers

Svalbard has a glacierized area of around 34,000 km? (Nuth et al., 2013) which is equivalent
to 4% of the world's land-ice mass outside of the Greenland and Antarctica ice sheets (Aas
et al., 2015). Sixty percent of Svalbard is glacier-covered (Hagen et al., 2003a), which, if
melted, could potentially contribute 17-26 mm of sea level rise (Radi¢ and Hock, 2010,
Huss and Farinotti, 2012, Martin-Espanol et al., 2015). Glaciers in Svalbard show different
dynamic behavior. Small cirque and valley type glaciers are mostly present in central
Spitsbergen, whereas interconnected glaciers and ice caps are found to the northwest and
in the eastern islands of the archipelago (Hagen et al., 1993).

Here I give a brief overview of the mass balance and dynamics of glaciers around Kongs-

fjord basin.

3.2.1 Mass Balance

Mass balance is the difference in mass gain and mass loss over a specific time period,
usually over a year. Mass is gained mainly through precipitation, and secondarily through
riming. Avalanches also may add significant mass to the glaciers. Mass loss occurs through
melting, calving, and sublimation (Cogley et al., 2011). The part of the glacier where the
net mass change is negative over a year is the ablation area, while the area with net mass
gain is known as the accumulation area. The altitude where the net mass balance is zero
is called the equilibrium line altitude (ELA), which nominally separates the accumulation
and ablation areas, although in reality there is no one single elevation for which the mass

balance is zero.

3.2.2 Dynamics

Glacier ice flows downslope under the influence of gravity, deforming internally under its
own weight, and sliding over its bed as well as through deformation of till substratum,

when present. Steady glacier geometry is achieved when ice dynamics compensate for

36



3.2 Glaciers

mass loss and mass gain at the surface. Blaszczyk et al. (2009) estimated roughly 7 km?
a~! mass loss is due to calving from entire Svalbard.

Svalbard has many surge-type glaciers (Lefauconnier and Hagen, 1992, Jiskoot et al.,
1998). Surging has been linked to switch in basal thermal regime or to the hydrological
system (Murray et al., 2000, Fowler et al., 2001, Murray et al., 2003, Flowers et al., 2011,
Dunse et al., 2015, Sevestre et al., 2015). Surges of Svalbard glaciers last between 3-15
years (Dowdeswell et al., Sund et al., 2009), while the surge recurrence period estimated to
be from 10s to 100s of years. Surges of marine-terminating glaciers can lead to significant
mass loss by calving over limited timespans (Bartholomaus et al., 2015, McNabb et al.,

2016, Medrzycka et al., 2016).

Figure 3.3: Velocity measurement with differential GPS. Photo by Ankit Pramanik.

3.2.3 Monitoring

A number of glaciers in and around Kongsfjord are being monitored by different inter-
national institutions (Figure 3.4.). Mass balance monitoring in the Kongsfjord area is
mostly restricted to glaciers in southwest and east side of the fjord. Altogether nine

glaciers in this area are currently monitored, four of them by the Norwegian Polar Insti-
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3 Study area: Svalbard and Kongsfjord basin

tute. Mass balance monitoring in Kongsfjord basin started with the monitoring of Austre
Brgggerbreen in 1967, and Midtre Lovénbreen the following year. Monitoring of tidewater
glaciers started in 1987 with Kongsvegen, and then with Holtedahlfonna-Kronebreen in
2003, (WGMS, 2017).

Svalbard glaciers have had a mostly negative mass balance in the years since measure-
ment started. Hagen et al. (2003b) estimated the total Svalbard mass balance to be -0.1

m w.e. a’!

over the period 1979-2000 from extrapolating stake mass balance gradients,
accumulation rate from ice cores and snowline from aerial photographs. Geodetic mass
balance estimate from aerial photography for the period 1960-1990 to 2003-2007 for south-
ern and western Spitsbergen glaciers reveal mass loss of -0.30 m w.e. a~! (Nuth et al.,
2013). Mass loss even increased over the period 1961-2005 (James et al., 2012, Nuth et al.,
2012). James et al. (2012) found enhanced thinning (-0.76 m a™') of six glaciers since

1990.
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Figure 3.4: Glacier mass balance monitoring in Svalbard with responsible institutes. The year
indicate the starting year. Figure: Jack Kohler / Norwegian Polar Institute.
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3.2 Glaciers

Mass balance of the monitored glaciers in Kongsfjord show a steady negative trend,
both from in situ measurements and from models. Bruland and Hagen (2002) used a
precipitation-runoff model for Austre Brgggerbreen to find an average mass balance of
-0.69 m w.e. a~! for the year period 1971-1999. Nuth et al. (2012) used a degree-day
model on the glaciers KNG and HDF to find a weakly negative net surface mass balance
of -0.04 and -0.02 m w.e. a~! between 1969 and 2007. Lefauconnier et al. (1994) found
a slightly negative mass balance of (-0.11 m w.e. a™') for Kongsvegen over the period
1967-90. Van Pelt and Kohler (2015) found a slightly positive mass balance (0.08 m w.e.
a~!) for the glaciers Kongsvegen and Holtedahlfonna over the period 1961-2012 using a
distributed energy balance model.

Kongsvegen is a surge-type glacier which is currently in its quiescent phase and flowing
with low velocities (2-8 m a™!) and experiencing surface steepening (Hagen et al., 1993,
Kohler et al., 2007, Nuth et al., 2012). Kongsvegen last surged in 1948 (Melvold and
Hagen, 1998). Kronebreen, which is fed by Holtedahlfonna and shares its terminus with
Kongsvegen, is the fastest flowing tidewater glacier (300-800 m a~') (K&ab et al., 2005)
in this area. It has experienced two periods of rapid frontal retreat of ~3 km between
1966 and 1980, and ~1 km between 2011 and 2013 (Nuth et al., 2012, 2013).

Three other tidewater glaciers exist in the north of Kongsfjord: Blomstrandbreen, Con-
waybreen, and Kongsbreen. Blomstrandbreen is a surge-type glacier (Burton et al., 2016),
which last surged in 2007 (Sund and Eiken, 2010, Mansell et al., 2012). Kongsbreen, which
is connected to Isachsenfonna ice cap was observed to move at around 2.7 m d=! speed at
its front in summer 2012 (Schellenberger et al., 2015). Land-terminating glaciers in this
area are relatively slow moving. Austre Brgggerbreen and Midtre Lovénbreen are moving

1

at speeds of up to 3 m a~! and 7 m a~!, respectively, as measured by differential GPS on

the mass balance stakes (Jack Kohler, personal communication).
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4 Data

This chapter presents the data used in this study. Paper I analyzes sonic ranger data of
snow surface height along with temperature, wind speed and direction data from Auto-
matic Weather Stations. Meteorological data from Ny-Alesund have been used as forcing
for the energy balance model in Paper II. Stake mass balance data, discharge and plume

data are used to calibrate and validate models in Paper II and Paper III.

4.1 Surface DEM, Glacier mask and Bed DEM

I use a digital elevation model (DEM) with a 5 m horizontal resolution, constructed by the
Norwegian Polar Institute from aerial surveys in 2009 and 2010 (NPI, 2014), elevations
are resampled onto a 250 x 250 m model grid. A recent glacier mask (Konig et al., 2014)
is used throughout the study period. Radar surveys have been conducted from 2009-2015
using helicopter over the tidewater glaciers in Kongsfjord to determine ice thicknesses
(Lindbéack et al., 2018). We use the resultant bed DEM to analyze subglacial water
routing in Paper III.
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Figure 4.1: Surface elevation of entire Kongsfjord basin and Bed elevation of the glacierized
area east and north of Kongsfjord basin.
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4.2 Glacier AWS data

Holtedahlfonna and Kongsvegen have two automatic weather stations each; one in the
ablation area and another close to equilibrium line altitude. I use sonic ranger data along
with temperature, radiation, relative humidity, wind speed and wind direction from two
automatic weather stations on Holtedahlfonna and Kongsvegen to analyze the spatial
and temporal variability of accumulation and precipitation between two sites of these
glaciers. The weather stations in the ablation zone have a number of periods with missing
snow surface height data and are not used in the analysis. Only data from two weather
stations close to the ELA have been used for the evaluation of precipitation forcing.
These two weather stations have been operational since 2000 (Kongsvegen) and 2008
(Holtedahlfonna). Data were limited to the years 2012-2014 and 2015-16. Incoming and
outgoing shortwave radiation, longwave radiation and temperature data from all four
weather stations are used to calibrate the mass balance model (Van Pelt and Kohler,
2015), which is the core of Paper II.

4.3 Climate data from Ny-Alesund

The energy balance model requires precipitation, air temperature, air pressure, relative
humidity and cloud cover data as forcing for the model. This forcing comes either from
regional climate model data or from nearby meteorological stations. The precipitation
forcing for the energy balance model comes from ERA-Interim reanalyses precipitation
forcing, discussed in section 4.4. I use meteorological data from the nearby meteorological
site at Ny-Alesund, extrapolating these data to the model grid by deducing a lapse rate to
force the model. While temperature, relative humidity, and cloud cover are extrapolated
linearly with elevation, air pressure is extrapolated exponentially with elevation. Precipi-
tation data from Ny-Alesund has been used in paper I to investigate the synchronicity of
precipitation and accumulation events at glacier sites with the measured precipitation at
Ny-Alesund.
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4.3 Climate data from Ny-Alesund

Table 4.1: Specifications of the sensors used in this study

Variable Instrument Measurement Accuracy
range
Snow (ice) sur- | Campbell SR | 0.5m to 10m 0.01m or 0.4%

face height

50A

Temperature Vaisala -40°C to +60°C | 0.3°C
HMP45C

Wind speed Young 05103 1 to 60 ms~* 0.3 ms™!

Wind direction | Young 05103 0-360° 3°

Longwave radia-
tion

Kipp and Zonen
CNR1

0 to 2000 W m—2

10% of daily to-
tal

Relative humid-
ity

Vaisala
HMP45C

0 to 100%

+2% (RH<
90%), +3%
(RH>90% )

Figure 4.2: Glacier automatic weather station at HDF2. Photo: Jack Kohler.
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Figure 4.3: Sonic ranger of the automatic weather station.
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Figure 4.4: Calibration of radiation fluxes with AWS data. Figure is taken from Van Pelt and
Kohler (2015).
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4.4 Downscaled ERA-Interim precipitation data

4.4 Downscaled ERA-Interim precipitation data

The ERA-Interim reanalysis dataset provides meteorological parameters on an 80 km
spatial grid and with a 6-hour temporal resolution (Dee et al., 2011). We used precipitation
data of ERA-Interim for our analysis in papers I and II, which have been downscaled to
1000 m resolution by Ostby et al. (2017). These data are used for comparison with
the accumulation measurement from the sonic ranger data at two glacier sites in Paper
I, which shows that the downscaled ERA-Interim data are in good agreement with the

accumulation measurements at the glacier sites.

In the coarsely resolved reanalysis products, precipitation is highly biased in certain
areas (Schuler et al., 2008). Ostby et al. (2017) used linear theory (LT) of orographic pre-
cipitation (Barstad and Smith, 2005) to scale precipitation for all of Svalbard using winter
balance data from selected glaciers of Svalbard, in different parts of the archipelago. These
downscaled precipitation data are used as precipitation forcing to the CMB model, after
further downscaling to 250 m resolution through linear interpolation. We observe wide
variability of precipitation and accumulation around the Kongsfjord basin (Paper I) and
hence, a distributed precipitation field is preferable to simply extrapolating precipitation

data from the nearby meteorological site.
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Figure 4.5: a) Average ERA-Interim precipitation over Kongsfjord basin during the period
1979-2016. b) The scale factor used to adjust precipitation. Scaling parameters are calculated
using point mass balance measurement (@stby et al., 2017).
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4.5 Winter, summer, and net mass balance data of four

glaciers

Stake measurements of winter and summer balance data from four glaciers (Austre Brgg-
gerbreen, Midtre Lovénbreen, Kongsvegen, and Holtedahlfonna) are used for calibration
and validation of the energy balance model in paper II.

Summer stake balance data are used to calibrate temperatures for the different glaciers,
and winter stake balance data to scale precipitation. Winter balance of a year is mea-
sured around mid-April whereas summer balance is measured around mid-September of
that year. Svalbard glaciers can experience significant superimposed ice formation in the
upper ablation area and around the ELA which is not always reflected in the stake mea-
surements and which causes biases in the mass balance measurement. In recent years,
superimposed ice cores are taken every year during spring field campaigns to acquire

accurate measurement of winter mass balance.
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Figure 4.6: Measured winter(blue), summer(red) and net mass(black) balance of four glaciers.

4.6 Discharge measurement Bayelva

I use proglacial discharge data from the river Bayelva to validate the routing models in

paper III. Bayelva river is fed by ice-melt from two glaciers Austre Brgggerbreen and
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4.7 Plume data

Vestre Broggerbreen situated on the southwest side of the Kongsfjord basin. The total
catchment area of Bayelva is 31 km?, 61% of which is glacierized. In spring, seasonal snow-
melt from the non-glacierized area and snow and ice melt from the glaciers is transported
through the river, whereas by late summer, it is mostly meltwater from the glaciers which
feeds the river. The discharge measurement site (Figure 2.1) is around 3 km from the
glacier snout. This site is maintained by NVE, Norwegian Water Resources and Energy
Directorate, and has been operational since 1989. During the period 1989-1999, discharge
was measured daily, but since 2000 discharge has been measured hourly (Fred Wenger,
personal communication). Sediment and ice build up at the sensor lead to some erroneous

data in certain years, but the timing of discharge peaks is mostly not affected.

- R

Figure 4.7: Discharge measurement site of Bayelva. The site is maintained by NVE, Norwegian
Water Resources and Energy Directorate. Photo was taken by Ankit Pramanik.

4.7 Plume data

When meltwater from tidewater glacier exits into the fjord, at depths, it generates a
freshwater plume. The appearance of the plume at the surface depends on several factors
e.g. runoff, wind, outlet shape, terminus depth (Cowton et al., 2015). Unlike tidewater
glaciers in Greenland, which have deep fronts or often ice cover at the front, glaciers

around Kongsfjord end in relatively shallow (< 100 m) water depth, the fjord water is
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ice-free during summers. Penny How at the University of Edinburgh installed time-lapse

cameras near the glacier terminus to observe long-term plume dynamics at the outlet of

Kronebreen, and calculated the plume area extent over the period 2014-2016 from these

time-lapse images (How et al., 2017). Although plume area extent depends on several

factors, we believe one major factor which determines the intensity of plume, and hence

its extent, is the runoff from the tidewater glacier. We used plume area extent data as a

proxy to runoff to calibrate the parameters of the simple routing model. Plume data has

been recorded with high temporal resolution for short periods in certain years, but here

we use hourly data of plume area extent (Figure 4.8).
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Figure 4.8: Observation plume visibility and surface area extent for the period 2014-2016.

Figure provided by Penelope How.
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5.1 Paper |

A major source of mass gain of glaciers is precipitation. Mass balance modelling re-
quires distributed precipitation field for accurate estimate of mass balance, else it leads
to biases with actual measurement (Box et al., 2004, van de Berg et al., 2006, Ostby
et al., 2017). RCMs (Regional Climate Models) or GCMs (General Circulation Models),
or reanalysis datasets can provide insight into snow precipitation over large areas, but
snowfall also varies substantially at smaller spatial scales induced by topography, which,
in turn, is too coarsely represented in large-scale models to resolve these effects. In situ
records of snowfall are useful for understanding variability over smaller length scales and
may provide valuable means to evaluate the performance of atmospheric models in loca-
tions offside of synoptic stations (Fountain et al., 2010, Cohen and Dean, 2013). In this
study, we analyzed automatic weather station data from two different glaciers Kongsvegen
and Holtedahlfonna in Kongsfjord basin. These respective AWS sites are close to mass
balance measurement stakes, and are named KNG6 (Kongsvegen stake 6) and HDF4.5
(Holtedahlfonna stake 4.5). Both sites are in the upper ablation zone of each glacier.
Sonic ranger sensors on the AWSs measure snow surface height; we filter these data and
conduct an event-based analysis of different snow accumulation events at two different
glacier sites. We then compare these events with ERA-Interim precipitation and with
Ny-Alesund precipitation record to evaluate whether a model-derived gridded precipita-
tion data or station measured precipitation data better represent the precipitation events
at the glacier sites.

Long-term accurate measurements of snowfall is challenging, with any automated mea-
surement, especially due to the complex effect of wind. Sonic rangers measure snow
surface height, and hence, positive changes could be ascribed to the accumulation of
snow, however, the cause of the snow accumulation, whether through solid precipitation
or advection as wind-driven snow, is unknown (Braaten, 2000). Wind-driven snow redis-

tribution (erosion and deposition) is a significant and ongoing challenge for studying snow
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on the ground since the process is complex, and depends on many factors; e.g. snow age,
air temperature, snow moisture, local topography, and snow grain size (Li and Pomeroy,
1997, Essery et al., 1999, Dery and Yau, 2001, Lenaerts et al., 2014). Nevertheless, valu-
able information about snow accumulation and snowfall variability could be derived from

the sonic ranger, coupled with additional meteorological measurements.

Due to malfunctioning of the sonic ranger, our analysis is limited to the periods 2012-
2014 and 2015-2016. We define a significant increase in snow depth over a certain pe-
riod as an accumulation event, and categorize these accumulation events by applying
thresholds of air temperature and wind speed data from respective AWS sites. We first
reduced noise by smoothing the hourly data using 6-hour running-mean filter (e.g. Foun-
tain et al., 2010), and computed snow depth changes for each 12-hour event as a sum of
consecutive records of non-zero values of snow surface height increase within a 12 hour
period. A threshold change of 0.01 m/12 hour is applied to define event-wise accumula-
tion amounts. Corresponding wind speeds for each 12-hour event has been characterized
as a maximum of hourly wind speed over the event duration, whereas the temperature
of the event is the average over the event. We then categorized accumulation events as
either accumulation with low wind (calm snowfall), or as accumulation with high wind,
by applying the temperature and wind speed. We investigate the accumulation events
and amounts at two sites with associated wind speed and wind direction data, and eval-
uate how many of the precipitation and accumulation events at the sites are captured by
ERA-Interim and Ny-Alesund precipitation. Finally, we compare the absolute amount of
accumulation /precipitation measured at the site with the precipitation of ERA-Interim
and Ny-Alesund.

Overall, we detected more number of accumulation events at KNG6 than HDF4.5, with
most of the events associated with synoptic activity. We find overall wind speeds at
KNG6 associated with accumulation are high (median 5.68 m s™!) compared to HDF4.5
(median 4.09 m s7!), but we detected more snowfall events at HDF4.5. The prevailing
wind direction at KNG6 associated with accumulation events is in the down-glacier direc-
tion, from the south-southeast, which is the predominant wind direction associated with
moisture-bearing low-pressure synoptic systems from the south. Hence, we found most ac-
cumulation events at KNG6 are associated with drifting and blowing snow. At HDF4.5,
the prevailing wind direction associated with snowfall is also is in the down-glacier di-
rection, but from the north-northeast. Winds from the north are in general colder and

associated with less precipitation.
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Comparison of high wind accumulation and calm snowfall at glacier sites with ERA-
Interim and Ny-Alesund precipitation shows that ERA-Interim captures higher number
of events at sites compared to Ny-Alesund. We used two other different accumulation
threshold values, 5 mm/12 hours and 1 mm/12 hours, to investigate the sensitivity of
the coincident events. With decreasing accumulation threshold, ERA-Interim captures a
higher number of coincident events than Ny-Alesund, and the percentage of coincident
events decreases more for Ny-Alesund than for ERA-Interim. This suggests the ERA-
Interim record provides a reasonable representation of precipitation occurrence on the
studied glaciers. Comparing the precipitation amounts of ERA-Interim and Ny-Alesund
with sites for coincident events, relatively better correlation is found for ERA-Interim
than Ny-Alesund for high wind accumulation events, whereas correlation is comparable
for calm snowfall events.

In summary, in spite of having limitations in continuous precipitation measurement,
the sonic ranger could provide valuable information about accumulation and snowfall
variability. This type of analysis also helps to validate the synoptic predictions of weather
models. We believe that we are able to distinguish wind-influenced accumulation from
snowfall events on sub-daily and seasonal timescales, but to investigate in more detail
the processes of erosion, deposition, and precipitation, more sophisticated measurement
devices would be required; this is challenging for unmanned AWS sites. To gain more
detailed information on the spatial scale of precipitation events, a denser network of snow

sensors and more frequent monitoring would be required.

5.2 Paper Il

In the presently warming climate, meltwater runoff from glaciers and ice caps are major
contributors to current sea level rise (Church et al., 2011). The high Arctic archipelago
Svalbard has a glacierized area of 34,000 km? (Nuth et al., 2013), which, if melted, would
lead to 17-26 mm of eustatic sea level rise (Radi¢ and Hock, 2010, Huss and Farinotti,
2012, Martin-Espanol et al., 2015). The Arctic is warming rapidly with the retreat of
sea ice and changes in atmospheric circulation; a feedback mechanism termed as “Arctic
amplification” (Serreze and Francis, 2006, Serreze et al., 2009). Changes in precipitation
and temperature in Svalbard have been reported in several studies (Hanssen-Bauer and
Forland, 1998, Forland et al., 2011). In northwest Svalbard, Kongsfjord basin is a hotspot
for interdisciplinary studies addressing the significance of freshwater from seasonal snow

and glacier melt on the physical and biological environment. Kongsfjord is open to the
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ocean in the west and surrounded by glaciers in the south, east and north. The ongoing
interdisciplinary projects along with long-term mass balance measurement of glaciers in
this area make it scientifically interesting region. Four glaciers in this region are being
monitored by Norwegian Polar Institute. In this study, we aim to simulate long-term
evolution of mass balance of glacierized area, seasonal snow development, and associated
freshwater flux of Kongsfjord basin. We use a surface energy balance model coupled with
subsurface snow/firn model (Van Pelt et al., 2012, Van Pelt and Kohler, 2015) on the entire
Kongsfjord basin, represented as a 250x250 m resolution grid, to simulate mass balance,
melt, refreezing, and runoff of glaciers, as well as the subsurface evolution of snow/firn
pack. A subsurface soil model (Westermann et al., 2011) is incorporated with the energy
balance model to simulate seasonal snow development and runoff from the non-glacierized
area. The model is calibrated with the stake measured summer balance data from four
glaciers. Meteorological forcing for the model comes from nearby meteorological station
at Ny-Alesund, whereas downscaled precipitation from ERA-Interim reanalyses scaled for

Svalbard (@stby et al., 2017) is used as precipitation forcing.

We divided the entire glacierized area into three different regions: south, east and north.
The climatic mass balance of glacierized area of three subregions and freshwater flux from

glacierized and non-glacierized area of the three subregions is analyzed and presented.

We find the area-average climatic mass balance of the entire glacierized area of Kongs-
fjord basin over the period 1980-2016 is +0.23 m w.e. a~*. We observed wide variability
of mass balance inside this region; glaciers on the south and east sides of the fjord show
negative mass balance while glaciers on the north side show positive mass balance. In
spite of significant increasing summer temperature, the net mass balance time-series of
entire glacierized area and subregions show a non-significant trend; however, the summer
balance has a weakly negative but significant trend. The anti-correlation of net mass
balance with mean summer temperature is very weak and non-significant for glaciers of
north (-0.24, p<0.15), whereas the anti-correlation is stronger in the east (-0.37, p<0.03)
and south (-0.42, p<0.01) regions, which indicates that the mass balance of glaciers in the
south and east are more sensitive to temperature than in the north. Winter precipitation
shows a positive but non-significant trend for the entire region over the simulation period,
which compensates the decreasing summer balance trend to a certain extent, and thereby
leads to no significant trend in the net climatic mass balance. Glaciers on the north side
of fjord get high snowfall, which leads to high refreezing and reduced mass loss for these
glaciers. Similarly, melt and runoff rates are also low for these glaciers, compared to rest

of the glaciers around the fjord. Average refreezing amounts to 0.24 m w.e. a~!, which
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accounts for 17% of the total mass gain from precipitation and moisture deposition, and
plays a crucial role for climatic mass balance estimate. Air temperature in this region

! winter temperature is observed

shows an increasing trend; an average increase of 2 K a~
between 1980 and 2016. Precipitation (snowfall and rainfall) in this region has increased
substantially in the last 10 years, at the same time that mass balance shows a positive
trend. This increase of precipitation could be ascribed to recent retreat of sea ice cover and
increase of winter temperature. We find a significant increasing trend in runoff from the
entire glacierized area (6.83x10% m® a~! with p<0.09) as well as from the north (3.47x10°
m?® a~! with p<0.1) and east region (6.83x10° m? a~! with p<0.08) over the simulation
period. Area-averaged runoff is highest for the southern region, while the eastern region
contributes the maximum freshwater to the fjord. Runoff from the non-glacierized area
due to snowmelt adds substantial freshwater to the fjord in early and peak melt season

and amounts to 16% of the total runoff from the entire basin.

We used observational data at different spatial scales to get a robust estimate of the
evolution of mass balance of the glaciers and the runoff for the entire Kongsfjord basin.
Calibration of parameters for radiation fluxes (Van Pelt and Kohler, 2015) and tempera-
ture with the observational data helped to minimize the uncertainty of model parameters.
The major uncertainty in the result comes from precipitation forcing, which often is not
able to capture small-scale variability. Wide accumulation variability has been observed
in this region through in-situ measurements. The snowpack controls the cold content
and thereby refreezing. Mass balance has non-linear response to snow accumulation, and
ignoring small-scale accumulation variability will induce a bias in area-averaged mass

balance estimates.

Another source of uncertainty is that we used fixed topography and ice extent, which
adds uncertainty to extrapolation of elevation dependent parameters, and to runoff due
to glacier length fluctuations. The low resolution DEM (250x250 m) cannot resolve the
surrounding topography of the smaller glaciers, leading to inappropriate shading, and thus
to uncertainty in radiation budget of these glaciers. Extrapolation of stake data to glacier-
wide grid and using time-invariant temperature lapse rate, which in reality varies with
cloud conditions (Van Tricht et al., 2016), are other sources of model uncertainty. Finally,
observations used for model calibration and validation do not include any glaciers in the
north region, which increases uncertainty of the results in this region. More observational

data from this region will help to constrain uncertainties.
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5.3 Paper Ill

The main aim of this paper is to estimate the spatial and temporal variation of the fresh-
water influx to the Kongsfjord in recent years. Freshwater from tidewaters rises buoyantly
to form plumes; this water mixes with the fjord water at different vertical depths, affecting
fjord circulation. Plumes bring nutrients to the fjord surface, creating a feeding ground
for marine animals. Hence it is of interest to biologists and oceanographers to know the
freshwater influx to the fjord. Most of the freshwater in Kongsfjord comes from snow
and ice melt from the glaciers (84%), whereas freshwater from the non-glacierized area
produced by seasonal snowmelt contributes 16% of freshwater to the fjord. In paper II,
we simulated distributed runoff from the entire glacierized and non-glacierized area of
Kongsfjord basin. There can be substantial delays between the location where meltwater
is produced and the exit point where runoff enters the fjord, involving flow in the hy-
drological system in and beneath the glacier. Meltwater produced at the glacier surface
travels supraglacially, englacially, and subglacially before reappearing at the glacier front,
the fjord. Estimating the freshwater influx into the fjord requires proper routing scheme.
Detailed hydrological models are available to accurately estimate the transport of freshwa-
ter to the fjord, models that consider the formation of distributed or channelized systems
underneath the glacier (Hewitt et al., 2012, Schoof et al., 2012, Werder et al., 2013). Such
detailed hydrological models have a large number of adjustable parameters and different
setup possibilities. Simpler routing models, which just treat the transport of water from
the bottom of the energy balance-subsurface layer model as a simple delay process, are
also able to estimate discharge at the glacier outlet points which often serves the interest

of glaciologists, oceanographers and biologists.

In this study, we analyzed subglacial hydrology of tidewater glaciers considering steady-
state behavior (Shreve, 1972). We calculated the hydraulic potential of the water under-
neath the tidewater glaciers using surface elevation and ice thickness data. We considered
different ice overburden pressure (k) (Lindbéack et al., 2015, Everett et al., 2016) to cal-
culate subglacial drainage basins for all of the tidewater glaciers. We compare a simple
routing model to a more physically based model (HydroFlow) to derive discharge at the
glacier outlets around Kongsfjord. For tidewater glaciers, water is routed according to
the hydraulic head gradient, whereas for land-terminating glaciers, water is routed ac-
cording to the surface topography. For the simple routing model, we considered different
uniform wave speeds and calculated discharge hydrographs at the outlet points of each

glacier. For tidewater glaciers, we use the plume area-extent derived from time-lapse im-
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agery to calibrate the model parameters, treating the size of the plume as a proxy for
subglacial discharge. The proglacial discharge record is used to calibrate parameters for

runoff routing of land-terminating glaciers.

The subglacial hydrological analysis shows that there is a strong possibility that there
is subglacial water piracy between Isachsenfonna and Holtedahlfonna. Isachsenfonna is
connected to the glacier Kongsbreen, while Holtedahlfonna is connected to the outlet
glacier Kronebreen. Subglacial hydrological analysis shows that substantial area of Isach-
senfonna will drain to Holtedahlfonna and then to Kronebreen when pressure in the basal
drainage system is not completely at ice overburden pressure (k<0.97), which is a most
likely scenario for summer. Other tidewater glacier drainage basins remain mostly unal-
tered for different basal water pressures. Observations show a substantial plume at the
Kronebreen front and hardly any plume at Kongsbreen North front, although the drainage

area according to the surface flow of these two glaciers are not very different.

We found Kronebreen outlet contributes the most freshwater to the fjord, of all the
tidewater outlet points. Discharge at the outlet points varies owing to different k values.
The discharge amount from the Kronebreen outlet increases by 1.5 times when the £ value

is below 1, owing to water piracy from Isachsenfonna.

We derived discharge hydrographs from all the drainage basins around Kongsfjord with
the simple routing model and with the HydroFlow model. We find good agreement
between both the model derived discharge hydrographs for both tidewater and land-
terminating glaciers in all the years, which suggests that the simple routing model is able
to produce the timings of the discharge quite accurately. The five tidewater glaciers of the
Kongsfjord basin contribute most of the freshwater flux to the fjord. This has significant
importance, as mixing of freshwater from glaciers and non-glacierized area with the sea-
water of the fjord enhances primary and secondary production, and plays an important
role in fjord ecosystem (Lydersen et al., 2014) and circulation (Sundfjord et al., 2017).
The average runoff period from all the five tidewater glacier outlets over the 2014-2016
period was 105410 days, with some late discharge events in 2016 mostly due to rain. The
duration of the runoff period was high in 2015, but total runoff volume increased by 46%
from 2014 to 2015 and by 12% from 2015 to 2016.

Glaciers on the south side of the fjord are all land-terminating. The discharge hy-
drographs derived for these glaciers are about one order less in magnitude than that of
tidewater glaciers. The south region contributes around 10% of the total freshwater to

the fjord over a year. Discharge from land-terminating glaciers mixes with the fjord at the
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surface. River discharge is important for glacier geochemistry study and plays a crucial
role in controlling the physical and chemical environment of the fjord.

Time delays for runoff, in general, increase with the discharge, as more runoff comes
from the upper part of glaciers during high discharge events. Delays between peak melt
and peak discharge reach up to a day. Detailed hydrological analysis is required to under-
stand the evolution of subglacial hydrology of these two glaciers throughout the season,
which, if incorporated with a physically based routing model, would provide better esti-
mate of freshwater discharge at the outlet points. Nevertheless, more observational data
would be required to constrain the models and understand the hydrological behavior of

tidewater glaciers.

o6



6 Discussions and Outlook

6.1 Synthesis: Objectives to outcomes

This thesis consists of three different studies, which establish potential links of glaciology
(Paper II) with atmospheric research (Paper I), and with biology/ecology and oceanog-
raphy (Paper III). The output and analyses of our third paper are useful for different
communities (e.g. Paper IV, Paper V, and paper VI) and open for further understanding
of the subglacial hydrology of this area.

The main aim of this thesis was to quantify spatial and temporal influx of freshwater
to Kongsfjorden from the glacierized and non-glacierized area of the basin. I needed to
answer some antecedent questions to finally address it. I tried to answer them through
analysis of observational data and modeling approach, and that resulted in Paper I and
Paper I1.

I use a coupled energy balance-snow model (Van Pelt et al., 2012) to simulate spatial
production of runoff which serves as input to the routing model. Mass balance models re-
quire climate forcing, the most important of which is precipitation as it is the major source
of mass gain for glaciers. Accurate estimates of mass balance require well-constrained pre-
cipitation fields. Precipitation data were available from ERA-Interim reanalysis and also
from the nearby meteorological station at Ny-Alesund. Both datasets have their limita-
tions, however, this lead to an investigation of the long-term snow depth data measured at
two weather stations on two different glaciers in the Kongsfjord basin, which are compared
with the ERA-Interim reanalysis and with Ny-Alesund precipitation datasets (Paper I).
My further aim was to detect and quantify snowfall events and find variability in snow-
fall between these two glacier sites. I analyze the glacier snow depth data together with
temperature and wind speed to categorize different accumulation events. I am able to
detect accumulation events at two sites, but the effect of wind limits quantification of
precipitation events to a large extent. However, through this analysis, I show that there
is significant difference in accumulation between two nearby glacier sites, and I explain

the underlying cause. I find that ERA-Interim captures more number of precipitation and
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accumulation events at the glacier sites compared to Ny-Alesund, thus, help us to choose
one precipitation forcing over the other.

The coupled energy balance-snow /firn model (Paper II) simulates spatial production of
meltwater and runoff. With the further inclusion of a soil model (Westermann et al., 2011),
runoff from the seasonal snow of the non-glacierized area is also simulated. With this
study, I investigate the long-term mass balance trend of the glacierized area of Kongsfjord
basin in changing climate.

Finally, the spatial runoff distribution served as input to a routing model, which cal-
culates the discharge hydrograph at all glacier outlet points. These results and data will
be important for oceanographers, who are doing ocean modelling in the area, and for
biologists or ecologists, who are studying the fjord ecosystem at the front of the tidewater

glaciers.

6.2 Main outcomes

I used an energy balance model to simulate mass balance and runoff evolution over 1980-
2016 from the entire Kongsfjord basin (Paper II). Mass balance model requires climate
forcing which often comes from either nearby meteorological stations or from climate mod-
els. Precipitation is one important variable which varies substantially with topography
and wind, and even climate models are often unable to predict synoptic precipitation
events. Precipitation is the source of major mass gain for glaciers, and therefore, needed
to be constrained well, else it will result in bias with actual mass balance measurement.
I analyzed automatic weather stations data from two glaciers to infer information about
the spatial and temporal variability of accumulation and precipitation (Paper I). I used
a simple routing model along with subglacial hydrological analysis to quantify discharge
hydrograph at different outlet points in Kongsfjord (Paper III).

Analyses of Paper I show that geographic location, surrounding topography and wind
pattern control the occurrence of precipitation and accumulation, which, I found, varies
even between two nearby glacier sites KNG6 and HDF4.5 in Kongsfjord basin. Comparing
accumulation and precipitation from these two sites with ERA-Interim reanalysis and Ny-
Alesund precipitation, I found that ERA-Interim reanalysis better captures the occurrence
of the accumulation and precipitation at the glacier sites, however, ERA-Interim could
not capture all the events, especially the synoptic events. Accumulation and precipitation
variability could be even higher for glaciers on the north side of Kongsfjord. ERA-Interim

reanalysis shows higher precipitation occurrence for this region. More observational data
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is required to understand accumulation and precipitation variability which will eventually

help in constraining precipitation field to certain extent when used in mass balance models.

Entire glacierized area South region

2 <2

'© '©

@ o

3 2

E E

x x

= =

w " » -

© )

=2 a) Il Snowfall llRain [ |Refreezing llMelt B, - =2 b)

1980 1985 1990 1995 2000 2005 2010 2015 1980 1985 1990 1995 2000 2005 2010 2015
East region North region

< 27 <

'© '©

@ o

2 2

E E

x x

= =

» " » -

(2] (2]

© ©

= 2+ C) = 2+ d)

1980 1985 1990 1995 2000 2005 2010 2015 1980 1985 1990 1995 2000 2005 2010 2015

Figure 6.1: Simulated climatic mass balance and its components over the simulation period
1980-2016 for a) entire glacierized area, b) south region, c) east region and d) north region.

I find that average climatic mass balance of the entire glacierized area of Kongsfjord
basin over 1980-2016 is +0.23 m w.e. a~!, with a substantial variability in mass balance in
three different subregions: south, east and north region of the fjord. Glaciers in the north
region have more positive mass balance than those in the south and the east region, with on
average 56% more snowfall and 59% less melt. In spite of the significant increase in summer
temperature, no significant trend is observed in net climatic mass balance for the entire
glacierized area, nor for the subregions; however, the summer balance has a significant
negative trend for the entire glacierized area and for two subregions (east and north).
Net mass balance is significantly correlated to annual snowfall in the south (r = +0.63,
p<0.01), east (r =40.68, p<0.03), and north (r = 4+0.85, p<0.01) region, with the best
correlation observed in the latter region. The anti-correlation of net mass balance with
mean summer temperature is weakest in the north region (r = -0.24, p<0.15), and stronger
in the east (r = -0.37, p<0.03) and south (r = -0.42, p<0.01) regions; this indicates that

the mass balance of glaciers of south and east is more sensitive to temperature than in

the north.
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Figure 6.2: Total annual runoff from glacierized and non-glacierized areas over the simulation
period 1980-2016. Total runoff from non-glacierized area contributes 16% of total freshwater
flux to the fjord.

Runoff time-series show a significant increasing trend for the entire glacierized area
(6.83x10° m?® a~!, with p<0.09), the east (3.47x10° m® a~!, with p<0.1) and north
(3.1x10% m? a=!, with p<0.08) region over the simulation period 1980-2016. The non-
glacierized area contributes 16% of the total runoff from the entire basin, and east region
contributes maximum freshwater to the fjord over a year. In future warming scenario,
runoff from all the glaciers will increase substantially. The increased runoff will potentially
lead to more rapid vertical mixing of freshwater at the tidewater glacier fronts, which
would impact the fjord circulation (Sundfjord et al., 2017) and promote more foraging of

marine mammals (Lydersen et al., 2014).

Steady-state subglacial hydrological analysis of tidewater glaciers show the possibility
of substantial water piracy underneath two big ice cap: Holtedahlfonna and Isachsenfonna
of Kongsfjord basin. These two ice caps along with their outlet glaciers contribute max-
imum freshwater to the fjord. I found that substantial area of Isachsenfonna drains to
Holtedahlfonna when subglacial water is not at or very close to ice overburden pressure
(k<0.97), which is the most likely scenario during summer. The other tidewater glaciers
are well constrained by topography and do not show any changes in subglacial hydrology

when varying ice overburden pressure.
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Figure 6.3: Discharge hydrograph at Kronebreen outlet for 2014, 2015, and 2016, derived by
simple routing model, Hydroflow. Plume area extent is shown with green color.

I constrain the parameter of our routing model with the observational plume data.
Plume observations are useful for investigating subglacial hydrology. While plume inten-
sity and extent are dependent on several factors such as buoyancy, wind direction and
speed, fjord depth and outlet shape, the most important controlling factor is the runoff.
Therefore, plume data could be used as a proxy for discharge. Given the difficulty in mea-
suring discharge at the tidewater glacier front, hydrological modeling is really the only
way to estimate accurate discharge time-series. Several hydrological models of different

degree of complexity have been used to simulate flow in and beneath glaciers, but while

61



6 Discussions and Outlook

more model complexity may yield apparently more accurate simulations, it comes at the
cost of a large number of parameters that need to be specified (Fountain and Walder, 1998,
Fountain et al., 2005, Hewitt, 2011, Werder et al., 2013). There has been a debate among
hydrological modelers whether a higher degree of complexity improves model accuracy
especially in predicting freshwater discharge at outlet points of glaciers. I use a simple
routing model and a more physically based model (HydroFlow) to estimate freshwater

flux on sub-daily scales.
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Figure 6.4: Total runoff from the glacierized basin (>10 km?) in a) south, and b) east and
north region of the fjord in 2015. Glaciers in the south are all land-terminating glaciers, whereas
glaciers in east and north are mostly tidewater glaciers. Bay = Bayaelva, MLB = Midtre Lov
'enbreen, ALB = Austre Lov 'enbreen, PDB = Pedersenbreen, BFB = Botnfjellbreen, KNG
= Kongsvegen, KRB = Kronebreen-Holtedahlfonna, KNB-N = Kongsbreen north, CWB =
Conwaybreen, BLMB = Blomstrandbreen

Comparison of discharge hydrographs from the two models shows a good agreement for
all the drainage basins. The time-delay for big discharge events on the tidewater glaciers
can reach up to one day. Discharge from glaciers on the east and north sides of the fjord
are about one order of magnitude higher than those in the south. On the south side of
the fjord, the Bayelva river basin contributes the most freshwater to the fjord.

With the difficulties in measuring discharge at the tidewater glaciers front, uncertainties
of any hydrological model used for a tidewater glacier system is difficult to estimate.

With improved technology, by using the time-lapse camera, CTD measurement by seal
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(Everett et al., 2018), along with plume modeling, information about freshwater discharge

at tidewater glacier front can be inferred to a greater detail.

6.3 Limitations and future work

It is an ongoing challenge to develop an accurate automated precipitation measurement
device, whether liquid (rain) or solid (snow). Sonic rangers can provide valuable in-
formation about snow accumulation and precipitation at a remote site, but there are
limitations, which, if eliminated, would improve measurement significantly. Wind plays
a complex role on snow deposition, and can affect the mass budget of glaciers and ice
sheets. For example, wind distributed snow has a significant effect on the mass balance
of East Antarctica ice sheet (Davis et al., 2005, Boening et al., 2012). The effect of wind
on snow accumulation is important for glaciers in Kongsfjord basin and varies spatially,
but it is difficult to quantify the variability over the entire basin with the data avail-
able. Although temperature and wind data allow one to distinguish wind-affected events
from calm snowfall events, major uncertainty remains when precipitation occurs with high
wind, which can lead to deposition as well as erosion. In this study, I found KNG6 is
prone to high wind and therefore we were able to detect limited snowfall events, whereas
HDF4.5 is less wind affected site which allows detection of a higher number of snowfall
events. A recent study in Greenland summit by Castellani et al. (2015) shows that even
with a sophisticated measurement device and continuous monitoring, wind effects could
not be removed completely from precipitation measurements. In spite of the difficulties
of automatic snow measurements, a distributed network of sonic rangers in a region will
improve our understanding and help to better constrain precipitation with climate model
data.

A major source of inaccuracy in glacier mass balance models is the precipitation forcing.
Global climate model generated precipitation fields are generally too coarsely represented
to capture all the spatial variability of synoptic precipitation events. Other uncertainties
come from topographic representation, parameter estimation, initialization etc. Through
calibration, model performance improves significantly, as seen in this study (paper II),
but, the amount (spatial and temporal coverage) and quality of data often restrict the
capability of model calibration. The model results show good agreement with the mea-
sured variables, especially for the glaciers on the south and east sides of Kongsfjord. Lack
of observational data leads to limitation in validating the model for the glaciers on the

north side of Kongsfjord, where significantly more positive mass balance is simulated,
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compared to the other regions. More observational data needs to be acquired from this
region, by installing AWSs and mass balance stakes. Instead of using a fixed DEM in the
model, a dynamic DEM would better reflect changes in the actual topography, although
this will improve model accuracy to only a slight extent. Through this study, I found
the possibility of significant water piracy beneath two ice caps of Kongsfjord basin, which
is supported by the relative plume sizes in front of the respective glaciers. Detailed un-
derstanding of subglacial behavior throughout the season requires detailed analysis and
more physically based model. T used a simple routing model and a physically based model
(HydroFlow) of a lesser degree of complexity to transport the water from respective grid
cells to the outlet points. I considered observational plume data as a proxy to runoff and
used that to calibrate the wave speed of simple routing model, however, wave speed varies
over time. Furthermore, plume visibility and plume area extent are dependent on several
factors, such as wind, outlet shape, fjord depth, etc. A plume model would be useful to
infer important information about plume dynamics in this regard. Considering all this
in a model framework will undoubtedly increase the model accuracy. A physically based
hydrological model coupled with the plume model would lead to improved understanding,

better prediction of meltwater routing, and discharge at the outlets of tidewater glaciers.
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ABSTRACT. The Kongsfjord basin in northwest Svalbard is the site of a number of interdisciplinary
studies concerned with the effect of fresh water from seasonal snow and glacier melt on the physical
and biological environment. We use an energy-balance model coupled with a subsurface snow model
to simulate the long-term climatic mass-balance evolution of the glaciers and the seasonal snow devel-
opment of nonglacierized parts of the Kongsfjord basin. Runoff from both glacierized and nonglacierized
parts of the basin is simulated to quantify the fresh water flux to the fjord. The model is calibrated with
long-term mass-balance data measured at four glaciers, and with automatic weather station data. The
simulated area-averaged climatic mass balance for the whole basin is positive (+0.23 m w.e. a~ ") over
the period 1980-2016; however, the trend for net mass balance is not statistically significant over the
simulation period, despite the observed ongoing summer warming. Refreezing equals 0.24 m w.e.a™ ',
which is equivalent to 17% of the total mass gain from precipitation and moisture deposition. Total
runoff comprises contributions from seasonal snow in the nonglacierized area (16%) and glacier dis-
charge (84%). Model time series shows a significant increasing trend for annual glacier runoff (6.83 x

10°m* a") over the simulation period.

KEYWORDS: energy balance, glacier discharge, glacier mass balance, glacier modelling

1. INTRODUCTION

In the currently warming climate, meltwater runoff from gla-
ciers and ice caps, especially in the Arctic, is a major con-
tributor to sea-level rise (Church and others, 2011; Jacob
and others, 2012; Machguth and others, 2013; Mernild and
others, 2014; Moon and others, 2018). It is expected that gla-
ciers and ice caps will lead to 81 + 43 mm of sea-level rise by
2050, assuming current acceleration (Meier and others,
2007; Radi¢c and Hock, 2011; IPCC, 2013). The Arctic is
experiencing greater warming than the global average
through feedbacks caused by changes in sea-ice extent,
surface reflectivity and air temperature, a process known as
the ‘Arctic amplification’ (Manabe and Stouffer, 1980;
Serreze and Francis, 2006; Serreze and others, 2009).

The High Arctic archipelago Svalbard has a glacierized
area of ~34 000 km? (Nuth and others, 2013), equivalent to
5% of the world’s land-ice mass outside of Greenland and
Antarctica (Pfeffer and others, 2014; Aas and others, 2016).
Glaciers cover ~60% of the land area of Svalbard (Hagen
and others, 2003) and, if melted, could potentially contribute
14-26 mm to global sea-level rise (Radi¢ and Hock, 2010;
Huss and Farinotti, 2012; Martin-Espafol and others,
2015). Mean annual temperature in Longyearbyen has
increased by 0.25K decade™' over the past 100 years
(Forland and others, 2011), with most of the warming in
the more recent period, since 1975 (~1.0 K decade™); the
strongest recorded warming in Europe (Farland and others,

2011; Nordli and others, 2014). The recent warming is
most pronounced in winter and spring and temperatures
are expected to continue to increase in the 21st century
(IPCC, 2013). Simultaneously, over the period 1964-97, pre-
cipitation in Longyearbyen has increased by 1.7% decade ™'
(Forland and Hanssen-Bauer, 2000). In terms of glacier mass
balance, however, this weak increase is not enough to com-
pensate for effects of the warming. Svalbard glaciers show a
declining mass-balance trend since 1967, when the first gla-
ciological measurements were started (WGMS, 2017; Ostby
and others, 2017).

In northwest Svalbard, the Kongsfjord basin near Ny-
Alesund plays a crucial role in scientific research in oceanog-
raphy, meteorology, biology, ecology and land surface pro-
cesses (hydrology, glaciology). In Kongsfjord, there are
glaciers of different shapes and sizes and with different
dynamic behaviour (Liestal, 1988; Hagen and others,
1993). Studying mass balance of these glaciers is important
for understanding the present trend of glacier retreat as well
as to quantify fresh water discharge to the fjord. Apart from
glacier runoff, another significant source of fresh water to
the fjord in this region is meltwater from seasonal snow in
the nonglacierized area. Freshwater runoff at the base of tide-
water glaciers creates a buoyant plume when entering the
fjord (Cowton and others, 2015; How and others, 2017)
and mixes with the fjord water at different vertical depth
affecting the fjord’s circulation (Sundfjord and others,
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2017). Plumes bring nutrients and plankton to the fjord
surface, propagating their impact through the food chain to
a wide range of species, and thus plays a crucial role in the
fjord ecosystem (Lydersen and others, 2014). Accurately
quantifying the spatial and temporal distributions of melt-
water runoff is, therefore, crucial for understanding the
fjord system. Insight into runoff can only be gained through
distributed modelling; Kongsfjord is particularly well suited
for this task since long-term records (the longest in
Svalbard) of glacier data exist for model calibration and
validation.

Models have been widely used to simulate mass balance
of glaciers from regional to global scales ranging in complex-
ity from conceptual degree day models (Hock, 2003;
Nuth and others, 2012) to physically-based energy-balance
models (Hock, 2005; Arnold and others, 2006). Energy-
balance models consider all the energy fluxes interacting
with the glacier surface to compute surface temperatures
Ts; the energy equivalent of Ts>0 °C is used to calculate
melt at the glacier surface. Meltwater percolates through
the snowpack and may refreeze, depending on the subsur-
face temperature; any excess meltwater contributes to
runoff. Refreezing plays a crucial role in the mass budget of
Arctic glaciers as it increases the temperature and density
of the snowpack, and reduces and delays mass loss
through runoff (Wright and others, 2007; Reijmer and
others, 2012). Furthermore, heat released by refreezing has
a major impact on the thermal structure of a glacier (Poinar
and others, 2017). Refreezing below the previous year’s
summer surface in the firn area is known as internal accumu-
lation (Schneider and Jansson, 2004), which is not captured
by conventional mass-balance monitoring. In contrast to
non-polar regions, refreezing strongly affects the mass
balance of High Arctic glaciers, mainly due to the strong sea-
sonal temperature cycle (Bliss and others, 2014). Very cold
winters with relatively little or no insolation lead to cold
snowpacks, increasing the potential for refreezing of perco-
lated meltwater during the melt season and storage of
water in the snow or firn after the melt season.

Previous modelling studies of mass balance in the Kongsfjord
region mainly focused on four glaciers: Austre Broggerbreen
(BRB), Midtre Lovénbreen (MLB), Kongsvegen (KNG) and
Kronebreen-Holtedahlfonna (HDF) (Table 1). All of these
studies have focused on either single glaciers (Bruland &
Hagen, 2002) or partial areas of Kongsfjord (Lefauconnier
and others, 1994a; Kohler and others, 2007; Rasmussen
and Kohler, 2007; Nuth and others, 2012; Van Pelt and
Kohler, 2015). In this study, meltwater production is simu-
lated considering all glaciers in the Kongsfjord basin, and

additionally, we simulate seasonal snow in the nonglacier-
ized area. This enables us to distinguish runoff contributions
to the fjord from glaciers and land. Glacier and seasonal
snow runoff modelling over entire catchments is required
to estimate the total water budget, as has been done in
several glacierized catchments in the world (e.g. Himalaya,
Alps, Central Asia, Alaska, Andes) (Verbunt and others,
2003; Jeelani and others, 2012; Duethmann and others,
2015; Bring and others, 2016; Mernild and others, 2016;
Valentin and others, 2018). The long-term simulation
allows us to detect trends in seasonal snow amounts and
the climatic mass balance (CMB) and its components, and
relate them to transient climate conditions. We estimate
and analyze the long-term CMB evolution of the entire gla-
cierized area of Kongsfjord basin, and quantify runoff into
the fjord from glaciers and from the seasonal snow of the
nonglacierized area. Simulations are performed with a
surface energy balance - firn model (Van Pelt and Kohler,
2015), which has been extended with a soil model
(Westermann and others, 2011) to simulate seasonal snow
in nonglacierized parts of the domain.

2. STUDY AREA

Kongsfjord is open to the sea to the west and is surrounded by
glaciers to the south, east, and north (Fig. 1). The glaciers to
the south are small land-terminating glaciers (average area
per glacier ~6.5 km?), whereas the glaciers to the east and
north are mainly large tidewater glaciers (>50 km?). The
total nonglacierized area (tundra, hills, and nunataks)
amounts to 293 km” and accounts for 20% of the
Kongsfjord basin (~1440 km?).

In this study, we divide the glacierized area of Kongsfjord
basin into three subregions; south (~42 km?), east (~ 573 km?)
and north (~533 km?) (Figs 1, 2). Glaciers in south region
are all land-terminating, low-lying and relatively slow
moving (Hagen and others, 1993). The east region contains
two large tidewater glacier systems; Kongsvegen-Sidevegen
and Kronebreen, the latter draining the ice fields of
Holtedahlfonna (HDF) and Infantfonna. KNG is a surge-
type glacier currently in its quiescent phase, flowing at low
velocities (2-8 ma~") and undergoing surface steepening
(Hagen and others, 1999; Kohler and others, 2007; Nuth
and others, 2012). Kronebreen (KRB), which shares its ter-
minus with KNG, is a fast-flowing tidewater glacier (300-
800 ma~"; Kdib and others, 2005). It has experienced two
periods of rapid frontal retreat, ~ 3 km between 1966 and
1980, and ~1km between 2011 and 2013 (Nuth and
others, 2012, 2013); this most recent retreat is still ongoing.

Table 1. Previous mass-balance studies on four glaciers of Kongsfjord basin

Glacier Study year CMB (mw.e.a™") Method Study

Austre Broggerbreen (BRB) 1912-88 —-0.45 Simple statistical model Lefauconnier and Hagen (1990)
1971-99 —-0.69 Precipitation-runoff model Bruland and Hagen (2002)
1948-2005 —0.41 Upper-air meteorological model Rasmussen and Kohler (2007)

Midtre Lovénbreen (MLB) 1948-2005 —0.31 Upper-air meteorological model Rasmussen and Kohler (2007)

Kongsvegen (KNG) 1967-90 —0.11 Ice-coring and radioactive layering Lefauconnier and others (1994a)
1948-2005 +0.03 Upper-air meteorological model Rasmussen and Kohler (2007)
1969-2007 —0.04 Degree-day model Nuth and Others (2012)
1961-2012 +0.01 Coupled energy-balance- snow model Van Pelt and Kohler (2015)

Holtedahlfonna (HDF) 1969-2007 -0.02 Degree-day model Nuth and Others (2012)
1961-2012 +0.13 Coupled energy-balance- snow model Van Pelt and Kohler (2015)
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The north region of the basin contains three tidewater gla-
ciers (Blomstrandbreen, Conwaybreen and Kongsbreen,
from west to east) and a few smaller land-terminating glaciers
(Hagen and others, 1993). The tidewater glaciers in this area
vary in their dynamic behaviour and contribute substantial
mass to the fjord through calving (Liestol, 1988; Lefauconnier
and others, 1994b). Blomstrandbreen surged in 2007 (Sund
and Eiken, 2010; Mansell and others, 2012; Burton and
others, 2016). Kongsbreen North was observed to move at
~2.8md~" in autumn 2012 (Schellenberger and others,
2015).

A meteorological station is situated on the southwest side
of the fjord at Ny-Alesund (78.92° N, 11.91° F). We use
observational data from four glaciers (Fig. 1) (Kohler, 2013)
monitored by the Norwegian Polar Institute (NPI) to calibrate
and validate the model; two tidewater glaciers, HDF and
KNG, and two land-terminating glaciers, BRB and MLB.

3. DATA

3.1. Surface DEM and glacier mask

We use a Digital Elevation Model (DEM) with a 5 m horizon-
tal resolution, constructed by the NPI from aerial surveys in

2009 and 2010 (NPI, 2014), averaging values onto a 250
m x 250 m model grid. A recent model grid and the most
recent glacier mask (Kénig and others, 2014) is used through-
out the study period. Elevation and glacier outlines are
assumed to be constant throughout the simulation period.

3.2. Meteorological input

To force the model, we use 6 hourly weather station data
from Ny-Alesund (air temperature, air pressure, cloud cover
and relative humidity), and downscaled precipitation data
derived from the ERA-Interim re-analysis of the European
Center for Medium-Range Weather Forecast (Dee and
others, 2011). Pressure, cloudiness and humidity records
from Ny-Alesund are extrapolated to the model grid using
fixed lapse rates, extracted from HIRLAM regional climate
model output used in Van Pelt and Kohler (2015). In this
work, the temperature lapse rate (TLR) is an adjustable par-
ameter, the calibration of which is discussed in section 4.2.
Precipitation from ERA-Interim is available from 1979 at 6-h
intervals and at ~80 km horizontal resolution (Dee and
others, 2011). QOstby and others (2017) downscaled this
product to 1 km resolution over Svalbard using the linear
theory of orographic precipitation (Smith and Barstad,
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2004). In this study, we re-grid the 1T km product to our model
domain by linear interpolation and apply a spatial linear cor-
rection derived from the measured winter mass balance, to
reduce the biases of ERA-Interim precipitation.

3.3. Stake and glacier-wide mass balance

Mass-balance measurements of the two land-terminating gla-
ciers BRB and MLB started in 1967 and 1968, respectively,
while monitoring of KNG and HDF started in 1987 and
2004, respectively (WGMS, 2017). Seasonal mass balance
is measured using stakes drilled into firn/ice along the
glacier centrelines (Fig. 1). Stakes are measured twice a
year in April and September to yield winter (b,) and
summer (b,) balances. These point measurements (hence-
forth referred to as stake balances) are then extrapolated
using the glacier hypsometry to calculate glacier-wide
winter (B,,), summer (B,) and net (B,,) mass balances, assum-
ing a functional relationship between mass balance and ele-
vation. We use stake balances (winter and summer) for
calibration of climate parameters of the model (section 4.2).

4. MODEL AND SET UP

4.1. Model description

The model employed in this study simulates mass and energy
exchange between atmosphere, surface and the underlying
snow, firn and /or ice and it has been used previously by
Van Pelt and Kohler (2015) for the glacier system KNG and
HDF. Here, we use a different precipitation product for
forcing and add a separate subsurface scheme for the nongla-
cierized part of the domain to expand the application to the
entire Kongsfjord basin.

The model iteratively solves the energy-balance equation
for each time step to calculate the surface temperature. The
surface temperature is capped at the melting point and
excess energy is used to melt the surface. The meltwater
enters the subsurface snow/firn pack and serves as input to
the subsurface module.

The subsurface module is an update (Reijmer and Hock,
2008) of the SOMARS model (Simulation Of glacier Mass
balance And Related Subsurface processes; Greuell and
Konzelmann (1994)), which simulates the evolution of verti-
cal profiles of temperature, density and water content and

which has been repeatedly applied on Svalbard (Van Pelt
and others, 2012, 2014, 2016b; Gstby and others, 2013;
Ostby and others, 2017). Briefly, percolated meltwater
refreezes, depending on the subsurface temperature and
density of snowpack in each layer and excess meltwater, if
any, is routed vertically according to a tipping-bucket
scheme. As percolated meltwater refreezes, it releases
latent heat, which increases the temperature of the snow-
pack. Apart from gravitational densification, refrozen melt-
water increases the density of the snowpack. Runoff occurs
at the firn/ice transition in case a snowpack is present or at
the surface in case of bare-ice exposure. The model does
not consider any horizontal transport of water in between
grid cells since it requires explicit treatment of surface and
subsurface drainage, which is beyond the scope of the
study. The subsurface model comprises a vertically adjust-
able grid of 100 layers, the thickness of which increases
with depths by merging the 15th, 30th and 45th layers, and
which vary from 0.1 m to 0.8 m. For the nonglacierized
area, a subsurface soil model (Westermann and others,
2011) connected with the energy-balance model simulates
the heat conduction in the soil below the snowpack.

The CMB is the sum of the mass gain due to precipitation,
riming at the surface and mass loss due to runoff, sublimation
or evaporation. The winter balance refers to the period
between 1 September of the previous year and 15 April of
the current year, while summer balance corresponds to the
period between 16 April and 31 August. The net balance is
calculated as the sum of the winter and summer balances
i.e. it covers the period between 1 September of the previous
year and 31 August of the present year. Annual melt, refreez-
ing and runoff are also calculated over the same period.

4.2. Calibration of parameters

Van Pelt and Kohler (2015) calibrated parameters determin-
ing incoming shortwave and longwave radiation, turbulent
exchange coefficient and the albedos of snow and firn.
Here, we adopt their parameter values without further refine-
ment but calibrate TLR to achieve optimal agreement
between modelled and measured stake summer balances at
four glaciers (BRB, MLB, KNG and HDF; Fig. 3) by minimiz-
ing the RMSE value. Model calibration experiments are run
over the observation period at selected grid points where
observational data exist. Table 2 presents the calibrated par-
ameter values used for the model application to the whole
domain. We used similar TLRs for glaciers close to their
respective calibrating glaciers, i.e. we use the HDF TLR for
the glaciers in the north and the MLB TLR for the south
side of the fjord. Time series of glacier-wide winter (B,,),
summer (B,) and net balance (B, of the four mass-balance gla-
ciers BRB, MLB, KNG and HDF (Figs 4a—d) demonstrate that
the model reproduces year to year variability of mass
balance very well, thus giving confidence in the interannual
variability of precipitation forcing and TLR calibration.

4.3. Initialization

An initialization run is performed to generate suitable subsur-
face conditions (temperature, density and water content) for
the start of the simulation in 1979. At the start of the initializa-
tion, the density corresponds to that of ice (900 kg m ™), with
a constant temperature of 270 K and zero water content. We
perform 40 years of initialization in two steps, first running
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Fig. 3. Best match of modelled and measured stake winter (b, blue) and summer (b, Red) balance for all four mass balance glaciers (a) Austre
Broggerbreen (BRB), (b) Midtre Lovénbreen (MLB), (c) Kongsvegen (KNG) and (d) Holtedahlfonna (HDF) after calibration.

the model from 1979 to 1999 and then starting the second
iteration from the final state of the first iteration over the
same period.

5. RESULTS AND DISCUSSION

5.1. Climatic mass balance

The area-averaged climatic mass balance, snowfall, rainfall,
melt, refreezing and runoff over the period 1980-2016 for
the entire glacierized basin and the three subregions are
shown in Table 3. Figure 5 shows spatial distributions of pre-
cipitation, melt, refreezing and climatic mass balance.
Glaciers on the south and east sides of the fjord receive
less snowfall compared with the glaciers in the north, while
overall melt rates are highest in the south. The modelled

mean CMB of glacierized area of Kongsfjord is positive
(+0.23 mw.e.a”') for the period 1980-2016. The CMB
varies considerably between regions, however, with a strongly
negative CMB in the south (—0.43mw.e.a '), a weakly
negative mass balance in the east (—0.08 mw.e.a ') and
positive mass balance in the north (+0.61 mw.e.a™"). We
found glacier-wide mass losses for the (land-terminating) gla-
ciers on the south side, in agreement with the observed
retreat (Rippin and others, 2003; Kohler and others, 2018).
Glaciers in the north are at higher elevations, and experience
on average 56% more snowfall and 59% less melt compared
with glaciers in the south region. Glaciers in the north and east
are mostly tidewater glaciers and lose mass due to calving. For
HDF, calving rates at its tidewater terminus KRB have previ-
ously been estimated at —0.42+0.10 mw.e.a~' for 1966
2007 (Nuth and others, 2012), which suggests that the total

Table 2. Calibrated temperature lapse rates for mass-balance glaciers. Bias is defined as mean difference between modelled and measured

mass balance

Winter balance (m w.e.a™")

Glacier Temperature Summer Balance (m w.e.a™")
lapse rate (km™")
RMSE Bias RMSE Bias
Austre Broggerbreen 3.2 0.29 0.00 0.17 —0.04
Midtre Lovénbreen 3.2 0.25 0.02 0.17 —-0.07
Kongsvegen 3.8 0.26 —0.04 0.17 —0.08
Holtedahlfonna 4.2 0.22 —0.04 0.18 —-0.01
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mass balance is much more negative than the simulated CMB
of —0.05+0.26 mw.e.a”' for 1980-2016.

Overall, refreezing comprises 17% of the total accumula-
tion from precipitation and moisture deposition for the entire
glacierized part of the basin. Average refreezing amounts to
0.24mw.e.a”' and consists of similar contributions of
refreezing of percolating water (0.12 mw.e.a ') in spring/
summer and refreezing of stored irreducible and slush
water (0.12 mw.e. a~") in winter. For comparison, a mean
value for total refreezing of 0.30 mw.e.a”' was found on
HDF and KNG by Van Pelt and Kohler (2015). Refreezing
varies spatially, with lower values in the south (0.21 m w.
e.a ') than the north region (0.27 mw.e.a™"). The higher
refreezing rates in the north region are most likely due to
the relatively larger accumulation zones that allow deeper
water storage in firn and refreezing in the winter season.
Substantial refreezing also occurs in seasonal snow on soil
(0.21 mw.e. a~ "), most of which is related to rainfall events
during the cold season. Major refreezing events after heavy
rainfall during the core winter season can cause the forma-
tion of basal ice in the snowpack (Hansen and others,
2014; Van Pelt and others, 2016a, 2016b), which can dra-
matically impact food supplies of grazing herbivores in
Svalbard (Kohler and Aanes, 2004).

Time series of annual climatic mass balance, snowfall,
rain, melt and refreezing are shown in Fig. 6 for the entire

glacierized area and for the three subregions. The area-aver-
aged net balance has a weakly negative but nonsignificant
trend for the entire glacierized basin and the south and
north regions over the simulation period, whereas the trend
is significant for the east region (Table 4). Summer balance
has a weakly negative but significant trend for the entire gla-
cierized area, east and north region, while the trend in the
south region is nonsignificant over the simulation period
1980-2016 (Table 4).

We find an increasing trend of 0.12 Ka~',0.04 Ka™" and
0.09 Ka~! (with p < 0.005 for all) for mean winter, summer
and annual temperatures respectively (Fig. 7) over the simu-
lation period 1980-2016. We find correlations of —0.32
(p <0.06) and 0.77 (p < 0.01) between net mass balance
and mean summer temperature, and between net mass
balance and annual snowfall, respectively, for the entire gla-
cierized area. Net mass balance has a significant correlation
to the annual snowfall for the south, east and north regions,
with the strongest correlation observed in the latter region
(Table 5). The anticorrelation of net mass balance with
mean summer temperature is weakest and nonsignificant
for north region, however, the anticorrelation is stronger in
the east and south regions (Table 5), which indicates that
mass balance of glaciers in the south and east is more sensi-
tive to temperature than in the north. Winter precipitation
shows a positive but nonsignificant trend for the entire

Table 3. Area-averaged glacier wide climatic mass balance (B, Bs, By,), melt, refreezing and runoff for three regions and entire glacierized

area, 1980-2016

Area averaged (1980-2016): mw.e.a™ '

By B, B, Snowfall Rain Melt Refreezing Runoff
All Glaciers 0.73 —-0.50 0.23 0.99 0.19 1.01 0.24 0.97
South 0.58 —-1.01 —0.43 0.80 0.30 1.46 0.21 1.55
East 0.58 —0.66 -0.08 0.77 0.15 1.07 0.22 1.00
North 0.89 —-0.28 0.61 1.25 0.23 0.92 0.27 0.88
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glacierized basin (+0.0023 m w.e. a2, p <0.4) as well as

the south (+0.0024 mw.e. a %, p <0.3), east (+8.9x 10™*
mw.e.a %, p<0.7) and north (+0.0038 mw.e.a %, p <
0.3) regions over the simulation period 1980-2016. There
is a significant increasing trend in summer temperature,
which induces a negative and significant trend in summer
balance for the entire glacierized basin as well as in two of
the subregions (east and north). However, the summer
balance is compensated to a certain extent by the slightly
increasing winter precipitation for the entire glacierized
area as well as all subregions, thereby yielding a nonsignifi-
cant trend in the net climatic mass balance.

5.2. Runoff

Figure 8 shows time series of total annual runoff from the
glacierized subregions and nonglacierized areas. Runoff
from the nonglacierized area is mainly due to snowmelt
and comprises ~16% of the total runoff from the whole
basin over the simulation period. Runoff from seasonal
snow is limited by the amount of cumulative snowfall in
the cold season. Area-averaged runoff from glaciers is
largest in the south, followed by the east and north regions

(Table 3). Nevertheless, total glacier runoff is smallest in
the south due to the small glacier area; the east region con-
tributes the most fresh water to the fjord (Fig. 8). Differences
in runoff between glacierized and nonglacierized areas are
largest in years with warm summers due to high rates of
glacier ice melt after the disappearance of the seasonal
snow.

We find an increasing and statistically significant trend in
annual runoff from the glacierized area (6.83 x 10m3a™!
with p <0.09), and the east (3.47x10°m?a~" with p <
0.1) and north (3.1 x 10° m? a~" with p < 0.08) regions over
the simulation period, while a positive but nonsignificant
trend is observed in runoff from the south region (2.51 x 10
m>a !, p < 0.24). With future warming, runoff from all the
glaciers will increase substantially (see section 5.5).
Increased runoff volume will potentially lead to more rapid
vertical mixing of fresh water at the tidewater glacier front,
which would impact the fjord circulation (Sundfjord and
others, 2017) and promote more foraging of marine
mammals (Lydersen and others, 2014). Increased runoff from
land-terminating glaciers would lead to greater stratification
and affect the physical and chemical environment of the
fjord (Nowak and Hodson, 2013, 2015).
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5.3. Decadal changes

Figure 9 shows averages of climatic mass balance, snowfall
and rainfall as a function of elevation for the glacierized
area of Kongsfjord basin during four periods; 1980-89,
1990-99, 2000-09 and 201016 (7 years). The overall posi-
tive mass-balance gradient is especially pronounced for the
period 2010-16 (Fig. 9a), mainly driven by an increase in
snowfall at high elevations (Fig. 9b). On average, mass
balance is positive above 600 m a.s.l., with the major contri-
bution coming from glaciers on the north and northeast side
of the fjord. We find substantial increases in precipitation
(both snowfall and rainfall) at higher elevations of the basin
in the most recent period. However, there is no significant
change in snowfall at lower elevations, although rainfall
has increased substantially at all elevations. Average rainfall
during the last three decades was 0.15mw.e.a~ ' and has
increased by 27% in 2010-16 compared with 1980-2009.
In a warmer and wetter future Svalbard climate (Ferland
and others, 2011), rainfall is likely to further increase; with
most pronounced warming in winter, more rainfall is likely
to occur also during the cold season (Van Pelt and others,
2016a).

The mass balance of the entire glacierized area of
Kongsfjord has decreased over the last three periods (1990-
99, 2000-09, 2010-16) compared with the 1980-89
period, with 2000-09 having the lowest mass balance
(+0.08mw.e.a™ ) (Fig. 6). Melt and runoff in the 1990-
99 and 2000-09 periods increased substantially compared

with the 1980-89 period and decreased in 2010-16.
However, melt and runoff in 2010-16 has increased by 12
and 17%, respectively compared with 1980-89 (Fig. 6).
The average Equilibrium Line Altitude (ELA) of the glacier-
ized area has increased from 437 + 75 ma.s.l. in 1980-89
to 509+153 mas.t. and 572+ 110ma.s.l. in 1990-99
and 2000-09, respectively, decreasing to 517 +74 ma.s.l.
in 2010-16.

5.4. Subsurface variables

Figures 10a, b show the time-depth evolution of subsurface
density for the period 1990-2015 at two sites; one on a
glacier in the south region and the other on a glacier in the
north region (locations are shown in Fig. 1). The elevation
of both sites is ~610 m a.s.l., within the accumulation zone
of the respective glaciers. In spite of being at similar eleva-
tions, we find significant differences in the firn density evolu-
tion at these locations. The glacier in the south region has a
small accumulation area, and the proximity of the ELA inhi-
bits the formation of a thick firn layer. Firn almost disappears
at this location over the period 1998-2006, due to low snow-
fall and high melting. At a similar elevation in the glacier in
the north region, the significantly thicker firn started deplet-
ing between 1998 and 2006, caused by low snowfall in
this period, when all glaciers show most negative mass
balance. The site in the north region is higher above its
local ELA than the site in the south, thus leading to the

Table 4. Climatic mass-balance trend of three subregions and entire glacierized area with their corresponding p values

Region Winter Balance (B,,) Summer Balance (B,) Annual Balance (B,,)
South 0.0013 (p <0.6) —0.007 (p <0.15) —0.006 (p <0.28)
East 0.0001 (p <0.9) —0.0076 (p < 0.03) —0.0074 (p < 0.09)
North 0.0028 (p < 0.4) —0.0081 (p <0.03) —0.053 (p <0.28)
Entire glacierized area 0.0014 (p < 0.6) —0.0078 (p < 0.03) —0.0064 (p < 0.16)
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formation of a thicker snow and firn pack. Due to higher
snowfall in the post-2006 period, firn thickness starts to
increase, especially after 2011, at both locations.

5.5. Climate sensitivity

To reduce computational cost, sensitivity tests were con-
ducted at the mass-balance stake locations of the four NPI
study glaciers over the period 1979-2016. We performed
multiple runs perturbing air temperature (7), precipitation
(P) and cloud cover (C) uniformly over the simulation
period, without considering any seasonal variability.
Table 6 provides the sensitivities of net mass balance,
refreezing and runoff to perturbations in 7, P and C in
terms of anomalies to the long-term mean of the unperturbed
state for three glaciers (MLB, KNG and HDF). Altitudinal pro-
files of sensitivities of mass balance, refreezing and runoff for
six changing climate scenarios for KNG are shown in
Figure 11. Mass balance and runoff are generally more sen-
sitive to temperature than precipitation; runoff in the accu-
mulation zone is nearly insensitive to precipitation
changes. Refreezing has a complex response to changes in
precipitation and temperature (Fig. 11b). Increases in precipi-
tation lead to increased refreezing as a thicker snowpack has
a higher cold content and a larger pore volume. This pro-
motes both refreezing of meltwater in the early melt season
and refreezing of stored irreducible water after the melt
season. Similarly, reduced temperatures will increase snow
depth and the extent of the accumulation zone and will sim-
ultaneously enhance winter cooling, all of which contribute

Table 5. Correlation between winter snowfall and CMB and tem-
perature and CMB for three subregions and entire glacierized area

Region Winter snowfall-CMB Temperature-CMB
correlation correlation
South +0.63 (p < 0.01) —0.42 (p < 0.01)
Fast +0.68 (p < 0.01) ~0.37 (p < 0.03)
North +0.85 (p < 0.01) ~0.24 (p < 0.15)
Entire glacierized +0.77 (p < 0.01) —0.32 (p < 0.06)

area

to enhance refreezing. With the upward migration of the ELA
in a warming climate refreezing rates drop and runoff ampli-
fies. This explains the strong nonlinearity in the mass balance
and runoff sensitivity to temperature change at sites just
above the present ELA (Fig. 11). Table 6 shows that an
increase in cloud cover increases runoff and decreases
refreezing substantially.

5.6. Uncertainties

A substantial source of uncertainty in the presented results
comes from the small-scale variability of spatial snow distri-
bution that is not accounted for by the orographic precipita-
tion model. Local topography, wind speed and direction
influence snow deposition and distribution in mountainous
terrain like Kongsfjord basin (Hodgkins and others, 2005;
Lehning and others, 2008; Dadic and others, 2010).
Ignoring the small-scale variability of accumulation leads to
biases in the area-averaged mass balance as the mass
balance has a nonlinear response to snow accumulation
(Van Pelt and others, 2014). Another source of uncertainty
is that we used a fixed topography and ice extent throughout
the entire simulation, which adds uncertainty to the extrapo-
lation of elevation-dependent meteorological parameters,
such as temperature and precipitation, and to runoff due to
glacier length fluctuations. A 250 m x 250 m DEM would
not properly resolve the topography around smaller glaciers
leading to inappropriate shading, which would lead to uncer-
tainty in radiation budget for those glaciers.

We used fixed start and end dates to calculate the mass
balance of each year. Although in a warming climate the
mass-balance year may need to be redefined eventually, it
is convenient for comparison and to detect trends to have
fixed dates define the mass-balance year.

Extrapolation of stake data to a glacier-wide grid also leads
to uncertainty. In particular, the extrapolation of winter
balance may contain significant uncertainty due to potential
snow accumulation variability in our study region.

We used a fixed time-invariant TLR for different glaciers over
the simulation period which is another source of uncertainty in
the model, as cloud condition substantially affects the TLR
(Petersen and others, 2013; Matuszko and Weglarczyk, 2014;
Van Tricht and others, 2016).
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Table 6. Overview of mass-balance sensitivity (8B), refreezing sensitivity (3RE) and runoff sensitivity (8RU) to changing temperature (7), pre-

cipitation (P) and cloud cover (C) of three glaciers along their central line. Units are in m w.e. a

-1

MLB KNG HDF
Run 3B SRE SRU 3B SRE SRU 3B SRE S8RU
T+3K —=2.72 0.051 2.79 —2.41 0.028 2.46 -1.9 —0.011 1.93
T+2K =1.73 0.039 1.77 —1.50 0.015 1.53 —1.16 —0.019 1.18
T+1K —0.83 0.018 0.85 —0.69 0.003 0.71 —0.55 -0.014 0.55
T-1K 0.70 0.014 -0.71 0.56 0.022 -0.57 0.41 0.032 —0.42
T-2K 1.18 0.049 -1.20 0.99 0.054 —1.01 0.61 0.043 —0.62
T-3K 1.51 0.087 —1.53 1.29 0.071 —1.31 0.70 0.002 -0.71
P +30% 0.36 0.034 —0.02 0.33 0.032 —0.06 0.36 0.033 -0.10
P +20% 0.25 0.024 —0.02 0.23 0.023 —0.05 0.25 0.023 -0.07
P+ 10% 0.13 0.013 —0.02 0.12 0.015 -0.03 0.13 0.013 —0.04
P—10% —-0.12 —0.009 0.01 -0.12 —0.007 0.04 -0.13 —0.006 0.04
P—20% —0.28 —0.02 0.05 —0.26 —0.019 0.08 —0.26 -0.016 0.09
P—30% —0.45 —0.031 0.11 —0.40 —0.031 0.14 —0.40 —0.027 0.14
C+15% -0.16 —0.007 0.15 -0.13 —0.006 0.12 —0.11 —0.011 0.1
C+10% -0.12 —0.004 0.12 -0.09 —0.002 0.09 -0.07 —0.006 0.07
C+5% -0.07 —0.002 0.07 —0.05 0.002 0.05 —-0.03 —0.001 0.03
C—=5% 0.2 0.006 -0.19 0.18 0.011 -0.17 0.19 0.016 -0.19
C—-10% 0.36 0.014 —0.34 0.33 0.019 —0.31 0.33 0.027 —0.31
C—-15% 0.48 0.023 —0.46 0.45 0.028 —0.43 0.42 0.037 -0.4
Sensitivity values of BRB are similar to MLB and therefore not shown here.
a Mass Balance: KNG b Refreezing: KNG - C Runoff: KNG
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Fig. 11. Sensitivities to perturbations in temperature (7), precipitation (P) and cloud cover (C) of (a) mass balance, (b) refreezing and (c) runoff

along the centreline of Kongsvegen (KNG).

Finally, observations used for model calibration and valid-
ation do not include any glaciers in the north region, which
increases the uncertainty of the results in this region. More
observational data from this region will help to constrain
uncertainties.

6. CONCLUSIONS

We use a surface energy-balance model coupled with a
subsurface snow/firn model (Van Pelt and others, 2012) to
simulate the long-term (1980-2016) evolution of the CMB
of glaciers and the associated fresh water flux into the
Kongsfjord basin. The model is forced with downscaled
ERA-Interim precipitation and climate data extrapolated
from the nearby meteorological station in Ny-Alesund,

on a 250 m x 250 m grid. Calibration is performed by
adjusting the TLR to match the measured summer balance
data.

Results indicate that glaciers of Kongsfjord basin show
wide variability in mass balance from south to north and
from west to east. The CMB of the entire Kongsfjord basin
is estimated to an average of +0.23 mw.e.a”' over the
simulation period. Glaciers in the north region of
Kongsfjord show overall positive CMB and are least sensitive
to temperature perturbations, whereas glaciers in the south
and east regions show overall negative CMB and are more
sensitive. The net CMB of the entire glacierized basin
shows a weakly negative but nonsignificant trend, although
summer balance has a negative and significant trend over
the simulation period 1980-2016.



954 Pramanik and others: Climatic mass balance, seasonal snow, and runoff evolution in Kongsfjord basin

Comparison of mass-balance components during the
periods 1980-89, 1990-99, 2000-09 and 2010-16 shows
a lowest CMB (+0.08 mw.e.a” ') in the 2000-09 period.
The most recent period (2010-16) had above-average pre-
cipitation, which could be related to recent retreat of Arctic
sea-ice cover and increasing winter temperatures. Increase
in snowfall is observed only at higher elevation but rainfall
increases throughout the domain.

Refreezing accounts for 17% of the total mass gain and is
higher in the north (0.27 m w.e. a™") than in the south (0.21
mw.e.a”"). Snowmelt from nonglacierized areas in early
summer contributes 16% of the total runoff to the fjord,
while the remaining 84% is from glacier runoff. The largest
contribution to total runoff comes from the east region. We
find a significant increase in runoff trend over the simulation
period from the entire glacierized area.
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ABSTRACT

Subglacial discharge plumes increase submarine melting of marine-terminating glaciers
significantly; however, in-situ data on their properties and behaviour are limited. We present
oceanographic data collected by ringed seals (Pusa hispida) instrumented with GPS-equipped
conductivity-temperature-depth satellite relay data loggers (GPS-CTD-SRDLS) in
Kongsfjorden, Svalbard during 2012. The seals foraged just outside the plumes and collected
hydrographic data from within the plumes’ upwelling cores as they returned to the surface.
The seals encountered water with fractions of subglacial discharge as high as 27% at 60
metres below the ocean surface. The ringed seals responded rapidly to spatial and temporal
variations in subglacial discharge at the glacier terminus, suggesting that prey is quickly
available after the appearance of a plume. The seals’ dive locations were used to monitor the
presence of plumes over a four-month period. High surface runoff from Kronebreen
catchment drove strong plumes, but weak plumes were present even during periods of low
surface runoff. The continued retreat of Kronebreen, and other tidewater glaciers, will lead to
the loss of these marine-termini as the glaciers retreat onto land. This technique presented
here improve our understanding of the drivers of glacial retreat and the implications of future
habitat loss for glacier-associated birds and mammals.
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Abstract:

Tidewater glacier calving provides the most direct mechanism of ice transfer from land to the
ocean. However, the physical melt processes influencing calving remain challenging to
constrain. In this study we focus on calving rates at Kongsbreen, a tidewater glacier in
Svalbard, due to three mechanisms of submarine melt: (1) free convection, (2) horizontal fjord
circulation, and (3) meltwater discharge. To calculate an overall calving rate, we measure
glacier velocity and terminus change using Sentinel imagery. We calculate free convection,
fjord circulation, and meltwater discharge calving using mooring data for mid-fjord ocean
temperature (3080 m depth), reanalysis results for meltwater runoff, and georectified time-
lapse imagery to track icebergs and infer surface circulation. Results show that the total
glacier calving rate is highly correlated with ocean temperature during the 2016 melt season.
When runoff was present, we found that subglacial discharge accounted for calving rates an
order of magnitude greater than the maximum calving rates assigned to the other two melting
mechanisms combined. Further, subglacial discharge at Kongsbreen was more efficient in
inducing calving later in the season than earlier in the season, implying that the increase in
ocean temperatures, the timing of meltwater discharge within a melt season, and/or the
development of discrete meltwater exit channels are critical components to calving rates. As
the recent atmospheric warming trend and subsequent increase in meltwater discharge is
expected to continue, it is essential to understand the processes contributing to an increase in
glacier calving and incorporate these processes into predictive models.
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Abstract

Freshwater discharge from tidewater glaciers impacts primary production in fjords. Due to
global warming these glaciers are retreating, leading to increased glacial meltwater inflow.
Yet, the mechanisms through which meltwater runoff and subglacial discharge from tidewater
glaciers influence marine primary production remain poorly understood as data in close
proximity to glacier fronts are scarce. Here, we show that subglacial meltwater discharge from
tidewater glaciers and the bedrock characteristics of the catchments control primary
production in Kongsfjorden, Svalbard. In the southern part of the inner fjord, glacial melt
water from subglacial discharge was rich in fine sediments derived from erosion of Devonian
Old Red Sandstone and carbonate rock deposits, limiting light availability for phytoplankton
(0.6 mg m™ Chl a on average, range 0.2-1.9 mg m™ 43). In contrast, coarser sediments
derived from gneiss and granite bedrock and lower subglacial discharge rates were associated
with more favourable light conditions facilitating a local phytoplankton bloom in the northern
part of the inner fjord with mean Chl a concentration of 2.8 mg m™ (range 1.3-7.4 mg m=). In
the northern part, glacier meltwater was a direct source of silicic acid through weathering of
the silica-rich gneiss and granite bedrock. Upwelling of the subglacial freshwater discharge
plume at the Kronebreen glacier front in the southern part entrained large volumes of ambient,
deeper nutrient-rich fjord waters which led to elevated surface concentrations of ammonium,
nitrate and partly silicic acid. Total dissolved inorganic nitrogen transported to the surface
with the upwelling of the subglacial plume can sustain up to 24% of the mean summer
primary production in Kongsfjorden with ammonium released from the seafloor being of
particular importance. Our analysis reveals that subglacial discharge at the tidewater glaciers
in Kongsfjorden, overall, fuels primary production in an extended part of the fjord by
inducing nutrient upwelling of deeper waters to the euphotic layer during the melt season.
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