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Resumé

Det Arktiske Hav ligger i den region der oplever Jordens hurtigste temperaturstigninger
og er samtidig det mest utilgaengelige hav i verden. Afsmeltning af is, gget ferskvand
og havopvarmning pavirker havniveauet i Arktisk og dens indflydelse pa den globale
oceancirkulation. Satelitmalinger af havniveau i Arktis er besveerliggjort af varierende
havis og store ismasseaendringer pa land. Denne ph.d.-afhandling har til formal at kvan-
tificere de enkelte bidrag til havniveauaendringer i Arktis og derved @ge forstaelsen af
klimapavirkningerne, samt validere fiernmalte havniveausendringer i det Arktiske Hav.

Radar altimetri har observeret havniveauaendringer i Arktis siden 1991, men havis-
daekket reducerer antallet af observationer betydeligt. Altimetrimalinger bliver yderligere
forveerret af udfordringer ved at adskille yngre havis og smeltes@er oven pa is fra spraekker
mellem havis og abent hav, med store lokale variationer imellem metoder til falge.
Ocean masseaendringer observeret af GRACE-satellitterne siden 2002 er pavirket af
store massetab pa land, som overskygger de mindre masseandringer i havet. Selvom
forskellige procedurer er brugt til at separere aendringer pa land fra dem i havet, varierer
masseaendringer imellem 2 til 15 mm per ar i det indre Arktis. Andringer i havniveauet
forarsaget af aendringer i salinitet (halosterisk) og havtemperatur (termosterisk) er ofte
estimeret fra forskellen mellem GRACE og altimetri, hvilket er en tvivisom metode taget
i betragtning af hvor tvetydige satellitprodukterne er.

| dette studie bruges en ny metode til at skabe et satellituafhaengigt steriske havniveaupro-
dukt, kaldet DTU Steric. Fra over 300.000 malte temperatur- og salinitetsprofiler dannes
et arktisk temperatur og salinitets grid, som bruges til at beregne de steriske aendringer.
Produktet viser at gget ferskvand i det Arktiske Hav giver tydelige havniveaustigninger
ved den vestrussiske kyst (10-20 mm per ar) og i Beauforthavet (10-15 mm per ar). Op-
varming af havet giver en mere ensartet og svagere havniveaustigning (1-5 mm per ar)

i det meste af det Arktiske Hav, hvor koldere vand i den gstrussiske del af Arktis giver
et havniveaufald (2-4 mm per ar).

Ved at kombinere DTU Steric og GRACE-'mascons’ fra NASA JPL, opnas en god ko-
rrelation (R = 0,61-0,76) med altimetrimalinger. Store forskelle er dog iszer tydelige
langs den russiske kyst. For at kunne validere resultaterne med tidevandsmalinger,
kreever det ngjagtige estimater af vertikale landaendringer (VLM). Iseer i Arktis, hvor
VLM fra den forhistoriske isafsmeltning (GIA) og elastisk VLM fra aendringer i nutidens
ismasser (PDIL), giver betydelig VLM som pavirker tidevandsmalerne. Ved at anvende
en ismodel i hgj oplagsning fra 1995-2015 skabes en dynamisk elastisk VLM-model som
daekker hele Arktis. Den malte VLM ved 54 GNSS-lokationer nord for 50 °N er forklaret
ved at kombinere elastisk VLM med GIA. VLM-modellen viser, at elastisk VLM fra PDIL
er betydelig selv i omrader langt vaek fra ismasser. | Danmark laver PDIL en landhaevn-
ing pa ~0,5 mm per ar, hvilket modvirker havniveaustigningerne fra smeltende iskapper
betydeligt.

Ved at anvende bade DTU Steric og VLM-modellen vurderes havniveauzendringer fra
1995-2015 malt fra altimetri og ved tolv VLM-korrigerede arktiske tidevandsmalere. |
stedet for GRACE, bruges modellerede geoideaendringer fra PDIL og GIA, samt et dy-
namisk massebidrag fra en oceanografisk model som estimat for massbidraget i Ark-
tis. For 11 af 12 tidevandsmalere og for 98 % af det Arktiske Hav er havniveaueen-
dringerne forklaret indenfor usikkerheden (1 o). Usikkerhed forbundet med det dy-
namiske massebidrag og med de steriske havniveauaendringer i omrader med darlig hy-
drografisk datadaekning mindsker praecisionen. Ved at indrage seneste og kommende
satellitmissioner kan valideringen af de preesenterede resultater forbedres betydeligt.
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Abstract

The Arctic Ocean is in the region with the fastest warming on Earth and is also the most
inaccessible ocean in the world. Deglaciation of ice, ocean freshening, ocean warming
changes the Arctic Ocean sea level and the relation to the global ocean circulation.
Satellite measurements of Arctic sea level is challenged by varying sea ice and large
ice mass changes on land. This PhD-thesis aims to quantify each of the contributions
to sea level change in the Arctic Ocean and thereby improve the comprehension of the
effects of climate change and validate sea level observations from remote sensing on
the Arctic Ocean.

Radar altimeters have observed sea level changes in the Arctic since 1991, but the
sea ice cover significantly limits the observations. Challenges of separating younger
sea ice and meltponds on top of ice from leads between sea ice floats and open ocean
furthermore exacerbates altimetric observations, resulting in large discrepancies among
products. Mass changes observed by the GRACE-satellites since 2002 are affected
by large deglaciation on land that overshadows smaller changes in the ocean. Even
though different procedures for separating changes on land and in ocean estimates
of mass changes vary between 2 and 15 mm y—! in the interior Arctic. To estimate
sea level anomalies caused by changes in ocean salinity (halosteric) and temperature
(thermosteric), studies often rely on the difference between GRACE and altimetry, which
is an arguable approach considering the large ambiguity of the satellite products.

In this study, an original approach is taken to create a satellite independent steric sea
level product, called DTU Steric. From over 300k temperature and salinity profiles is a
Arctic temperature and salinity grid compiled, which is used to compute steric changes.
The product shows increased freshwater in the Arctic Ocean gives a significant sea
level rise at the west coast of the Russian Arctic (10-20 mm y~!) and in the Beaufort
Sea (10-15 mm y—!). Ocean warming causes a more uniform and smaller sea level rise
(1-5 mm y~1) in most of the Arctic Ocean, while cooler water results in sea level fall in
the east Russian Arctic (2 - 4 mm y~1).

By combining DTU Steric and GRACE mascons from NASA JPL, good correlation (R=0.61-
0.76) is reached with altimetric observations. Large discrepancies are however in par-
ticular evident along the Russian Arctic. To validate the results with tide gauges along
the coast requires accurate estimates of vertical land movement (VLM). In particular
in the Arctic, where glacial isostatic adjustment (GIA) from prehistoric deglaciation and
elastic VLM from changes in present-day ice loading (PDIL), creates significant VLM
that affects tide gauges. By applying a high-resolution ice model from 1995-2015, a dy-
namic Arctic-wide elastic VLM-model is created. The measured VLM at 54 GNSS-sites
north of 50°N is explained by the elastic VLM-model with GIA. The model shows, that
the elastic VLM from PDIL is non-negligible in regions far away from glaciated areas.
In Denmark creates PDIL an uplift of ~ 0.5 mm y~!, which is significantly mitigating the
associated barystatic sea level rise.

Utilizing both DTU Steric and the VLM-product, are sea level trends from 1995-2015
from altimetry and at twelve VLM-corrected Arctic tide gauges assessed. Instead of
GRACE, the modeled geoid changes from PDIL and GIA and dynamic mass changes
from an oceanographic model are used as estimate for the mass component. For 11
of 12 tide gauges and 98% of Arctic Ocean is the sea level trend explained within the
standard error (10). Uncertainties associated with the dynamic mass contribution and
the steric height sin areas with poor hydrographic data coverage attenuates the preci-
sion. By applying latest and upcoming satellite-missions can significantly improve the
validation of the results presented.
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1 Introduction

1.1 The Arctic in a Changing Climate

The Arctic is the region on Earth most affected by anthropogenic climate change. Sur-
face temperatures in the Arctic have over the last two decades increased with more than
double the global average (Richter-Menge et al., 2017; Meredith et al., 2019), while two
of the latest winters (2016 and 2018) have been 6 degrees above the 1981-2010 average
(Meredith et al., 2019). In the latest summer (2020) parts of Siberia experienced the high-
est temperatures ever registered in the Arctic, with maximum temperatures measured in
Verkhoyansk (67.33°N, 133.32°E) with 38 C°on June 20, 2020 (WMO, 2020), which is 15-
20 C°above the 1981-2010 average for June. The main driver of the rapid Arctic warming
(called Arctic Amplification, figure 1.1) is the decreasing albedo effect from reduced sea
ice and snow cover (Pistone et al., 2019), but also enhanced atmospheric and ocean heat
transport is favoring a warmer Arctic (Stuecker et al., 2018).

Reduction in sea ice increases Increased clouds reflect
absorbed solar radiation solar radiation
and ocean heat storage

- Jflncreased downward
\mrared radiation

Downwafrd surface Increased ocean Ocean heat transport
turbulent heat flux heat storage into the Arctic Warmer atmosphere leads

f sea ice more vulnerable

Warm, sunlit season

Q 14
w

Increased downward infrared
radiation warms the surface and
inhibits sea ice thickening

Warm, moist air advection into
the Arctic by wave propagation
—~ from lower latitudes

Increased surface turbulent heat : é I
fluxes transfer heat stored in the =
ocean to the atmosphere

Seasonal energy transfer via
ocean mixed-layer heat storage

- w

Warm, moist air;dvection into
the Arctic by wave propagation
from lower latitudes

Deeper ocean
mixed layer

Ocean heat transport
into the Arctic

Figure 1.1: Schematic picture of the most important processes of Arctic Amplification.
Direct processes are shown with orange arrows, remote processes are purple and inter-
seasonal processes are indicated with orange/black arrows. Courtesy of Nature Climate
Change, Cohen et al. (2020).

The warming Arctic has multiple consequences, with loss of ice on land and sea as the
most prominent. The Gravity Recovery and Climate Experiment (GRACE), has measured
Earth’s gravity field since 2002. Estimates from GRACE of the mass loss of the Greenland
Ice Sheet shows an average of 281 Gt y~! from May 2002 to August 2016 equivalent to
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Figure 1.2: Left: Change of Greenland Ice Sheet as measured by GRACE from May 2002
to Aug 2016 from NASA Jet Propulsion Laboratory (2020). Right: March and September
Sea ice concentration trend from 1979-2018 based on satellite images (Stroeve and Notz,
2018).

0.78 mm of global sea level rise (SLR) every year. For the same period Arctic glaciers
outside Greenland lost 152.5 Gt y~! of ice (eq. to 0.42 mm y~! SLR) (Wouters et al.,
2019), which is three-fourths of the global glacial ice loss.

Sea ice in the Arctic reaches its largest extent in March and lowest extent in September.
The area of September sea ice has decreased with more than 12% per decade since
1979 (Onarheim et al., 2018), which is shown in figure 1.2. The loss of sea ice is particular
evident in the Beaufort Sea and the East Siberian Sea (see figure 1.4 for a map of the
Arctic Ocean). The share of sea ice older than 5 years has decreased from 30% to just
2% from 1979 to 2018 and first-year sea ice is now covering over half of the Arctic Ocean
sea ice area, which is thinner and more vulnerable (Stroeve and Notz, 2018). While there
is a natural variability in Arctic sea ice extent, at least 50% of the sea ice loss can be
attributed to climate change (Meredith et al., 2019).

Decreasing land and sea ice also significantly affects the Arctic Ocean. Both processes
release vast amounts of freshwater into the Arctic. Decreasing sea ice also enhances
solar radiation reaching the ocean surface and opens up for increasing surface dynamics
caused by wind stress over the Arctic Ocean (Watanabe and Hasumi, 2005; Giles et al.,
2012; Martin et al., 2014).

All of the above mentioned processes alters the topography of the sea surface by either
changing the mass or the density of the water column. Thus is the Arctic Ocean at the
frontier of the most prominent effects of present-day climate change and understanding
the causes of sea level change in the Arctic Ocean is understanding the consequences
of climate change.

1.2 The Arctic Ocean - the Overlooked Mediterranean at the
Top of the World

The Arctic Ocean represents less than 5% of the global ocean surface and less than
2% of the ocean volume (exact numbers depend on definition). Change in sea level has
historically been observed with tide gauges along coasts with first records starting in the
late 18th century in Europe. Historical records from the Permanent Service for Mean Sea

2 Sea Level Change in the Arctic Ocean
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Figure 1.3: Sea level change from 1993 to 2019 as measured by satellite altimeters from
NOAA (https://star.nesdis.noaa.gov/socd/Isa/SealevelRise).

Level (PSMSL, (Holgate et al., 2012)) show that tide gauges are unevenly distributed with
most records in Europe and North America, which has made it difficult to compose a global
sea level estimate. This changed in 1992 when satellite altimeters started measuring sea
level and regional patterns of sea level change became visible (shown in figure 1.3). As
figure 1.3 also shows, the polar regions are often blended and not considered in global
mean sea level (GMSL) (Church and White, 2011; Fasullo and Nerem, 2018). One reason
is that many of the satellites have an orbit inclination of 66°, thereby only covering between
66°N and 66°S. Even though multiple satellite missions provide continuous cover up to
82°N since 1991 (Rose et al., 2019), permanent and seasonal changing sea ice cover
makes it challenging to get consistent measurements. GMSL (without the polar regions)
has shown a trend of 3+0.4 mm y—! (Nerem et al., 2018) from 1993-2018. Nerem et al.
(2018) detected an acceleration of 0.084 +0.025 mm y—2, which means, if the acceleration
persists, that GMSL will in total rise 65 &+ 12 cm from 2005 to 2100, with at least 78%
originating from ice loss of Antarctica (0.0332 mm y—2), Greenland (0.0236 mm y—2) and
glaciers (0.0094 mm y~—2) .

Sea Level studies in the Arctic Ocean has in the past also relied on tide gauges (Proshutin-
sky et al., 2004, 2009; Henry et al., 2012), while in the last decade a number of satellite-
based estimates of Arctic Sea Level has emerged (Prandi et al., 2012; Cheng et al., 2015;
Armitage et al., 2016; Carret et al., 2017; Rose et al., 2019; Veng and Andersen, 2020).

The spatial pattern of Arctic sea level change is consistent among the studies. The most
significant feature is the ’"doming’ (Regan et al., 2019) of the Beaufort Sea, with an rise up
to 2 cm yr—1(Giles et al., 2012; Armitage et al., 2016; Rose et al., 2019). It is caused by
anticyclonic winds create an inwards Ekman tranport (Giles et al., 2012; Armitage et al.,
2016). The gyre is thereby accumulating freshwater from decreasing sea ice that is lighter
than saline water, which results in a strong SSH-trend (Giles et al., 2012).
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Figure 1.4: Left: Map of the Arctic Ocean with named areas which are used throughout
this thesis. Map is adapted from James et al. (2016). Bathymetry is from IBCAO3.0
(Jakobsson et al., 2012). Right: Map of the main surface currents in the Arctic domain and
connections to the adjoining oceans. Map is taken from Arctic Monitoring and Assessment
Programme (AMAP) report 1998 (AMAP, 1998), site:https://www.amap.no/documents/
doc/surface-ocean-currents-in-the-arctic/566.

Figure 1.4 shows the different seas and bathymetry of the Arctic Ocean. The seas along
the Siberian Coast are shallow (<200 m deep), while the Beaufort Sea has depths below
1000 meters and the interior of the Arctic Ocean extends down to depths below 4000
meters. The Arctic Ocean is a mediterranean sea almost entirely surrounded by land.
Atlantic waters enter the Arctic Ocean through the Fram Strait and Barents Sea, while a
smaller inflow of pacific water comes through the Bering Strait into the Chukchi Sea, which
again mostly exits through the Fram Strait. Although the Arctic Ocean is geographically
limited by the surrounding land, the Greenland Sea, Norwegian Sea and Baffin Bay are
included when discussing changes in the Arctic Ocean (Carret et al., 2017; Ludwigsen
and Andersen, 2020; Raj et al., 2020).

Besides the Beaufort Gyre the main current in the Arctic Ocean is the Transpolar Drift,
which leads water and sea ice from the East Siberian and Chukchi Seas across the Arctic
Ocean and out through the Fram Strait (a.0. Armitage et al. (2018)).

1.2.1 Arctic Oscillation

Sea level in the Arctic Ocean correlates with the Arctic Oscillation (AO) (Armitage et al.,
2016; Raj et al., 2020). The AO-index is defined from sea level pressure (SLP) anomalies
north of 20°N (Thompson and Wallace, 1998). A positive AO-index favors a strong zonal
SLP, high pressure in the North Atlantic and Pacific between 30 and 45 °N and low pres-
sure over the Arctic, with the jet stream dividing the low and high pressure regions, which
confines the cold air over the Arctic and enhances the circular wind pattern around the
Arctic. In its negative phase the zonal SLP-differences are weakened, allowing for more
cold Arctic air to penetrate southward and Arctic winds become more distorted. Daily and
monthly values of AO-index is published by National Oceanic and Atmospheric Adminis-
trations (NOAA) and is strongly related to the North Atlantic Oscillation (NAQO) (Wallace

4 Sea Level Change in the Arctic Ocean
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Figure 1.5: Left: Leading pressure pattern of Arctic Oscillation Index from NOAA Climate
Prediction Center. Right: Arctic Oscillation index since 1980. Monthly data from NOAA.

and Gutzler, 1981).

During positive AO, a cyclonic wind pattern builds up sea level on the continental shelf of
the Siberian Seas to the east, while negative AO-regimes favor a pattern with sea level
fall in the Siberian Seas (Armitage et al., 2018).

1.3 Components of Sea Level Change

Longterm sea level change (SLC, S), as measured by satellite altimetry, can be divided
into components of sea level change due to change in mass Sy and change in density,
which is called steric sea level change Sgr:

S = Sy + Sgr (1.1)

Sgr is further divided into change of halosteric sea level, Syg which originates from
changes in salinity and termosteric sea level change, Srg, which is due to changes in
ocean temperature. While on global scale Sy is by far the largest steric component, Sy g
is significant in the Arctic, because the water expansion at low temperatures is limited and
changes in freshwater are eminent in the Arctic (Morison et al., 2012).

The mass component, Sy, can be split into the mass coming from present-day changes
of landbased ice (S;), a component accounting for viscoelastic mantle flow from glacial
isostatic adjustment (GIA) (S¢14), a barotropic component originating in wind forcing (Sy)
and a component that accounts for any other land-to-ocean mass flux that does not orig-
inate from ice (S¢). While a lot of temporal and spatial variability comes from Sy and S¢
(Calafat et al., 2012; Dangendorf et al., 2014), the main mass component of regional and
long-term S is S; (WCRP, 2018; Frederikse et al., 2018). Changes in atmospheric pres-
sure, called Inverse Barometer (IB) is theoretically also a part of Sy, but is often corrected
for in altimetric SLA-products and hence included in S (Rose et al., 2019).

S =S+ Sara+Sw+Sc+ Sus+Srs (1.2)

mass components steric components

S; is not globally uniform because the changed loading also alters the geopotential field
of Earth’s surface, the geoid, due to the change in gravitational attraction from land-to-
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ocean mass fluxes. Farrell and Clark (1976) wrote the temporal (¢) and spatial (w) sea
level change associated with a changed loading on Earth’s surface in a simple form as:

R(w,t) = G(w,t) — U(w,t) + c. (1.3)

where G is the change in geoid height and U is the vertical isostatic change of the solid
earth that results from changed loading on Earths surface, called Vertical Land Motion
(VLM). The spatially invariant, ¢, ensures mass conservation. From equation 1.3 follows,
that R is the SLC that would be observed from a position on the solid earth, e.g. the coast
and thus equivalent to the sea level measured by tide gauges. R is commonly referred to
as relative sea level (RSL) change. From a perspective of altimetry, sea level is measured
with respect to Earths center of mass (CM) (Wu et al., 2012), which is called absolute sea
level (ASL) and is invariant of . Geoid-driven sea level change is caused by any mass
changes on Earth and is sometimes referred to as N (Spada, 2017) and hence is

N=G+c (1.4)

N can further be split into different sources of ice loading (e.g. Greenland, glaciers,
Antarctica, S7) and GIA (= Sgr4) which is done in chapter 3 and in the third publication
(chapter 6).

c is equivalent to global-mean geocentric sea level change (Gregory et al., 2019) and
includes the SLC from ice sheets averaged over the oceans (barystatic sea level change)
and secondly, it includes the fact that U is changing the shape of the ocean basin, which
in turn changes the sea level. From Spada (2017) ¢ can be defined as:

_ _Mlpw
Ao

_?
% U) (1.5)

The first term is the barystatic sea level change, where Mj is the total mass of the changed
surface loading, p, is the density of ocean water and Ag is the ocean surface of the Earth.
<> marks the average over Earth’s ocean surface. Because changes of shoreline is
neglected, Ao is assumed to be a constant.

By rewriting equation 1.3 and assuming that Sgp has no influence on the geoid, the ASL
change (5) is related to the RSL change (R) by VLM (U), which is essential when sea
level from altimetry is compared to sea level measured by tide gauges.

S=R+U (1.6)

Similar to N, U can also be divided into different sources of change in surface loading,
e.g. ice loading and GIA.

6 Sea Level Change in the Arctic Ocean



2 Data availability in the Arctic Ocean

This chapter focuses on the geophysical data that are used for this research of the Arctic
Ocean. The main challenge of doing research in the Arctic and specifically the Arctic
Ocean is the poor coverage of data due to the unfriendly environment and associated high
costs. Continuous in-situ records require maintenance and robustness, which furthermore
is challenged by strenuous accessibility. Data of the Arctic Ocean is separated into data
from in-situ measurements and remote sensing. Additionally, one oceanographic model
is presented which naturally is constrained by both in-situ data and remote sensing.

2.1 In-situ measurements

In-situ measurements have the advantage that minimal interpretation is necessary, since
the physical property is measured on location. Before the satellite era (starting in 1991),
in-situ measurements were the only source of repeated physical data in the Arctic.

211 Tide Gauges

Using tide gauges is the only direct way to measure sea level without using remote sens-
ing. A tide gauge is fixed to the known local reference on land, which means it mea-
sures sea level change relative to Earth’s surface and thus called relative sea level (RSL).
PSMSL (psmsl.org, (Holgate et al., 2012)) is a global repository of long-term tide-gauge
data, with a monthly or annual temporal resolution.

Since the 1980’s 127 tide-gauges from PSMSL are located above 60°N, with around 100
of them located towards the Arctic Ocean or its connecting seas. A significant shut down
of stations in particular in the Russian Arctic means that less than half of the stations have
data in 75% of the years since 1980. Most stations with complete or near-complete sea
level records are located along the Norwegian Coast.

2.1.2 Hydrographic data

Hydrographic data are measures of the physical properties of water. Throughout this
work, we only use temperature and salinity measurements of the water column, so-called
T/S-profiles to generate steric sea level heights. Since the beginning of year 2000, the
ARGO-mission has created a mask of floats, that repeatedly obtains T/S-profiles from the
surface down to 2000 meters depth. At present, nearly 4000 floats have been deployed
by ARGO, but due to the sea ice cover in the Arctic, only very few T/S-profiles have been
collected in the northern latitudes, and most of them in the Norwegian Sea with few in the
Chukchi Sea (see figure 2.3 for a map of locations of ARGO floats at July 4th, 2020).

Buoys designed for Arctic environment that dive below the sea ice, so called Ice-Thetered
Profilers (ITP) take consistent measurements below the sea ice down to 500-800 meters
depth. They are deployed by Woods Hole Oceanography Institution (WHOI), and are
mainly located in the Canadian Arctic and the Beaufort Sea. Most profiles in the Arctic
Ocean are obtained from ships, that either breaks through the ice or sail in the ice-free
ocean during the summer. These mission-based data collections, are creating a spatial
and temporal bias, because areas with no or thin ice can be visited more frequently during
summer months. The Unified Database for Arctic and Subarctic Hydrography (UDASH)
(Behrendt et al., 2017), is a repository that collects all available T/S-profiles north of 60°N
from 1980 to 2015. Data from the World Ocean Database, Institute of Marine Research in
Norway, ARGO and ITP’s from WHOI have been added to extend the dataset up to 2018.

Sea Level Change in the Arctic Ocean 7
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Figure 2.4: Left: Ocean temperature (C°) within at max 5m depth for all hydrographic
data available since 1990 used for the DTU Steric product. Right: Same as left, but with
salinity (psu).

Location and near-surface temperature and salinity for all available T/S-profiles from 1990-
2018 is shown in figure 2.4. It is visible that the Arctic Ocean has sub-zero temperatures,
going down to -2°C which is where sea water with average salinity freezes. Figure 2.4
also shows, that the Beaufort Gyre has fresher water with salinity values around 28 psu,
which in turn has a warmer freezing temperature. Distinct is also the freshwater outflow
from Russian rivers in the Arctic, with low salinity values in the Kara and Laptev Seas (a.o.
Povalishnikova et al. (2018); Osadchiev et al. (2020)). In total, over 300k T/S-profiles are
available in the Arctic from 1990-2018.

2.2 Remote Sensing

Measuring the Arctic Ocean from satellites is a convenient way to get repeated and con-
sistent data with extensive spatial coverage. While measurements from flights and in
some cases drones are also widely used in the Arctic, in particular for the purpose of val-
idation and localized research, only remote sensing data from satellites are included in
this work - more specifically satellite radar altimetry and gravitational measurements from
GRACE.

2.2.1 Satellite Altimetry

Radar altimetry from satellites (henceforth called satellite altimetry) measures the travel
time of the return radar pulse from a satellite orbiting in a known height relative to the
reference ellipsoid. If the travel time is multiplied by the speed of light is the distance
between the satellite and the surface obtained. Over the ocean, the height between the
reference ellipsoid and the surface is called sea surface height (SSH). The change in SSH
is equivalent to S in equation 1.1. The shape and power of the reflected signal, the wave-
form, is used to estimate the range, but can also be used to estimate different physical
surface properties, such as wind speed, significant wave-height (SWH) and surface type.

The altimeter transmits over 1000 pulses every second, but the waveforms are usually
averaged over 1/20 second (20 Hz) before they are analyzed. The characteristic shape

10 Sea Level Change in the Arctic Ocean
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Figure 2.6: Left: Idealized illustration of the Brown waveform. Right: Real example of
a waveform from Envisat, with power on y-axis and number of bins on the x-axis. Both
figures from altimetry.info.

of the averaged ocean waveform in conventional altimetry can be described using the
Brown-Hayne model (Brown, 1977; Hayne, 1980) (see figure 2.6). The half-amplitude
specifies the travel time, while the amplitude is related to the backscatter coefficient, which
again is related to the wind speed. The leading edge slope determines the SWH (steep
slope means calm surface, hence small SWH).

Right illustration in figure 2.6, shows the characteristic waveform over open ocean. If the
footprint of the radar pulse is partially or totally reflected by land the waveform becomes
more rough and does not have the characteristics of the waveform in figure 2.6. For
sea ice and land ice, the reflecting surface can have a similar waveform as the ocean, but
usually with lower maximum amplitude (Gregory et al., 2019). Due to the in-homogeneous
surface of in particular old sea ice and land ice, the waveform can also have a more wide
and diffuse shape. Of particular interest in the Arctic, is the ability for the radar pulse to
reach the ocean surface in cracks between sea ice floats, called leads. Besides being
the only SSH-measurements in sea ice covered oceans, the leads are also important for
calculating sea ice freeboard and thus essential for volume-estimates of sea ice (Tilling
et al., 2018). The waveform from leads has a spike-like shape with high maximum power
and steep leading and trailing edges (a.0o. Peacock and Laxon (2004); Quartly et al.
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CryoSat-2 operating mode masks in the Arctic from Quartly et al. (2019).

(2019)).

CryoSat-2 can switch between conventional altimetry (called 'Low-resolution mode’ (LRM))
and SAR-altimetry (Synthethic Aperature Radar-mode) (Wingham et al., 2006). Addition-
ally, CryoSat-2 has a SAR Interferometric (SARin) mode, which is useful in particular
in coastal regions, where an extra antenna makes it possible to locate off-nadir signals
(Wingham et al., 2006; Quartly et al., 2019). The different modes of CryoSat-2 are enabled
after a defined mask, which is shown in figure 2.7.

CryoSat-2 operates in SAR-mode in coastal and sea ice regions (see map in figure 2.7).
The delay-doppler method of SAR altimeters (Raney, 1998), looks at the same area from
multiple pulses, as the satellite moves along track. When multiple looks are averaged,
a narrow along track footprint is archived, which is a significant improvement compared
to the round footprint from conventional altimeters. The narrow footprint and relative low
noise, makes them ideal to discover leads in sea-ice regions.

The shape of a SAR waveform has a more steep trailing edge than conventional altimetry,
because the area covered in SAR-mode is relatively small at the end of the radar pulse
which reduces the noise that creates the trailing edge. As seen in figure 2.8 the waveform
of sea ice is similar to that of open ocean, which is often the case for older sea ice. Young
ice can have specular waveforms, that resembles the waveform from leads (Tilling et al.,
2018). Often is the shape a mixture of different waveforms (Peacock and Laxon, 2004;
Tilling et al., 2018). The ocean surface reflects more energy of the radar pulse, which
helps to distinguish reflections from ocean (Tilling et al., 2018; Quartly et al., 2019).

Analysis of waveforms is called retracking. Differences in retracking is the most common
difference between different altimetric sea level products. Furthermore, in order to ob-
tain sea level change, the estimated range needs to be corrected for various geophysical
corrections (tidal corrections), atmospheric corrections (ionosphere, wet and dry tropo-
sphere, inverse barometer) and sea state bias (dependent on SWH). To obtain sea level
anomaly from altimetry, .S, it follows that:

S=H—-Hr—MSS—r, (2.1)
where H is the satellite height above the reference ellipsoid, Hr, is the retracked range and
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r is the sum of all corrections. M SS is the mean sea surface, which is S averaged over
time (Andersen and Scharroo, 2011). Even though efforts are made to obtain as many
measurements from leads as possible, the Arctic Ocean is poorly covered. Since 1991
various satellites cover the Arctic Ocean which together creates a complete timeseries
from 1991 until present (figure 2.9).

Before CryoSat-2, the weekly coverage was below 20% in sea ice areas (divided into
blocks of 2°x1°) (Cheng et al., 2015). Nevertheless, different Arctic Sea Level products
using different retrackers (a.o. Naeije et al. (2000); Cheng et al. (2015); Armitage et al.
(2016)) based on altimetric observations exist. Empirical retrackers (e.g. the CPOM-
altimetry product from Armitage et al. (2016)) uses statistics of the waveform to obtain
the altimetric range, where physical retrackers, like the ALES+ retracker (Passaro et al.,
2018) used for the DTU Arctic sea level product (Rose et al., 2019), obtains the waveform
properties by applying a physical model that best fits the waveform. Empirical retrack-
ers are simple to apply (Quartly et al., 2019), but lack the full physical description of the
waveform that is given from the best-fit model of physical retrackers.

A common distinguished feature in all products is the ‘doming’ of the Beaufort Gyre, which
is also clearly visible in the most recent DTU Arctic SLA product from Rose et al. (2019),
which is shown in figure 2.10. The DTU product used the ERS-1, ERS-2, Envisat and
CryoSat-2 for creating an 28-year Arctic Ocean sea level record. Because ERS-1/2 and
Envisat had an orbit inclination of 98.5°, the spatial coverage only extended up to 81.5°N.
CryoSat-2 which was launched in 2010 has coverage up 88°N, and has thereby near full
spatial coverage of the Arctic Ocean. The timeline and spatial extent of radar altimeters
measureing in the Arctic is shown in figure 2.9.

The Radar Altimeter Database System (RADS, http://rads.tudelft.nl/, (Scharroo et al.,
2013)), is a mult-mission database which aims to harmonize altimetric sea level data
across satellites. It uses a modified version of the Brown-model to retrack waveforms
and provides only 1-Hz altimetry. SAR mode for CryoSat-2 is degraded to a 'reduced
SAR’ version, which yields better alignment with LRM (Scharroo et al., 2013).
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the type of altimeter attached to the satellite. (Adaptated from Quartly et al. (2019)) Right:
Maximum latitude reached by satellite missions. Blue (66°N) indicates max latitude by
th Jason/Topex/Poseidon-mission (sometimes refered to as reference missions), dark or-
ange (81°N) for Sentinel-3A/B, green (81.5°N) for ERS-1/2, Envisat and SARAL, purple
(86°N) for IceSat and orange (88°N) for CryoSat-2 and IceSat-2.
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Figure 2.10: 1991-2018 sea level trend (mm y~!) based on altimetric observations from
ERS-1, ERS-2, Envisat and CryoSat-2 from Rose et al. (2019). ERS-1 is processed
with the ESA REAPER-retracker and ERS-2 and Envisat data are processed with the
ALESH+ retracker (Passaro et al., 2018), while CryoSat-2 is processed with the DTU LARS-
retracker and RADS (Scharroo et al., 2013).
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2.2.2 Gravitational measurements from GRACE

The Gravity Recovery and Climate Experiment (GRACE) was launched in 2002 and lasted
until mid-2017. Since mid-2018, has the follow-on mission, GRACE-FO, succeeded GRACE
with almost the same configuration. GRACE consists of two identical satellites separated
at a distance of around 220 km in a polar orbit. The exact distance is monitored with
microwave ranging. A small gravitational pull or push experienced by one of the satellites
due to a gravitational anomaly, is measured as a change in separation distance (Tapley
et al., 2004).

The Jet Propulsion Lab (JPL), NASA, Center for Space Research (CSR), University of
Texas and GeoForschungsZentrum (GFZ), Potsdam all have data centers that produce
monthly gravitational anomalies from GRACE given in spherical harmonics. The gravi-
tational products from GRACE have a theoretical spatial resolution limit of 300-500 km
(Tapley et al., 2004), which is coarse compared to satellite altimetry measurements. The
coarse resolution also results in significant leakage effects (Chen et al., 2006). Ice sheet
changes can be equivalent to several meters of water, while changes in the ocean often
are in the magnitude of millimeters. Thereby is GRACE detecting changes in ice mass
even though it is several hundreds km away from land.

The leakage effect is in particular significant in the Arctic Ocean because of the close
proximity to Greenland and other glaciers. To avoid leakage, JPL, CSR and the Goddard
Space Flight Center (GSFC) have constrained the measured gravity anomalies into mass
concentration blocks (mascons) of the Earths surface (Wiese et al., 2016; Luthcke et al.,
2013; Save et al., 2016). For every mascon are geophysical constraints applied ’a priori’
(Watkins et al., 2015). The block size varies between products, with JPL being most
coarse with 3°equal area blocks, but with a coastal filter applied, so blocks in coastal
areas are split between land and ocean. CSR-mascons are given in 0.5x0.5°(Save et al.,
2016) while GSFC uses blocks with a radius of 67 km (Luthcke et al., 2013). Over the
ocean are gravity anomalies from GRACE often expressed as changes in ocean bottom
pressure (OBP), which is the same as the change in ocean mass of the total water column.
Thereby can mass-driven changes in sea level be detected by GRACE (S, in equation
1.1). Trend estimates of OBP-change in the Arctic for the three different mascon-products
are shown Ludwigsen and Andersen (2020) in chapter 4.

2.3 GNSS

Vertical displacement or Vertical Land Movement (VLM) measured by Global Navigation
Satellite System (GNSS) located on land provides valuable information for multiple pur-
poses. Foremost, is it a direct measurement of U in equation 1.3, which implies that,
when a GNSS receiver is located at the same location as a tide gauge, then N can be
measured by taking the sum of U and R (relative sea level measured by the tide gauge)
(Woppelmann et al., 2007). Secondly, measurements of vertical deformation from GNSS
can be inverted to mass equivalent changes on the Earth’s surface (Khan et al., 2010).

A consortium based at University La Rochelle (ULR) is publishing reanalyzed GNSS data
Woéppelmann et al. (2007, 2009). The URL-6A-dataset (Santamaria-Gémez etal., 2017a),
provides quality-controlled vertical and lateral velocities from 756 stations globally for a
maximal time series of 19 years (1995 to 2014) shown in figure 2.11. They are referenced
to the ITRF2008-reference frame (Altamimi et al., 2011), which is similar to the long-term
CM-reference frame (Dong et al., 2003). For the Arctic, most GNSS-stations included
in ULR-6A are found in Scandinavia, with reasonable coverage in Greenland and North
America. As with the tide gauge data, the Russian Arctic is poorly covered.
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Figure 2.11: Vertical velocity at GNSS stations included in the ULR-6A product
(Santamaria-Gomez et al., 2017a). Stations with insufficient data or that are highly non-
linear are shown as blank circles. Figure is adapted from Santamaria-Gémez et al.
(2017a).

2.4 An oceanographic model: Estimating the Circulation and

Climate of the Ocean

The third and fourth release of the latest version of Estimating the Circulation and Climate
of the Ocean (version 4) (Forget et al., 2015; Fukumori et al., 2019) is in this study used
to compare with hydro-graphic data (ECCOv4r3) (Ludwigsen and Andersen, 2020) and
estimate OBP (ECCOv4r4, third publication, chapter 6). ECCOv4 employs both GRACE,
altimetry and selected in-situ data to constrain the oceanographic model. Ocean variables
of temperature, salinity, OBP and SSH are provided in monthly datasets divided into 13
tiles with 90x90 equal area sized grids. The native resolution varies from 22 to 110 km
(Forget et al., 2015), with the highest resolution in the high latitudes, while the resolution
in depth varies from 10 meters to nearly 500 meters. Ocean columns of salinity and
temperature from ECCO are converted to halosteric and thermosteric heights (see chapter
3 for details). Trends from 1992-2018 of SSH, OBP and steric heights for ECCOv4r4 are
shown in figure 2.12.
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Figure 2.12: 1992-2018 trend ECCOr4v4 (Fukumori et al., 2019; Forget et al., 2015)
[mm y~!] for thermosteric height, halosteric height, OBP and SSH. Thermosteric and
halosteric heights are derived products computed from ocean temperature and salinity

grids in ECCOr4v4.
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3 Developed Arctic Data Products

Two original Arctic products essential for assessing Arctic sea level change were devel-
oped. First, we developed a steric height product that interpolates all available tempera-
ture and salinity in-situ data in the Arctic, DTU Steric, to create a satellite-independent es-
timate of steric heights. Other existing steric height products are either based on oceano-
graphic models (i.e. ECCO, Fukumori et al. (2019)) or simply the difference between
ocean bottom pressure from GRACE and altimetry (i.e. Armitage et al. (2016))

Secondly, in order to align tide gauges with altimetry, accurate estimates of vertical land
motion (VLM) is necessary. Because GNSS is not available in the proximity of all tide
gauges, we developed a annual gridded Arctic-wide VLM product. Commonly, VLM is
based on either only GIA (Henry et al., 2012), where large-scale VLM from present-day
ice loading is neglected or derived from GRACE (Frederikse et al., 2018), which has sig-
nificant spatial resolution limits.

3.1 Steric Sea Level Change in the Arctic

Steric sea level change, Ssy describes the change in density and associated contraction
or expansion of the water column caused by a change in water salinity or temperature.
Following the notion of Gill and Niller (1973); Stammer (1997); Calafat et al. (2012); Lud-
wigsen and Andersen (2020), the change in steric heights are calculated as:

Ssr = Sws + Srs (3.1

, where Sy and S defines the contribution from salinity change (halosteric) and tempera-
ture change (thermosteric) respectively. The parts of the right-hand side of equation 3.1,
are defined as

1 0
SHg = —— BS'dz (3.2)
PO J—H
1 0
Srg = — aT'dz (3.3)
PO J—H

where H denotes the minimum height (maximum depth (z)). S" and 7" are defining salin-
ity and temperature anomalies. The reference values used in Ludwigsen and Andersen
(2020) are 0 C°and 35psu, which we assume to be Arctic-mean values. Since we only
consider changes in sea level, the choice of reference values has no impact on the results.
5 represents the saline contraction coefficient and « the thermal expansion coefficient.
The opposite sign of Sy is needed since 3 represents a contraction. « and 3 are func-
tions of absolute salinity, conservative temperature and pressure, and is determined with
help from the freely available Thermodynamic Equation of SeaWater 2010 (TEOS-10)
software (Roquet et al., 2015).

The DTU Steric sea level product is created from more than 300.000 T/S profiles from
1980-2018. A large number of the profiles are taken from the UDASH-database (Behrendt
et al., 2017), which has collected all available profiles from 1980-2015. Additionally the
latest data from ARGO, Ice Thetered Profiles (ITP’s) and other profiles included in the
World Ocean Database are extending the temporal coverage to include 2018. Figure 3.1
shows the locations and maximum pressure of the hydrographic profiles divided into 5
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Figure 3.1: Maximum reached pressure (bar) for the T/S profiles included in this work (1
bar = 1 m depth), divided into 5-year intervals.

year intervals. In general does ice-free regions in the Norwegian and Greenland Sea show
best coverage, while in particular the Laptev and East Siberian Seas are less represented.
The Beaufort Sea and interior Arctic Ocean has better coverage than the Siberian coast,
but are in some years also significantly lacking hydrographic data.

The process steps for creating DTU Steric are described in Ludwigsen and Andersen
(2020). In short, T/S data are interpolated so that the vertical profiles makes physical
sense, i.e. follows within 10 the shape of a median profile in 100-km radius. Secondly,
profiles are averaged into monthly 50x50 km blocks for 46 pressure intervals (10-bar steps
from 10 to 200 bar, 50 bar steps from 250 to 1000 bar and 100 bar steps from 1100 to 2000
bar). The T/S values are horizontally interpolated by kriging, where-after spatial outliers
are removed. Occurring gaps are filled with data from the same months in adjacent years,
to preserve the seasonal variability, which is visible in figure 3.3.

Figure 3.2, shows how the halosteric sea level contribution varies from year to year. While
a general freshening of the Beaufort Gyre is visible, we see that the inter-annual variations
are large. Armitage and Davidson (2014) documented a decline in halosteric sea level
from 2012 to 2014, that is dominated by 5-10 mm y—! downward trend in the East Siberian
and Laptev Seas. Because of inter-annual interpolation, is this drop recognized to a lesser
extentin DTU Steric, but in particular from 2012 to 2013 is a decline of halosteric sea level
in the East Siberian Sea visible.

The steric contribution to sea level change, has sometimes in literature been computed
as the difference between ocean bottom pressure and sea level observed by altimetry
(Morison et al., 2012; Armitage et al., 2016). DTU Steric is the only Arctic steric sea level
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Figure 3.2: Yearly averaged halosteric sea level anomalies [m] for 2003-2014 (ref. period
1995-2015).
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product that is based only on temperature and salinity profiles. The seasonal variations
of the Barents, Beaufort and East Siberian Sea, is shown in figure 3.3, together with the
difference between GRACE (JPL Mascons, (Wiese et al., 2016)) and SSH from altimetry
(Armitage et al., 2016). Some of the differences originates in different bias’ in the datasets,
where altimetry has best data quality during winter due to fewer of meltponds on top of ice
(Peacock and Laxon, 2004), the temperature and salinity data are more consistent during
the summer months because of more data (Behrendt et al., 2017).

The 'doming’ of the Beaufort Gyre is well captured in both satellite-based steric heights
and the steric heights from DTU Steric. The average seasonal signal shows however a
opposite pattern. For the Barents Sea, where the T/S data density is generally good (data
density is shown in figure 3.4), the two datasets have opposite trends and DTU Steric data
lacks some of the variability of the satellite-based estimate. In the East Siberian Sea, that
has the lowest data density, is the seasonal signal well represented in both datasets, even
though DTU Steric lacks winter data. Furthermore, are trends in the East Siberian Sea
strongly opposite, where satellite-based products show a sea level decline, is DTU Steric
increasing. Studies showing an increased freshwater contribution from river runoffs in the
Russian Arctic (a.0. Povalishnikova et al. (2018)) indicates, that an increasing steric sea
level contribution is more authentic.

Maps of the 2003-2015 halosteric and thermosteric sea level trend is shown in figure 3.4),
together with the DTU Steric trend and the altimetry minus GRACE (satellite-based) steric
trend. Altimetry data north of 81.5°N are interpolated, so they should only be compared
with caution.

The DTU Steric dataset is available in netcdf-format here: ftp://ftp.space.dtu.dk/pub/
/DTU19/STERIC/DTU19Steric.nc.
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Figure 3.3: DTU Steric sea level timeseries compared to a CPOM Altimetry minus GRACE
(JPL Mascons). From top: Barents Sea (71°- 78°N, 20°- 50°E), Beaufort Sea (71°- 78°N,
-160°- -135°W), East Siberian Sea (71°- 78°N, 140°- 170°E). Right panel shows the av-
erage for every month and 1o (dashed lines).
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Figure 3.4: Sea level trend maps from 2003-2015 of halosteric, thermosteric, total steric
and CPOM altimetry minus GRACE (JPL Mascons) [mm y~!]. Bottom maps shows the
data density as a percentage of months with data in a 50 km radius.
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3.2 Vertical Land Motion

Quantifying Vertical Land Motion (VLM) is essential when relative sea level measure-
ments from tide gauges with any other model or satellite-based estimates of sea level
(e.g. Altimetry, GRACE, steric sea level). As written in chapter 1, VLM is a composite of
multiple ongoing processes with GIA being the most prominent. While GIA (Ugr4) has
been modeled by the scientific community for decades (Peltier, 1974; Farrell and Clark,
1976), only in recent years has attention been given to the immediate elastic response
to present-day ice loading (PDIL), Upp;r. (Riva et al., 2017; Schumacher et al., 2018;
Frederikse et al., 2019). In particular in the Arctic, where considerable land ice loss due
to climate change is observed in every region (Moon et al., 2018), is the elastic vertical
deformation essential for tide-gauge corrections. Estimates of ice loading changes from
GRACE has recently been used to estimate elastic VLM (Frederikse et al., 2019). The
limited spatial resolution of GRACE is however insufficient when tide gauges are located
close to glaciated areas, since the mass loss from GRACE is spread over large areas
which results in area-averaged uplift rates. Similar to other studies, we assume the vis-
coelastic GlA-like response from PDIL on annual scales is small (Bamber and Riva, 2010;
Schumacher et al., 2018; Caron et al., 2018), but can accumulate to be significant after
decades of deglaciation (Whitehouse et al., 2007). In regions with complex earth struc-
tures, like the West Antarctic Ice Sheet, can the viscous response from PDIL be significant
today (Hay et al., 2017; Barletta et al., 2018; Powell et al., 2019). The uplift associated with
GIA, Ug1a, is here constrained to the viscoelastic uplift associated with the deglaciation
on millenial scales starting 122 kyr ago (Caron et al., 2018).

We define total VLM-signal Uy, as the sum of Ug;a, Upprr and VLM that is undefined
from other sources of surface loading, Uyper-:

Usot = Upprr, + UGIA + Uother (3.4)

The main focus of this section will be Upp;z, which it is original and and a highly relevant
consequence of a warming Arctic, since elastic VLM is directly affected by present-day
deglaciation.

3.2.1 Present-day ice model

We divide the ice model of PDIL into a model for glaciers, Greenland ice sheet and Antarc-
tic ice sheet. Glaciers and the Greenland Ice Sheet is constructed in a high-resolution 2x2
km grid. The elastic and gravitational signal from the southern hemisphere is small and
almost spatially invariant in the Arctic and thus is the spatial resolution for Antarctica and
southern hemisphere glaciers insignificant for the Arctic Ocean. The total mass loss of
each of PDIL is shown in figure 3.5.

Glacial model
Parts of this section is also described in the supplementary material of Ludwigsen et al.

(2020a), chapter 5.

Mass balance estimates from globally around 120.000 glaciers (excluding glaciers from
Antarctica and Greenland) are provided by an updated model of Marzeion et al. (2012),
which is constrained by direct mass balance estimates from Zemp et al. (2019). About
85% percent of the total global glacial mass loss is happening north of 50°N (Zemp et al.,
2019).

Yearly glacial mass balance, b, (provided in gigatonnes per year, figure 3.6) is converted
to change in equivalent water height (meters per year). For glaciers smaller than 4 km?,
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Figure 3.5: 1995-2015 ice mass loss [gigatonnes] from Greenland ice sheet, Antarctic
ice sheet and glaciers included in this study. Right y-axis shows the global sea level

equivalent [mm].
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the ice loss is assumed equal over the area of the glacier, while for glaciers larger than 4
km?2, we combine glacial mass loss with shapefiles from the sixth version of the Rudolph
Glacier Inventory (RGI 6.0) (RGI Consortium, 2017) and 1 arc-min topography, ETOPO1
from Amante and Eakins (2009). A distribution function, D, is created, so that glaciers ex-
perience the largest mass loss at the bottom of the glacier, which decreases with altitude.
This pattern is recognizable for most glaciers loosing mass and is also observed with al-
timetry (Nuth et al., 2010; Foresta et al., 2016; Ciraci et al., 2018). Since the model is not
considering firn compaction, 1:1 comparison with altimetry would however be misleading.
Maps of glacial mass balance and the resulting elevation change is shown in figure 3.7
and 3.8. The altitude, where the mass balance becomes positive is denoted as E, which
is not directly related to the equilibrium line altitude. FE is defined from Z is the median
glacial height and h is the average ice height change (in meters),

E=(1-h2Z (3.5)
, where h is defined as )
h=b(pA)~! (3.6)
, Where A is the area of the glacier, p is the density (917 kg m~3). The distribution function,
D is defined as ~
2—h)(F—-2Z(
D(i) =1 —exp <( )Z( (Z))> (3.7)

D in equation 3.7, is normalized and multiplied with the mass balance, to ensure that
mass is conserved:

dh(i) b D(37)
dt pAi Yy, D)
here is A; the specific area for the grid cell, 7, which in this case is 4 km?. Height change

profiles with varying b of an idealized glacial example of equation 3.8 is shown in figure
3.6.

(3.8)
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Figure 3.6: Height change profiles of an idealized glacier with varying b (in gigatonnes).
Example glacier has A=1000 km~2 and spans from 0 to 2000 meters height (Z). The

asterisks (*) marks the height of E.

28 Sea Level Change in the Arctic Ocean



-500 0 500 1000

Figure 3.7: Left column: 2003-2015 average mass balance [Gt yr—!] for glaciers on Sval-
bard from the model by Marzeion et al. (2012). Size of circle is proportional with glacier
area. Right column: Equivalent water height (EWH) elevation change from 2003 to 2015
in m yr—! resulting from the redistribution of the mass balance. The EWH elevation change
is not comparable with actual ice elevation change, since no model for firn has been ap-
plied. The values on the map a proportional with mass changes (assumed density of 917
kg m—3). Outlines of glaciers are indicated with dashed lines. Topography scale at the
bottom.
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Figure 3.8: Similar to figure 3.7, but for (from top) Novaya Zemlya, Iceland and the Alaska

south-west coast.
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Figure 3.9: Average ice elevation change [m yr—!] from 2003-2015 for the Greenland Ice
Sheet. Left colorbar indicates the topography [m].

Greenland
Present-day elevation change of Greenland (with glaciers) is described in Ludwigsen et al.

(2020a) and is based on an elevation model from Abbas Khan, DTU Space (Khan et al.,
2014). Its method follows a procedure that was also used in Ewert et al. (2012); Smith
etal. (2009); Kjeldsen et al. (2013). In short, it combines remote sensing data from Airborn
Topographic Mapper (ATM) flights (Krabill, 2011), with ICESat data (Zwally et al., 2011)
and CryoSat-2 (Helm et al., 2014). It has a native high resolution of 2x2 km and due to
the use of altimeter data is it very well constrained from crossing satellite tracks (Khan
et al., 2014). Ice elevation change (in equivalent water heights) is shown in figure 3.9.
Antarctica

The Antarctic contribution to Arctic ocean sea level is estimated from the elevation model
by Schréder et al. (2019) which is given in a 10x10 km resolution. The Antarctic mass
balance from 1995-2015 is -110 Gt y—!, which is in agreement with the IMBIE-estimate
(Shepherd et al., 2018). The elevation change is based on top-of ice measurements,
but is for the purpose of calculating the elastic response, scaled to match the total mass
assuming an uniform ice-density (917 kg m—3). Elevation change rates are shown in figure
3.10.

3.2.2 Elastic Vertical Land Motion

From the high resolution ice model, we can compute elastic VLM from PDIL, UPDIL. For
the calculations we use the Regional ElAstic Rebound calculator (REAR) developed by
Danielle Melini (Melini et al., 2015). Itis designed for calculating the direct elastic response
to changed surface loading (Farrell, 1972; Clark and Lingle, 1977), but it does not solve the
sea level equation (Farrell and Clark, 1976) that also includes the viscoelastic deformation
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Figure 3.10: Average ice elevation change [m yr—!] from 1995-2015 for Antarctic Ice
Sheet.
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and is usually gravitationally self-consistent (Milne and Mitrovica, 1996), which among
others would include the effect of ocean loading.

Contrary to GIA, where viscous mantle flow is happening over time, is UPDIL assumed to
be an instantaneous elastic process (Peltier, 1974). We follow the theory of Farrell (1972)
in the adaption of Melini et al. (2015). The elastic response to a disc surface loading can
be expressed as Green’s Functions (GF’s) for vertical and horizontal displacement (u,v)
and gravitational potential (¢).

sy ) g [
=H ! = 5 P 3.9
% (¥) e g% 1—’_5% 9 + 1 5i/, 1(Cos ) (3.9)

Here hy, [} and k, are the Load Deformation Constant’s (LDC’s) or also called 'Love num-
bers’ for spherical harmonic degree ¢. LDC’s define the properties of the Earth and comes
predefined in the Earth model, described later. ¢ is the angle-distance to the load (0=load
center, 180=antipode), p;, rho., is respectively the average density of the load and Earth,
H is the change in load thickness, f; is a shape-factor dependent on the radius of the
load o and Py(cos v) is the Legendre polynomial. The shape-factor is defined as (Melini
et al., 2015):

_ Pyyi(cosa) — Py_q(cosa)
N 1+cosa

Je

if 0> 0. (3.10)

Throughout this thesis, we do not consider horizontal displacement (v) from changes in
surface loads, because it in general is a magnitude smaller than vertical displacement
and has little impact on sea level change. From equation 3.9, the geoid height variation
(equivalent to GG in equation 1.3, chapter 1) and vertical displacement, U, at a location
with co-latitude, 6 and longitude ) is the sum of the GF’s for every load (k):

Ny
{&h o =Z{f£f§} (n) 3.11)

k=1 L 9
where N, is the number of disc loads.

The ice loading input of REAR is in an flexible point-format [co-1at lon dh/dt radius],
where dh/dt is the ice elevation change and radius is the user defined radius of the circle-
area that is represented by the point. A 2x2 km resolution (4 km?) equals a radius ()
of 1.128 km. REAR uses the Green'’s functions for elastic deformation and gravitational
change described in chapter 1 (eq. 3.9 and 3.11). The loading deformation constants
(LDC’s) used for equation 3.9 are defined with respect to Earth’s center of mass (CM).
They are defined from the REF6371-model (Kustowski et al., 2007), which is an improved
version of the commonly used PREM-model (Dziewonski and Anderson, 1981).

From 3.11 it is seen that both the elastic V]_M, U and the elastic geoid change, G is a
product of the GF’s. Global maps of both U and G from the global icemodel described
above is shown in figure 3.11.

The elastic VLM in the wider Arctic and the associated uncertainty is shown in figure 3.12
and for some selected glaciated regions in figure 3.13 (VLM only).
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Figure 3.11: Left panel shows the VLM at global scale from each source [mm y~!]. Right
panel shows the geoid change (G) associated with the melting of each source [mm y—!].
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Figure 3.12: Left: Uplift from the VLM-model [mm y~!]. Right: Uncertainty of the VLM-
model [mm y—1].
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Figure 3.13: Enlargement of elastic VLM (only uplift) in some glaciated regions in the
Arctic (on different colorscales) [mm y—'].
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3.23 GIA

To restore the complete VLM signal, we need to apply a model for glacial isostatic ad-
justment (GIA) which is the viscoelastic VLM caused by the unloading of ice after the last
ice ages (typically 10-100 kyr ago) with last glacial maximum 21 Kyr ago. In publication 2
and 3, the Caron2018 GIA-model (Caron et al., 2018) has been used as the default GIA-
model, while we also compare with the commonly used ICE6G-D-model (Peltier et al.,
2015; Peltier et al., 2018).

The Caron2018-model utilized paleo-records of RSL and long-time TG and GNSS-data to
construct a earth and ice-model that gives the statistical best fit to the data (Caron et al.,
2018). The ICE6G-D GIA-model is actually an ice history model, which also is constrained
with paleo-records and GNSS-uplift rates. Contrary to Caron2018, ICE6G-D uses a given
earth model (VM5a) that is used to translate uplift rates to an ice loading history using the
sea level equation (Farrell and Clark, 1976). The associated radial displacement (GIA)
using the VM5a model is given as a by-product.

The two GIA-models and the difference between them is shown in figure 3.14. We see
that they substantially disagree - in particular in North America where Caron2018 has 10
mm y~! higher rates than ICE6G-D, and in general is North America showing larger uplift
rates in the Caron2018-model. Supplemental material in Caron et al. (2018) shows that
GNSS and paleo records can be opposite considering their preferred viscosity profile, with
paleo records in North America preferring high viscosities. The compromise gives higher
viscosity values than GNSS-alone would predict, which means that the viscous deforma-
tion is not yet as relaxed which results in larger GIA uplift (from personal communication
with L. Caron). The models disagree also in Greenland, where Caron2018-model poorly
constrained, because of lack of paleo-records. Challenges in separating past and present
ice dynamics, generally results in varying GlA-estimates in Greenland (Wake et al., 2016).

3.2.4 Other effects on VLM

The elastic VLM from present-day ice loading and viscoelastic VLM from GIA are the
largest component of VLM. If the combined VLM-model should be aligned with GNSS on
regional to global scales, we need to adjust for rotational feedback and non-tidal ocean
loading (NOL). GNSS is referenced to ITRF2008 or ITRF2014, which is equivalent to
the long-term average of center of mass (CM) (Dong et al., 2003). CM is also the refer-
ence frame of both the elastic calculations (defined by the LDC’s) and the Caron2018-GIA
model. However, are non-secular variations of GCM in center of figure (CF) (Dong et al.,
2003), which means a detrended CM-CF translation is necessary to align GNSS with the
constructed model.

The changes in loading from PDIL also changes the rotation of the pole, which causes
an elastic deformation of the solid earth (Milne and Mitrovica, 1998; King and Watson,
2014). This rotational feedback (RF) was assumed to be at a near-constant rate on sec-
ular scales before the rapid present-day ice loss, since it was dominated by GIA (Milne
and Mitrovica, 1998; King and Watson, 2014). The method of King and Watson (2014)
is used to calculate RF from given daily C04 polar motion parameters from International
Earth Rotation Service, available at http://datacenter.iers.org. RF in millimeters at a given
latitude and longitude is according to King and Watson (2014) defined as:

RF(lat,lon) = —33sin(2lat)((zp — zp) cos(lon) — (yp — yp) sin(lon)) (3.12)

, Where zp and yp are provided by the C04 polar motion product given in arcsec. The
reference values, Z p, ijp are defined as a cubic-fit from 1976—2010 and linear fit from 2010
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Figure 3.14: Present-day deformation rates (mm y—!) from the GIA-model of Caron2018
(@) and ICE6G-D Peltier et al. (2018) (b). The difference between the GIA-models
(Caron2018 minus ICE6G-D) is shown in (¢). Uncertainty from Caron2018 is shown on a
different colorscale (d)
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Figure 3.15: Average trend [mm y~!] of elastic deformation caused by rotational feedback
from 1995 to 2015.

(King and Watson, 2014). The average RF-trend from 1995 to 2015 is shown in figure
3.15.

Another effect on VLM is change in the terrestrial water storage (TWS) that causes an
elastic deformation. While TWS locally can be the largest contribution to VLM (in particular
in non-glaciated areas), the effect in the Arctic regions is limited. Frederikse et al. (2019)
used GRACE-observations to estimate the TWS-caused elastic VLM effect to be +0.2
mm y~! in most of the Arctic, but with a uplift of > 1 mm y~! in parts of North America.
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4 Publication 1: Contributions to Arctic
Sea Level

4.1 Preface

The first publication (Ludwigsen and Andersen, 2020) was published in Advances of
Space Research in January 2020. It attempts to close the sea level budget in the Arctic,
by utilizing the DTU Steric product that was developed during the first year of this PhD-
project. It uses a straightforward approach, where ocean mass changes from GRACE-
mascon products are combined with DTU Steric and compared with absolute sea level
change estimates from satellite altimetry. Already in the early stages of the research it
was realized, that neither different products of GRACE or altimetry were very consistent.
Previous studies of Arctic Sea Level budget (Henry et al., 2012; Armitage et al., 2016;
Carret et al., 2017) only utilized one altimetric sea level or GRACE mass product, which
does not reflect the variance and uncertainty associated that becomes clear when using
multiple independent estimates.

Three GRACE Mascon products and an ensemble mean are combined with both the
DTU Steric product and steric calculations from the ECCOv4r3-oceanographic model
(ECCOv4 was significantly improved from release 3 to release 4 in early 2020, which
is the version showed in chapter 2) and compared to three versions (DTU, CPOM and
RADS) of the 2003-2015 sea level trend based on satellite altimetry.

From 24 different combinations, this study showed that a combination of JPL Mascons
(Wiese et al., 2016), the DTU Steric product and CPOM altimetry (Armitage et al., 2016)
had the best spatial correlation (R=0.76) which clearly outperformed any combination
with the ECCO-model. Thereby it was shown that the DTU Steric product, despite the
lack of hydro-graphic data in some regions of the Arctic Ocean, was able to partially
close the sea level budget and yield better correlation with altimetric observations.

C. A. Ludwigsen and O. B. Andersen, Contributions to Arctic sea level from 2003 to
2015, Advances in Space Research, https://doi.org/10.1016/j.asr.2019.12.027
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Abstract

As one of the most remote and inaccessible regions in the world, the sea level in the
Arctic is still today in large parts uncertain. Sea level estimates from GRACE and
satellite altimetry show disagreements in areas of the Arctic while only few in-situ
measurements are present to validate satellite products. By using an independent in-situ
based dataset of hydrographic data (DTUSteric), this study compares different available
datasets from GRACE and altimetry. The best agreement (R=0.76) is reached between
the combination of DTUSteric and the JPL Mascon solution and the altimetry product
from Centre of Polar Observation and Modelling (CPOM). A large residual signal is
found in the East Siberian Sea, an area with no in-situ observations and in general
uncertain satellite observations. The spatial correlation coefficients ranging from 0.32-
0.76 reflects a large number of unknowns and uncertainties, with coarse GRACE
resolution, extensive interpolation and lack of in-situ data in parts of the Arctic Ocean
and uncertainty of the altimetric products being the largest sources of error. In general,
we recommended that satellite observations are used carefully in the Arctic. Even this
study shows that steric estimates from in-situ observations to some extent can explain
the gap between GRACE and altimetry, the observed sea level trend in significant

regions of the Arctic cannot be validated with in-situ hydrographic data.

Keywords: Arctic, Sea Level, Climate Change, Ocean

1. Introduction

The Arctic region is experiencing the most rapid climate changes in the world
(Blunden & Arndt, 2013; Box, et al.,, 2019). Change in water temperature and
freshwater inflow can change patterns of ocean currents with effects on the North
Atlantic Circulation (Proshutinsky, et al., 2015; Tedesco, et al.,, 2016). Thus, is
analyzing changes in sea level important for understanding water mass exchange,
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changing currents, freshwater flow and estimating sea ice freeboard (Wang, et al., 2017;
Armitage, et al., 2018; Kwok & Morison, 2015).

Due to the inaccessible and remote location of the Arctic, large parts of the Arctic
Ocean are rarely measured by in-situ observations. Since the first altimetric
measurements by the ERS-1 mission in 1991, sea level change is used as a measure of
spatio-temporal oceanographic variations, such as changing currents, freshwater
content and water mass fluxes from land to ocean. However, due to an inclination of
98.5 degrees to the Earth's equatorial plane part of the Arctic Ocean is not reached with
altimetry, referred to as the Arctic ‘pole hole’ above 82 deg latitude where the change
of sea level is unknown. Since 2010, this has to some extend changed with Cryosat-2
(inclination 92 degrees). Additionally, altimetry is challenged by sea ice, which
significantly limits the amount of exploitable observations. ERS-1/2 and Envisat both
had low resolution altimeters that were not able to do stack analysis like CryoSat-2 is
in SAR mode. The additional information gained by SAR altimetry is important to
distinguish between return signals from melt ponds on top of sea ice and open ocean,
which has similar waveforms. Furthermore, 20Hz SAR data from CryoSat-2 is far better
in detecting sea level in leads between sea ice floats.

From mid 2002 to 2017 the Gravity Recovery and Climate Experiment (GRACE)-
twin satellites measured the gravitational change of the Earth’s surface. GRACE
provides change of water mass without the challenges of sea ice, but can only determine
signals with wavelengths of several hundred km’s, whereby the rapid changes of
melting land ice shadows the smaller ocean mass changes. Recently, the most common
way of separating land and ocean signals from GRACE, has been by separating the
gravitational signal into mass concentration blocks (‘mascons’) where geophysical
constraints are implemented a priori (Wiese, et al., 2016; Luthcke, et al., 2013; Save, et
al., 2016). In the following we use the term ocean bottom pressure (OBP) for sea level
changes seen by GRACE, referring to pressure change at the bottom of the ocean
induced by a change of mass in the water column.

GRACE observes eustatic sea level change, which must be complemented with steric
sea level to enable a comparison with altimetry. Steric sea level is the change in ocean
density induced by changing temperature and salinity (T/S). T/S values of the water
column are measured regularly by the ARGO-program at mid to low latitude, but only
few buoys reach the Arctic ocean because of sea ice cover (Behrendt, et al., 2017). T/S-
profiles from campaign data and buoys designed for the Arctic environment provide
some sparse information, but only very few regular measurements exist. Studies of
steric sea level in the Arctic are consequently dependent on ocean models, which either
is constrained by GRACE and/or satellite altimetry.

Recent studies by Armitage, et al. (2016), Andersen and Piccioni (2016) and Carret,
et al. (2017), all attempt to close the Arctic Sea Level budget (the linear altimetric sea
level trend being the sum of eustatic and steric sea level trend). All studies use a selected
altimetric product, a selected steric sea level product (either models or few selected
buoys), and a selected GRACE eustatic sea level product. Here we will demonstrate the
importance of the choice of product, where in particular the different GRACE-products
are showing large discrepancies (Carret, et al., 2017; WCRP Global Sea Level Budget
Group, 2018) in the Arctic area which greatly affects the magnitude of residuals
resulting from the Arctic sea level budget computation.

By using a satellite-independent estimate of steric sea level and an ocean model, we
are able to compare three different GRACE-mascon products against three available
altimetric sea level estimates in the Arctic and thereby consolidate the Arctic sea level
in regions of good agreement and identify regions with inconsistencies among available
Arctic sea level products.

Sea Level Change in the Arctic Ocean
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2. Data

Ocean bottom pressure (OBP) derived from gravitational observations by GRACE
are related to sea surface height (SSH) by the sea level budget equation:

SSH =OBP + H

Where H is the steric water column expansion caused by a change in temperature
and salinity. Steric heights do not change the gravitational attraction of the ocean and
is hence not seen by GRACE.

Table 1 shows the original temporal and spatial resolution of the different datasets
used in this study. We limit the period of interest from January 2003 to December 2014,
which is the common period for all used datasets. Datasets of OBP and steric heights
have full coverage of the Arctic from up to 90N, while altimetry is limited to 82N. All
datasets are interpolated into a monthly 50x50 km polar stereographic grid. When
comparing ocean-wide averages, the OBP and the steric dataset is limited to 82N.

Table 1. Original temporal resolution, time span and spatial resolution of the products used in
this study.

Product Org. temporal Time span Org lat x lon (vertical)
GRACE:
CSR monthly 2003/01-2017/04 0.5x0.5 deg
JPL monthly 2002/04-2017/04 0.5x0.5 deg
GSFC monthly 2003/01-2016/06 ~63 km radius
Altimetry:
RADS along track continuous 1 hz along track
CPOM monthly 2003/01-2014/12 0.25x0.75 deg
DTU weekly 1991/06-2018/12 0.25x0.50 deg
Steric:
ECCOv4 monthly 1992/01-2015/12 ~50x100km (5m)
DTUSteric monthly 1980/01-2017/12 50x50 km (10 m — 100 m)

2.1 Sea Surface Heights from Altimetry

SSH from 2003-2015 in the Arctic consists of data from the ESA-satellites Envisat (mid
2002 — April 2012) and CryoSat-2 (mid 2010 - present). Three different Arctic SSH
datasets with different processing algorithms and different geophysical corrections (see
Table 2) are used in this study.

RADS: SSHs retrieved from the Radar Altimeter Database System (RADS,
(Scharroo, et al., 2013)). Envisat and so-called pseudo-LRM data from CryoSat-2
SAR mode (Scharroo, et al., 2013) CryoSat-2 are retracked using identical retrackers .
Subsequent selection criteria when retrieving data from RADS are chosen after the
principle of Cheng et al. (2015), so that a wider range of pulse peakiness and
significant wave heights is accepted, thereby allowing for higher data density in sea
ice covered regions. Cheng et al. (2015) showed that this is possible without
compromizing the accuracy of SSH anomalies. The RADS data are provided as along
track data and consequently gridded into 50x50 km monthly mean grids. The
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difference in the SSH mean fields in 2011 for Envisat and CryoSat-2 have been
subtracted from the CryoSat-2 SSH data in an attempt to account for regional satellite
bias in particular in sea-ice covered regions.

CPOM: Centre for Polar Observation and Modelling (CPOM) at University College
London (UCL) provides SSH estimates using the retracking principle of Armitage et
al., 2016 (Armitage, et al., 2016), which uses a multi-functional retracker that can both
retrack open ocean and sea ice leads for both Envisat and CryoSat-2 and CryoSat-2
SAR data even though they have different operational modes (Armitage, et al., 2016;
Armitage, et al., 2018).

DTU: The altimetric product developed by the Technical University of Denmark
(DTU (Rose, et al., 2019)) uses a combination of different retrackers. ALES+ retracker
(Passaro, et al., 2014) is used for Envisat. For CryoSat-2 an empirical sea-ice lead
retracker in sea ice covered regions is complemented with RADS retracked data for
open waters.

Table 2. Different models for geophysical corrections used for the altimetric products.

Correction RADS CPOM DTU

Inverse Barometer MOG2D ECWMF MOG2D

Wet Troposphere ECMWF ECWMF Doris/GIM/Bent

Dry Troposphere ECWMF ECWMF ECMWF

Sea State Bias NOAA CLS ALES+/RADS
(only open water)

Ionospheric correction | JPL GIM CNES ECMWF

Ocean Tide GOT4.10 FES2004 FES2014

Solid/Pole Tide IERS Cartwright/Wahr  Cartwright/Wahr

B mEE RMS/U
0 1 2

Figure 1. Sea level trends from 3 different altimetric products from 2003-2015. a) DTU (Rose
et al., 2019), b) CPOM (Armitage et al., 2017), ¢) RADS and d) normalized Root Mean Square
(RMS divided by the mean trend) between a-c. problematic

In Figure 1. Sea level trends from 3 different altimetric products from 2003-2015. a)
DTU (Rose et al., 2019), b) CPOM (Armitage et al., 2017), ¢) RADS and d) normalized
Root Mean Square (RMS divided by the mean trend) between a-c.a-c the sea level trend
for the 3 different altimetric products is shown. A normalized Root Mean Square
(nRMS) of the grid cell-wise difference between the three sea level trend products is
shown in the Figure 1. Sea level trends from 3 different altimetric products from 2003-
2015. a) DTU (Rose et al., 2019), b) CPOM (Armitage et al., 2017), c) RADS and d)
normalized Root Mean Square (RMS divided by the mean trend) between a-c.d on a
different color scale. The normalized RMS is computed as:
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nRMS = %— 1,

where 1 is the mean trend. It shows that the altimetric products in general align in the
Beaufort Gyre, Siberian Seas and the North Atlantic, but some differences around
Svalbard, in the Davis Strait and in a zone between the East Siberian Seas and the
Beaufort Gyre are visible.

2.2 Ocean Bottom Pressure

We used the GRACE measurements of Earth’s gravity field from mid 2002 to mid
2017. The Jet Propulsion Institute (JPL, (Wiese, et al., 2018; Watkins, et al., 2015;
Wiese, et al., 2016)), Centre for Space Research (CSR, (Save, et al., 2016)) and
Goddard Space Flight Center (GSFC, (Luthcke, et al., 2013)) provides Level-3 mascon
products, where the signals are ‘divided’ between mass change signal from land and
ocean. GRACE-solutions are all corrected for Glacial Isostatic Adjustment by the
ICE6G (Peltier, et al., 2015) model and atmospheric loading by AODI1B (Flechtner, et
al., 2014) from the German Research Centre for Geosciences (GFZ). Figure 2a-c the
trends in OBP-pressure is displayed, while Figure 2d is showing a normalized RMS of
the grid cell-wise difference between the three OBP-products, calculated similar to the
nRMS of the altimetric products. Figure 2d reveals a large difference among the
GRACE mascon products in the interior of the Arctic and in the East Siberian Seas.

Figure 2. Sea level trends from 3 different GRACE mascon products from 2003-2015. a)
GSFC (Luthcke, et al., 2013), b) JPL (Wiese, et al., 2016), ¢) CSR (Save, et al., 2016) and d)
normalized RMS (RMS divided by the mean trend) between a-c.

2.3 Steric Heights

The ECCOvV4r3 ocean model (Forget, et al., 2015; Fukumori, et al., 2017) provide
modeled temperature and salinity estimates in a 4D grid. The same goes for the
DTUSteric product from DTU, which is an interpolated product based on all available
hydrographic in-situ data. For both products, the thermosteric (nTs) and halosteric
heights (nHs) are calculated by integrating from ocean bottom (or max depth of 2000
meters) to ocean surface as below (Gill & Niiler, 1973; Stammer, 1997):

0
s = f BS'dz
P

0
Nrs = —f al' dz
P
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, where [ is the saline contraction coefficient and o is thermal expansion coefficient,
S’ and T is the salinity and temperature anomaly, with T=0C and S=35psu as
reference values and P is the bottom pressure or pressure at 2000 m depth. o and  are
determined with a 75-term polynomial expression, that are functions of absolute
salinity, conservative temperature and pressure. They are found by using the TEOS-10

software (Roquet, et al., 2015) freely available at http://www.teos-10.org.

DTUSteric: Building on the extensive UDASH dataset (Behrendt, et al., 2017), a total
of over 300.000 temperature and salinity profiles located north of 60th latitude
spanning from 1980-2015 are used. Additional profiles from ARGO, World Ocean
Database (WOD), Institute of Marine Research of Norway (IMR), and Ice-Tethered-
Profiles (ITP) from Woods Hole Oceanographic Institution have been added to the
UDASH dataset (possible duplicates have subsequently been removed). The
following steps are taken to edit and derive the DTU monthly steric data set:

1) Profiles with more than 5 measurements and with a minimum depth of less
than 10 meters, maximum depth more than 100 m and with salinity values of
less than 45 psu and temperatures of less than 20 C-deg are selected.

2) A median-filter is used to interpolate all profiles into 10-meter intervals from
0-190-meter depth, S0-meter intervals from 200-900 meters and 100-meter
intervals from 1000 to 2000 meters and the profiles are combined into
monthly datasets.

3) Values are neglected if the temperature or salinity value is more than 3
standard deviations from the median in a 100 km horizontal radius.
Occurring vertical gaps are filled by using a 5-depth level moving mean
window.

4) The profiles are binned into a monthly 50x50 km stereographic grid for
every depth level, creating a 4D dataset for temperature and salinity.

5) Horizontal gaps are filled by kriging interpolation and a bathymetry-function
is applied to remove data where there is no ocean.

6) Step 3 is repeated for each grid cell but using data from adjacent years to fil
gaps instead of vertical interpolation.

7) The steric heights are computed and the final grid is horizontal smoothed by
taking a 100 km radius mean.

The interpolated 4D-product (3D for steric heights) is called DTU Arctic Ocean
Steric Heights (DTUSteric), and is available at ftp.space.dtu.dk/ARCTIC.

ECCO: The consortium of Estimating the Circulation and Climate of the Ocean
model version 4 release 3 (ECCOv4r3, (Fukumori, et al., 2017; Forget, et al., 2015)) is
used as a model comparison for steric height estimates. It provides 1-degree grids of
temperature and salinity at 50 depth levels from 1992-2015 and subsequently converted
into steric heights. ECCO is constrained with selected hydrographic data, GRACE and
altimetry, and is therefore not entirely independent from the other datasets.

Sea Level Change in the Arctic Ocean
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cm yr-1

Figure 3. Steric sea level trends from 2003-2015. a) map the halosteric from DTUSteric. b)
thermosteric from DTUSteric, c) halosteric by the ECCOv4r3 model, d) thermosteric from
ECCOv4r3 [17]. e) is the residual map between DTUSteric and the ECCO-model (a+b minus
c+d). In the upper right corner is the density of hydrographic data given in percentage of months
with available data in a 100 km radius of each 50x50km grid node.

In Figure 3, the halosteric and thermosteric sea level trends for both ECCO and
DTUSteric are shown. Figure 3e shows the difference between the total steric sea level
trend, e.g. thermosteric + halosteric, of the two steric products. In the upper right corner
of Figure 3, is the density of hydrographic data used for the DTUSteric product given
as percentage of months with available data in a 100 km radius of each 50x50km grid
node. It clearly shows the low data density in the interior of the Arctic, while the North
Atlantic and the Beaufort Gyre has higher coverage of in-situ data.

3. Analysis

Various combinations between the three different mascon solutions, two steric and
three altimetric SSH estimates are made. Additionally, we computed a mean of the three
mascon solutions, called OBPmean. The spatial correlation coefficients (only computed
over the ocean between 65N and 82N) are shown in Table 3. It indicates that the ‘best
combination’ is found with the JPL mascons and the DTUSteric product relative to the
CPOM altimetric product (R=0.76). The modelled steric product from ECCOv4r3 has
general poor spatial correlation with any of the altimetric SSH estimates, regardless of
the OBP solution used. CPOM has highest correlation with any of the OBP+DTUSteric
solutions followed by RADS and the DTU solutions.
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Table 3. Correlation coefficients between different combinations of trend maps of
sea level contributions from steric and OBP compared with the three altimetric

solutions.

OBP + Steric RADS DTU CPOM
JPL + DTU Steric 0.61 0.35 0.76
JPL + ECCOvV4 Steric -0.16 0.40 -0.10
GSFC + DTU Steric 0.50 0.40 0.67
GSFC + ECCOv4 Steric -0.10 0.37 0.00
CSR + DTU Steric 0.49 0.19 0.69
CSR + ECCOV4 Steric -0.05 0.16 0.17
OBPmean + DTU Steric 0.54 0.32 0.74
OBPmean + ECCOv4 Steric -0.11 0.33 0.04

The sum of the ‘best combination’ based on spatial correlation (JPL mascon +
DTUSteric) is shown in Figure 4a. The Beaufort Gyre is particularly well seen with
trends around 2 cm/yr. The residuals between the ‘best combination’ and CPOM
altimetry (Figure 1b), which showed the highest correlation, is shown in Figure 4b.

cm yrpl

Figure 4. Maps of the “best combination” between sea level trends for OBP+steric and
altimetry for 2003-2015. a) shows JPL mascons added the DTUSteric product and b) is the
residual between a) and Figure 1b, SSH from CPOM altimetry (Figure 1b).

Good agreement in most interior parts of the Arctic Ocean is found. But large
sections of the coastal areas, in particular in the East Siberian Sea, the OBP+DTUsteric
product has an increasing trend, while altimetry-based sea level trends decrease. The
pattern is consistent throughout all altimetric products. The GSFC and CSR OBP-
products from GRACE have an even higher trend in the East Siberian Sea, which would
increase the residual shown in Figure 4b. A comparative study by the WRCP Sea Level
Budget Group (2018) showed global ocean mass trends among the mascon solution
varying from 1.76-2.61 mm/yr with the JPL solution having the lowest value. Even
though the mascon solutions are designed to separate land and ocean signals, the
differences could be attributed to errors in leakage correction. This error is presumably
larger in coastal areas or areas with large land signals (e.g. from Greenland), resulting
in a general larger uncertainty in the Arctic. Specifically, in the eastern Siberia, Suzuki,
et al, (2016) showed a negative GRACE-based terrestrial-water-storage trend caused

8
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by increased evapotranspiration during the summer months. This is not yet fully
understood due to imited availability of in-situ data, but might not be accounted for in
the mascon-processing.

At the same time, there is almost no hydrographic information in the East Siberian
Sea (as shown in Figure 3), with only very few measurements in the entire investigation
period. Thus, is the signal seen in the DTUSteric product likely due to extrapolation of
hydrographic data and hence is the increasing trend in the region influenced by the
strong freshwater trend of the nearby Beaufort Gyre. Noteworthy is, that the ECCO-
model is showing a decreasing trend, which agrees with the altimetric products. Since
the ECCO-model as well has no in-situ information in the area and both GRACE and
satellite altimetry is used as constrains (Fukumori, et al., 2017), we consider the signal
more as a result of a budget calculation than as an independent contribution.

The temporal change of Arctic-wide averaged monthly sea level is shown in Figure
5, where DTU and CPOM seem to agree more, while the RADS products is showing
greater interannual variability. The occasional lack of seasonal variability in DTUSteric
can be explained due to the seasonal nature of in-situ data (primarily summer data). The
seasonal variability is on the other hand represented in the mass changes from GRACE.
However, as the mass change only account for about half of the seasonal variations we
are not able to represent the seasonal signal seen in the altimetric data with the combined
DTUSteric + JPL Mascon product.

U

OBP (GRACE JPL)

Arctic Sea Level [cm]

-10
DTUSteric

2004 2006 2008 2010 2012 2014 2016

Figure 5. Three-month (dashed lines) and 13-month running mean (thick lines) sea level from
2003-2015 for the different SSH products and contributions to Arctic sea level change (values in
cm). The timeseries are shifted arbitrarily for better visibility.

4. Discussion and Conclusion

Attempts from previous studies (Kwok & Morison, 2015; Armitage, et al., 2016)
to validate altimetric sea level in areas of the Arctic show a similar pattern as this study.
Armitage, et al. (2016) compared the CPOM sea level product to tide gauges in the
Arctic. While good agreement was reached in the Beaufort Sea and Barents Sea, the
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Kara, Laptev and East Siberian Seas had significant less correlation with tide gauge
data. These are the same areas, where Figure 4 show large disagreement, confirming a
large sea level uncertainty in those areas.

While Armitage, et al, (2016) found good agreements between selected
hydrographic data (mainly Ice-Thetered-Profiles) and satelitte derived steric heights
(ALT-OBP), this study is the first that uses an Arctic-wide steric product that is
independent of satellite data.

Both the ocean bottom pressure products from GRACE and the altimetric products
show different spatial trend patterns and magnitudes as illustrated in Figure 2d and 3d.
The best spatial correlation between the sum of the JPL mascons eustatic sea level
change and the DTUSteric sea level change in a comparison with the the CPOM
altimetry sea level change. If we ignore the ECCO-model, the correlation coefficients
range from 0.32 to 0.76.

The DTU altimetry product uses special retracking of CryoSat-2-data, and is
thereby able to retrieve sea level information within sea ice leads which improves
spatio-temporal coverage in regions with shifting sea ice cover (Rose, et al., 2019).
However, the merging of the data with different retrackers slightly degrade the spatial
correlation in the sea level budget comparison. This could be caused by an unknown
offset between the retrackers in the product. The products from CPOM and RADS have
the advantage of using the same retracker for both Envisat and CryoSat-2, which can
result in a more consistent transition from Envisat to CryoSat-2. However, as seen in
Figure 5, RADS data jumps in 2011 which is likely due to intermission bias.

Regions with large residuals correlate well with regions with poor hydrographic
data coverage. In particular, the coastal region of the East Siberian Sea is poorly covered
with in-situ observations. At the same time is this region known to be the most
challenging in terms of altimetry (Armitage, et al., 2016; Rose, et al., 2019), while the
GRACE solutions also show different sea level trends (as seen in Figure 2).

EOF-calculations of GRACE-observed OBP anomalies applied by Wang et al,
(2017) and Peralta-Ferriz, et al. (2014) and SSH anomalies by Armitage, et al. (2016),
indicate that the leading annual EOF mode of SSH is mass driven, while the seasonal
variability is dominated by steric changes. The leading mode has a significant East
Siberia Sea - Central Arctic dipole similar what is seen in the residual map in Figure 4.
This could imply that the post-processing of GRACE data applied for the JPL mascons
are not able to detect the mass variability seen by standard GRACE L3 products
processed after Chambers and Bonin (2012), which is used in the other studies.

The residual map in Figure 4b also resembles the pattern of figure 10 in
Armitage, et al, (2016), showing satelitte derived steric height changes from 2012-2014,
where a large drop of steric heights are seen in the East Siberian Sea and along the coast
in the Beaufort Sea area. Bacause of sparse in-situ data and how the DTUSteric product
is extrapolating both spatially and temporally, those fast changes are likely to fade.

The normalized RMS values show that the altimetric products disagree north of
Siberia, around Svalbard, Davies Strait and around the Beaufort Gyre. Those areas are
also known to be areas with changing sea ice and transition zones between first year
and multi-year sea ice (Kwok, 2018). Contrary, OBP-products from GRACE disagree
mostly in the interior of the Arctic and along the East Siberian Coast, indicating are
more general uncertainty of the mass trend in the Arctic. The DTUSteric product is able
to explain most of the signal seen by CPOM altimetry and JPL. Mascons. This confirms
the finding of other studies (Armitage, et al., 2016; Carret, et al., 2017; Rose, et al.,
2019) that the Beaufort Gyre is mainly a halosteric signal.

The general low residuals between CPOM altimetry and OBP from JPL mascons
+ DTUSteric, even in the ice-covered part of the Arctic Ocean, gives confidence that
the combination might be used as a proxy to close the ‘pole hole’ in altimetric
observations north of 82N before 2011. Further investigations comparing CryoSat-2
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between 82N and 88N with OBP + Steric including both GRACE and GRACE-Follow
On to extend the time series should be made to confirm this theory.
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5 Publication 2: Vertical Land Motion
from Present-Day Deglaciation in the
Wider Arctic

5.1 Preface

The second publication that is accepted to be published in Geophysical Research Let-
ters in September 2020 (Ludwigsen et al., 2020a). The objective was to create a Vertical
Land Movement (VLM) model covering the entire Arctic, where GNSS-measurements
are generally sparse and inconsistent. Accurate and reliable VLM-estimates are paramount
for correcting tide gauge data if they should be compared to absolute sea level esti-
mates from altimetry. The elastic calculations also show, how much of the sea level rise
caused by present-day deglaciation is in fact mitigated by an associated elastic VLM in
the Northern Regions.

A major achievement of this work was the conversion of total mass balance estimates
of glaciers to a global glacial surface elevation change model in a 2x2 km grid, which is
comparable to the resolution of models based on altimetric observations of the Green-
land Ice sheet. The resolution is a factor 100 more dense than similar products based
on GRACE-observations (e.g. Frederikse et al. (2019)), which are too course to be
probably used in glaciated areas.

Yearly elastic uplift estimates from glaciers and Greenland were calculated with REAR
(Melini et al., 2015) and combined with glacial isostatic adjustment (GIA) model from
Caron et al. (2018). Rotational feedback (King et al., 2012) and non-tidal ocean loading
(van Dam et al., 2012) was added to the resulting VLM-model. 2003-2015 VLM-trends
from the model were compared to 54 wider-Arctic GNSS-sites from ULR (University La
Rochelle) version 6a (Santamaria-Gémez et al., 2017b). Non-secular geocenter motion
signal was removed from the GNSS-estimates in order to align the ITRF2008-reference
of GNSS-measured VLM with the center of mass frame of the VLM-model.

The results showed good agreement between the VLM-model and GNSS - both in near
and far field. However, the uniform elastic earth model used (REF6371 (Kustowski
et al., 2007)) caused residuals in areas with low-viscosities (East-Greenland and Ice-
land). Also, local effects of VLM, like post-seismic deformation after a major earthquake
in Alaska and significant deglaciation after the Little lce Age caused disagreement be-
tween GNSS-measured VLM and the computed VLM-model. However, the residuals
could be attributed to localized uplift predictions of other studies. Hence is the model
also usable for detecting extraordinary circumstances causing VLM.

The publication includes supporting information, that follows after the main article, which
includes uncertainty assessment and table with VLM-values at each GNSS-site. A ver-
sion of the VLM-model in a 5x5km resolution (Ludwigsen et al., 2020b) is accessible from
the open repository https://data.dtu.dk/articles/dataset/Arctic_Vertical_Land_Motion_
5x5_km.
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Key Points:

« Elastic VLM from present-day ice loss in the Arctic causes significant uplift of coast-
lines in North America and Northern Europe.

e A combined VLM-model that includes GIA and elastic VLM, yields good agree-
ment with GNSS-stations in the wider Arctic.

¢ Residuals between GNSS and modeled VLM provides an approximation of extraor-
dinary VLM caused by local circumstances.
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Abstract

Vertical land motion (VLM) from past and ongoing glacial changes can amplify or mit-
igate ongoing relative sea level change. We present a high resolution VLM-model for the
wider Arctic, that includes both present-day ice loading (PDIL) and glacial isostatic ad-
justment (GIA). The study shows that the non-linear elastic uplift from PDIL is signif-
icant (0.5-1 mm y~!) in most of the wider Arctic and exceeds GIA at 15 of 54 Arctic GNSS-
sites, including sites in non-glaciated areas of the North Sea region and the east coast

of North America. Thereby the sea level change from PDIL (1.5 mm y~1!) is significantly
mitigated from VLM caused by PDIL. The combined VLM-model was consistent with
measured VLM at 85% of the GNSS-sites (R=0.77) and outperformed a GIA-only model
(R=0.64). Deviations from GNSS-measured VLM can be attributed to local circumstances
causing VLM.

Plain Language Summary

From 2003 to 2015, the Northern Hemisphere lost more than 6,000 gigatons of land
ice, which added nearly 18 mm to the global mean sea level rise. Loss of land-based ice
results in the vertical deformation of the Earth’s surface. Ongoing rebounding or sub-
sidence caused by the end of the last ice age is often assumed to govern vertical defor-
mation. However, present-day ice loss from Greenland and Arctic glaciers also cause an
immediate vertical deformation. By using an vertical deformation model, that includes
both components, we can explain GPS-measured deformation occurring in the Arctic.
Our results show that the present-day Arctic ice loss contribution to vertical deforma-
tion is approximately 0.5 to 1 mm y~! in the wider northern region. This exceeds de-
formation caused by the disappearance of the last ice ages at many coastal regions, in-
cluding the North Sea region and the North American Atlantic coast. The present-day
ice loss included in the VLM-model equals a global sea, level rise of 1.5 mm y !, which
means that 30-80% of the sea level rise caused by Arctic ice loss is mitigated by surface
uplift caused by the same ice loss.
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1 Introduction

The Arctic region is warming faster than any other region on Earth (Post et al.,
2019). Deglaciation of Arctic land-based ice accounts for 70% of all barystatic sea level
change (Abram et al., 2019) and has increased the sea level rise by 0.035 mm y~2 over
the last three decades (Nerem et al., 2018). From 2003 to 2015 the Greenland Ice Sheet
and adjoining glaciers produced 1 cm of sea level rise, while the contribution of other Arc-

tic glaciers was 0.8 cm (Zemp et al., 2019).

Change in ice loading not only contributes to sea level change, but also alters Earth’s
solid surface, which commonly is called Vertical Land Motion (VLM). Accurate quan-
tification of VLM and its causes is key for understanding relative sea level (RSL) (Watson
et al., 2015; Woppelmann & Marcos, 2016), which is the sea level change measured by
tide gauges (TG).

VLM can be modeled for a given ice loading by employing the sea level equation
of Farrell and Clark (1976) or in its elastic adaptation by Clark and Lingle (1977). vis-
coelastic relaxation of Earth’s surface caused by past ice loading changes, also known
as Glacial Isostatic Adjustment (GIA), has historically been the most important com-
ponent of VLM (Farrell & Clark, 1976; Tushingham & Peltier, 1991; Milne & Mitrovica,
1998; Peltier et al., 2015) and is often assumed to be the key contributor to VLM in sea
level studies from tide gauges (Church & White, 2011; Jevrejeva et al., 2014). This as-
sumption is in particular inadequate in the Arctic region (Henry et al., 2012), where the
change in present-day ice loading (PDIL) is extensive and the corresponding VLM equals
GIA in order of magnitude.

Here we quantified the VLM resulting from changes in PDIL from 2003-2015 in the
wider Arctic (the region above 50 deg latitude). After considering GIA, ocean loading,
rotational feedback (RF) and non-secular geocenter motion, the total VLM uplift is pre-
dicted and compared to GNSS-measured VLM at 54 locations.

In recent years, data products from the Gravity Recovery And Climate Experiment
(GRACE) satellite mission have been used to estimate PDIL and the corresponding VLM
(Adhikari et al., 2016; Riva et al., 2017; Frederikse et al., 2019). While this is a reason-
able estimate for regional and global VLM-patterns, the native resolution of GRACE is
around 300-km half width at the equator (Tapley et al., 2004) which is insufficient for
estimating VLM close to glaciers and ice sheets.

Here we combined a high-resolution (2x2 km) ice mass balance data in the Arc-
tic to compute VLM from PDIL (VLMpp;1), with a resolution that is suitable in both
the near- and far-field in the Arctic region.

2 Data and Method

The solid-earth response of PDIL is assumed to be purely elastic and the viscoelas-
tic response is considered to be negligible. This includes the ongoing solid-earth response
from modern changes in ice loading prior to 2003, which is not considered in the applied
GIA-models. In particular, the deglaciation after the Little Ice Age (LIA) that ended
in the 19th century can create a GIA-like viscoelastic response that is not captured by
GIA-models (Simon et al., 2018).

Contrary to studies using GRACE-measurements for ice loading, we used mass bal-
ance data from glaciers (Marzeion et al., 2012; Pfeffer et al., 2014; Zemp et al., 2019) that
were transformed into an ice-elevation model (details in Supporting Information S1) with
a 2x2 km spatial resolution by applying a mass balance distribution function and assum-
ing a uniform density of 917 kg m~2. Glaciers were combined with elevation changes from
Greenland (updated version of the data from S. A. Khan et al. (2013), see section 2.1).
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Sea Level Change in the Arctic Ocean

Separately, Antarctic yearly mass equivalent surface elevation changes for 2003-2015 from

Schroder et al. (2019) were used to estimate the present-day Antarctic contribution to
VLM in the Arctic.

The elastic VLM (VLM pp;1,) was computed with REAR (Regional Elastic Rebound

calculator) (Melini et al., 2014, 2015). REAR calculates the elastic response to a disc
load (Farrell, 1972) and assumes a solid, non-rotating and isotropic earth. Load Defor-
mation Constants (LDC’s) used for solving the Green’s Functions were obtained from

the REF6371 model by Kustowski et al. (2007) which is similar to the PREM-model (Dziewonski

& Anderson, 1981), however the REF6371 model includes more realistic seismic prop-
erties of the crust (Kustowski et al., 2007). The LDC’s from REAR are by default de-
fined with respect to Earth’s center of mass (CM-frame), which is consistent with the
GIA-model of Caron et al. (2018). The ICE6G_ D-model of Peltier et al. (2018) is ref-
erenced to the center of solid-earth (CE). The surface loading change included in GIA
is however prehistoric and current viscoelastic mass transport induces a negligible CM-
CE motion (King et al., 2012; Argus et al., 2014).

Rotational feedback (Milne & Mitrovica, 1998) was added to the elastic VLM-model

by using equation 1 and 2 from King and Watson (2014). Position changes of the pole

(2p,yp) for ITRF2008 are available from IERS (Bizouard & Gambis, 2009). Since REAR

is not solving the sea level equation (Farrell & Clark, 1976; Milne et al., 1999), it does

not account for the effect of extra water mass added to the oceans because of PDIL, which
results in a measurable deformation (van Dam et al., 2012; Santamaria-Gémez & Mémin,

2015). Non-tidal ocean loading (NOL) is predicted by estimating the elastic deforma-
tion of ocean bottom pressure (OBP, shown in Figure S2.2 in Supporting Information)

grids from the latest version of Estimating the Circulation and Climate of the Ocean (ECCO)

project (version 4, release 4) (Fukumori et al., 2019; Forget et al., 2015).

GNSS data are referenced to ITRF2008 (Altamimi et al., 2011), which has secu-
lar trends in CM, while non-secular trends of ITRF are in center of figure (CF) (Dong

et al., 2003). Therefore, when studying ongoing mass changes, we need to make a ITRF

to CM translation by considering non-linear geocenter motion (GCM). GCM is obtained

from first-order Stokes coefficients from 2002-2019 provided by Sun et al. (2016) avail-
able from https://grace.jpl.nasa.gov/data/get-data/geocenter/, which are de-
trended in order to make the ITRF to CM translation. An VLM-model (eq. 2) is cre-
ated that is comparable to adjusted GNSS-measured VLM (eq. 3):

VLMEM = VIMEY,, + VLMY, + VLM,

ela

VLMY, = VLMEY, + VLMY
-C
VIMEN s = VLMIES, — gom™MRF-eM

(1)
(2)
3)

Where VLMSY is the elastic VLM-model, VLMg%‘ represents VLM caused by GIA,

ela

VLM, indicates the deformation caused by rotational feedback and VLM ¢y, is the
contribution from NOL. VLME N g is GNSS-measured VLM after non-secular geocen-

ter motion is removed. Average VLM-rates from 2003-2015 are shown in Figure 1, while

VLMgﬁ/fdel is evaluated against VLMg%SS in section 3. The contribution of Antarctic
ice loading (including Southern Hemisphere glaciers) is shown together with the contri-

bution of VLM%J\O/I 1, and VLM, in Figure S2.1 in Supporting Information.

Caron2018 (Caron et al., 2018) is the default GIA-model throughout this study.
Caron2018 used 128000 forward models of different 1D Earth rheologies and ice eleva-
tion histories to create a statistical distribution of the GIA signal representative of long

term GNSS observations and relative sea level records from paleo RSL indicators. In some
parts of the analysis, we include the ICE-6G_D GIA model of Peltier et al. (2018), since

CM
model

large discrepancies between the VLM

and VLM&N ¢¢ can be explained by the choice
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of GIA-model. Recent study using an ensemble of simulations with 3D-earth rheologies
(Li et al., 2020), seems to favor the results GIA-rates of Peltier et al. (2018).

Though we limited this study to the wider Arctic area, both the elastic VLM-components

and GIA have a global impact. However, if we neglect the VLM caused by Antarctica,
the VLM-signal from PDIL is relatively small (< 4-0.2 mm y~!) outside the region of
this study. The estimated uncertainty of the VLMSL%QZ originates from the standard un-
certainty of the ice model combined with a 10% uncertainty that represents the uncer-
tainity from the REF6371 earth model (Wang et al., 2012).

While the ice model of Greenland is well constrained, mass balance errors of in-
dividual glaciers from the glacial model can be large (several times the glacial signal).
We therefore divide the glacial model into 25x25 km tiles, which reduces the uncertainty
significantly, but might also introduce unrealistic low uncertainty in areas with large glacial
signals or where glaciers are poorly constrained. Glaciers are, however, still the largest
source of regional uncertainty (see Supporting Information Figure S3.1.). The Caron2018
GIA-model has standard uncertainty estimates included in the product, while there is
no uncertainty estimate associated with the ICE6G-model. Uncertainties of geocenter
motion from Sun et al. (2016) contributes to the GNSS-uncertainty estimate. The spa-
tial distribution of the uncertainty estimates are shown in Supporting Information Fig-
ure S3.1.

2.1 Ice Loading

The main component of VLM pp;y, is the ice loading model and consist of a com-
bined water equivalent elevation model from Greenland and mass balance estimates from
glaciers. Rate of elevation change is shown in Supporting Information Figure S1.1. While
only Northern Hemisphere ice history is created with high resolution, changes of Antarc-
tic and Southern Hemisphere ice loading is computed on a 0.5x0.5° grid and included
in the computation of VLM%%I - The low resolution does not have any impact on VLM
in the Arctic. The total mass loss of the Southern Hemisphere is 140 Gt y~!, equiva-
lent of to 0.38 mm y~! barystatic sea level rise.

2.1.1 Glaciers

A total of 62,000 individual glaciers from the Randolph Glacier Inventory (RGI 6.0)
(Pfeffer et al., 2014; RGI Consortium, 2017) located in North America, Russia, Scandi-
navia (incl. Svalbard) and Iceland have been included in this study. Mass loss from in-
cluded glaciers accounts for 95 % of the registered glacial mass loss of the Northern Hemi-
sphere and constitutes 80% of the global glacial mass loss (Zemp et al., 2019).

Mass change estimates for each glacier were estimated using an updated version
of a model reported in Marzeion et al. (2012). Direct mass balance observations (Zemp
et al., 2019) were used to calibrate and validate the glacier model. The glacier model trans-
lates information about atmospheric conditions into glacier mass change, while consid-
ering various feedback mechanisms that occur between glacier mass balance and glacier
geometry. Glacial mass balance was combined with a distribution function to calculate
glacier-wide surface elevation change. This ensured that the lower parts of glaciers are
thinning, while upper parts experience small elevation gains. This ’slope steepening’ of
glaciers is characteristic of glaciers of many regions (Nuth et al., 2010; Foresta et al., 2016;
Ciracl et al., 2018) and is assumed to apply to all glaciers included in this study (see Sup-
porting Information S1 for an enhanced description of glacial elevation change).
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Figure 1. Average VLM-rates (mm y~') for 2003-2015 using the GIA-model of
Caron2018(Caron et al., 2018) (a) and ICE6G_D (Peltier et al., 2018) (b). Modeled elastic
rebound from contemporary land ice loss (including ocean loading and corrected for rotational
feedback) ( VLM&Y) with enlargement of Svalbard is displayed in (c). The total VLM-model,
VLMSM, . (a + c), with the square color representing average GNSS-determined VLM-rates

(d). Enlargements of the south coast of Alaska, Greenland and Svalbard of (d) is shown in the
bottom three panels. Spatial distribution of uncertainity estimates of (a),(c) and (d) are shown in

Supporting Information Figure S3.1.
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181 2.1.2 Greenland

182 Glacial ice history was combined with elevation change of the Greenland Ice Sheet
183 and adjoining glaciers. We estimated the rate of ice volume change from 2003-2015 by
184 using altimeter surveys from NASA’s ATM flights (Krabill, 2011) that took place be-

185 tween 2003 and 2015 supplemented with high-resolution Ice, Cloud and land Elevation
186 Satellite (ICESat) data (Zwally et al., 2011) from 2003-2009 and CryoSat-2 data from
187 2011-2015 (Helm et al., 2014). Our procedure for deriving ice surface elevation changes
188 has previously been described in detail by S. A. Khan et al. (2013) and is similar to the
189 method used by, e.g. Ewert et al. (2012); Smith et al. (2009) and Kjeldsen et al. (2013).

190 We used the observed ice elevation change rates to interpolate (using collocation) ice el-
101 evation changes onto the 2x2 km spatial grid.

192 2.2 GNSS data

103 Timeseries of vertical deformation and uncertainty estimates of 54 GNSS-sites from
104 the sixth release of the consortium led by University of La Rochelle (ULR~6) (Santamaria-
105 Goémez et al., 2017) were used. A detailed map and timeseries of all GNSS-sites are shown

19 in Supporting Information Figure S4.1 and Figure S5.1. ULR~6 includes 125 GNSS-sites
107 located within the area of interest, but only GNSS-sites with data for at least 120 of 156
108 months from 2003 to 2015 known not to be impacted by human activities were selected.
199 One GNSS site was selected based on lowest observed standard deviation of timeseries
200 when multiple GNSS sites were located within 100 km of each other. Nome (AT11), Es-
201 bjerg City (ESBC) and Magadan (MAGO) were exempted from the temporal selection

202 criteria, because of their location which has a special interest for interpretation.

203 Annual averages and combined uncertainties were calculated for each GNSS-site
204 from the vertical component and standard uncertainty included in URL-6a. Hereafter,
208 the linear trend was calculated for the years available between 2003 and 2015.

206 3 Evaluating the VLM model

207 From Figure 1 it is seen that the VLM-model is dominated by the pattern of the

208 GIA-model, with rates above 20 mm y~! east of the Hudson Bay and another local max-
209 imum of over 15 mm y~! in north-west Canada. The elastic rebound is evident in most

210 of the Arctic, particular in Greenland with large areas exceeding 10 mm y~!, with max-
211 imum value at Jakobshavn Isbree (69.1N, 49.5W) with an average modeled uplift of 40

212 mm y~'. Large areas around Svalbard and Alaska have modeled elastic VLM-rates of

213 more than 8 mm y~!. The uncertainty is significantly larger in glaciated regions than

214 in the far field (see Figure 3.1 in Supporting Information).

215 Most depression zones are found over the ocean, with the Beaufort Sea and Labrador
216 Sea subsiding with 2 mm y~! and the Norwegian Sea with 1.5 mm y~!. Subsiding coastal
27 areas are found in North America, where Nova Scotia and most of the US east- and west
218 coast subsides with more than 1 mm y~!, while smaller subsidence (0.0 - 0.5 mm y~!)

219 is found in Northern Europe along the North Sea and Atlantic coastlines. From Figure

220 1 we see that most subsiding areas are caused by GIA.

221 Figure 2 shows that VLMY, | predicts VLM within the range of VLM&N ¢ g at 46

222 of 54 GNSS locations considered. The mean absolute error (MAE) for the 54 GNSS-sites

23 was 1.39 mm y~! (1.29 mm y~! for ICE6G_ D), which was 0.59 mm y~! (0.56 mm y~1)

24 better than MAE from only VLMgra. For 32 of the 54 GNSS-sites considered was the

225 VLM-model with Caron2018 outperforming the ICE6G__D GIA model, thus was Caron2018
226 selected as the default GIA-model in this study.

207 Barystatic sea level change for VLM pprr, was 1.5 mm y (ice loss-mediated global
228 average sea level change (excl. Antarctica)). As shown in Figure 2, elastic VLM values
777
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Figure 2. Average VLM change (mm y~') from 2003-2015 determined using the elastic VLM
model (blue) and GIA (red) at the 54 GNSS-sites from Figure 1 and Supporting Information
Figure S4.1 are shown (top). Sites are listed from most west (left) to most east (right). The
dotted-cyan line indicates the average barystatic sea level rise (~ 1.85 mm yfl) from the ice loss
used in this study. The total modeled VLM uncertainty are indicated with red error bars and
the GNSS-measured VLM is shown with black errorbars. Light red indicates locations in which
GIA is negative and overlaps the positive elastic VLM. Residuals between GNSS-measured VLM
(VLMEMs5) and the VLM-model (VLMSY, ) (blue) and GIA (red) are shown (bottom). The
average of the absolute residuals (equivalent to mean absolute error) are 1.54 mm y~ ' and 1.89

1

mm y~ - respectively. All values used in this figure are included within Table S4.1 in Supporting

Information.

between 0.5-1 mm y~! were observed at many far field GNSS-sites in this study and partly

mitigated the barystatic sea level change.

The effect of non-cryospheric mass change is not included in VLM,?L%EZ. In par-

ticular terrestial water storage (TWS) causes a small uplift over large parts of North Amer-
ica (0.4 - 0.8 mm y ') and North-Central Siberia (0.2 - 0.4 mm y~!), while TWS is caus-
ing a subsidence in most of Scandinavia of 0.2 - 0.4 mm y~! (Frederikse et al., 2019).

Glaciated regions show particularly large residuals between the predicted VLM and
VLM measured by GNSS (Figure 3), but also exhibit the largest associated uncertain-
ties of GNSS estimates. Predicted VLM at 30 of 54 GNSS-sites are within a range of 0.75
mm y~! to GNSS (the three center bins in the right panel of Figure 3), while there is
an equal amount of under- and overestimates and hence no obvious bias. The most sig-
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nificant discrepancies between measured and predicted VLM is explained in the follow-
ing for every region.

3.1 North America

Alaska is located in the transition zone between GIA-uplift and GIA-subsidence,
which is also reflected in the GNSS-rates. Nome (AB11), Prudhoe Bay (PBOC) and In-
uvik (INVK) all experience an GIA-subsidence that is larger than the elastic uplift. While
Nome and INVK are well matched with VLM&2 s, PBUC has the largest measured sub-
sidence (-3.241.6 mm y~ '), while VLMY, only shows a subsidence of 0.841.4 mm y~'.
An extraordinary subsidence is likely caused by oil extraction in the Prudhoe Bay area.

The Alaska south coast accounts for more than 25% of the total glacial melt and
is naturally dominated by elastic uplift while the uplift from GIA is below 1 mm yr—!.
Seldovia (SELD) shows an observed average rate of 9.2 & 1.0 mm yr~!, while VLMY
is only 0.9 & 1.6 mm yr—! and GIA-rate -0.1 £ 0.8 mm yr—!. Seldovia is located on the
Kenai Peninsula close to the Kenai Fjords, which experienced an accelerated glacial ice
loss in the 20th century (VanLooy et al., 2006). This is, however, not enough to explain
the increased measured uplift. GIA-estimates vary in the region (Larsen et al., 2005; Hu
& Freymueller, 2019), but is not more than around 1-2 mm yr~!. The residual seems
explained by a postseismic signal following the Prince Willam Sound Earthquake in 1964
(Cohen & Freymueller, 2001; Huang et al., n.d.) which is still causing a local uplift on
this side of the peninsula. The residuals estimates this effect to be 8.4 mm yr—! from
2003-2015, which is slightly less than the value found by Cohen and Freymueller (2001)
of 9.3 mm yr—! from 1994-2001. This rebound is expected to decay further over time,
but will still be relevant for decades to come (Cohen & Freymueller, 2001; Huang et al.,

n.d.).

Discrepancies between GNSS and modeled VLM in central North America, are likely
due to uncertain GIA-estimates. A significantly better alignment between VLMS$M, , and
GNSS is reached if Caron2018 is replaced by ICE-6G. The GIA-overestimate of Caron2018
in North America has been demonstrated by other studies (Schumacher et al., 2018; Fred-
erikse et al., 2019) and is likely caused by large differences between estimated viscosity
properties of paleo-RSL indicators and GNSS in North America (Caron et al., 2018). TWS-
change causes a small uplift below 1 mm y~! over large parts of North America (Frederikse
et al., 2019), which enhances the difference between VLM$Y, , and VLMEN 4.

mode

3.2 Greenland

Four GNSS-sites on Greenland and Alert (ALRT) on Baffin Island measure a sig-
nificant elastic uplift. While Pittuffik/Thule (THU2) and ALRT agree with VLMS,

model»

Kangerlussuaq (KELY) is overestimated quite a bit and VLMSY, , at Kulusuk (KULU)
and Qagortoq (QAQ1) is below VLMgf‘\{SS. GIA on Greenland is poorly constrained in
Caron2018, which can exaggerate VLM-estimates from GIA. A low-viscosity zone stretch-
ing from Iceland beneath Southeast Greenland (S. A. Khan et al., 2016) enables a sig-

nificant viscoelastic rebound caused by ice loss since LIA (S. Khan et al., 2014).

3.3 Iceland

The two GNSS-sites on Iceland show very different uplift rates of 0.0 £ 1.1 mm
yr~! in Reykjavik (REYK) and 13.1 £ 1.1 mm yr—! at Hoefn (HOFN) at the southern
edge of the largest ice cap on Iceland, Vatnajokull. VLMgJ(\fiel overestimates the rebound
in Reykjavik while it largely underestimates it at Hoefn. Similar to south east Green-
land a soft viscoelastic mantle layer (Fleming et al., 2007) creates a present-day viscoelas-
tic signal that is much larger than the ones predicted by the GIA-model. A thin crust,
also means that the uplift decreases faster with distance to the glacier (Fleming et al.,
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2007; Sgrensen et al., 2017), which could explain why Reykjavik shows little vertical de-
formation despite being less than 100 km from glaciers.

3.4 Svalbard

The majority of land in Svalbard is covered with ice, and VLM is highly affected
by ongoing ice-mass changes. At Ny Alesund (NYAL), located on the west coast, VLMg%el
is dominated by VLMSM of 4.9 + 5.3 mm yr—' and VLMgr4 of 0.5+ 0.4 mm yr—!. In
total this is 2.6 mm yr~! short of observed VLM& gg. While ICE6G and Caron2018
agree within & 0.2 mm yr—!, more focused, but older studies predict a slightly higher
GIA contribution of around 1.5 mm yr—! (Sato et al., 2006; Kierulf et al., 2009). Also
on Svalbard, significant post-LIA deglaciation (Grove, 2001) is likely contributing to an
ongoing uplift (Mémin et al., 2014; Rajner, 2018). The effect is still uncertain (Rajner,
2018) and Mémin et al. (2014) estimated the post-LIA rebound to be 2-5 mm yr~! in

the beginning of 21st century, which explains the residual of 2.6 mm yr—1!.

3.5 Northern Europe and Scandinavia

GIA is dominating the vertical deformation in Scandinavia (Figure 1). Even though
small glaciers exist in Norway, the elastic effect is very local and has almost negligible
effect on the GNSS-sites in this study. However, VLMgJaw is still significant, and improves
the correlation with observed VLM compared to a GIA-only model. This becomes
more prominent for GNSS-sites in areas, where GIA is less dominant. Esbjerg (ESBC)
on the west coast of Denmark is close to the zero-line of Caron2018, but is still measur-

ing an uplift of about 0.6 mm yr—!, which is equal to the rate from VLMSM

ela *

—10—
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300 In Northern Europe, Caron2018 models a subsidence, which is mitigated by an elas-

310 tic uplift caused by present day ice melt. Generally, VLMS;%EZ is consistent with VLMg%IS g
su in the North Sea and the Baltic region, while an VLM-model using ICE6G is at odds

312 at several locations.

313 3.6 Siberia

314 Only a few available GNSS measurements exist in eastern Europe and Siberia. Caron2018
315 is also challenged by limited resources of paleo sea-level records, which makes the GIA-

316 model more dependent on the existing GNSS-records. It is commonly anticipated that

317 Siberia had little or no ice during the last glacial cycle (Whitehouse et al., 2007), except

318 north central Siberia and in the shallow waters in the Barents Sea between Svalbard and

319 Novaya Zemlya (Root et al., 2015).

320 Also VLMgff is generally smaller than around 0.5 mm yr~!. While the VLMgAN/[S g
21 is within the uncertainty-range of VLM$Y, , for the Siberian GNSS-sites (Arti (ARTU),
322 Norilsk (NRIL), Tixi (TIXI) and Magadan (MAGO)), a GIA-only model fits the GNSS
323 measurements better which is likely due to increased dependence on GNSS in Caron2018.
34 4 Discussion and Conclusion

35 VLM of the wider Arctic region occurs mainly as a result GIA and elastic VLM.

326 Though this study is limited to the area surrounding the Arctic, VLM caused by deglacia-
327 tion produces global effects (Riva et al., 2017; Kleinherenbrink et al., 2018; Frederikse

328 et al., 2019). By combining deglaciation that occurred since the last glacial maximum

329 (GIA) and present-day changes in land ice (elastic VLM), the VLM-model provides a

330 realistic estimate of VLM in the Arctic. By evaluating 54 GNSS-sites using a combined

331 VLM-model, we found that measured uplift of GNSS can be explained by either prehis-

33 toric or present-day changes in land ice volume. For 46 of the GNSS sites, residuals be-

333 tween GNSS-measured VLM values and the VLM-model were smaller than associated

33 uncertainties.

335 The 2x2-km spatial resolution of the used ice-model was much higher than simi-

336 lar gravimetric satellite observations from GRACE (Adhikari et al., 2019). Increased spa-

337 tial resolution improves VLM predictions accuracy in glaciated regions significantly, as

338 local elastic deformation tends to dominate regional averages observed via GRACE (Frederikse
339 et al., 2019). A VLM-model to GNSS comparison also indicated that the VLM-model

340 was inadequate in some regions due to local causes of VLM that were not included in

341 the VLM-model, such as subsurface properties, past seismic activity or 19-20th century

342 ice-loss (Mémin et al., 2014; Rajner, 2018).

343 In non-glaciated areas, GNSS measurements generally agree well with the VLM-
344 model. Contour lines shown in Figure 1, indicate that elastic uplift is centered around
345 Greenland, except when close to other glaciated regions (e.g. Alaska and Svalbard), de-
346 spite the fact that total Arctic glaciers mass loss is comparable with that of Greenland.
7 Hence, the elastic uplift caused by ice melt in Greenland significantly affects the entire
38 wider Arctic region, which includes coastlines of Northern Europe and the North Amer-
349 ican Atlantic.

350 Riva et al. (2017) showed that elastic uplift caused by ice loss in Greenland causes
351 a subsidence in the Southern Hemisphere. Similar, it is assumed that Antarctic ice loss
352 will cause a subsidence in the Northern Hemisphere. Antarctic ice loss averaged 105 Gt

383 y~ ! from 2003-2015 (Schroder et al., 2019), and resulted in an elastic subsidence of less
354 than 0.1 mm y~! in the Northern Hemisphere. Since ice loss has the potential to occur
355 rapidly in the future (Hay et al., 2017; Edwards et al., 2019), VLM caused by Antarc-

—11—
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tic ice loss will be increasingly significant, and may be important for future coastal sea
level projections in the Northern Hemisphere.
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. S1 - Description of glacier ice model

. S2 - Influence of rotational feedback, geocenter motion and Antarctic ice loading
. S3 - Spatial distributions of of the VLM-model error

. 54 - VLM at GNSS-sites

. S5 - Timeseries of vertical deformation at all GNSS sites

. S6 - Contribution of elastic uplift and GIA to Arctic VLM

ST W N

S1 Description of glacier ice model

As initial conditions, we use glacier outlines obtained from RGI6.0 (Pfeffer et al.,
2014). The time stamp of these outlines differs between glaciers, but is typically around
the year 2000. To obtain results before this time, the model uses an iterative process to
find the glacier geometry in the year of initialization (e.g., 1901) that results in the ob-
served glacier geometry in the year of the outlines time stamp (e.g., 2000) after the model
was run forward.

The model relies on monthly temperature and precipitation anomalies to calculate
the specific mass balance of each glacier. Here, we use the mean of seven different re-
analysis products as boundary conditions. Temperature is used to estimate the ablation
of glaciers following a temperature-index melt model, and to estimate the solid fraction
of total precipitation, which is used to estimate accumulation.

Mass balance data for each glacier is distributed over the glacier according to a math-
ematical approximation, assuming conservation of mass and that the glacier has a ele-
vation gain at the top which becomes a elevation decline further down the glacier. The
altitude where the elevation change goes from positive to negative, E, is approximated
by a simple function of the glacial altitude (Z) and the averaged ice height change, (h =
pbA~1), and p is the ice density (917 kg m~3). Note that E is different from the equi-
librium line altitude (ELA).

E=(1-h)Z (S1)
where Z is the median glacial height. For every glacier we define a distribution function,
D(i), where i represents a grid cell of the glacier:

D@i) = 1—exp (WEZ“)) (52)

Zmazx

For all glaciers, is the elevation change assumed to be exponentially declining with height,
Z(i). The fraction in the exponential term makes sure that glaciers that on average gains

Corresponding author: Carsten Ankjeer Ludwigsen, caanlu@space.dtu.dk
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32

33

34

35

36

37

38

up to 2 m height, will have an elevation loss in the bottom of the glacier and elevation
gain at the top, unless F is equal or to Z,,4z, in which case, the whole glacier will be loos-
ing height.

The elevation change, dh/dt, is found by normalizing D, multiplying with the to-
tal mass balance, b, and converted to a height change by dividing with p = 917 kg m~3.

dh(i)
t

d
(7)) — D(4)

= %ﬁ(z) where, (S3)

S1.1 Data availability

The ice model is available as a NetCDF-4 file on data.dtu.dk/articles/Arctic
_Vertical_Land_Motion_5x5_km_/12554489.
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Figure S1.1. Ice elevation change from 2003 to 2015 in m yr—* (red-blue scale) resulting from
the redistribution explained above. The most interesting regions (Alaskian Coast, Svalbard (on

a wider colorscale), Novaya Zemlja and Iceland) are enlarged. There is no significant ice loss in
mainland Siberia. The elevation change is not comparable with actual elevation change, since

no model for firn has been applied. The values on the map a proportional with mass changes

(assumed density of 917 kg m~3)
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Figure S1.2. Ice loss from Greenland (including peripheral glaciers) and Arctic glaciers that

goes in to the VLM calculations.
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S2 Influence of rotational feedback, ocean loading and Antarctic ice loss

Rotational feedback is calculated using the eq.1 and eq.2 by King and Watson (2014).

Pole positions x,,, y, used in the calculations are available from https://datacenter
.iers.org/eop.php. The Geocenter Motion subtracted from GNSS calculated as de-

scribed in (Swenson et al., 2008) uses the degree-1 stokes coefficients based on the cal-

culations by Sun et al. (2016) are available from https://grace.jpl.nasa.gov/data/
get-data/geocenter/. The associated uncertainity of the geocenter motion has been

added to the GNSS-error estimate. The elastic VLM effect of Antarctic Ice Loss is es-

timated from elevation changes by Schroder et al. (2019), which had an average mass

loss of 105 Gt yr~! between 2003 and 2015 which agrees well with the result of IMBIE(Shepherd

et al., 2018).
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Figure S2.2. 2003-2015 ocean mass trend [mm/y] from ECCOv4r4 OBP used to estimate the
effect of NOL.

51 S3 Spatial distributions of of the VLM-model error

Sea Level Change in the Arctic Ocean 79



52

53

54

manuscript accepted for publication in Geophysical Research Letters

o GIA [mm yr] o elastic VLM [mm yr''] & Geocenter Motion [mm yr™']

05 -4000

-4000 -2000 0 2000 -4000 -2000 0 2000 -4000 -2000 0 2000

& VLM-model [mm yr™']
T

3000 4.5
4
2000
35
1000
3
0
25
1000 %m
-2
-2000
—15
-3000
—1
-4000 0.5

X | / \
-5000 -4000 -3000 -2000 -1000 0 1000 2000 3000

Figure S3.1. Standard deviation (o) of GIA, elastic VLM and Geocenter Motion and com-
bined for the total VLM-model [mm/yr| for 2003-2015.

S4 VLM at GNSS-sites

In this section, we explain the VLM measured by GNSS in comparison to the VLM-
model for the regions covered in this study.
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S5 Timeseries of vertical deformation at all GNSS sites

Figure S5.1 shows both measured and modeled vertical deformation from 2003-2015
of each individual GNSS-site. It also reflects, how elastic VLM is changing year by year,
while GIA is linear.

S6 Contribution of elastic VLM and GIA
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Figure S5.1. Measured and predicted year-to-year VLM-change [mm y~'] from 2003 to 2015
for the 54 GNSS locations. GNSS is shown by the green line and the VLM model by the black
line. The red and blue areas indicate the part of the VLM model that is elastic and GIA.
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IGSid Abbr. elastic VLM  Caron2018 VLM-model GNSS VLM Residual

Nome 4 ABI11 -0.4 +£ 0.7 -0.8 £ 0.3 -1.1 £ 1.0 -0.1 £0.9 -1.0+ 14
Seldovia 517 SELD 0.3+ 1.6 -0.1 £ 0.8 02+ 24 92+1.0 -90+26
Prudhoe Bay 433 PBOC 0.1 £0.9 -1.5+0.5 -14+14 32+ 1.6 1.8+ 2.1
Whitehorse 651 WHIT 1.1+ 26 09 +13 2.0 £ 3.9 2.0 £0.8 0.0 £ 4.0
Inuvik 232 INVK 0.3+ 1.0 -1.7+ 0.9 -14+£1.9 -08+£1.0 -06+21
Nanoose 341 NANO -0.1 £ 0.6 1.5 +£ 2.7 1.5+ 3.3 1.6 £ 1.0 -0.2 + 34
Friday Harbor 508 SC02 -0.2 +£0.5 1.3 £2.6 1.1 £ 3.1 0.4+ 1.3 0.7 + 34
Whistler 656 WSLR 0.3 £ 0.6 2.5+ 3.1 2.8 + 3.8 45+13 -1.7+40
Holman 218 HOLM 03+£1.0 1.1+0.8 1.4 +18 31+£11 -1.7+21
Yellowknife 664 YELL 04 +£0.38 76 £1.5 8.0 £ 2.3 6.8 £ 0.8 1.2+ 24
Flin Flon 168 FLIN 0.2+ 0.6 83+ 1.6 8.4+ 22 3.0+ 09 544+ 24
Lac du Bonnet 143 DUBO 0.1 £0.5 3.7+ 1.1 3.8 £ 1.6 1.0 £ 0.9 28 £1.8
Resolute 477 RESO 1.1 £22 3.1+09 4.2+ 3.1 60+12 -1.8+33
Churchill 106 CHUR 0.4+ 0.7 8.4+ 28 8.8 £ 3.5 104 £08 -1.6£3.6
Thule (Pittufik) 583 THU2 53+ 3.3 0.1 +21 54+ 54 6.6 09 -1.24+55
Schefferville 510 SCH2 0.4+ 0.6 15.7 £ 2.3 16.1 + 2.9 11.0 +£ 0.7 5.0 £ 3.0
Halifax 211 HLFX -0.5+04 -1.5 £ 0.8 20+ 1.2 -1.1+£ 1.6 -09 £ 2.0
Alert 27 ALRT 3.44+40 4.1+ 15 76 £5.6 6.6 + 1.2 1.0 £5.7
Nain 340 NAIN 04 +£0.7 4.0 £ 1.0 4.4+ 1.7 46+ 15 -02+23
St. Johns 548 STJO -0.5£04 -14 £ 0.3 -1.8 £ 0.8 -02+£08 -16=£1.1
Kangerlussuaq 247 KELY 6.6 + 2.5 294+ 34 9.4 £58 4.6 £1.2 48 £5.9
Qaqortoq 467 QAQ1 41+ 1.5 1.7+ 14 2.4 4+ 2.8 49 + 0.8 -2.5 £ 3.0
Kulusuk 265 KULU 51+ 1.6 -1.5 £ 1.0 3.6 £ 2.6 7.8 £ 1.0 -4.2 + 2.8
Reykjavik 479 REYK 1.4+14 02+14 1.6 +£ 2.8 0.0+ 1.1 1.6 + 3.1
Hoefn 215 HOFN 1.9+ 3.9 -0.1 £ 1.0 1.8+ 4.9 131+ 1.1 -11.3+5.1
Newlyn (UK) 347 NEWL 0.1+04 -1.1+0.2 -09 £ 0.6 -02+£13 -07£14
Guipavas 202 GUIP 0.2 4+0.3 -1.0 £ 0.2 -09 £ 0.6 -04+17 -04+£18
Aberdeen 10 ABER 0.4 4+ 0.5 -0.5+04 -0.1 £0.9 09 +1.2 -1.0 £ 1.5
Heauville 206 HEAU 0.1 +£0.3 -0.8 £ 0.2 -0.7 £ 0.6 -03+£15 -04+£16
Portsmouth 446 PMTG 03+£04 -0.8 £0.3 -0.5 £ 0.6 01+12 -06+14
Lowestoft 286 LOWE 0.1+04 -0.8 £ 0.5 -0.7 £ 0.9 -04+£18 -02=£20
Dunkerque 134 DGLG 02+04 -0.7 £ 0.5 -0.6 £ 0.8 -03£09 -03=£1.2

West-Terschelling 568 TERS 0.14+04 -0.9 + 0.7 0.8+ 1.1 -024+08 -06+14
Esbjerg Center 153 ESBC 0.3+ 04 -0.1+£0.5 0.2 +0.9 06 £08 -04+12

Hirtshals 210 HIRS 0.4+£0.5 22+£038 2.7+ 13 28+19 -01+£23
Trondheim 596 TRDS 0.8 £0.6 46 £1.1 54 £ 1.7 4.3 £0.8 1.1+19
Oslo 378 OSLS 0.7+ 0.5 5.0 £ 1.8 5.7+ 23 5.2 +£08 0.5£24
Ny Alesund 370 NYAL 4.6 £5.3 0.5+04 5.1 £5.7 79+£09 -29+£5.7
Warnemiinde 647 WARN 0.6 £04 -0.1 £0.5 0.5£0.9 06 £08 -00=X12
Copenhagen 75 BUDP 0.6 £04 0.9 +£05 1.6 £0.9 1.6 £3.7 -01+38
Maartsbo 306 MAR6 0.8 £0.5 7.6 24 8.3 £29 7.8 £0.8 0.5£3.0
Visby 639 VIS0 0.8 +04 3.3 £1.1 4.0+ 1.6 3.3 £08 0.8 £1.38
Tromsg 599 TRO1 0.9 £0.8 1.7+ 0.7 25 +£1.5 3.0£08 -05=£17
Olstyn 274 LAMA 0.7+ 04 0.1£0.5 0.8 £0.9 -0.0 £ 0.7 0.8 £1.2
Skellefteaa 0934 SKEO 0.9+£0.6 85+ 21 9.4 £ 27 103£70 -09=£75
Kiruna 252 KIRO 0.9 £0.7 5.2+£09 6.1 £1.6 6.8£08 -06=£138
Vaasa 625 VAAS 0.9+£06 8.3 £ 2.2 9.1 £27 9.0 £ 0.9 0.1 £29
Vardoe 630 VARS 0.9 £038 20X+ 0.6 29+ 14 30£09 -02+£17
Poltava 452 POLV 0.7+ 0.3 -04+£03 0.2+£0.5 02+£1.0 0.0£1.1
Mendeleevo 323 MDVJ 0.8+04 -0.7 £ 0.8 02+1.2 0711 -05=£16
Arti 36 ARTU 0.8 £0.3 -0.2£0.2 0.6 £0.6 0709 -01=£1.0
Norilsk 360 NRIL 0.9+£06 1.9 £0.2 2.8 £0.8 1.8 £0.8 1.0+ 1.2
Tixi 587 TIXI 0.2 £0.6 -0.3 £0.3 -0.1 £0.9 1.0+10 -11+13
Magadan 298 MAGO -0.2+£03 -0.2+£0.2 -0.4 £ 0.5 -03+10 -0.1+£1.2

Table S4.1. Measured and modelled VLM for each GNSS-site in mm yr~'. VLM-model is the
sum of elastic VLM and GIA VLM.
797
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Figure S6.1. Percentage contribution of GIA-rate and elastic VLM-rate to total VLM-rate
(in absolute terms) are shown. Red colors indicate areas in which GIA dominates VLM, while

blue colors indicate areas in which elastic VLM is dominant.
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6 Publication 3: Assessment of
1995-2015 Arctic Ocean Sea Level
Trends

6.1 Preface

The third publication is submitted to Ocean Science in September 2020. It combines the
gained results of the first and second publication, by integrating a tide gauge assessment
into an updated attempt to close the Arctic sea level budget and identify the causes for
Arctic sea level change. Instead of using a GRACE-data for the mass estimates, the
study of this publication attempts to estimate the mass contribution for each source of
PDIL from the ice-model used in (Ludwigsen et al., 2020a), GIA and dynamic effects
from the ECCOv4r4-model.

This approach bypasses the use of GRACE for mass estimates which gives the ad-
vantage of a longer timeseries. Furthermore showed the analysis of (Ludwigsen and
Andersen, 2020) that GRACE-estimates are inconsistent and affected by problems due
to leakage effects from land-based mass changes. The mass contribution is estimated
by combining the gravitational change associated with the VLM and GIA with estimates
of changed atmospheric surface pressure. A dynamic contribution is estimated from the
difference between Ocean Bottom Pressure estimates of ECCOv4r4 and the sum of the
other mass contributions. As in the first publication (chapter 4) the steric sea level is
given by the DTU Steric product.

1995-2015 (21 years) trends of sea level are compared with the altimetric data from
(Rose et al., 2019) and VLM-corrected sea level trends at 12 tide gauges. Because the
combined total mass component is equal to the ECCO OBP-estimate, comparisons are
also made without the dynamic component.

The spatial trend maps of the derived sea level trend estimates including dynamic sea
level change agrees well with altimetry and tide gauges. The difference between prod-
ucts is in almost the entire Arctic smaller than the associated uncertainty. However is
the uncertainty also large (above 10 mm y~!) in the areas with largest discrepancies
among products (i.e. the Siberian Seas). The main sources of uncertainty are asso-
ciated with the steric product and dynamic estimate, while also the altimetric sea level
estimate is uncertain in particular in the Russian Arctic.

In the Norwegian Sea, where all products are well-constrained, yields the derived sea
level estimate better agreement with the tide gauge-measured sea level trend than sea
level observations from altimetry at the 2 of 3 Norwegian tide gauges. Also is it seem-
ingly difficult for altimetry to capture the increased freshwater-outflow from west Siberia
that is visible in DTU Steric and is also reflected in nearby tide gauges.
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Assessment of 21 years of Arctic Ocean Absolute Sea Level Trends
(1995-2015)

Carsten Ankjaer Ludwigsen!, Ole Baltazar Andersen’, and Stine Kildegaard Rose!
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Correspondence: Carsten Ankjer Ludwigsen (caanlu@space.dtu.dk)

Abstract. The Arctic Ocean is at the frontier of the fast changing climate in the northern latitudes. As the first study, we assess
the different mass and steric components of the observed sea level trend from both absolute sea level (ASL) from altimetry
and tide gauges, without using gravimetric observations from GRACE. This approach permits a longer time series and avoids
problems with errors from leakage effects in GRACE-products. ASL is equal to mass-driven sea level added with steric sea
level, while tide gauge based sea level are also corrected with novel estimates of vertical land movement. Calculations of the

1

mass component from present-day deglaciation, shows that deglaciation rises Arctic sea level with more than 1 mm y~", while

the steric contribution is between -5 and 15 mm y !

with large spatial variability, with the halosteric signal dominating the
pattern. A dynamic mass contribution is derived from the Estimating Circulation and Climate of the Oceans (ECCO)-model
(version 4 release 4), which varies between -1 and 2 mm y—'. The combined mass and steric product agrees (within uncertainty)
with ASL-trends observed from altimetry in 99% of the Arctic, although large uncertainties originate from poor data coverage
in the steric data and large variability in the dynamic product. A comparison with ASL trends observed at tide gauges agrees

with mass+steric at 11 of 12 tide gauge sites.

1 Introduction

The Arctic is globally the region with the fastest changing climate and is warming twice the rate of the global average. The
resulting deglaciation of land and sea ice and ocean freshening all changes the sea level, hence is understanding sea level in the
Arctic Ocean paramount for mapping consequences of climate change.

Spatial assessments of the sea level budget of the Arctic has in previous studies shown to be difficult (Henry et al., 2012;
Armitage et al., 2016; Carret et al., 2017; Ludwigsen and Andersen, 2020; Raj et al., 2020), because both satellite observations
and in-situ observations are less consistent than in low and mid-latitudes and challenged by the Arctic environment and fast-
changing climate. Observations from the Gravity Recovery And Climate Experiment (GRACE) offer the only direct Arctic-
wide measurements of the mass component, but discrepencies of over 10 mm y~! (Ludwigsen and Andersen, 2020) exist
among different GRACE-products (Wiese et al., 2016; Save et al., 2016; Luthcke et al., 2013), and previous studies often choose
the solution that fits the altimetric results (Carret et al., 2017; Raj et al., 2020). A cross-comparison of different combinations

of GRACE, steric products and altimetry (Ludwigsen and Andersen, 2020), showed that the Arctic sea level budget using an
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interpolated DTU steric product and a mass-product from the GRACE-satellites (GRACE JPL mascons (Wiese et al., 2016))
for 2003 to 2015 agreed well spatially with an altimetry-product from CPOM (Armitage et al., 2016).

Changes in absolute sea level (ASL) can be divided into two main contributions; changed water column density due to
changes in salinity or temperature, which is called steric change and mass change (also called Ocean Bottom Pressure) due
to changes of the gravitational field, land-to-ocean water mass flux and dynamic changes from changing wind stress and

atmospheric pressure.
ASL = Steric + Mass (1)

Tide gauges (TG) gives direct measurements of sea level relative to the solid earth - called relative sea level (RSL). ASL
measured by satellite altimetry is measured relative to the Earth’s center. The difference between ASL and RSL is defined by

the deformation of the solid Earth - called vertical land movement (VLM).
ASL =RSL + VLM 2)

Bypassing GRACE makes it possible to extend the time series to 21 years from 1995-2015, which generally is 8 years more
than assessments using GRACE (Armitage et al., 2016; Carret et al., 2017; Raj et al., 2020) which was first launched in mid
2002. This has the advantage, that non-secular and non-seasonal effects of the Arctic Oscillation, which tends to dominate the

dynamic mass contribution (Henry et al., 2012; Armitage et al., 2018) gets smaller.

2 Altimetry

The DTU/TUM Arctic altimetric dataset (Rose et al., 2019) provides an independent estimate of ASL change. For the 1995-
2015 period, both ERS-1, ERS-2, Envisat (limited to 81.5°N) and Cryo-Sat-2 (limited to 88°N) is used. It combines results
of different retrackers as well as conventional and SAR-altimetry, which may lead to biases (Rose et al., 2019). In particular
ERS-1/2 has a relative low spatial resolution and thereby limiting the measurements from leads (open-ocean inbetween the
sea ice floes) in sea ice. Also difficulties to distinguish between melt ponds on top of the sea ice and leads were shown to be
difficult. The used DTU altimetry product is not corrected for IB and is spatially limited southward to 65°N. The altimetric sea

level trend is shown in the right map of figure 5.

3 Tide Gauge data

Tide gauges with a consistent time series are few and unevenly distributed in the Arctic (Henry et al., 2012; Limkilde Svendsen
et al., 2016). Locations with both TG and GNSS to measure VLM is even rarer. As a substitute for GNSS-measurements, we
correct TG with the VLM-model described in (Ludwigsen et al., 2020a), which offers accurate VLM predictions for the Arctic
area.

Twelve TG’s are selected in the Arctic region from the PSMSL-database (Holgate et al., 2012) (displayed in figure 1).

The selection is based on visual inspection of the monthly time series and to ensure that as many regions of the Arctic is
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1.NOME (NOME)

2. PRUDHOE BAY (PRUD)
3REYKJAVIK (REYK)
4.RORVIK (RORV)
5.NY-ALESUND (NY-A)
6.TROMSO (TROM)
7.VARDO (VARD)

8 AMDERMA (AMDE)
QIZVESTIA TSIK (12VE)
10.GOLOMIANYI (GOLO)
11.KOTELNYI (KOTE)

12.KIGILIAH (KIGI)

Figure 1. Left: 1995-2015 RSL trend [mm y '] and location of the selected tide gauges of this study. Right: 1995-2015 VLM-trend [mm
y~ 1] from the model of Ludwigsen et al. (2020b). The VLM-trend from the GNSS-sites at Reykjavik and Ny-Alesund is shown with squared

markers.

represented as possible. A 3-month averaged time series from 1995-2015 of every TG and the linear trend is shown in figure 2
and is corrected for VLM by using the VLM-model (Ludwigsen et al., 2020b) or, as in the case for Ny-Alesund and Reykjavik,
using nearby GNSS for VLM (see figure 1). Reykjavik (64.2°N), Nome (64.5°N), and Rorvik (64.9°N) are located off the edge
of the DTU/TUM Arctic altimetry dataset (Rose et al., 2019), which only extends to 65°N, but are nevertheless included to
extend the spatial distribution of the TG-sites.
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Figure 2. Relative sea level [m] from 1995-2015 registered at the 12 tide gauge from the PSMSL-database (Holgate et al., 2012)]. Blue line represents the 3-month
running average, while the thick line is the linear trend (trend estimate [mm y~'] shown in legend). Yellow line represents the absolute sea level and trend, equal to

the blue line corrected for VLM with a VLM-model (Ludwigsen et al., 2020b) (except Ny—f\lesund and Reykjavik that are corrected with GNSS).
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TG-trends are determined with least-squares method using months with data between 1995 and 2015 and the VLM-correction

is interpolated onto the monthly TG-time series. From figure 2, we see that trends in the Arctic vary with nearly +/- 1 cm y !,

with Ny-Alesund on Svalbard having a negative sea level trend of -7.45 mm y !

and East Siberian Sea shows a positive trend of 7.67 mm y .
The VLM-model utilizes the Caron2018 GIA-model (Caron et al., 2018) which is added to an annual elastic VLM-model

from 1995-2015 change in present-day ice loading (PDIL). As shown in Ludwigsen and Andersen (2020), Ny-/a\lesund and

, while Kostelnyi Island between the Laptev

Reykjavik experience extraordinary VLM, caused by substantial deglaciation during the Little Ice Age (Svalbard) and low
mantle viscosities (Iceland and Greenland), that is not restored in the VLM-model. Therefore, are the two sites corrected with
nearby GNSS instead of the VLM-model. GNSS is uncertain at Prudhoe Bay, where it measures a significant subsidence, that
is significantly different from the VLM-model. This is probably caused by near-by construction or oil depletion sites. However,
the tide gauge is located on a peninsula reaching into the Beaufort Sea 10 km away from the GNSS-location, which is why the

VLM-model is trusted over the GNSS-measurement.

4 Steric contribution

The DTU steric sea level change is computed as described in Ludwigsen and Andersen (2020). Salinity and temperature
measurements from buoys, ice-tethered profiles and ship expeditions in the Arctic Ocean are spatial and temporal unevenly
distributed and also depends on seasonal accessibility (Behrendt et al., 2017). Especially, the data density is poor in the shallow
seas along the Siberian Coast (Ludwigsen and Andersen, 2020), which is cause to large uncertainties. Temperature and salinity
data are interpolated by kriging into a monthly 50x50 km spatial grid on 41 depth levels. If values are more than 30 away from
the mean of neighbouring grid cells, values from the same month in adjacent years is used.

Following the notion of Gill and Niller (1973); Stammer (1997); Calafat et al. (2012); Ludwigsen and Andersen (2020),
the change in steric heights, 7, are calculated as the sum of halosteric heights (the contribution from salinity change), s and

thermosteric heights, nr.
n=ns+nr (3)

Depth profiles from the temperature and salinity grids are used for computing the right-hand side of equation 3:

0
1
ns=—— [ BS'dz @)
PoiH

0
1

nr=— [ oT'dz )
Po
—H
where H denotes the minimum height (maximum depth (z)). S’ and 7" are defining salinity and temperature anomalies, with

reference values used in Ludwigsen and Andersen (2020) are 0 C°and 35psu. [ is the saline contraction coefficient and o

is the thermal expansion coefficient. The opposite sign of 7g is needed since (3 represents a contraction (opposite to thermal
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Figure 3. Halo- and thermosteric sea level trend [mm y '] from 1995-2015 derived from the DTU product which was used in Ludwigsen

and Andersen (2020).

expansion). « and 3 are functions of absolute salinity, conservative temperature and pressure, and is determined with help from
the freely available TEOS-10 software (Roquet et al., 2015). Map of 7)g and 7 from 1995-2015 is shown in figure 3.
5 Mass contribution

Maps of the individual contributions to change in ocean mass is shown in figure 4. We divide the mass contributions into
changes caused by changes in surface loading N, from Greenland N¢ gz, Northern Hemisphere glaciers N i, Antarctica

Nyt and GIA Ngja, and atmospheric pressure (/ B) and a dynamic contribution (DM ).
Mass = Ngre + Nevm + Nant + Neora+ IB+ DM (6)

Similar to the VLM-product (Ludwigsen et al., 2020a), the Regional Elastic Rebound Calculator (REAR) (Melini et al.,

2015) is used to estimate elastic gravitational changes, G, while gravitational changes from GIA is derived from the Caron2018-
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model. N is retrieved by adding the spatially constant c to the change of the geoid, G,
N=G+c¢ 7

c is equal to the contribution to global mean sea level (Spada, 2017), and is defined as

= Miew gy @®)
o

The used ice model with mass My, is a combined high resolution model for glacial estimates (Marzeion et al., 2012;
Ludwigsen et al., 2020a) and Greenland ice caps and is here an extended version of the model used for calculations of VLM,
U, in (Ludwigsen et al., 2020a). Ao is the global area of the ocean, while p,, is the average density of ocean water. <>,
denotes the average of the ocean surface.

The geoid perturbation of non-tidal ocean loading (NOL) (van Dam et al., 2012) and rotational feedback (RF) (King et al.,
2012) is not shown since it is below 0.05 mm yfl, but is included in NG ~u- The change in surface mass, M7, is zero for GIA,
RF and NOL. The GIA contribution to global mean sea level (c) is 0.3 mm y~! consistent with other studies (Peltier, 2009;
Spada, 2017).

Inverse Barometer (IB) is estimated by the simple relationship derived from the hydro-static equation (Naeije et al., 2000;
Pugh and Woodworth, 2014). Monthly averaged pressure estimates from National Center for Environmental Prediction (NCEP)

are used for the change in surface pressure Ap:
IB = —9.948 [mm/mbar] Ap )

Figure 4 also shows the mass-trends derived from Estimating the Circulation and Climate of the Ocean (ECCO) version
4 release 4 (Forget et al., 2015; Fukumori et al., 2019), which is used to estimate the dynamic contribution to sea level. The
dynamic mass change is mainly a wind-driven effect that significantly changes the spatial distribution of ocean mass (Calafat
et al., 2012; Dangendorf et al., 2014; Armitage et al., 2018) - also on secular time scales.

Because the ECCO-model is among other forced by wind (Forget et al., 2015), we use the difference between ECCO and

the sum of N and IB as an estimate of the dynamic contribution to mass (DM, bottom right map of figure 4).

6 Comparison of estimates of the Arctic Absolute Sea Level Trend

Two derived trend estimates of the ASL budget is created from steric + mass (1) + N + I B) (without the dynamic component)
and steric + mass (ECCO), where ECCO is used as the mass component and hence includes dynamic mass changes. They are
compared to the independent estimates of ASL change from TG corrected for VLM and altimetry.

The two derived ASL-trend estimates are shown in figure 5. Since ECCO is partly assimilated with altimetry, only the mass
contribution without the dynamic component is truly independent from altimetry. On the scale shown in figure 5, we see that
the differences are hardly recognizable.

Because of the sea ice bias before the launch of CryoSat-2 in end-2010, the values before 2011 are likely to be overestimated,

which results in a ’flattening’ of the trend. In particular, this seems to be the case in the Beaufort Sea (see figure 5), where
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Figure 4. Mass contributions to Arctic Sea Level [mm y '] from 1995-2015. The top four maps shows the geoid pertubations (Ndot/N) due
to changes in surface mass loading or ocean bottom changes. Third row left is the sum of the top four maps. Right is atmospheric loading or
Inverse Barometer (IB). Bottom left is the modeled ocean bottom pressure from ECCO and left is the difference between OBP and Ndot +

atm. loading from third row.

Sea Level Change in the Arctic Ocean 95



130

000 3000

3000

1000 2000 2000

000 1000 1000

000 -1000 AMDE -1000 .a MDE

1000 -2000

1000 - % -3000 ‘ ‘ . -3000 ‘ ‘ ‘
2000 -1000 O 1000 2000 -2000 -1000 O 1000 2000 -2000 -1000 O 1000 2000
[ ‘ ‘ _ .
-5 0 5 10

Figure 5. Absolute sea level trend from 1995-2015 [mm y~']. Left shows pertubation of the geoid + steric contribution, in the middle is
OBP from ECCO combined with steric and right is altimetric sea level from Rose et al. (2019). The circles indicate the absolute sea level

trend of tide gauges.

TGRSL VLM TG ASL  Mass (N ) Mass (IB) Mass (Dyn) Steric Mass+Steric  Altimetry
NOME 20+£13 -06+£09 14+15 1.1£03 0.1 08+34 1.7+ 129 3.6 +£13.2 0.1+1.0
PRUDHOEBAY 1.7+1.0 -1.0+13 07£16 1.0+05 0.4 1.0+£28 44+ 142 6.4 + 14.5 1.5+1.1
REYKJAVIK 384+0.7 00+£03 38+08 03+1.0 1.0 22446 -0.8 £2.8 1.7+43 21+0.7
RORVIK -07+£10 45+18 39+21 13+03 0.3 0.1£29 1.9+£52 32+6.1 2.6 =04
NY-ALESUND 74+08 80+05 05+09 01+14 0.6 24+40 2.0+22 04 +4.0 1.1+03
TROMSO -0.1£09 25+17 254+19 1.1+£04 0.1 05+32 -02+19 14 £ 3.6 27+04
VARDO -00£09 28+14 28+16 12104 -0.1 0.1+29 0.7+32 19 +£45 3.8+04
AMDERMA 49+11 04+£1.1 52+16 1.1+£03 -0.1 -0.1+3.0 39+11.1 49+115 -0.7+£1.0
IZVESTIATSIK 274+10 25+15 524+18 1.1+£05 0.2 0.7+44 -5.7+8.0 -3.9 + 8.6 0.6 £1.2
GOLOMIANYI 00+08 30£23 31+£25 09408 0.6 1.7+ 44 -53+£79 -2.6 + 8.5 -05+13
KOTELNYI 77+13 -044+08 73+£15 11403 0.2 19+36 -65+153 -35+156 -0.8+1.2
KIGILIAH 1.7+11 -024+07 15+13 12402 -0.1 09 +3.1 80+148 -59+151 -15+1.1

Table 1. 1995-2015 sea level trends [mm y '] of each contribution at the 12 tide gauge locations. The values (except VLM) represent a
100 km radius around the tide gauge. For VLM a 5 km radius is used and for Ny-Alesund and Reykjavik, VLM is taken from GNSS. The

columns in bold indicate the estimates of Absolute Sea Level (ASL).

altimetry and the derived mass+steric product agree on the spatial extent of the dooming of the Beaufort Gyre, but altimetry is
5 mm y~! lower than the mass + steric estimate. Another altimetry product from Armitage et al. (2016) has a larger trend in

the Beaufort Gyre in alignment with the steric+mass products.
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because significant local properties causes VLM that is not present in the VLM-model (Ludwigsen et al., 2020b). Glacier component of
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VLM includes the effect of rotational feedback, ocean loading, and Antarctica which are less than 0.5 mm y~! combined.
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In the altimetric product a positive sea level trend extends in the Norwegian Sea until it reaches the average sea ice boundary,
which (intentionally) coincides with the SAR-boundary of CryoSat-2. From altimetry it is unclear if this signal is a real physical
signal or due to bias when different satellites and sea ice and open ocean regions are aligned in the DTU/TUM product. We
see from the derived mass+steric product, that some of the positive sea level trends are restored in the Norwegian Sea by the
thermosteric contribution (figure 3), thus is a warming of the ocean cause to sea level rise in the region. The boundary between
sea ice and open ocean is however less significant.

Obviously, does tide gauges only measure sea level in coastal areas, and therefore not useful when analyzing spatial sea level
trend patterns of the Arctic Ocean. Furthermore, is the coastal location often disturbed by the local environment that might be
unknown (e.g. small river outflow, local construction, packing of sea ice etc.), which can influence both sea level measurements
from tide gauge and altimetry.

In figure 6 and table 1, we quantify the contributions to sea level change explained in this chapter at each of the 12 tide
gauge locations using a surrounding average of 100 km radius (5 km for GIA and elastic VLM). This radius ensures, that
Rorvik, Nome and Reykjavik reaches the altimetric data, but few data points, might cause the data to be more variable and
hence increase the uncertainty.

The Norwegian tide gauges (Rorvik, Tromso, Vardo) are considered the most stable. The derived product is in good agree-
ment with the tide gauge and has for Tromso and Vardo better alignment with the TG-data than altimetry. This is also the region
with highest density of hydrographical data and thus most reliable. We see that for Vardo and Rorvik, the sea level change is
split between a steric and mass contribution of roughly the same size, which is similar to the share of the global sea level trend
(Church and White, 2011; Group, 2018). At Tromso a negative halosteric signal (more saline water) is lowering the sea level
trend.

Along the Siberian coast, multiple river outlets contributes to a freshening of the Arctic Ocean (Morison et al., 2012; Ar-
mitage et al., 2016), which is reflected by the positive halosteric trend. At Amderma TG, which is located on the coast between
the Barents and Kara Sea, there is however no nearby major river outlet, but a significant halosteric signal is still present which
matches the tide gauge-measured sea level. Ice loss from Novaya Zemlya contributes with over 1 gigaton of freshwater to the
Kara Sea every year (Melkonian et al., 2016), but it is unclear if this is the reason for the halosteric sea level rise at Anderma,
or if the halosteric signal is (falsely) extrapolated from the gulf of Ob which has mayor river outlets and the match with tide
gauge is accidental. The altimetric signal reflects the mass contribution, which together with low hydrographic data density in
the region, could indicate that both the tide gauge and halosteric sea level trends are overestimated.

The four other tide gauges along the Siberian coast all show a pattern, where mass+steric has a negative trend, altimetry has
a slight negative or positive trend and the tide gauge has a clear positive trend. Due to poor hydrographic coverage along the
Siberian coast (Ludwigsen and Andersen, 2020) it is difficult to estimate the ’true’ sea level. The positive trend among tide
gauges in the Siberian Seas is however consistent and has been recognized in other studies using an extended set of Siberian
tide gauges (Proshutinsky et al., 2004; Henry et al., 2012). Remarkably is that the TG-trend at Kotelnyi and Kigiliah differ with
almost 6 mm y~! despite being less than 250 km apart. This difference is only realistic if local circumstances is affecting the
RSL.
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Nome and Prudhoe Bay in Alaska both show a positive steric trend which is not reflected in sea level trends from altimetry or
the tide gauge. The strong halosteric trend of the Beaufort Gyre, might be extrapolated towards the Alaskan coastline. Altimetry
agrees reasonably well with the tide gauge trend.

Few hydrographic data around Reykjavik, makes the steric sea level rather uncertain as well. A negative halosteric contribu-
tion causes the steric+mass product to be to low compared to TG-data and altimetry.

At Ny-Alesund on Svalbard, which like the other Norwegian TG-sites has good hydropgraphic data density, is the mass
+ steric contribution in agreement with the TG-trend. Ny-Alesund is dominated by a large VLM caused by deglaciation in
recent years and after the Little Ice Age that ended in the 19th century (Rajner, 2018; Ludwigsen et al., 2020a). This uplift
completely mitigates the large sea level fall measured by the tide gauge. A small mass upward trend is countered by a smaller
steric downward trend, which in total agrees with the tide gauge measured sea level trend. Altimetry shows a slightly higher
trend.

Generally the largest uncertainties (estimated as standard error of the trend) are found along the Siberian coast and in the
interior of the Arctic where the largest sea level trend is present (see figure 7). The steric uncertainty, which in most cases is the
largest source of uncertainty, is computed as the standard deviation of the detrended and deseasoned time series, which naturally
reflects if steric heights are unstable and poorly constrained. This method requires in principal temporal independence, which
is not entirely true, since data from adjacent years are used instead of outliers. Furthermore, large influence by the non-periodic
and non-linear Arctic Oscillation, would enhance the uncertainty, even though this is a real physical signal.

The mass contribution and VLM has naturally the largest uncertainties close to glaciated areas. Glacial ice loss on Baffin
Island is poorly constrained in the ice model, which is reflected in large uncertainties in this area. A significant uncertainty also
originates in the dynamic mass loss, which probably also can be attributed to the Arctic Oscillation, which significantly changes
wind patterns. Since no uncertainties are associated with the ECCO-product, we also here assume no temporal correlation, and

calculate the standard deviation of the time series, even though the model likely has inter-annual correlations.

7 Conclusion

All significant contributions to the sea level change from 1995-2015 in the Arctic Ocean have been mapped and assessed at
12 tide gauges located throughout the Arctic, without the use of GRACE data or modeled steric data. Thereby are we able to
attribute effects on Arctic Sea Level to their origin and thus understand the causes behind the observed sea level trend. By using
a VLM-model that includes both GIA and elastic uplift, the TG-data can be utilized in locations if no reliable GNSS-data is
present.

From figure 5 we clearly see that the general spatial pattern of altimetry is restored in the derived steric estimate and in
the mass product. Figure 6 and 7 shows that steric sea level dominates the spatial variability and is also the main source
of uncertainty. Some areas, in particular the Norwegian Sea and more interior of the Arctic Ocean, seems to be rather well
constrained and understood from the individual contributions. The Siberian seas, are however poorly constrained and both the

steric product, altimetry and tide gauges show large uncertainty. Figure 8 shows the spatial agreement between altimetry/tide

12

Sea Level Change in the Arctic Ocean 99



Steric uncertainty

~ k

3000

2000

B 2000

1000 b 1000

-1000 |

° =
95 g
o o '
A -3000

-3000 : < -~ ‘
2000 -1000 0 1000 2000 2000  -1000 0 1000 2000

3000 w N 3000

1 2000

1000 1 1000
. -1000

-1000

-2000 7 -2000

[

-1000 0 1000

L

-1000 0 1000

-3000 vad

-3000

2000

-2000

-2000 2000

Figure 7. Maps of uncertainty (1 standard error) of the 1995-2015 trend [mm y '] for combined steric, combined N+ dynamic mass + IB,

altimetry and combined VLM contributions.

13

100 Sea Level Change in the Arctic Ocean



3000

2000

1000

-1000

-2000

-3000

-2000 -1000 0 1000 2000

3000 -

|SH+Mass (ECCO) - Altimetry/TG|
by . =

2000 -

-2000

-3000

-2000 -1000 0 1000 2000

3000 T
M y

|SH+Mass - Altimetry/TG|/ o

6 8 10
3000 |SH+Mass (ECCO) - Altimetry/TG|/ o
\F/‘i{y % v \'\\—“"/i
N

2000 1 2000 -

1000

-1000

-2000 1 -2000 -

-3000

: -3000 :
-1000 0 1000 2000 -2000 -1000 0 1000 2000

-2000

0 0.2 0.4 0.6 0.8 1

Figure 8. Map in the top row shows the absolute difference between altimetry and the steric+mass (no dynamic contribution) product (left
column) and altimetry and the steric+mass from the ECCO-model (right column). Bottom row, shows the absolute difference relative to
the combined uncertainty (o). The dots show the difference to VLM-corrected tide gauges. At the tide gauges marked with black, is the

difference larger than the combined uncertainty.
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gauges and the steric+mass or steric+mass(ECCO) product within the combined uncertainty. Without the use of ECCO, the
derived product agrees with altimetry at 98% of the area, while only 5 out of 12 of the TG-data agree with derived product. For
the steric+mass(ECCO) product, the products agree at 99% of the area and at 11 out of 12 TG’s. The areas of disagreement in
the Norwegian Sea can be explained by the very low altimetric uncertainty in the area.

Our results show that the sea level budget is not closed or completely understood everywhere - likely because of poorly
constrained steric data and uncertain dynamic contribution. however, from figure 8 we see that the uncertainties are in most of
the Arctic significantly larger than the difference between a derived product and altimetry, including most of the Siberian Seas.
More precise estimates of both the mass and steric product are necessary to get at complete understanding of what changes
Arctic sea level and validate sea level trends observed by altimetry, which is not necessarily more accurate than the derived

ASL-estimates.
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7 Conclusions and outlook

The objective of this PhD thesis was to find new methods to investigate Arctic Ocean sea
level change and help validate observed sea level change in one of the least accessible
and harsh regions of the world. Data from in-situ measurements, satellite observations
and modeling have been employed and combined to give an overview of Arctic sea level
change.

From the research of this work, it is clear how the rapid warming of the Arctic leads to
significant changes in the Arctic Ocean topography:

* Deglaciation of land and sea ice leads to freshening of the Arctic Ocean
* Warming of the Arctic and enhanced sun radiation warms the ocean

* Arctic land-to-ocean mass loss creates significant vertical deformation of land and
ocean bottom of the Arctic

Arctic land-to-ocean mass loss significantly changes the geoid
* Declining sea ice area enhances the dynamic effects of the Arctic Ocean

This thesis contributes with important findings in all of above topics, which has has emerged
into three papers, that combined gives a comprehensive analysis of the effects of climate
change on the contributions to Arctic Ocean sea level.

The first paper (Ludwigsen and Andersen, 2020) presented the available sea level prod-
ucts in the Arctic Ocean in the era of the GRACE-satellites. In previous studies of the Arctic
Ocean, the steric component was derived from models, which in early stages proved to
be insufficient and not assembling the difference between GRACE-observed mass esti-
mates and altimetry. Therefore was an Arctic steric product developed, DTU Steric, which
integrated all available temperature and salinity profiles. The main findings of this work
is:

1. Altimetric observations (from RADS (Scharroo et al., 2013), CPOM (Armitage et al.,
2016) and DTU (Rose et al., 2019)) showed large variations - in particular in the
extent of the Beaufort Gyre and in the Norwegian and Siberian Sea

2. Gravimetric observations from GRACE-mascon products showed very different mass-
driven sea level patterns that in some regions showed difference with 10 mm y—1,
which the largest disagreement in the Beaufort Gyre

3. Steric calculations from modeled temperature and salinity profiles from ECCOv4r3
underestimates the halosteric signal in the Beaufort Gyre. Satellite-derived steric
observations (Altimetry - GRACE) showed in Armitage et al. (2016) agrees well with
changes estimated by DTU Steric.

4. Reasonable well spatial correlation was found between DTU Steric + JPL Mascons
(Wiese et al., 2016) and CPOM altimetry (Armitage et al., 2016). The temporal cor-
relation was however less significant, because the AO-driven sea level change is
less pronounced in DTU Steric and JPL Mascons. Areas with disagreement coin-
cides with areas of low hydrographic data density.

5. Other studies on Arctic sea level indicate that mass-driven sea level change domi-
nates the sea level trend (e.g. (Carret et al., 2017; Raj et al., 2020)). However, the
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results from the paper show that the halosteric contribution because of additional
freshwater is the major driver of sea level change in the Arctic Ocean and that it is
able to explain large parts of the spatial variability in the Arctic.

The second paper presents a major component of Arctic sea level measured at tide
gauge. Because of climate change and resulting deglaciation of land ice, is the elastic
vertical deformation that results after changed ice loading on land affecting the whole Arc-
tic and is also having a significant impact in far field regions as the coastlines of United
States or the North Sea region. A high-resolution ice model that reflects the spatial vari-
ability of mass loss of glaciers was created to compute elastic uplift in an equal high
resolution. The high resolution of the VLM-model enables it to be used in glaciated re-
gions, which would not be properly represented with the relative low spatial resolution of
GRACE. Conclusions of this study were

1. GNSS-measurement throughout the wider Arctic showed that a combination of the
GIA-model from Caron et al. (2018) and the produced elastic model was able to
restore the GNSS-measured vertical deformation and clearly outperformed a GIA-
only model.

2. Residuals between the combined VLM-model and GNSS was combined with infor-
mation from other localized effects contributing to VLM. In Alaska a post-seismic
signal from a major earthquake (M9.2) causes rapid uplift, Greenland and Svalbard
experiences some viscoelastic deformation from deglaciation after the Little Ice Age
and East-Greenland and Iceland has soft mantle structures, causing a more rapid
uplift with a smaller footprint. The scale of the residuals matched the estimated
VLM-estimates of the mentioned effects.

3. The elastic VLM has far-reaching effects and should be accounted for when project-
ing coastal sea level. In Denmark, about 30% of the sea level change from land-ice
deglaciation is mitigated by elastic uplift.

4. Contrary GIA, is the elastic deformation time-varying and depends on glacial and
icesheet mass balance. This is an important property in the future, where deglacia-
tion is expected to accelerate, and the impact on tide-gauges might not be the same
every year.

5. GlA-models are in some regions inadequate and it can be difficult to separate present-
day elastic signals from viscoelastic deformation because of uncertain GIA esti-
mates. A high resolution elastic VLM-model can help constrain GIA-models.

The third paper combined the research from the first and second paper. The VLM-model
made it possible to integrate tide-gauge stations into the analysis of Arctic sea level. In-
stead of using GRACE for mass estimates, the sea level fingerprint of the ice model used
in the second paper and GIA was used to estimate the mass component of Arctic Sea
Level from 1995 to 2015. From the assessment we conclude that:

1. Large spatial variability of halosteric sea level change (-5 - 15 mm y~!) and a smaller
mass component (~ 1 mm y~!) confirmed the analysis of the first paper.

2. In the Norwegian Sea, where steric component and VLM is well-constrained, the
sea level measured from tide gauges are restored in the derived mass + steric sea
level estimate. The sea level trend of the mass component equals the steric sea
level change along the Norwegian coast.

3. A sea level rise in the Kara and Laptev seas because of freshwater outflow is
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not captured by altimetry, but is clearly visible from the halosteric contribution and
matches the sea level rise measured with tide gauges. A sea level decline in the
East Siberian Seas in both the halo- and thermosteric sea level is not recognized by
the tide gauges, which show a sea level rise. Large differences between neighbor-
ing tide gauges, indicate that tide gauges is affected by unknown local contributions.
However, assessment of multiple Siberian tide-gauges show that the sea level rise
on the Siberian Shelf has been consistent since the 1980’s (Proshutinsky et al.,
2004).

4. Large variability associated with the dynamic mass component is estimated from
ECCOv4r4. It contributes to the general spatial (and temporal) variability of the
Arctic Ocean. Dynamic changes are associated with Arctic Oscillation and is not
necessarily a climate change signal.

5. The 1995-2015 sea level trend is explained within the uncertainty in 98% of the
Arctic and at 11 out of 12 utilized tide gauges. However, large uncertainties in the
steric and dynamic mass component contributes to the result. Large differences
with altimetry are evident in particular in the Beaufort Gyre and Siberian Seas.

On basis of this research, and in particular from the third paper, is it clear that many of
the observations and models are showing large uncertainties, mainly due to poor and
inconsistent data from remote sensing and hydrographi T/S profiles that are difficult to
validate. From the objective of understanding both temporal and spatial sea level change
of the Arctic Ocean Sea, | list the following recommendations for future work:

1. Steric sea level from interpolated T/S has proven to be a good product that resem-
bles the major spatial patterns of sea level change in the Arctic Ocean. Integrating
satellite surface temperatures and salinity data (from SMOS), should improve the
observed trends. Validating against models from latest release of ECCO (NASA
JPL), GECCO (University of Hamburg) or EN4 (British Met Office), could further
constrain the results of the 4D gridded temperature and salinity dataset used for
steric calculations in DTU Steric.

2. Sea level observations from satellites are in constant development. The launch of
IceSAT-2 and the upcoming Surface Water and Ocean Topography (SWOT)-mission
significantly improves the spatial resolution of altimetric observations in the Arctic
and should improve future versions of absolute sea level products from altimetry.

3. The calculated elastic mass component and VLM is not obtained by solving the sea
level equation, which would also include the viscoelastic part of present-day ice load-
ing change. Applying models of LIA-deglaciation and 3D-earth models could further
help separate PDIL from past changes. Recent work by Shijie Zhong (CU Boulder,
yet unpublished) significantly improved the computational workload needed to uti-
lize high resolution 3D-models, which lightens the computational workload required.
Applying the method by Caron et al. (2018) to create an statistical best-fit from mul-
tiple runs with different 3D-earth models, could be a way to constrain all available
data.

4. The mass and VLM predictions did not include the effect of terrestrial water storage
(TWS), which has limited effect in the Arctic, but is the largest land-to-ocean mass
flux in mid and low-latitudes. TWS-estimates from GRACE could be used for the
purpose of creating global predictions of VLM and mass-fingerprint.

5. If, in particular the steric contribution to sea level is improved, a complete Arctic sea
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level budget assessment should include temporal variations. This would enable
the possibility of accurately estimate freshwater in and outflow of the Arctic Ocean.
Predicting the freshwater contribution that goes into the North Atlantic is important
for predicting the behaviour of the Atlantic meridional overturning circulation (AMOC)
and thus influences the Earth’s climate system.

6. Analysis of Arctic Ocean wind-dynamics could constrain estimates of the dynamic
mass contribution and thus improve a sea level budget assessment of the Arctic
Ocean.
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