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Abstract:

This paper uses the Vaasa region of Finland as an illustrative case study to explore how
the relationships between climate change, sea-level rise and land uplift may offer applications
in forecasting future land uplift changes. Using a comparative literature review and
analysis of open source data, a conceptual framework is developed to examine causes-effect

relationships between them. The sea-level rise around the world by the end of the 21% century
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shows dramatic effects all over the world. However, the rate of land uplift in the Vaasa region
is higher than the rate of sea-level rise. This localised finding is different
from global average rates for land uplift and sea-level rise. This indicates that although
climate change is global, it can lead to very different regional expressions. This paper presents
a first attempt to combine sea-level rise and land uplift into a single cohesive framework to
support future land uplift management. The results of this paper establish a conceptual
framework for studies of vulnerability and adaptation to climate change that can benefit local,

regional and global communities.

Keywords: land rising; climate change effect; coastal region; forecasting; cause and effect

Plain Language Summary (PLS)

The land uplift is a rising of land through time. Comparing land uplift and sea-level rise it was
found that land uplift has higher rate of rise in city of Vaasa area where land uplift has been

going on. The land uplift framework chart developed tries to generalize the overall causes of
land uplift, patterns of uplift through time, how to measure land uplift and consequences of
uplift. The results of this paper establish a conceptual framework for studies of vulnerability

and adaptation to climate change that can benefit local, regional and global communities. One
of the conclusions was that local changes are different from world climate change

expectations.

Nomenclature

a = proportionality constant
Af = fast down-load factor (m)
As = slow down-load factor (m)

Bs = slow inertia factor (Y!)
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Bf = fast inertia factor (Y!)

C = crustal change in meters

E = eustatic sea level rise in meters

h = sea level rise in meters

H = global mean sea level

N = number of articles and books used for synthesis

s = the shoreline sea level corresponding to h and t

S = shoreline sea level displacement in meters

t (years) = in the variable time

T = global mean temperature

To = initial equilibrium temperature value

Tf = the standard time for maximal uplift rate given by the reference
Ts= time in years for the maximal uplift rate set by the calculator (us)
U = average glacio-isostatic uplift in meters

Uf = fast glacio-isostatic uplift

Us = slow glacio-isostatic uplift

Utot = total glacio-isostatic uplift

1. Introduction

The relationship between climate change, land uplift and sea-level rise is complex and the
outcomes differ from place to place. Land uplift is defined as the change in land at the
shoreline to give more land or change harbours [Okko (1967) and Girgibo (2021a)]. The

sea-level rise is due to the increase in the volume of water contained in water bodies. This
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causes flooding and land swamping if the rise is significant. Sea-level rise is facilitated by

greater solar irradiance due to climate change (Rahmstorf 2007).

Climate change is due to the 20™ century human (anthropogenic) pollution (IPCC 2007). This
is the majority scientific view, outweighing the counter belief that there is no climate change
effect, or if there is, it is caused by natural effects. Climate change is a current issue that
touches all aspects of the environment: land, water, ecosystem, weather, solar radiation and

other areas of life (Hannah, 2011; IPCC, 2007; IPCC, 2019; IPCC 2021).

The greenhouse effect theory underpins the climate change issue. Anthropogenic pollutions,
notably carbon emissions, cause different greenhouse gases to be trapped in the higher
atmosphere. They act as a glass structure in the higher atmosphere, reflecting the latent heat
emitted from the earth’s surface and facilitating the heat accumulation in the surrounding
atmosphere (Hannah 2011). This is the global warming that is evident in rising average
ambient temperatures. The consequences are a disturbance in ecosystems and melting of
accumulated glacial ice, leading to sea-level rise and the associated effect of land uplift, felt

most keenly on the shoreline.

The scientific evidence of the global threat of sea-level rise due to climate change is
overwhelming (Dasgupta and Meisner, 2009). The rate of rising has been accelerating. from
1961 to 2003 the sea level rose 1.3 to 2.3 mm per year, averaging 1.8 mm per year. However,
in the period from 1993 to 2003 the level rose by between 2.4 to 3.8 mm per year, averaging
3.1 mm per year (IPCC, 2007; Dasgupta and Meisner, 2009). These same sources forecast that
the sea level will rise up to 1.0 m in the 21 century. The main causes of this rise are melting
ice sheets in Antarctica and Greenland, water volume expansion due to water temperature
increase (ocean thermal expansion) and/or glacial and ice-cap melting (Girgibo, 2021a;
Dasgupta and Meisner, 2009). If we do not consider storms, it is shoreline land areas under
the greatest threat of flooding and inundation from sea-level rise. The contemporary threat of
sea-level rise has been examined extensively (Church and White, 2011; Ablain, M. et al.,

2019; and IPCC, 2019).
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According to Dasgupta and Meisner (2009), the biological or physical effects of sea-level rise
on coastal regions can be: a) inundation, flood and storm; b) wetland loss; c) erosion; d)
saltwater intrusion; e) coral bleaching (from higher sea-water temperature); f) ocean
productivity change; and g) species migration. These effects can be especially catastrophic for
developing nations. If the same authors” most extreme forecast of a sea-level rise of 1.0 m
were to occur in countries of the developing world, it would submerge 194,000 square
kilometers of land and displace at least 56 million people. An increase in temperature can give
rise to storm surges and a 1 °C temperature rise can cause a 3 — 5 % increase in wind speed
(Dasgupta and Meisner, 2009). Consequently, the rising global temperature can bring about a
high number of cyclones or storm surges. Floods and storms all over the world can be
expected if climate change continues unabated. Gathering and analysing local data is an

essential requisite for understanding the effect of climate change in specific regions.

The city of Vaasa is in the Pohjanmaa region on Finland’s western coast and the area closest
to Vaasa is known for its archipelago and became a protected area as a UNESCO World

Heritage Site in 2006. The EPI (environmental performance index) shows that Finland has a
very good index compared to the world especially in air quality, sanitation and drinking water
and heavy metals (EPI 2021). Studying the Vaasa region of Finland will help us to understand

better the local effects of sea-level rise on land uplift and vice versa. There has been an
assumption that the main cause of land uplift in the Vaasa region of Finland is the melting of

the ice sheet, causing the earth core to rebound. We apply the theories of the greenhouse
effect and global warming, ice melting and theoretical models of sea-level rise and land uplift
to identify causality and investigate the combined effects of multiple issues, bringing them
together in sharper focus. The main result is the forecast that future land uplift in the Vaasa

region will surpass the sea-level rise.
Three principal research questions were set.
1.  What are the key future trends and expectations for land uplift in local regions?

2. Can we fully understand the cause and effect of land uplift and sea-level rise?
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3. How does climate change (sea-level rise) affect future changes of land uplift in the local

area?

Four further questions were posed, designed to underpin the construction of a framework
chart. First, what are the causes of land uplift? Second, what are the patterns of land uplift
through time, and how should future uplift rates be assessed and calculated? Third, how is
land uplift measured? Last, what are the consequences of land uplift? Most of the questions

have worldwide relevance, instead of being specific to the Vaasa region.

The authors” motivation to investigate land uplift and sea-level rise is derived from the
forecast that in the local Vaasa region land uplift is expected to be the dominant movement

(Nordman et al. 2020). In contrast, in most other areas of the world it is sea-level rise that is
forecast to dominate. This highlights how the repercussions of climate change and its
relationship with sea-level rise and land uplift can be very different and locally specific. The
authors were inspired to investigate this further and, in particular, test the forecast for the
Vaasa region. Additionally, the aim is to suggest potential solutions for coping with the
challenges of land uplift and rising sea levels. There are knowledge gaps associated with the
certainty of forecasting in both the Vaasa region and the world in general, and there is no
framework for world land uplift management. This study’s forecast for the Vaasa region, its
framework chart development and comparison between climate change, sea-level rise and
land uplift in some areas of Nordic can be considered as contributions to fill these knowledge

gaps.

2. Materials and Methods

The applied methodology is a qualitative study from literature data for empirical model

validation. Specifically, framework chart development, theoretical data analysis calculations

and empirical model with data validation will be conducted based on the literature data.
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2.1. Climate change impact on sea-level rise

According to Rahmstorf (2007), there is a clear relationship between temperature change and

sea-level rise:
dH/dt=a (T - T,) (1)

where, H = is the global mean sea level, 7 = is time, a is the proportionality constant, 7 = is
the global mean temperature, and 7, = is the initial equilibrium temperature value (or baseline
temperature of a 30-year average at which sea level is stable, as determined by the National

Research Council, 2012).

Ice melting in ice sheets and ice caps leads to rise in sea level. It creates flooding in some
places, so land near the shore maybe replaced by water, offsetting the effect of land uplift. But
the land uplift and sea-level rise are not necessarily balanced, so the effects of these changes
will vary (Nordman 2020), hence the coefficient a varies with regions, where 3.4 mm/year per

°C is found in the relationship between global temperature and sea-level rise.

The sea-level rise in the equilibrium state can be obtained from Equation 1 as.
t ' 1
Ht)=a/, (T(t)—To)dt )

Table 1 summarises IPCC (2007 & 2013) data derived from modelling designed to quantify
the future relationship between temperature and sea-level rise. This illustrates the direct link
between the best estimate forecast temperature change (2090-2099) in °C and the
corresponding sea-level rise in meters. Knowing the actual local area temperature change will
help provide a better understanding of the forecast sea-level rise in the region, which gives

insight into the future land uplift that can be expected.

Table 1. Projected global average surface warming and sea-level rise at the end of the 21% century

(IPCC, 2007 & 2013).
Temperature Change Sea-Level Rise
(in °C at 2090-2099 relative to (in meter (m) at 2090-2099 relative to
1980-1999) * 1980-1999)

Model-based range excluding future rapid

Case Best estimate Likely range dynamical changes in ice flow

Range Central estimate
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Constant year 2000

S 0.6 03-09 NA NA
concentrations
Scenario 1 1.8 1.1-29 0.18-0.38 0.278
Scenario 2 2.4 14-3.8 0.20-0.45 0.325
Scenario 3 2.4 14-3.8 0.20-0.43 0.315
Scenario 4 2.8 1.7-44 0.21-0.48 0.345
Scenario 5 34 20-54 0.23-0.51 0.370
Scenario 6 4.0 24-64 0.26 - 0.59 0.425

Notes:

2 These estimates are assessed from a hierarchy of models that encompass a simple climate model, several
earth system models of intermediate complexity and a large number of atmosphere-ocean general

circulation models (AOGCMs).
b Year 2000 constant composition is derived from AOGCMs only.

Scenario description — these scenarios were used in [IPCC (2007) study by various past and forecast
description to vary between them (See IPCC, 2007). IPCC (2007) scenarios refers were here in the table as:
B1 scenario = Scenario 1, A1T scenario = Scenario 2, B2 scenario = Scenario 3, A1B scenario = Scenario 4,

A2 scenario = Scenario 5 and A1FI scenario = Scenario 6.

2.2. The relationship between sea-level rise and land uplift

Based on Okko (1967), the shore-line displacement along the Finnish coast combines of land
uplift and eustatic changes in the sea level. Theoretically, ““when the sea level changes
insignificantly, land uplift causes a seaward displacement of the shore. A sinking sea level
would add the apparent rate of this displacement” (Okko, 1967). In additions, land uplift
shows the rate at which the crust is draws away the Earth’s centre or from a given point. The

stable isotope study on southern Alaska shows that the uplift in the area has been occurring

for millions of years (Bill et al., 2018).

According to Okko (1967), in some places land uplift exceeds the sea-level rise. In others, the
two compensate for one another, and in some areas the sea-level rises are higher than land
uplift. Figure 1 shows the theoretical model of the relationships between isostatic land uplift
and sea-level rise. It depicts a previous model, dating back to 1967, attempting to forecast

what we now know as the reality of the current situation. The diagram in the top left of Figure
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1 depicts sea-level rise (h meters) from ho to hs during periods to to t4. Then, the sea-level
remains stable during the same fifth period from ts4 to ts. During the same five periods, land
uplift is on the right, showing the successive amount of vertical movement: the oldest uplift
from to is the highest on the graph. The shoreline corresponding to ho and to is marked so. In
diagram V of Figure 1, the coast s4 is called the transgression coast of the first order. The
point s3 is the uppermost shoreline, the transgression coast of the second order. The coast so is
the coast of emergence, and its lowest part contains a transgression coast of the third order.
The other proposed model was in terms of the present uplift in Fenno-Scandia in order to
demonstrate a sea-level rise and a crustal uplift. It was made in Okko (1967) paper, nine

curves developed from different measurements on shores of Finland showing displacement

for an arbitrary sea-level rise was calculated and presented at it. See Fig. 2 and page 10 in

Okko (1967).

ount of vertical uplift

— — - X

Figure 1. A theoretical model picture presenting the relationships between isostatic land uplift and
sea-level rise is presented. The resulting raised shore surface is metachronous [re-presented from

OKkko, 19671.
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A review of literature finds data relating to Finland obtained by oceanographic, hydrographic
and geodetic methods. The prehistorical data were from the study of late-glacial (Late
Weichselian) and postglacial shoreline displacement, using geological and archaeological

methods. Table 2 lists the sources used for the literature review and summarises their key

value for this study.

Table 2. The main initiation based on general sources and their use in this article as theoretical

contributions.
. . Conclusions made
Topic therz'ltures Core subject . Issn'les Paper.s key here based on this
utilised investigated findings .
literature
Theoretical model - Is there the . When calculating land
. . . Sea-level rise .
between sea-level rise relationship . uplift changes the
Okko . and land uplift . -
and land uplift. between sea-level consideration of
(1967) o . have a close and o
Theory and definitions  rise and land . . sea-level rise is
. . relationship. .
on land rising. uplift? important.
-~ Data and theo The future forecast of
explanation in I?rll d What is the future The future land  land uplift in the
Kédridinen p uplift land uplift level in uplift in Vaasa  regionis 8.77 -9
(1953) P Finland and Vaasa will be 8.77 = mm/yr. Far future land
An older view of land Lo S
uplift. region’ 0.30 mm/yr.  uplift might show a

decline.

Future land

uplift is much Future sea-level rise

Land rising Poutanen & Data and forecast in Which and why

Steffen  land uplift at Kvarken will be the greater lower than might be.: higher than
. - land uplift or .. land uplift and might
(2014) Archipelago. : sea-level rise in . .
sea- level rise? differ in local areas.
world data.

What is the uplift Data gained for The data can be used
Steffen et Data for land uplift and data relative to  land uplift and for comparison data

al. (2016) sea-level rise. Baltic Sea mean sea-level rise in  presented in this
level rise? various areas. paper.
- What is the .

Amaqte & Data on Baltic Sea and topography and Data' gained on Data can illustrate the
Eakins Baltic Sea and . .
(2009) world. bathymetry data world Baltic Sea land uplift.

for Baltic Sea? )
Fut}lre seajleve.l rises - What is the If we do nothing about
will continue if no expectation of

. If Antarctica ice  climate change,
temperature decreases.  sea- level rise

Dasgupta & . ) . sheet melts the  temperature will
. Explanations about sea- with maximum . .
Meisner level rise temperature world sea level continue to increase
2009 . ) mp rise will be 7 m and there will be much
The maximum sea-level increase?
; o7 - ormore.  more flooding in most
rise expected in future How to explain &
Sea-level . . parts of the world.
rise due to climate change.  sea-level rise?
Relation between sea- ~ What are the Calculations for Formulae can present
level rise and formulas used to sea-level ise the relation between
Rahmstorf temperature increase. calculate the and temperature the temperature
2007) Formulas and relations between increas 5 can be increase and sea-level
calculations for sea-level rise and used for rise and can help us in
temperature’s relation to  temperature forecastin forecasting future
sea-level rise. increase? & effects.
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2.3. Cause-effect analysis of climate change, sea-level raise and land uplift

The historical data were used as the basis for cause and effect analysis. The principle used
was to construct a diagram of the various causes and their individual effects in order to see
and understand the aggregated outcome. This graphic and easily-accessible approach helps to
determine the root of the problem and identify areas where data should be collected in future

or where further studies are needed. Figure 2 presents the diagram depicting the world

situation forecast of sea-level rise and land uplift causes and outcomes (effects).

Sea-level rise

Temperature Ice melting
* Global warming * Greenland ice melts )
* Water size expansion + Antactica ice melts Final expected

outcomes

Effects

E1. Land rising
dominates

E2. Compensating

Land rising . fsirae;i::):.:r

Earth land rebound Ice-age/Ice melt dominates

causes warming
» Water shrinks

+ Island increase in size * Lands starts to uplift

when ice melts

* lce melt case decline
in albedo

Figure 2. The world situation for forecast of sea-level rise and land uplift causes and effects (drawn

by Andrei Palomiki).
The theoretical calculation of land uplift rate was also conducted based on the following
model. Inclination or land uplift at the shoreline is the most evident effect of land uplift. The
growth of land uplift can be affected by earthquake, although such seismic activity in
Fennoscandia is not severe in global terms (Fjeldskaar et al., 2000). The inclination in land

uplift occurred in Fennoscandia because the last ice age melt caused elastic uplift in the

ground which had been depressed during the ice age. Pdsse and Andersson, 2005, made
calculations from empirical data in Scandinavia about ice affecting shore-level displacement
and glacio—isostatic uplift in the area. The calculations show that the existence of a Baltic ice

lake is questionable.
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The formula presented by Pdsse and Anderson, 2005, states shoreline displacement (S [m]) is
due to the interactive vertical movements, crustal change (C [m]) and eustatic sea level rise (E
[m]):

S=C-E (3)
The area of former glaciated crustal change more or less is synonymous with glacio-isostatic

uplift (U [m]). That means the shore-level displacement (S [m]) is expressed in Equation 4 as:
S=U-E 4)

The calculations of glacio—isostatic uplift have been divided into two components: (1) the
slow components (Us) that occur most of the time and (2) the fast components (Us) that
occur at short intervals during deglaciation. Slow land uplift following unloading of ice (Us[in

m]) is calculated according to Equation 5 as:

)] ()

2 T To—t
Us= = * A * [arctan (== ) * arctan (—
T Bg Bg

Where: As = down-load factor (m); Ts (years) = time for the maximal uplift rate -, i.e., the
symmetry points of that arctan function; t (years) = in the variable time; and Bs (y!) = an
inertia factor. The variables As and Bs are related to the specific point while Ts seems to be
regional constant and is estimated to 1200 calendar years before present (BP) i.e., 10650 years

if BP is counted in the conventional radiocarbon chronology (Passe and Andersson, 2005).

Equation 6 is a general formula for the fast component:

2 Ty Tr—t
Ue= = * S S "
=z * Ay * arctan [(6.6*Af+335 ) - arctan (6.6*Af+335)] (6)

Where:  Ur= crustal change (m) (fast uplift); Ar = down-load factor (m); Tr (years) = the
standard time for maximal uplift rate given by Passe and Andersson (2005), i.e., the symmetry
points of arctan function; t (years) = in the variable time. Br 1is estimated as 6.6 * Ar+ 335. Tt
has regional differences, varying between 11400 to 9400 calendar years BP, which indicates
the fast uplift was an ongoing process during the termination of deglaciation (Passe and

Andersson 2005).

The eustatic sea-level rise is
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9600 — ., 2 11500
- il *
500 )] ~ 7 * arctan [( 250 ) *arctan  (7)

2 9600
= — — *
E ~ % 61 * arctan [(1 =00 ) * arctan

11500 —t

( 12500 —t
350

2 12500
+ = * )
)] — * 8 * arctan [(: 350 ) * arctan ( 350 )]

Where: t (years) = in the variable time. The eustasy is calculated by the sum of three arctan
functions. One is negative, in order to describe a retarded phase of the eustatic rise (Passe and
Andersson, 2005). The theoretical land rising calculation for the Vaasa region shows that the

far-future land rising level will be the lowest, indicating that the rate of land uplift is slowing.
2.4. Steps for creating a conceptual framework

The starting point for developing the conceptual framework is the identifying the causes and
effects of land uplift as shown in Figure 2. By applying diagram Figure 2 to the local region
of Vaasa area in Finland, we found at least nine different causes or sources of land uplift

(Ké&dridinen, 1953; Fjeldeskaar et al., 2000; Hammond et al., 2016; and Girgibo, 2021a.): 1.
The mass of the land and its attraction small to sea in its vicinity sinks due to the land seems

to rise. 2. The ice mass in Polar Regions causes” water towards to pole then the other area land
grows. 3. When the earth crust shrinks cause vertical movement. 4. The ice mass on ice age
time cool down the earth crust when the ice melts start to warm up and rise. 5. Process
connection to crystallization beneath the earth’s crust, changes in volume taking place, cause
land uplift. 6. The movement of earth crust due to periodic variation: the levelling of
mountains (also cause weather formation) and flooding. 7. This was the cause of
Fennoscandia land uplift, which is the ice mass, weighed the earth’s crust, which is supposed
to be flexible. Then the rising up to equilibrium happened when the ice melts. 8. The contents
attract water, the larger the content the more water it attracts. This phenomenon depends on
how much water in the content and the more water there is the more rain it attracts. 9. Causes

of land rising mentioned here is by the earthquake in some areas of the world also was

Fennoscandia (Fjeldeskaar et al. 2000). Even earthquake was also in some areas of Finland

(Lofman 1999).
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Findings during the framework development process identify several patterns of land uplift:
regular growth; irregular growth; tilting of land during land uplift; and inclinations and
elasticity in land uplift. Nine possible consequences of land uplift were also  identified: 1.
Land/island size growth; 2. The water trapped in land; 3. Drought; 4. Initiation and
development of plantations; 5. Tilting of the uplift land; 6. Mountain area uplift affects sea
and land surface temperature; 7. The land is not as viscous as it used to be (Fjeldskaar, 1997);
8. Sulphide-rich sediments generated by land uplift causes acidification and pollution (Boman
et al., 2010); and 9. More rigid land not viscous anymore as it used to be. Figure 5 shows the

framework chart developed in this article.

The procedure used in theoretical data calculations was also integrated into the conceptual

framework developed. The six-step procedure used is as follows: First, using the map in Passe
and Andersson (2005) to identify the location to be analysed in the surrounding area. Second,
set the time variables for analysis calculation. Third, select data from the same article for the
chosen locations, data was provided by (Passe and Andersson 2005) article for each location
in  map (Figure 3). Fourth, apply formulas numbered 3, 4, 5, 6, and 7 (presented below) to
calculate: Us — slow uplift; Uf — fast uplift; Utot — total uplift; E — eustasy sea level; and S —
sea-level displacement. Fifth, use the same formulas to calculate the data for each time
selected variable and each location (make a similar table as Table 7, which is a result table in
this article calculations). The sixth and final step is to use the calculated data in an Excel file

to chart the change through time.
2.5. The Vaasa region and its literature data

The city of Vaasa is in the Pohjanmaa region on Finland’s western coast, bordering the Gulf
of Bothnia. That particular part of the Gulf is called Kvarken and the area closest to Vaasa is
known for its archipelago. It became a protected area as a UNESCO World Heritage Site in
2006, chiefly in recognition of its unusually fast land uplift and geological changes (Girgibo
2022, forthcoming). The land uplift rate in the Vaasa region is about 8.77 + 0.3 mm/year
(Kédéridinen 1953). This is much higher than the forecast world sea-level rise. Recent work by

Nordman et al., 2020, compared land uplift rates and sea- level rises in coastal areas of
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Finland, including the Vaasa region. They concluded that land uplift will continue to
dominate the sea-level rise in the Vaasa region. This differs from the expectations for most
other areas of the world. The empirical literature data compression performed for this current

study confirms this expectation of the Vaasa region.

The map in Figure 3 shows the different positions of shore level curves used for land uplift

calculation. The points numbered Angermanland , S. Visterbotten, Rovaniemi and

Lauhanvuori were used in the current study to calculate far-future uplift in the Vaasa region.

Figure 3. Positions of shore level curves are used in the calculation. Those used for Vaasa uplift
calculations are locations Angermanland , S. Viisterbotten, Rovaniemi and Lauhanvuori (taken from

google map and location adapted from Passe and Andersson (2005) publications).
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The data bases used in this literature review were Scopus, google scholar, science direct
Elsevier journals, nature journals, google search engine. The main descriptors used for
searching were: Land rising and climate change connection, measurement of land uplift,
compensation in land uplift, land uplift phenomena in Europe, Land uplift in the Vaasa region,
Kvarken land uplift, and inclinations in land uplift. Figure 4 shows the procedure used in

systematic literature rereview.

Number of evaluated search results for
all search terms only in Scopus.com
N = 4517 (only from Scopus.com)

Chosen download by title both, from
Scopus.com and Google.Scholar.com
N = 206

Articles exclude on abstract
N=111

Articles exclude in full report

N =19
Potential includes
N =095
Not attempted due to cost Attempted to retrieve
N =20 N=75
Articles still on request Articles not available Full articles retrieved
N=1 N=9 N =65

Included on analysis full articles
N = 46

!

Total studies used for
framework chart development
N =23

A synthesis of research addressing land uplift, sea-level rise and their relationship.

Figure 4. Chart showing the flow of the literature search. N = number of articles and books used for

synthesis (Brunton et al., 2006, and Booth et al., 2012). (Drawn by Andrei Palomiki).

2.6. Case study of the Vaasa region for validation of the conceptual framework

To empirically validate the conceptual framework developed previously, four specific areas

on the Vaasa area— two in Sweden, two in Finland — were chosen with their data. See Table 3.
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Their data relating to land uplift and sea-level rise rates in these areas were collected from

various literature sources.

Table 3. The specific areas considered for theoretical data calculations for far-future forecasting and

areas considered for empirical data validation analysis

Gereralised areas used for empirical data

The areas used in theoretical data calculation PO .
validation analysis

Angermanland Baltic Sea

S. Visterbotten Vaasa region, Finland
Rovaniemi Finland (generalised expectations and forecasts)
Lauhanvuori Nordic area (Finland and Sweden)

World (generalised expectations and forecasts)

Table 4 presents the study topics of the framework chart development, and the specific areas
studied for each topic. The choice of specific area was determined during the literature

synthesising and systematic literature review process.

Table 4. The specific areas considered for each section of the framework chart development.

Subsections of the framework chart development Specific areas are considered for each subsection

1.  Causes of land uplift Generalised for whole areas of the world
2. Patterns of uplift through time Fennoscandia and Sierra Nevada, USA
3. How to measure uplift? Generalised for whole areas of the world

Baltic sea area, Aland Islands, Sierra Nevada
(USA), Kvarken archipelago, northernmost Gulf of
4. Consequences of uplift Bothnia (Finland), Fennoscandia, North America,
Yakushima rivers basins (Japan), subtropical
eastern Pacific, and Vaasa region (Vassor Bay)

5.  Empirical procedure based on Pésse & Angermanland (Sweden), S.  Viisterbotten
Andersoon (2005) (Sweden), Rovaniemi and Lauhanvuori

Figure 5 shows the proposed framework chart.
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Figure 5. The theoretical framework of land rising: causes, measurement methods, patterns,

(drawn by Andrei Palomiki).
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Sea-level rise generally dominates land uplift in most areas of the world, so the current
situation and forecast are for more flooding, especially in most coastal areas (IPCC, 2007 and
IPCC, 2019). This is unsurprising, given the rate of climate change. Church and White, 2011,
evaluated the global average sea-level rise in 1993 — 2009, after correcting for glacial isostatic
adjustment. The values were 3.2 + 0.4 mm/year from satellite data and 2.8 + 0.8 mm/year
from the in-situ data. This rise is much higher than the land uplift effect in most areas of the
world. The authors of that study also asserted that sea-level continues to rise now and will do
so for centuries to come. Rising temperatures due to climate change also make ocean thermal
expansion an important element, adding to the sea-level rise from melting land ice (Church
and White, 2011). Thus, the conclusion here, based on various literature, is that sea-level rise

is expected to be much higher than land uplift in most places of the world.

According to Okko (1967), there are three possible outcomes: flooding, balanced land uplift
and sea-level rise or land uplift. This current paper sets out to establish which of these is the
likely outcome in the Vaasa region. Figure 6 depicts the two ends of the spectrum. On the left,
land uplift is greater than the sea-level rise. The opposite scenario is shown on the right,
where the sea-level rise floods the lands near the shore. In between these two extremes is a

third outcome where the two movements broadly compensate for each other.

What is in the future

Result A: .
final forecast, esult Result B W

Island rising Island disappear

A B‘) above the because of
OI' . sea level. sea-level rise.

Figure 6. The comparison between the outcomes expected due to land uplift and/or massive sea-level

rise due to climate change (drawn by Andrei Palomiki).

3. Results

This result section presents two main outcomes. First, temperature and sea-level rise and the

theoretical calculation for future land uplift in the Vaasa region. The second deals with
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whether land uplift in Vaasa will be greater or lower than sea-level rise, or if they will

compensate for each other.
3.1. Temperature and sea-level rises and theoretical calculation for future land uplift

Table 5 shows temperature and sea-level rise expectations in the local Vaasa region, several
wider areas of the Nordic area and the world in general. The Vaasa region sea- level rise is
lower compared to some of the data presented in this table. Furthermore, calibration of the
regional coefficient a in the model equation (1) shows that the average rate of the sea-level
rise in the Vaasa area (1.81 mm/yr ©C) is lower than that of the global value 3.4 mm/yr °C.

This also indicates that climate change impact on the Vaasa region is less intense than that on

global areas.

Table 5. The relations between future temperature increase and sea-level rise is considered areas.

Based on formula 1 and 2 the proportionality constant was calculated.

Future temperature Proportionality constant

Areas increase (°C) Sea level rise (m/yr) (mm/yr °C)
Baltic Sea 2-6! 0.003 — 0.0035% 1,354166667
Vaasa 2-6! 0.0028 — 0.00842 2,333333333
archipelago
Finland 2-6" 0.00284 — 0.00515? 1,664583333
Nordic (Finland
ordic (Finlan 2-6! 0.003 — 0.006 (1993 — 2003) ! 1,875
and Sweden)
World 2-6"! 0—1 (at end of 21st century) ! 3,4

Notes: IPCC (2007) !, Johansson (2014)?, Johansson et al. (2004)3, Yle News (2016)*, and global forecasts
IPCC (2013)5.

Table 6 presents the locations used in calculations and the years used for different time
variables. Years of t1= 5,000, t2 = 10,000, t3= 15,000 and t4= 20,018 years from the current
time (year 2018) were used. Table 6 presents as well the theoretical calculations inputs
presented by Passe and Andersson, 2005. Columns: Time variable — are years label chosen for
calculations. Years — particular years chosen in calculation. Location number — are the
number of different locations chosen in calculation form Figure 3. Locations names — the
name of locations around the Vaasa region chosen from Figure 3 for calculations. Data from

Tables 6 data were the inputs used to calculate the theoretical far-future land uplift and
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sea-level rise results for the Vaasa region, presented in Table 7. Equations numbered 3-7,

presented earlier in the materials section, were used for the calculations. The descriptions of

the character As, Bs, Af and Tf presented in next Table 6 can be found in the descriptions of

equations 3-7 in this article (as well in the nomenclature).

Table 6. The relevant locations for Figure 7 and 8, t (time in years) and Ts (slow time values) used for

calculation and data for theoretical calculations (taken from Pésse and Andersson, 2005)

Time variable Years Location name As Bs Af Tf

Slow time = Ts 20,018 Angermanland 330 8800 132 9600
timel = t1 5,000 S. Visterbotten 328 9200 132 9600
time2 = t2 10,000 Rovaniemi 290 9500 100 9700
time3 = t3 15,000 Lauhanvuori 288 9500 95 10000
time4 = t4 20,018

Table 7 presents the Vaasa region calculations for far-future land uplift and sea-level rise.

They cover: Us = slow uplift; Uf = fast uplift; Utot = total uplift; E= eustasy sea-level rise; and

S= sea-level displacement.

Table 7. Theoretical calculations for far-future land uplift and sea-level rise in Vaasa region. Based

on Pisse and Andersson (2005) theoretical calculated data. Us = slow uplift; Uf = fast uplift; Utot =

total uplift; E= eustasy sea-level rise; and S= sea-level displacement.

Theoretical calculated data

Location name time in years Us Uf Utot E S
Angermanland timel 166,04 -0,05 165,94 0,71 165,28
Angermanland time2 67,8 0,738 68,538 0,354 68,184
Angermanland time3 27,6 0,5 28,1 -0,2363 28,3363
Angermanland time4 0 0,177 0,177 -0,177 0,354
S. Visterbotten timel 159,6 -0,05 159,55 0,71 158,84
S. Visterbotten time2 64 0,738 64,738 0,354 64,384
S. Visterbotten time3 26,01 0,5 26,51 -0,2363 26,7463
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S. Visterbotten time4 0 0,177 0,177 -0,177 0,354

Rovaniemi timel 137,62 -1,13 136,49 0,71 135,78
Rovaniemi time2 55,49 0,559 56,049 0,354 55,695
Rovaniemi time3 22,14 0,379 22,379 -0,2363 22,6153
Rovaniemi time4 0 0,284 0,284 -0,177 0,461

Lauhanvuori timel 136,67 - 1,07 135,6 0,71 134,89
Lauhanvuori time2 55,11 0,511 55,621 0,354 55,267
Lauhanvuori time3 21,99 0,36 22,35 -0,2363 22,5863
Lauhanvuori time4 0 0,27 0,27 -0,177 0,447

Figure 7 is a graphical presentation of the land uplift data in Table 7. It depicts the slow, fast,
and total uplift forecasts for years timel, time2, time3 and time4. It is evident that slow uplift
is much higher than fast uplift which is the major contributor to total uplift. The key message

from the graph is that land uplift will decline significantly through time at all four considered

locations.
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Figure 7. Graph of calculated forecasts of Us - slow, Uf — fast and Utot — total uplifts in different

locations for all time variations t1, t2, t3 and t4 (see table 6 for explanations of times).
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Figure 8 depicts the future sea-level displacement calculations for the four locations, as
presented in Table 7. The total land uplift from Figure 7 is also included in Figure 8. Crucially,
it shows that in the far-future (t4 = 20,018 years after 2018) the sea-level rise is expected to be
higher than the total land uplift in the Vaasa region. This is an important finding because if
on-going climate change facilitates sea-level rise it may surpass the land uplift rate even

sooner than this forecast timescale.
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Figure 8. Sea-level and total land uplift in different locations for all time variations t1, t2, t3 and t4
(see table 6 for explanations of times). Utot = total uplifts; E = eustasy sea-level rise; and S = sea-level

displacement

3.2. Comparison with literature

Land uplift is caused by nine different reasons according to Kédridinen (1953). The most
significant of these in the Vaasa region relates to the cold ice mass of the Ice Age. This has
pressed down the earth’s crust, which is rebounding as the ice melts. This is the most probable
explanation for the current uplift in the Vaasa area (Poutanen & Steffen, 2014). According to
the work of Okko (1967), land in the Vaasa area will rise by 4.3-6.1 mm/yr, while land in

Finland in general will rise by 3.0-8.8 mm/yr. Various published works indicate that land
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uplift in Finland is stronger in coastal areas. Land uplift at Merten Talo, on the coast just north

of Vaasa city, is 8.77-9.0 mm/yr (Kédéridinen, 1953, and Girgibo, 2021a).

Data gathered from various sources show much difference between the expectations for the

global situation and for the local Vaasa region. Land uplift is expected to be higher than
sea-level rise in Vaasa and the surrounding areas of the Baltic Sea, Finland and Sweden. This
is not the case for the world as a whole. Table 8 summarises the relevant forecast data

gathered from the referenced literature sources.

Table 8. Comparison of published expectations for sea-level rise and land uplift in different locations

Expected sea-level Expected land rising . Conclusion:
Areas . Future expectations .
rise (mm/year) (mm/year) there will be...
Baltic Sea 3-3.5%%7 7 — 1012 3&4 More land rise ngllziirdlfi\;zl of
Vaasa area 2.8-8.46 8.77 — 91:2&7 More land rise ngl};irdlfi\;:l of
Finland 2.84-5.156 21037 More land rise H‘gl};flrdlfivs :1 of
Nordic area Higher level of
(Finland and 3 — 67 (1993-2003) 0-101&3 More land rise glan d rise
Sweden)
_ S (atend of 21
World (some 0 1000t —6-10° Flooding dominates Most areas
areas) century) flooding

Notes: Poutanen & Steffen (2014)!; Kéaridinen (1953)% Steffen et al. (200X)?; Amante & Eakins (2009)%;
IPCC 20073; Johansson (2014)®, Johansson et al. (2004)7; and Yle News (2016)8.

Figure 9 plots Table 8's sea-level rise and land rise data (in mm/yr) for the studied areas. The
figures used are the central estimates in all cases. The sea-level rise for the world must be
multiplied by 100, so it is clear that, unlike in the four specific study areas (Baltic Sea, the
Vaasa region, Finland and Nordic area) the expectation for the general world situation is for
the sea-level rise that will vastly surpass any land uplift. If all Antarctica melts this is
expected to lead to widespread flooding and even in the Nordic area sea-level rise will exceed
land uplift. Although the data size is limited, it can now be proved that the relationship
between the sea-level rise and land uplift data is a negative correlation (r =-0.400 with 95 %

confidence interval).
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Figure 9. Sea-level rise and land uplift: forecasts of annual rates, based on central estimates of Table
8’s data. See Table 9 for reference sources. World (generalized) = Means mainly those areas where

there is land uplift going on.

4. Discussions

This study confirms that climate change impact on the Vaasa region is less intense than that

on global areas. The framework chart developed can be used to study of vulnerability and
adaptation to climate change that can benefit local, regional and global communities. There
are five sections in the framework chart developed those are: cause of land uplift, patterns of
uplift through time, how to measure land uplift, consequences of land uplift and empirical
procedure. Thus, this framework chart helps adapt to changes due to land uplift and
vulnerability to climate change. This framework chart also delivers the different patterns,

which might cause land uplift in local area and how to measure this land uplift. The empirical
procedure presented can be used to forecast the Nordic area land uplift change through

various times, which can be regulated in the calculation equations input.

The theoretical calculation shows the far-future expectation land uplift in the Vaasa region.
The results shows that both land uplift and sea level rise will decline significantly in far-future

time (e.g. after 20,018 years starting from the year 2018). Fast uplift (Uf) is lower in its

48



amount compared to slow uplift (Us). However, all uplifts (fast, slow and total) and sea level
displacements show a significant decline in the far-future. This analysis was interpreted by
using a logarithm to make the effect visible enough. Exponentials total uplift also shows a
decline in all results of theoretical forecast calculation, which is made based on Passe and

Andersson (2005).

The empirical literature data validation shows the most interesting results. Except for the
world expectation of a sea-level rise to be higher than the land uplift other areas analysed
show higher level of land uplift compared to sea level displacement. The area expected to
show land uplift higher than sea-level are: Baltic Sea, the Vaasa region, Finland and Nordic
(Finland and Sweden). This very surprising compared to severely affected places by flooding
such as Miami, Florida (USA) and Bangladesh. Even if the theoretical calculations show that
the land uplift rate will decline in the far-future there will be a significant amount of land

uplift expected at least in the Vaasa region for quite some time.

The principal limitation is that the areas studied for some of the investigation and evaluations

may not necessarily represent the world’s general uplift rates. On the other hand, this can

confirm that local effects are different from generalised world expectations or forecasts.

5. Conclusions

Land uplift is a process that has been ongoing for millions of years in some areas (Bill et al.,
2018). There is good evidence that this might, and most probably will, continue in the future.
After reviewing the different literature relating to sea-level rise and land uplift, the inevitable
conclusion is that future sea-level rise will exceed any land uplift in most areas of the world.
Sea-level rise might not affect the local Vaasa area, but in other parts of the world the
sea-level rise will lead to much more flooding, even with the medium climate change effects

that can be expected.

Poutanen & Steffen, 2014, concluded that even in the shallow sea and strong land uplift area

of the Vaasa archipelago, there will not be a dry land link across the Baltic between Finland
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and Sweden in the near future. They reached this conclusion using data from geophysical
modelling and contemporary geodetic measurements. What is new shown in this article is that
from the data gathered on the most areas, those are the Vaasa region, Baltic Sea (contradictory
to the literature expectation of Baltic Sea on Poutanen & Steffen (2014)), and Finland and
Nordic (Finland and Sweden), shows a much higher level of land uplift expectation than
sea-level rise. In addition, it was found that there is a negative correlation between the land
rising and sea-level rise. There are positive correlations between environment (water)
temperature increase and sea-level rise. The theory tools used can contribute greater belief
and strength in land uplift and sea-level rise theory and assumptions. Combating climate
change plays a pivotal role in preventing rapid sea-level rise that threatens islands and
harbours. In the far-future both land uplift and sea-level will declined dramatically based on

the theoretical calculations results found and presented.

We recommend further study directed at the development of a sophisticated framework chart

and other theoretical calculations that focus attention on the effect of land uplift. Further
theoretical calculations to forecast far-future changes in land uplift are essential for

comparison with this study’s results and to confirm changes at sites elsewhere in the world.
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