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Abstract: Climate change is one of the most pressing issues of our time. Rising temperatures,
changing precipitation and more weather extremes pose risks to local societies worldwide. Yet,
climate change is most often presented and reported on a global or national scale. This paper aims
to analyze the key aspects of climate change on the local scale by assessing temporal and spatial
changes in temperature and precipitation in the Westfjords in north-western Iceland and evaluate
their impacts on the region’s livability. Existing temperature and precipitation data were used to
model trends in climate change at an unprecedented resolution. The results show that the period
of 2001-2020 was warmer than the 1961-1990 reference period in almost every month of every year,
and that warming was more pronounced in the winter months. Furthermore, precipitation increased
during 1991-2020 period compared to 1961-1990. These detected local patterns confirm some of the
major predictions about climate change on the global scale. Considering the impact of climate change
at the local level is critical, as it allows the community to envisage their future and provides better
possibilities to mitigate, prepare for or adapt to the predicted changes.
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1. Introduction

Global warming and climate change are increasingly affecting climates and ecosys-
tems around the world [1]. The consequences of greenhouse gas emissions can be seen,
among other events, in the melting of glaciers, ecosystem changes, global warming and
increased climate extremes. This combination of rising temperatures and rising CO, levels
is furthermore predicted to have a multitude of potential implications, including sea level
rises, ocean acidification, ecosystem disruption, changes to weather patterns and, subse-
quently, impacts on human life [1-5]. The effects of climate change on the high northern
latitudes seem to be greater than those elsewhere, with temperatures rising proportionally
higher both at sea and on land, with associated consequences [6,7]. This is emphasized by
the Arctic Monitoring and Assessment Program (AMAP), reporting that the annual mean
surface temperature rise in the Arctic was three times higher than the global average for
the period of 1971-2019 [2]. An increase in precipitation, particularly during the colder
months, has also been observed during these past decades.

Despite clear signs of climate change and a growing number of studies demonstrating
unequivocal changes, there are still many who view the impacts of climate change as
problems that are somehow far away, either in space or in time [8,9]. This disconnect
from the problem means that there is scope for continued and improved climate change
communication. For Iceland, an island located just south of the Arctic circle, the European
Social Survey undertaken between 2016 and 2017 indicated that over 90% of Icelanders
believed that climate change is happening and is, at least in part, caused by humans [10].
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However, a separate survey conducting interviews with Icelanders found that almost all
the participants viewed climate change as a problem for future generations rather than
themselves [11]. In spite of a high awareness of climate change, Iceland only showed very
modest decreases in its total equivalent CO, emissions during 2009-2019, with emissions
from industrial processes increasing over this timeframe [12]. Several studies, therefore,
recommend including a local perspective on climate change as a means of causing the
public to become more engaged [13-15]. Jones et al., moreover, point out that a reduction in
the psychological distance increases intentions to engage in carbon mitigation activities [14].
This demonstrates the importance of local events in climate change communication and
citizen involvement as a way of increasing personal engagement with these issues. There-
fore, it is important to understand how such changes are occurring at a local level, so that
possible local consequences can be identified and the local societies and their people can
better adapt to these changing realities. This paper attempts to analyze climate change
from a local perspective, focusing on the Westfjords region in north-western Iceland, and
assess its impact on the physical, biological and social systems in place.

Iceland grazes the Arctic circle and is likely to increasingly feel the effects of climate
change in the future. Research shows that in recent decades, the climate has changed con-
siderably in Iceland. Crochet and Jéhannesson (2011) showed that the decades of 1991-2000
and 2001-2010 were warmer on average by up to 1.25 °C, compared to the 1961-1990 mean
temperatures [16]. Similarly, the Icelandic Meteorological Office (IMO) reports that between
1980 and 2016, there was a warming trend of 0.47 °C per decade [17]. Continuing changes
will affect some of the country’s key industries, such as fishing, aquaculture, agriculture
and tourism, subsequently impacting the livelihood of many localities in Iceland, especially
in the more scattered settlements such as those in the Westfjords. Potential changes in
fisheries” catches and the loss of infrastructure due to climate change are discussed as risks
for the Arctic and other areas of the globe in the most recent report from the IPCC [18].
There is a clear level of warming due to anthropogenic forces that will continue into the
next century, even if carbon emissions were to slow down or cease altogether [19]. As
such, the IPCC discusses not only the risks of climate change but also adaptation strategies
for dealing with these risks. For some ecosystems, including certain polar ecosystems,
climate change is believed to be nearing the time limit for effective adaptation strategies [18].
The overall aim of this paper is, therefore, to describe the temporal and spatial changes
in temperature and precipitation in the Westfjords region and evaluate their impacts on
the region’s livability by: (i) determining whether changes in the local temperature and
precipitation patterns over the last few decades can be detected; (ii) assessing whether the
detected changes line up with national or global observations and predications about the
climate; and (iii) creating a thematic point map to visualize the potential impacts of climate
change on the Westfjords region.

2. Materials and Methods
2.1. Study Area

Iceland is situated in the middle of the North Atlantic Ocean on the Mid-Atlantic
Ocean Ridge, the active geological border between the Eurasian and North American
tectonic plates. The Westfjords region is in the country’s most north-westerly corner,
extending approximately between the latitudes of 65°25" and 66°25’ N and longitudes of
21°15' and 24°30’ W (Figure 1). It covers about 9000 km?, or a little less than 9% of the land
area of Iceland [20]. The landscape is mountainous, characterized by narrow fjords, steep
slopes and little lowlands. The elevation ranges from sea level to 998m [20]. One glacier,
Drangajokull, is located in the northern part, being about 140 km? in size, and it has been
receding since the beginning of the last century, when it was about 200 km? [21,22]. The
sparse vegetation cover is dominated by grass-, heath- and scrublands, and moss heaths and
non-vegetated habitats dominate the higher elevations [23]. Despite the sparse vegetation
cover, the Westfjords region is important for many subarctic flora and fauna populations.
These include Arctic foxes (Vulpes lagopus), Iceland’s only native land mammal [24], and
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numerous bird cliffs that are important breeding grounds for many sea birds [25]. The
surrounding oceans have commercially important fish stocks, such as cod and halibut [26],
and many non-commercially important species.
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Figure 1. The location of the Westfjords region in Iceland (data source: IS50v geodatabase, obtained
from the Natural Land Survey of Iceland).

The climate is a subpolar oceanic climate, which is relatively mild for such a high
latitude and is subject to high winds and frequent precipitation [27]. In 2007, the reported
mean temperature range for Iceland for areas below 400 m was —2 to +9 °C, with the
warmest month being July and the coldest being January [28]. Long-term climate obser-
vations specifically focusing on the Westfjords region have, to the best of our knowledge,
not been reported in the literature. The region is nonetheless vulnerable to disruptions
from severe weather, such as snow avalanches, landslides, slush flows, rock falls and
debris flows [29,30]. Hence, the region’s topography and climate leave its residents and
infrastructure vulnerable to a variety of slope processes, as well as road closures in winter.

The total population was 7205 as of the 1 January 2022, that is, about 2% of the Icelandic
population [31]. Most settlements are located on the coast. Isafjordur is the largest town in
the region, with 2730 residents as of the 1 January 2022 [31], and acts as a service center
for many of the smaller populated areas in the region. Throughout the centuries, the main
occupation in the Westfjords region has been agriculture and fisheries, both of which have
been gradually decreasing during recent decades. During the last decade, aquaculture and
tourism have been seen as positive benefits for the region’s rural development [32]. Most
of the aquaculture companies operate using open-sea cages in the fjords, which provide
good shelter for the cages. Before the COVID-19 pandemic, 10.7% of all foreign visitors to
Iceland visited the Westfjords [33]. Nature-based tourism is a major attraction, including
hiking, biking, horseback riding, bird watching and simply driving for the scenery [34].
For the past few years, all the forms of adventure and sports tourism have been rapidly
growing, such as sea angling, kayaking, climbing, mountaineering, mountain biking and
cross-country skiing. Cruise tourism was the fastest-growing and brought the most visitors
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to the Westfjords prior to COVID-19. In 2019, there were 126 cruises that came to Isafjordur,
compared to 61 in 2015, and 26 that came to Patreksfjorour, compared to 1 in 2015 [35].

2.2. Climate Data Collection

The climatic data used in this study were obtained from the Icelandic Meteorological
Office. Some were obtained from their website (www.vedur.is), and some were obtained
through email request. Data were obtained from 37 registered weather station in the West-
fjords region operated by the Icelandic Meteorological Office. The stations measure various
parameters and have been operating for varying timespans. They are primarily coastal
and low-lying rather than mountainous (Figure 2). Approximately 91% of the land in the
Westfjords is above 50m in elevation [36]. Since most of the weather stations are concentrated
around the habited areas, only four of the stations used are located above 50 m.
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Figure 2. Locations and names of weather stations used in this study. ((A) = the location of the
Westfjords region within Iceland, (B,C) = distribution of weather stations in relation to elevation,
C = dense network of stations around the most populous region of the Westfjords).

A station was considered to have covered a full decade if 8 out of 10 years of
recordings were available. This is in line with the World Meteorological Organization
(WMO) guidelines, stating that data should be available for 80% of the years of the av-
eraging period before creating a mean [37]. Overall, the temperature data used were
from 28 different stations, and precipitation data were collected from 27 different stations
(Table 1). More complete temperature data were available for the two most recent decades,
with 18 and 21 stations collecting temperature data for the periods of 2001-2010 and
2011-2020, respectively. There are 12 or fewer stations with a complete decade’s worth of
temperature recordings for each decade between 1951 and 2000, and all of these stations
are located below 50m a.sl. There was less variability in the numbers of stations collecting
precipitation data for each decade, with between 10 and 15 stations available for each
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decade of 1961-2020. Only two stations, Lambavatn and Mjélkérvirkjun, had continuous
recordings of precipitation data for sixty years, which are used for the temporal analysis.
If a station had changed in altitude but remained in a similar location, all measurements
were converted to sea level estimations, and it was considered to be the same station. To
give an example, Adey station took recordings at 5 m a.s.l. from 1961 to 2012 and then at
21 m a.s.l from 2012 to 2020, and these recordings were combined as 0 m a.s.] estimations.

2.3. Climate Data Analysis

The average temperature and precipitation for different time periods were calculated
and plotted using R studio software (version 1.4.1106). Temperature anomalies are ex-
pressed in degrees Celsius (°C) and compared to a 30-year reference period, i.e., 1961-1990.
Precipitation anomalies are expressed as a percentage of this same period. Anomalies were
calculated for each decade, year, month and for the winter and summer seasons, with the
winter period defined as December, January and February (DJF), and the summer period
defined as June, July and August (JJA). A representative temperature for the Westfjords
was calculated by combining the sea level estimates from all the stations with 60 years of
continuous temperature data collection. These were Bolungarvik, Gjogur, Hornbjargsviti,
Zdey, Reykholar and Lambavatn. Only one station, Bolungarvik, had continuous temper-
ature data from 1898 to 2020, and these data were used to model the long-term decadal
temperature trend.

For the spatial analysis, the temperature and precipitation data were interpolated using
inverse distance weighted (IDW) interpolation. IDW predicts a value for an unknown
point, with the known values closest to the unknown point having the greatest influence
on the predicted value. Thus, the influence of a measurement decreases with increased
distance from the unknown location, hence the name inverse distance weighted [38]. QGIS
software (version 3.18.2) was used to create spatially interpolated maps. Base maps of
Iceland and a digital elevation model (DEM 10 x 10 m) were obtained from the National
Land Survey of Iceland. Prior to interpolation, all the temperature data were converted to a
sea level estimate using a constant lapse rate of —6.5 °C per 1000 m. The data were then
interpolated using the inbuilt IDW function in QGIS and a distance coefficient of 2. The
temperature data were readjusted to the terrain level from the sea level after interpolation
using the constant lapse rate and the elevations from the DEM. The precipitation point
data were interpolated using the same approach as that used for the temperature data.
However, no adjustments were made for the elevation, as precipitation does not have a
simple relationship with elevation [39].

2.4. Mapping Potential Local Impacts

To visualize the potential impacts of climate change in the Westfjords region, a thematic
point map was generated by overlaying some of the climatological results on the map with
summaries and graphics related to the potential impacts. This thematic mapping is based
on a comprehensive literature review focusing on the impacts that have been observed
or predicted for Iceland and its waters. When information was not available for Iceland,
analogous locations were examined, including other sub-Arctic areas, areas of northern
Europe or parts of the north Atlantic that have the same or similar climate and industries
to the Westfjords of Iceland.
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Table 1. Summary of temperature and precipitation data availability for the Westfjords region.

Elevation

# Station (m.a.s.l) 1961-70 1971-80 1981-90 1991-00 2001-10 201120 1961901 Temp Precip
1 Bolungarvik 18 T T T T X X T 1898-2020  1995-2018
2 Gjogur 5/31 X X X T T T X 1949-2020 1949-1993
3 Hornbjargsviti 27/22 X X X T T T X 1949-2020 1949-1995
4 Kvigindisdalur 49 X X X X X 1949-2004  1949-2004
5 Flatey 3 X X X X 1952-1989  1956-1989
6 Reykholar 27 X X X X T T X 1961-2020 1961-2004
7 Aodey 5/21 X X X X X T X 1954-2020 1954-2012
8 Lambavatn 4 X X X X X X X 1961-2020 1961-2020
9 Mjoélkarvirkjun 8 P R P P P P P NA 1959-2020
10 Pérustadir 20 X X X X X 1961-1998  1961-1998
11 Sudureyri 3 X X X X 1961-1989  1961-1989
12 Galtarviti 20 X X X X 1953-1994  1953-1994
13 Hyvallatur 17 X X X X 1953-1989  1953-1989
14 fsafj Orour 2 P P X X 1999-2020  1981-2020
15 Brjansleekur 23 P P P P NA 1997-2020
16 Raudamyri - P NA 1978-1989
17 Holl i Firoi 30 X X X 1983-2020 1983-2020
18 Breidavik 20 X 1990-2003  1990-2003
19 Litla Avik 15 X X 1996-2020  1996-2020
20 Bildudalur 16 X X 1998-2020  1998-2020
21 Suodavik 10 X X 1996-2020 1999-2020
22 Hnifsdalur - P P NA 1995-2020
23 Flateyri 3 T T 1997-2020 NA
24 bverfjall 753 T T 1994-2020 NA
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# Station E(I;V:S(f? 1951-60 1961-70 1971-80 1981-90 1991-00 2001-10 2011-20  1961-90! Temp Precip

25 Ogur 40 T T 1997-2020 NA

26 Straumnesviti 7 T T 1996-2020 NA

27 Seljalandsdalur 550 T T 2001-2020 NA

28 Steingrimsfjardarheidi 440 T T 1995-2020 NA

29 Patreksfjorour 43 T T 1996-2020 NA

30 Birkihlid - P NA 1998-2014

31 Vadlar - P NA 2000-2011

32 Hrafnabjorg - p NA 1995-2012

33 Gemlufallsheioi 250 T 2010-2020 NA

34 Télknafjorour 9 T 2009-2020 NA

35 Hoélmavik 10 T 2008-2020 NA

36 Bassastadir - P NA 2005-2020

37 Heenuvik - P NA 2005-2020
TOTALT 5 12 12 12 10 18 21 12 28 NA
TOTAL P 3 12 12 15 10 14 12 12 NA 27

! Indicates if data was available for a 30 year reference period. > T = Temperature data available, P = Precipitation data available, X = both temperature and precipitation data available.
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3. Results
3.1. Temporal Changes in Temperature and Precipitation in the Westfjords

The analysis of the long-term temporal changes in temperature at Bolungarvik shows a
net rise in the annual as well as seasonal (winter and summer) temperatures during the last
120 years (1901-2020) (Figure 3). Winter temperatures (DJF) show the most change, or a total
rise of 2.98 °C during this period, and summer temperatures (JJA) show the least. The winter
temperatures, furthermore, show high fluctuations, the greatest being a 1.94 °C increase
between 1911-1920 and 1921-1930. Winter temperatures fall slightly between 1921-1930
and 1991-2000, while summer temperatures fall steeply between 1941-1950 and 1951-1960
and remain below the 1901-1910 temperatures until 1981-1990. All three components
analyzed rise from 1981-1990 to 2001-2010, with summer temperatures falling over the
last decade. Winter temperatures show the greatest total change. Between 1901-1910 and
2011-2020, annual warming progressed at a rate of +0.15 °C per decade, at +0.27 °C per
decade during winter and +0.03 °C per decade during summer.

Difference from 1961-90 mean (°C)
o

! ]
S
Season
A\ * - Annual
U/\ _ 9
4 JUA
e DJF
Q Q QS S S Q Q \) Q S
RN R S Y S R R R
O RS K RS K S RS © )
Decade

Figure 3. Temperature anomalies for each decade, 1901-2020, in Bolungarvik (JJA = June, July, August;
DJF = December, January, February).

An analysis of the average temperature anomalies for each month per decade at
Bolungarvik shows that each decade varies differently from the reference period (1961-1990)
(Figure 4). The periods of 1901-1920, 1961-1970 and 1981-1990 are colder than the reference
period. The periods of 1921-1960, 1971-1980 and 1991-2020 are warmer than the reference
period. The winter months during the period of 1901-1920 are particularly cold compared
to the reference period, while the summer months are warmer. Every month from 2001
to 2020 is warmer than the reference period. The greatest negative difference from the
reference period is seen in February 1910-1920, which was on average 2.94 °C less than the
average temperature for February 1961-1990, and the greatest positive difference is seen in
June 20012010, where the temperatures averaged 1.97 °C greater than the reference period.
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Figure 4. Long-term temperature anomalies for each month per decade, 1901-2020, Bolungarvik
average. The figure presents a “temperature circle” for each decade. There are 12 outer segments for
each month, labelled chronologically and progressing clockwise. The uppermost and righthand “J” is
January, the “F” to the right is February, and so on. Each color represents the difference in degrees
Celsius compared to the 1961-1990 reference period. The color in the center represents the annual
average temperature anomaly for the decade.

When examining a larger area, the analyses show similar temperature patterns to
those in Bolungarvik during the last sixty to seventy years. The analysis of the data from
stations with >60 years of continuous temperature collections, i.e., Gjogur (1949-2020),
Hornbjargsviti (1949-2020), ZAdey (1954-2020), Reykholar (1961-2020) and Lambavatn
(1961-2020), show that all three components analyzed, i.e., the annual, summer and winter
periods, rise from 1981 to 1990, with the greatest change occurring between the 1991-2000
and 2001-2010 anomalies (Figure 5). Between these two decades, the annual temperature
increased by 1.05 °C, the summer temperature by 1.11 °C and the winter temperature by
1.26 °C. The annual and summer anomalies decreased slightly between 2001-2010 and
2011-2020, while they continued to rise during winter. The winter component shows the
greatest change. Between 1981-1990 and 2011-2020, annual warming progressed at a rate
of 0.47 °C per decade, with winter warming at 0.55 °C per decade and summer at 0.28 °C
per decade.

Difference from 1961-90 mean (°C)

1.5
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0.0

Season

-— Annual
/ o JJA
-~ DJF

’\j\0 '\§ '\9Q ’\’QQ '\1\Q N >
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Figure 5. Temperature anomaly for each decade, 1951-2020, Westfjords average (average created
from Gjogur (1949-2020), Hornbjargsviti (1949-2020), ZEdey (1954-2020), Bolungarvik (1949-2020),
Reykhélar (1961-2020) and Lambavatn (1961-2020)).
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Every month in the decades 2001-2010 and 20112020 was warmer than the 1961-1990
reference period (Figure 6). Furthermore, the temperatures during 2011-2020 show stronger
warming in the winter than in the summer. The temperatures during 1961-1980, 1971-1980
and 1981-1990 show the least deviation from the reference period. The analysis of the indi-
vidual years during this period shows that the warmest years are 2003 (2.16 °C anomaly),
2014 (2.15 °C anomaly) and 2016 (2.16 °C anomaly). The coldest year is 1981, with an
anomaly of —1.21 °C. Every individual year from 2000 to 2020 has a positive annual
temperature anomaly.
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Figure 6. Temperature anomalies for each month per decade, 1951-2020, Westfjords average (average
created from six stations, i.e., Gjogur (1949-2020), Hornbjargsviti (1949-2020), ZEdey (1954-2020),
Bolungarvik (1949-2020), Reykholar (1961-2020) and Lambavatn (1961-2020)).

When examining these stations separately, it is noteworthy that the greatest changes in
the winter temperatures are observed in, and increase towards, the north (Figure 7). Hence,
the temperature anomalies follow a similar pattern at each station. The stations rarely differ
in regard to whether a month was colder or warmer than the 1961-1990 reference period.
Gjogur and Hornbjargsviti show that 1951-1960 was warmer than the reference period.
The temperatures during 1961-1990 do not show large deviations from the mean, aside
from the month of March, being around 1 °C higher than the average during the decade
of 1971-1980. The monthly temperatures for the decade of 1991-2000 fluctuated between
being above and below the reference period, but the average annual temperatures were
higher. Every month in the decades of 2001-2010 and 2011-2020 was warmer than the
reference period according to all the stations.

The analysis of the temporal changes in precipitation anomalies between the two
stations containing long-term datasets, i.e., Lambavatn and Mjolkarvirkjun, shows a dif-
ferent annual pattern, with more precipitation at Mjoélkarvirkjin, especially during the
winter months over the last three decades. The results indicate an increasing trend in the
precipitation after 1990 in both areas (Figure 8). However, at Lambavatn, these decades
experienced precipitation that was within 5% of the reference period during 1991-2020.
The stations correspond with one another for some months. For example, from 1991 to
2020, June was drier than the reference period, and September was wetter. Mjolkarvirkjun
experienced a wetter month than the reference period for every month except for June
and August in the decade of 2011-2020. The greatest positive difference in rainfall was
observed in May 1991-2000 in Lambavatn, with +67.26% rainfall, and December 2001-2010
in Mjolkarvirkjun, with +108.98% rainfall, compared to the 1961-1990 reference period.
Conversely, the greatest negative difference in rainfall was observed in June 2001-2010 in
Lambavatn, with —45.37% rainfall, and April 2001-2010 in Mjoélkarvirkjun, with —33.72%
rainfall, compared to the 1961-1990 reference period.
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Figure 7. Average temperature anomalies for each decade, 1950-2020, Hornbjargsviti and Gjogur,
and 1960-2020, ZEdey, Lambavatn and Reykhdlar.
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Figure 8. Average precipitation anomalies for each decade, 1960-2020, Lambavatn
and Mjolkarvirkjun.

3.2. Spatial Changes in Temperature and Precipitation in the Westfjords

The spatial analyses of the absolute and relative temperature changes in the Westfjords
show that the annual, summer and winter temperatures in 2001-2010 and 2011-2020
were warmer across all elevations compared to the 1961-1990 mean (Figure 9A,B). Winter
warming appears to be strongest in the northernmost point of the Westfjords. Summer
temperatures in 2011-2020 were cooler across all elevations compared to 2001-2010.
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Figure 9. Spatial distribution of absolute temperature changes (A) and temperature changes relative
to the 1961-1990 mean (B) for each decade of 1961-2020. DJF: December, January, February. JJA: June,
July, August.

The spatial analysis of the relative and absolute precipitation changes in the last sixty
years (1961-2020) shows that the annual decadal precipitation appeared to be heavier across
the Westfjords region during 1991-2020 compared the 1961-1990 mean (Figure 10A,B). The
winter (DJF) trend follows a similar pattern of heavier precipitation in the most recent
thirty years, especially in the central-western part of the Westfjords region. The summer
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(JJA) component shows, on the other hand, a trend of decreasing precipitation. In the
summer, the northernmost region of the Westfjords showed less precipitation during
1991-2020 compared to 1961-1990, and the southwestern part of the Westfjords showed
less precipitation in the period of 2001-2020 than that of 1961-2000.

A
1961-70 1971-80 1981-90 1991-00 2001-10 2011-20
Annual

e

Annual

(mm/month)

39.70

12718

1961-70
Annual

% difference from 1961-90 mean
B T
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DJF JJA
(mm/month) (mm/month)
-] I
3915 179.47 3429 96.16
1971-80 1981-90 1991-00 2001-10 2011-20

Figure 10. Spatial distribution of absolute precipitation changes (A) and precipitation changes relative
to the 1961-1990 mean (B) for each decade of 1961-2020. DJF: December, January, February. JJA: June,
July, August. 3.3. Local impact of climate change in the Westfjords.

While the trends of increasing temperatures and changing precipitation patterns are
part of a wider global trend, the impacts of these changes will affect the everyday lives
of people in the Westfjords. A summary of the potential local impacts is provided in
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Figure 11. The major physical impact due to climate change is associated with the increased
instability of the many slopes that characterize the landscape of the region to a large extent.
The weather conditions and topography of the Westfjords region are already favorable
for slope processes. The main triggering conditions for avalanches in the Westfjords are
strong northerly winds and heavy precipitation, which create large snow accumulations
on unstable slopes [40,41]. The indications of warmer weather and increased precipitation
observed in our analysis are likely to influence the number of avalanches. For example, a
recent study focusing on the effects of climate change on avalanche accidents and survival
suggests that warming weather may decrease avalanches at low elevations but increase the
number of wet snow avalanches at higher elevations [42]. This same study notes that wet
snow avalanches contain denser snow and are therefore more difficult to perform rescues
in. Debris flows in Isafjordur are triggered by rapid snowmelt or prolonged rainfall [43].
The water saturates the sediment stack, rendering it unstable and increasing the likelihood
of a debris flow. Increased slope processes in the Westfjords due to climate change could
thus lead to damage to infrastructure, evacuations, road closures, increased expenditure on
protection and, in the worst case, loss of life.
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Figure 11. Potential local impacts due to climate change in the Westfjords region.

Climate change will also influence the current forms of land use in the region, such as
the fisheries, aquaculture, agriculture and tourism. Satellite data show that Iceland, similar
to much of the circumpolar region, has become greener in recent decades, with a particular
rise in greenness in the west and north-western parts of the country [17,44]. While a longer
growing season due to rising temperatures may benefit agriculture in Iceland, it may be
limited by reduced precipitation or increased evapotranspiration, leading to periods of
drought [6,45]. Fish are Iceland’s second largest export, constituting 22% of all exports, and
the seafood and fishing industries, together, employ 6% of workers [46]. The abundance and
distribution of marine species have both been observed to be changing and are predicted to
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change further with the changing climate [26,47,48]. Existing models predict an increase
in the available fish biomass in the northern Atlantic, particularly above the 60° latitude,
over the coming century [49,50]. Lam et al. stress that even if climate change has a positive
economic effect on Icelandic and other northern fisheries, ocean acidification will have
a negative economic effect. However, this would still result in net positive economic
effects [51]. Nevertheless, more recent research suggests that the future of cod stocks is less
certain, stating either that it may not experience a great deal of net change [52] or that it will
vary depending on the sublocation [50]. The expanding mackerel stock has already caused
management disputes between the North Atlantic countries. As the stock has expanded
into Greenlandic and Icelandic waters, which previously had no share in the catch, it has
become difficult to agree on quotas, and the lack of shared management is potentially
leading to overfishing [53]. This phenomenon has been dubbed the mackerel wars, and
it is possible that similar disputes could arise in the future as commercially important
fish change their behavior and distribution due to climate change [46,53]. The impacts
of climate change on fish stocks will have not only economic impacts but also ecological
impacts. Declines in the puffin and Arctic tern populations have been linked to declines
in the population of sand eels, their main food source [54,55]. According to Hansen et al.,
sand eels show a lower recruitment and smaller body size in warmer ocean conditions,
partially due to the development of smaller gonads in warmer winter conditions [54].

The total aquaculture production in 2019 in Iceland was 34,000 tonnes, 27,000 of which
was salmon, largely located in the Westfjords [56]. Salmon are temperature-sensitive fish
and show increased stress and a reduced growth performance at temperatures above 16
°C [57]. According to Eskafi et al., sea temperatures within the fjords in the Westfjords
region currently only reach a maximum of around 10 °C [58], which might reduce the
risks associated with climate change for salmon aquaculture in the Westfjords. Klinger
et al. indicate that the temperature projections for the waters around Iceland will be
beneficial for salmon growth until 2050 [59]. Rising ocean temperatures may, however,
leave salmon more susceptible to disease. Salmon lice (Lepeophtheirus salmonis and Caligus
spp.) are parasitic copepods that feed on the mucus and surface tissue of their hosts,
causing lesions and inducing a stress response [60]. They are an economic concern, being
the most costly of all the parasites affecting aquaculture and representing fish welfare
concern. Outbreaks of salmon lice in salmon farms may also affect wild populations [61].
A recent study [62] showed that infection pressure from farmed to wild salmon increases
with rising temperatures, with an estimated twofold increase in the infection pressure if
temperatures rise from 9 °C to 11 °C. The increase in the infection pressure is greater at rises
from lower temperatures (i.e., 6 °C to 8 °C) and lower at rises from higher temperatures
(i.e., 12 °C to 14 °C). These temperature rises are comparable to the events that may unfold
in the Westfjords region and imply that salmon aquaculture, as well as wild salmon, will
see greater pressure from salmon lice infestations in the future.

The economic importance of tourism has gradually been increasing in the Westfjords.
Before the COVID-19 pandemic, the region was gaining increasing attention from the
international travel media, and recently, it was selected by Lonely Planet as one of top ten
regions to travel to in 2022 [63]. Skiing has long been popular in the Westfjords, particularly
in Isafjorour, where growing numbers of skiing events are hosted each year. Skiing is
one industry that is viewed as being particularly under threat from climate change. A
European modelling study predicts that Iceland could see a reduction of 50-75 days per
year (from 200-250), where snow above 800 m would be at least 30 cm deep by the turn of
the century [64]. In the Eastern European Alps, it is suggested that only 69% of ski resorts
will survive past 2050, even allowing for snowmaking capabilities [65]. Hence, there are
numerous potential socio-economic consequences related to a reduction in the ski season,
such as the loss of jobs and social gatherings. All other types of outdoor recreation, as well
as wildlife and nature-based tourism, in general, will also be impacted by climate change,
mainly due to risks related to increased slope processes and coastal erosion.
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4. Discussion
4.1. Local Climate Change Trends

The climate seems to be changing faster now than before. The most recent report
of the IPCC stressed that rising temperatures, changing precipitation patterns and more
weather extremes pose risks to socio-economic systems, ecosystems and physical systems
worldwide [18]. The results from this study demonstrate that the Westfjords region is
warming. A warming trend was observed from 1981-1990 to 1990-2000, but it has been
particularly pronounced since the turn of this century, with sustained positive anomalies
under almost all conditions. The results further show that the largest change occurred
around the turn of this century, or between 1991-2000 and 2001-2010. This warming was
not unprecedented, as a similar jump occurred in the beginning of the 20th century, or
between 1911-1920 and 1921-1930, as seen in the long-term dataset from Bolungarvik. This
increase is consistent with other long-term climate datasets in Iceland. There are only three
climatic stations in Iceland that have available data extending back to the 19th century.
The other two are Stykkisholmur (65°05' N /22°44’ W), with data available from 1823, and
Teigarhorn (64°41" N/14°21’ W), with data available from 1873. They all show a sharp rise
around the 1920s, which is traditionally seen as the end of the Little Ice Age in Iceland [66]
(Figure 12). Natural forces are, however, believed to have played a greater role in the early
twentieth century warming than anthropogenic forces [67,68]. This late-twentieth- and
early-twenty-first-century warming that is has been observed globally is, on the other hand,
believed to be largely driven by the anthropogenic release of greenhouse gases [1,69].
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Figure 12. Average temperature anomalies over time for Stykkishélmur, Teigarhorn and Bolungarvik.

The reported global temperature rises between 1980 and 2019 amount to 0.18 °C per
decade [69]. The results of this study show that, in the Westfjords, temperatures rose much
more, or by 0.47 °C per decade from 1981-1990 to 20112020, which is 2.61 times the global
rate. This supports previous studies stressing that the Arctic is warming faster than other
places on the planet [2,6,70]. The reported global long-term temperature rise during the
last 140 years, between 1880 and 2019, was 0.07-8 °C per decade [69], while in Bolungarvik,
from 1901-1910 to 2011-2020, the rate was 0.15 °C per decade. In both the global and local
timelines (1981 to 2020 and 1901 to 2020), it is noteworthy that the rate of warming has
been slower in the summer and higher in the winter. Depending on the definition of the
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Arctic used, this could be seen as an example of Arctic amplification. Evidence for stronger
seasonality is furthermore observed in the early part of the twentieth century. Hence, the
results show that before 1920, winters tended to be colder than the average, and summers
were warmer than the average. This contrasts strongly with the first twenty years of the
twenty-first century, in which nearly all summer and winter periods have been warmer
than the reference period (1961-1990). During both periods, i.e., the long-term 1901-2020
and the shorter 1951-2020 periods, winters showed a greater total difference from the
reference temperatures, and summers showed the least. This indicates a reduction in the
amplitude of the seasonal cycle and that warming is stronger in the winter. This is in line
with the events that have been observed above the 60° N latitude, where, for this area as a
whole, a reduction in the amplitude of the seasonal cycle has been reported [6].

Furthermore, the results show a clear change in the local precipitation pattern. Hence,
evidence of drier summers and wetter winters in the last 20-30 years can be seen in both
the temporal and spatial analysis of the precipitation. The temporal trends indicate wetter
winter months during the last thirty years and a dryer-than-average June for the same
period. The spatial trend also stresses a wetter winter period from 1991 to 2020 and a
dryer summer period in the northern part of the Westfjords from 1991 to 2020 and in the
southwest part from 2001 to 2020. These results support the prediction put forward in the
IPCC report, stating that wetter winters at higher latitudes are going to be a feature of our
changing climate [1]. It further supports the observations made by Box et al., revealing
that increased precipitation above the 50° latitude was greater during the colder months
(defined by the authors as October-May) in the period of 1971-2017, and that the extent of
the increase was greatest after the mid-1980s [6]. Increased winter precipitation, combined
with the warmer winter weather, indicates that the Westfjords region is now experiencing
more precipitation falling as rain instead of snow during the winter months. Drier and
warmer summers could leave the Westfjords at risk of periods of drought. However, some
caution needs to be exercised when interpreting the precipitation results. Einarsson, in
his summary of the Icelandic climate, discusses the fact that Icelandic rain gauges are
liable to underestimating the amount of precipitation, particularly if it is accompanied
by high winds or falls as snow, by as much as 25% [71]. While there has likely been
some improvement in the data collection since 1984, a recent report by the IMO (2020)
acknowledges persistent errors in the precipitation measurements. It specifically mentions
two stations in the Westfjords region, Isafjérdur and Stidavik, in regard to their complex
terrain, leading to difficulties in collecting accurate data [72].

4.2. Global Changes, Local Consequences

The local consequences of global climate change in the Westfjords will inevitably have
significant impacts on the region’s physical as well as anthropogenic environment well
into this century. The magnitude of these impacts is believed to depend on the quantity
of the emissions released; thus, there is a strong case to be made for reducing emissions
locally and globally [1,7]. Iceland is committed to cutting carbon emissions by 40% by
2030 and becoming carbon neutral by 2040 [73]. While this is admirable, carbon emissions
will continue to rise past this point globally, and the long life of a CO; molecule and
the thermal inertia of the oceans mean that the effects of emissions will be felt far into
the future. As such, a level of inevitable warming would occur even if all fossil fuel
emissions were to cease [19]. A limit to the amount of mitigation that can be achieved
leaves room for adaptation and planning in the Westfjords region. Indicators should be
chosen carefully so as to assess the effectiveness of any measures that are taken [74]. This
is emphasized in the most recent report of the IPCC that discusses not only the risks of
climate change but also adaptation strategies for dealing with these risks [18]. There are
numerous adaptation measures that could be implemented to address the potential impacts
of climate change. These include investment in infrastructure to protect habited areas
and roads from landslides and avalanches. The careful management of all fish stocks
will be critical as the uncertainties of climate change play out. Increased understanding
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through the advance monitoring of climate-driven impacts on fish and habitats, as well as
reductions in non-climate stressors and temporary closure of fisheries, when necessary, are
likewise critical [50]. Fish stocks will continue to adapt to climate change with no respect
for international boundaries, and as fishing encompasses a large part of the Westfjords’ and
Iceland’s economy, it is in the country’s interest to establish international agreements and to
set quotas that are sustainable. The same applies to other local industries in the Westfjords,
such as aquaculture, agriculture and tourism, all of which are based on the utilization of the
region’s natural resources. Adaptation to changing conditions due to global climate change
must be based on sustainability so as to secure the long-term wellbeing of communities.
Klinger et al. predict that the water temperature in Iceland will be beneficial for salmon
aquaculture until 2050 [59]. Thus, in this respect, climate change may aid aquaculture
production. This could have positive effects on employment and the economy within
the Westfjords; however, recent research stresses that the temperature rise comes with an
increased risk of disease among farmed salmon [60,62]. Hence, managing and treating sea
lice infestations will bring greater costs to aquaculture in the Westfjords and raise concerns
about animal welfare, which could impact public opinion on salmon aquaculture. Infections
spread from farmed to wild salmon populations could anger local wild salmon fishers
and damage the wild salmon fishing tourism. Investing in alternative winter recreational
sports or relocating ski centers to higher locations could provide further means to adapt to
a decreasing ski season. A review by Steiger et al. indicates that people would prefer to
alter the location or time of their skiing rather than switch to an alternative activity [75].
However, Moen and Fredman suggest investment in year-round tourist activities as a
promising alternative to skiing for both countering the negative economic effects of climate
change and fostering a positive social effect [76]. It is therefore important to examine the
big picture so as to understand how the numerous local factors are interconnected in each
region and how global climate change affects them. It is no less important to increase the
residents” awareness and understanding of climate change and its potential consequences
on the local conditions and, at the same time, on their livability in the region.

5. Conclusions

Considering the impact of climate change at a local level is valuable, as it allows the
local community to visualize their future and offers them the chance to mitigate, prepare for
or adapt to any impacts. Using an approach that utilizes long-term weather observations
to model the key indicators of climate change at a regional and local level, such as the one
presented in this paper, provides us with a better understanding of the implications that
such changes may have on local livelihoods. Presenting the impacts that may directly affect
residents’ livelihoods may, moreover, help the affected populations to better understand
climate change and its local impacts. This can aid in the development of more effective
strategies to support mitigation and adaptation measures.
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