
ORIGINAL RESEARCH ARTICLE

Climate-related trends and meteorological conditions
in the Porsanger fjord, Norway

Agata Cieszyńska a,b,*, Małgorzata Stramska b,a

aDepartment of Earth Sciences, Szczecin University, Szczecin, Poland
b Institute of Oceanology, Polish Academy of Sciences, Sopot, Poland

Received 25 July 2017; accepted 22 January 2018
Available online 10 February 2018

Oceanologia (2018) 60, 344—366

KEYWORDS
Arctic;
Norwegian fjord;
Marine meteorology;
Climate change;
Seasonal variability

Summary Climate-related trends and meteorological conditions in the Porsanger fjord, in the
vicinity of the Barents Sea, have been analyzed. Meteorological data include wind speed and
direction, air temperature (AT) and precipitation from Era-Interim reanalysis (1986—2015) as well
as local observations (2006—2015) from Honningsvaag and Lakselv. Statistically significant trends
in annual AT means are 0.04858C year�1 near the fjord mouth and 0.04168C year�1 near the fjord
head. Wind speed and precipitation data do not reveal any definite trends. Statistical analysis
confirms the significant spatial variability of meteorological conditions in the fjord. For example,
there are large differences in the annual ATcycle, with respective monthly means for January and
July of �8.4 and 12.68C at Lakselv (fjord head) and �2.5 and 10.18C at Honningsvaag (fjord
mouth). Strong wind events (>12 m s�1) are more frequent at Honningsvaag than at Lakselv. The
annual cycle is characterized by stronger winds in winter and seasonality of wind direction. At
Lakselv, the dominant wind directions in summer are: N, NNW and S and in winter: S and SSE. At
Honningsvaag, the wind directions in summer present strong variability, no fixed pattern being
pronounced, whilst the dominant sectors in winter are: S and SSW. Daily cycles in AT and wind
speed are also observed. Precipitation at a given location can change by about 30% year-on-year
and varies spatially. Estimates of terrigenous water discharge (derived from the E-HYPE model)
reveal a seasonal cycle with the maximum discharge in late spring/early summer.
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1. Introduction

The Arctic is playing a key role in global climate change. An
earlier analysis has shown that positive linkage to global
warming will dominate in the Arctic for the next 50—100
years (McGuire et al., 2006). The Barents Sea (BS) is a region
of great importance for climate change in the Arctic because
it lies on the main heat transport pathway in the Equator—
Poleward direction (Ådlandsvik and Loeng, 1991; Piechura
et al., 2001; Schauer et al., 2002; Smedsrud et al., 2010,
2013). Surface inflows of Atlantic water into the Barents Sea
have warmed during the last 30 years by about 0.38C (Levitus
et al., 2009). Russian scientists have documented positive
Atlantic Water temperature anomalies (advected through BS)
during 2000—2009 with temperatures warmer by 0.5—1.28C
than the mean value based on data from 1951 to 2000
(Boitsov et al., 2012). Moreover, model results point to the
significance of sea ice and atmospheric fields in the Barents
Sea as possible climate change amplifiers (Goosse and Hol-
land, 2005; Semenov et al., 2009). Rising air and water
temperatures are intimately associated with the continu-
ously diminishing sea ice cover (Döscher et al., 2014). The
linear trend in ice extent in the Arctic has been estimated at
�4 � 0.2% decade�1 for 1978—2010, and �8.3 � 0.6% dec-
ade�1 for 1996—2010 (Comiso, 2012). Since 1996 the Arctic
sea ice cover has thus diminished about twice as rapidly as
Figure 1 (a) Position of the Porsanger fjord in northern Europe; (b
Institute's stations (black dots) and pixels, where data from the Era-
mouth — RH and the black square at the fjord head — RL); (c) terrain e
usgs.gov/GMTED2010); (d) catchment areas (denoted from C to G), 

(Swedish Meteorological and Hydrographical Institute, http://hypew
the global rate during 1978—2010. According to Årthun et al.
(2012), sea ice reduction in the Barents Sea has been even
more significant (about 50% between 1998 and 2008) and has
occurred concurrently with the increase in Atlantic heat
transport due to both strengthening and warming of the
water inflow. Observation-based heat budget calculations
(Årthun et al., 2012) show that the heat content, ocean-
atmosphere heat fluxes and sea ice cover in the Barents Sea
respond to increased heat transport from the Norwegian Sea
on a monthly to annual timescale. Another quantity useful in
climate change studies is the sea surface temperature (SST).
On the basis of the 32-year (1982—2013) National Oceanic
and Atmospheric Administration (NOAA) data set, it has been
shown that the regionally averaged SST trend in the BS (about
0.038C year�1) is greater than the global trend. This trend is
different at different locations, the highest values (about
0.068C year�1) being recorded off Svalbard and in coastal
regions of the White Sea (Jakowczyk and Stramska, 2014).
Trends in coastal regions have not been adequately
described, however, even if such regions are of special
interest because of increased human activity and important
land-ocean interactions.

The present study focuses on one of the largest fjords in
Norway, the Porsanger fjord (Fig. 1), which lies in the north of
the country, in the coastal zone of the Barents Sea. The main
objective was to investigate recent climate-related trends
) the fjord's bathymetry showing the Norwegian Meteorological
Interim reanalysis were extracted (the white square at the fjord
levation based on the U.S. Geological Survey data (USGS — lta.cr.
where water runoff was estimated using the E-HYPE model data
eb.smhi.se/europehype/time-series/).

http://hypeweb.smhi.se/europehype/time-series/
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and to describe the meteorological conditions and their varia-
bility inside the fjord. This information will expand knowledge
of basic physical processes shaping the fjord's environment.
Meteorological conditions can influence oceanographic con-
ditions inside fjords, as has been shown by previous results
from numerical modelling and field studies (e.g. Asplin et al.,
1999; Cottier et al., 2010; Leth, 1995; Myksvoll et al., 2011,
2012; Svendsen and Thompson, 1978; Svendsen, 1991, 1995).
This study is a component of the NORDFLUX (Application of in
situ observations, high frequency radars and ocean colour to
study suspended matter, particulate carbon and dissolved
organic carbon fluxes in coastal waters of the Barents Sea)
interdisciplinary oceanographic project. The project was
motivated by the desire to improve understanding of the role
of fjords in the transport of terrigenous material to the ocean.
This paper provides a meteorological context for the inter-
pretation of the hydrographic results from NORDFLUX experi-
ment discussed in other papers (Białogrodzka et al., 2017;
Stramska et al., 2016, 2018).

The IPCC Fifth Assessment Report (Stocker et al., 2013)
states that the Arctic region will continue to warm more
rapidly than the global mean rate until the end of the
century. The projected changes in air temperature and pre-
cipitation are unevenly distributed over the Arctic (Koenigk
et al., 2015), so local studies are needed for a better under-
standing of spatial variability of climate and meteorological
conditions. Such studies are necessary means for ground-
truthing large-scale climate change scenarios and enable
local factors and vulnerability to different environmental
conditions to be identified. Spatial variability of past and
future changes of air temperature and precipitation at Sval-
bard have been discussed by Førland et al. (2011) and Osuch
and Wawrzyniak (2016). Other environmental changes asso-
ciated with climate trends have also been investigated in
Norway (Kaste et al., 2006). Apart from the increase in air
temperature, these changes include higher amounts and
variations in the timing of precipitation, changes in seasonal
weather patterns (milder winters, earlier springs, wetter
autumns) and occurrence of extreme weather events.
Although the Porsanger and some other Fennoscandian fjords
have already been studied in the general context of climate
and meteorological conditions (Eilertsen and Skarðhamar,
2006; Syvitski et al., 2012), the present study is according
to the authors' knowledge the first one describing these
aspects in detail with respect to the Porsanger fjord.

The paper is organized in the following way. First, basic
information about the study region is provided. Next,
data sets and methods are described. The results section
documents climate-related changes and analyses average
meteorological conditions in the Porsanger fjord on the basis
of long-term observations. Finally, meteorological conditions
in 2014 and 2015 are compared with their long-term counter-
parts in order to assess whether the conditions in the years
when the NORDFLUX experiments were carried out can be
described as typical or not.

2. Study region

A very specific region was selected for this study, namely, the
Porsanger fjord (about 25.0—26.58E and 70.0—71.08N) in
northern Norway, adjacent to the Barents Sea (Fig. 1). Some
geographers consider this region to be a transition zone
between sub-arctic and high-arctic regions (Linell and
Tedrow, 1981; Mills and Speak, 1998; Niedźwiedź, 1997;
Stonehouse, 1989; Woo and Gregor, 1992). However, other
scientists define the boundary of the Arctic by the Polar Circle
(see for example http://www.nationalgeographic.org/
encyclopedia/arctic/), so by this criterion the Porsanger
fjord is a part of the Arctic region. Also, according to various
criteria used by the Arctic Monitoring and Assessment Pro-
gramme (http://www.amap.no; Arctic Pollution Issues 1998)
the Porsanger fjord, or at least its northern part, is classified
as a part of the European Arctic. However, even if the exact
borderline of the Arctic is debatable, it seems natural to
expect that the environmental conditions inside the fjord are
closely linked to the climate-induced changes observed in the
Arctic region generally and in the neighbouring Barents Sea in
particular.

The Porsanger fjord is approximately 100 km in length,
15—20 km in width and has a maximum depth of more than
230 m. According to its bathymetry (Fig. 1b), the fjord can be
divided into three different zones: 0—30 km — inner zone,
30—70 km — middle zone and 70—100 km — outer zone. The
inner zone is separated from the rest of the fjord by a sill
(60 m) some 30 km from the fjord head. The middle part
starts outside the sill. The borderline between the middle
and the outer zone of the fjord lies near the island of
Tamsøya, some 70 km from the fjord head. The outer zone
ends in a deep sill (180 m), so it is well connected with the
coastal waters of the Barents Sea. This is in contrast to the
inner part, where the environment is very different from the
rest of the fjord and maintains a unique arctic ecosystem
(Eilertsen and Frantzen, 2007). Tides in the Porsanger fjord
are considerable, with a range of the order of about 3 m. The
M2 component is the most important tidal component influ-
encing sea level and surface currents (Stramska et al., 2016).
The Porsanger fjord is surrounded by mountainous terrain
(Fig. 1c), the highest peaks being situated to the south-west
and south-east of the fjord. The land on either side of the
middle part of the fjord is not very high (no higher than 300 m
above sea level) but undulating, although there are some
narrow valleys between higher elevations on both its eastern
and western sides. There is a similar but wider valley at the
head of the fjord, along which southerly winds can freely
blow. The relief is also relatively low on the western side of
the fjord, near its mouth on the Barents Sea. Generally
speaking, the Porsanger fjord lies in a mountainous region
with medium and high elevations. These tend to prevent the
free flow of the wind, especially in the inner part of the fjord.
Due to land topography, wind direction above fjord waters
can differ from the large scale patterns above the land. Wind
patterns along the fjord affect in turn sea surface currents.
According to Stramska et al. (2016) only about 10—30% of the
variance in surface currents in the study area can be attrib-
uted to tidal currents; the influence of winds is therefore
significant.

3. Data sets and methods

The analyses in this paper are based on data obtained from
several sources. The basic information about the data sets
used is provided below.

http://www.nationalgeographic.org/encyclopedia/arctic/
http://www.nationalgeographic.org/encyclopedia/arctic/
http://www.amap.no;/
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3.1. ERA-Interim meteorological data

Unfortunately, long-term, high-quality consistent meteoro-
logical observations from conventional sources are not avail-
able for the study region. Thirty-year-long (1986—2015)
wind, air temperature (AT) and precipitation reanalysis data
have therefore been used to determine climate-related
trends (obtained from the European Centre for Medium-
Range Weather Forecasts (ECMWF) through the ERA-Interim
reanalysis service (http://apps.ecmwf.int/datasets/data/
interim-full-daily/). In such a reanalysis, models and obser-
vations are combined in an optimal way to derive consistent,
global estimates of various atmospheric and oceanographic
parameters. The ERA-Interim reanalysis has been carried out
with a sequential data assimilation scheme, advancing for-
ward in time. In each cycle, all available observations from in
situ and satellite observations are combined with a forecast
model to estimate the evolving state of the global atmo-
sphere and its underlying surface. Daily data with 0.1258
spatial resolution are used in the present work. Two grid
points have been selected, one near the fjord mouth at
71.08N, 26.3758E (RH), the other near the fjord head at
708N, 258E (RL) (Fig. 1b). Since these data originate from
reanalysis, they represent large-scale (interpolated) condi-
tions, in contrast to the local data described below. On the
other hand, since ERA-Interim data have been reanalyzed
using consistent methods, they seem to be well suited to the
documentation of long-term, climate-related trends. Here,
precipitation data represent daily-accumulated values, but
all other data reflect average conditions on specific days. For
an in-depth description of ERA-Interim reanalysis data, the
reader is referred to Dee et al. (2011).

3.2. Local meteorological data

Air temperature, wind and precipitation records for the 10-
year period from 2006 to 2015 (from the eKlima service
(www.eklima.met.no), Norwegian Meteorological Institute)
were used to describe the average meteorological conditions
in the study area. The data have been quality controlled and
used in many studies (e.g. Aalto et al., 2014; Bienau et al.,
2014). In contrast to the ERA-Interim data, eKlima data
provide information at a local scale. AT and wind data with
hourly resolution are available for two stations in the Por-
sanger fjord — Honningsvaag (71.608N, 25.598E; altitude
above mean sea level (alt.) 14 m) and Lakselv (70.408N,
24.598E; alt. 5 m). These stations are marked in Fig. 1b by
the letters H and L, respectively. The precipitation data
provide information on daily totals [mm day�1] and are
available for 4 stations (Fig. 1b) — Lakselv (L) (details given
above), Børselv (B) (70.318N, 25.568E, alt. 23 m; 70.328N,
25.558E, alt. 13 m), Oldefjord (O) (70.478N, 25.088E, alt.
50 m) and Repvaag (R) (70.758N, 25.678E, alt. 3 m) — but
these data do not always cover the same time intervals.
Station L data are available for 2006—2015, but station O
data from September 15, 2009 to the present. Since the data
for September 2009 are incomplete, the analysis for O begins
here from October 2009. For station B, the data are available
from 2006 to 2015, but the geographical position of the
station was changed in February 2015 from 70.328N,
25.558E to 70.318N, 25.548E. The distance between these
two locations is about 1.1 km. For the present discussion of
interannual variability, the data from both Børselv locations
have been merged into one set and are denoted as a single
point (B). Nevertheless, the data for January, February and
March 2015 are missing and historical data for station R for
2006—2013 are often missing or invalid. The complete data
sets from two years (2014 and 2015) from station R have thus
been used in this analysis.

3.3. Water runoff data

Estimates of terrigenous water discharge into the fjord are
based on data from the E-HYPE model, version 3.11 (obtained
from the Swedish Meteorological and Hydrographical Insti-
tute service, http://hypeweb.smhi.se/europehype/
time-series/). Data from 1980 to 2015 (36 years) have been
used to investigate long-term trends. Water runoff estimates
derived from the E-HYPE reflect daily average volumetric
flows of terrigenous water from a given sub-basin into the sea
and are expressed in m3 s�1. The model has been extensively
validated with in situ data. A full description of the E-HYPE
model and the results of its validation are given in Arheimer
(2011) and Donnelly et al. (2016). According to the informa-
tion provided on the E-HYPE home website, the model devel-
opment procedure involves a stepwise, simultaneous
calibration being applied to 116 representative upstream
sites with river discharge observations, manual and remote
sensing snow observations, evapotranspiration, as well as
annual glacier mass balance observations for the period
1980—2000. The system has been evaluated using data from
all available river discharge stations (1347) in 1979—2009.
This paper discusses data from the sub-regions marked in
Fig. 1d by the letters C, D, E, F, G, respectively corresponding
to the E-HYPE model sub-regions 8209557, 8209627,
8000709, 8200458 and 8210123; only regions delivering
100% of the runoff water to the fjord are discussed.

3.4. Terrain elevation data

Global Multi-resolution Terrain Elevation Data 2010 with
7.5 arc second resolution provided by the U.S. Geological
Survey (USGS — lta.cr.usgs.gov/GMTED2010) (Danielson and
Gesh, 2011) are used to visualize the topography of the land
surrounding the Porsanger fjord (Fig. 1c). Figure 1c is a
general visualization of the terrain elevation around the
fjord. The relief has been depicted in constrained scale
(up to 500 m above sea level) to enable differences in
elevation to be distinguished. The highest terrain elevations
are located at south-western and south-eastern sides of the
basin. These are areas where the relief significantly exceeds
500 and reaches 1000 m.

3.5. Methods

The data processing steps include calculations of daily data
from hourly air temperature and wind eKlima data. The AT
and wind speed ERA-Interim data were downloaded as four
values per day, from which daily fields were calculated (the
values from 0:00, 6:00, 12:00 and 18:00) and precipitation
was downloaded as 12 h accumulations twice a day. The
water runoff data were provided as daily estimates of volu-
metric flow.

http://apps.ecmwf.int/datasets/data/interim-full-daily/
http://apps.ecmwf.int/datasets/data/interim-full-daily/
http://www.eklima.met.no/
http://hypeweb.smhi.se/europehype/time-series/
http://hypeweb.smhi.se/europehype/time-series/


Table 1 Air temperature (AT), wind speed and precipitation trends at Lakselv and Honningsvaag on the basis of the 30-year time
series of ERA-Interim reanalysis data. 'X' means trends are not statistically significant. Trends are also not statistically significant in
the months not shown in the Table 1.

Trends — Lakselv/Honningsvaag

Period AT [8C] Wind speed [m s�1] Precipitation [mm]

Annual averages 0.0416/0.0485 X/X X/X
January X/X X/X X/�0.9616
April X/X �0.0891/�0.0585 X/X
May X/0.0592 0.0702/0.0720 X/X
September 0.0760/0.0707 0.1022/0.0985 X/X
November X/0.1007 �0.1215/�0.1194 X/X
December X/0.1267 X/�0.1731 X/X

Table 2 Air temperature statistics at Lakselv (L) and Honningsvaag (H) on the basis of local meteorological data from 2006 to
2015 with hourly resolution.

Air temperature [8C]

2006—2015 Mean/median 10th percentile/90th percentile Min/max Standard deviation

Lakselv (L)
Full years 2.0/2.6 �10.3/12.8 �31.2/32.6 9.0
January �8.4/�7.7 �17/�0.2 �30/8.8 6.6
February �8.9/�8.2 �18.9/0.1 �31.2/8.7 7.4
March �4.3/�3.4 �12.6/2.4 �28.8/10.9 5.9
April 0.8/1.2 �4.7/5.8 �21.5/12.4 4.3
May 6.2/5.7 1.1/11.9 �6.9/25 4.4
June 9.6/9 5.4/14.7 0.2/25.1 3.8
July 12.6/12 8/18.2 2.2/32.6 4.0
August 11.7/11.4 7/17.2 �2.9/27 4.0
September 8.3/8.3 3.5/13.3 �3.4/22.5 3.8
October 2.2/2.5 �3.1/7.4 �18.8/14.4 4.4
November �2.6/�1.8 �9.3/2.9 �25.7/10.4 4.9
December �5.2/�4.3 �13.4/1.6 �23.1/9.8 5.6

Honningsvaag (H)
Full years 3.3/3.1 �3.9/10.4 �17.1/25.8 5.6
January �2.5/�2.3 �6.9/1.8 �14.9/6.6 3.5
February �3.5/�3.3 �8.7/1.3 �17.1/7.5 3.9
March �1.6/�1.7 �5.6/2.4 �10.4/7.5 3.2
April 0.9/1.2 �2.9/4.3 �8.8/9.5 2.8
May 4.7/4.4 1.1/8.4 �2.6/19.4 3.0
June 7.4/6.9 4.3/10.9 0.3/22.8 3.0
July 10.1/9.5 6.9/14.5 3.3/25.8 3.1
August 10.4/10 6.9/14.1 3.7/22.2 2.8
September 8.2/8.2 4.9/11.6 0.2/17.8 2.6
October 4.1/3.9 0.6/8.0 �5.3/12.1 2.9
November 0.9/1 �2.6/4.3 �7.6/9.0 2.7
December �0.4/�0.2 �4.3/3.1 �11.5/8.2 3.0
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The monthly, annual and multi-year averages were calcu-
lated from daily eKlima data. Standard statistical methods
were used for the data analysis (Sheskin, 2000). Using these
methods, trends, standard deviations and the 10th and 90th
percentiles (Tables 1—3) were calculated. The average,
median, minimum (min) and maximum (max) were also
calculated for full years and months for 2006—2015.
The assumption underlying the analysis of Era-Interim
data and water runoff data (E-HYPE) was that simple linear
regression can describe climate-related trends. The linear
trends were fitted to each time series record by the least
squares method and tested for statistical significance. The
trends presented here were calculated on annually averaged
data in order to filter out the annual cycle, which is sig-



Table 3 Wind speed statistics at Lakselv (L) and Honningsvaag (H) on the basis of local meteorological data from 2006 to 2015 with
hourly resolution.

Wind speed [m s�1]

2006—2015 Mean/median 10th percentile/90th percentile Min/max Standard deviation

Lakselv (L)
Full years 5.4/4.9 1.3/10.1 0.1/25.7 3.5
January 6.7/6.6 1.4/12 0.1/24.3 4.1
February 6.5/6.4 1.2/11.8 0.1/22.4 4.0
March 6.1/5.9 1.2/11.4 0.1/25.4 4.0
April 5.3/4.8 1.2/9.9 0.1/21.6 3.4
May 4.9/4.5 1.3/8.8 0.1/25.5 3.1
June 4.9/4.7 1.6/8.5 0.2/20.0 2.8
July 4.5/4.3 1.4/7.7 0.1/18.8 2.6
August 3.9/3.6 1/7.3 0.1/16.7 2.4
September 4.5/4.1 1.1/8.3 0.1/20.0 2.9
October 5.3/4.9 1.4/9.8 0.1/23.5 3.3
November 6.1/5.8 1.6/10.9 0.2/21.9 3.6
December 6.4/6.1 1.6/11.5 0.1/25.7 3.9

Honningsvaag (H)
Full years 6.2/5.7 1.7/11.2 0.1/28 3.7
January 8.0/7.9 2.6/13.2 0.1/23.6 4.0
February 7.9/7.6 2.9/13.1 0.2/26.2 4.0
March 7.6/7.4 3/12.4 0.1/24.6 3.7
April 6.0/5.5 1.9/10.8 0.1/26.4 3.5
May 5.2/4.8 1.4/9.6 0.1/20.2 3.2
June 4.9/4.6 1.5/8.8 0.1/20.6 2.9
July 4.4/4.1 0.9/8.2 0.3/20.0 2.9
August 4.2/3.8 0.8/7.8 0.3/18.0 2.8
September 5.3/4.9 1.4/9.4 0.3/21.0 3.3
October 6.1/5.7 1.9/10.7 0.3/20.2 3.3
November 7.0/6.7 2.5/11.5 0.3/23.4 3.5
December 7.6/7.2 2.7/12.7 0.3/28 4.0
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nificant in all data sets. The 30-year and 36-year trends were
also calculated for monthly Era-Interim and E-HYPE model
data, respectively.

As regards wind characteristics, the standard meteoro-
logical convention was followed. Accordingly, North (N)
indicates winds blowing from the North (3468 to 158), South
(S) is for winds blowing from 1668 to 1958, East (E) is for
winds blowing from 768 to 1058, and West (W) is for winds
blowing from 2568 to 2858. Intercardinal sectors are defined
as NE (46—758), SE (106—1358), NW (286—3158) and SW
(226—2558). Finally, the secondary intercardinal sectors
are NNE (16—458), SSE (136—1658), NNW (316—3458), and
SSW (196—2258).

To discuss the daily scale of variability, time series were
analyzed using algorithms described by Bendat and Piersol
(2011). The power spectra of the AT and wind speed were
obtained from data with hourly resolution using a Fourier
transform of the autocovariance function, to which the
Parzen weighting function was applied. In all the cases
considered here, the time series record consisted of a total
of N = 2048 data points, representing about 85 days. The
autocovariance functions were calculated with a maximum
time lag M = 220. The standard error was about �30% in the
power spectral estimates.
4. Results

4.1. Long-term trends

Time series of annually averaged ERA-Interim air tempera-
tures at locations RH and RL are presented in Fig. 2. These
data show that annually averaged ATs were always greater at
the fjord mouth (RH). Long-term trends are similar at both
locations, the trend at RH being slightly higher
(0.04858C year�1) than at RL (0.04168C year�1). The trends
are statistically significant at confidence level 95% (a = 95%).
Patterns in interannual variability are well correlated, the
correlation coefficient R between annually averaged data is
0.9851.

In order to investigate whether temperature trends vary
seasonally, 30-year trends in the monthly AT data were
estimated — see Table 1. This shows that AT trends are
statistically significant and positive at RL in September and
at RH in May, September, November and December.

Time series of ERA-Interim annual averages of wind speed
(Fig. 2c and d) show a pattern of interannual variability, but
long-term trends are not statistically significant. Mean
annual wind speed was on average greater at RH, reflecting



Figure 2 Time series of (a, b) annual mean air temperature (AT), (c, d) wind speed, and (e, f) total annual precipitation. The left-
hand panel (RL) shows data for the location near the fjord head (Lakselv) and the right-hand panel (RH) for the location near the fjord
mouth (Honningsvaag). (e and f) Grey circles — maximum annual precipitation totals; dark grey diamonds — minimum precipitation
totals. Based on ERA-Interim reanalysis data.
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the stronger influence of oceanic storms at this location than
at RL. The differences between the maximum and minimum
annual wind speeds are 0.83 and 0.82 m s�1 at RL and RH,
respectively. The trend in the monthly wind speed was sig-
nificant in April, May, September, November at both locations
(RH and RL) and in December at RH (see Table 1). Standard
deviations were estimated using daily wind speed data for
every year (1986—2015). The standard deviation was the
greatest in 1995 at both RL and RH and reached 1.86 m s�1

and 2.32 m s�1, respectively; it was the lowest in 1998 at
both RL (1.40 m s�1) and RH (1.85 m s�1). Present results show
that there is no statistically significant trend in wind speed



Figure 3 Time series (1980—2015) of annual mean water
runoff for different catchment areas (C—G) and their sum
(denoted by SUM). Based on the E-HYPE model data.
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standard deviations at either station. Summarizing, wind
speed was on average significantly higher and its variability
stronger at the station located near the fjord mouth than in
its inner part.

Annual precipitation totals are shown in Fig. 2e and f.
These data do not manifest a statistically significant trend at
either location in annual precipitation totals. Regarding
monthly accumulations, the trend was estimated only for
January at RH (Table 1). Maximum annually accumulated
precipitation was recorded in 1989 at RL and in 1992 at
RH. Minimum values were observed in 2009 at RL and in
1998 at RH. The difference between the maximum and
minimum annual precipitation was about 204.8 mm year�1

near the fjord head and 221.1 mm year�1 near the fjord
mouth. This is about 31.7% and 31.1% of the multiyear
average at RL and RH, respectively. The interannual varia-
bility in precipitation is thus significant.

Time series of water runoff in 1980—2015 are displayed in
Fig. 3 for each of the sub-catchment regions and as the total
runoff from all regions. The figure shows that water runoff into
the fjord was the largest in region E (southern part of the
fjord, see Fig. 1d), through which the Lakselva river flows.
Long-term trends in annually averaged water runoff were
small but positive and statistically significant for each catch-
ment area and for the total runoff. The trends for the total
runoff and for the sub-catchment E (the one with the greatest
water discharge) are 0.3012 m3 s�1 and 0.1205 m3 s�1, respec-
tively. Water runoff peaked in region G in 1992 while in all
catchment areas and for the total runoff (SUM) in 2015. Mini-
mum values were recorded in all catchments in 1980.

To summarize, long-term trends in the Porsanger fjord are
statistically significant for air temperatures and terrigenous
water runoff, but not for wind speed or precipitation. Based
on ERA-Interim data it is clear that the differences between
the outer and inner parts of the fjord are of great impor-
tance: the outer part of the fjord has slightly higher mean
annual AT and stronger winds than its inner part.

4.2. Annual cycles

This section describes the main features of the annual cycles
in the data sets and shows how the in situ experiments,
carried out from June 1 to July 1, 2014 and from May
24 to June 24, 2015, were timed with respect to the local
annual cycle. All the relevant meteorological data are from
local stations of the Norwegian Meteorological Institute
(eKlima): local data should provide a better picture of the
variability inside the fjord than the large-scale Era-Interim
data.

Mean monthly AT data estimated for Lakselv and Hon-
ningsvaag from the 10-year (2006—2015) time series, as well
as for 2014 and 2015, are compared in Fig. 4a and b. At
Lakselv, the lowest 10-year mean monthly AT of �8.98C was
recorded in February, and its highest value of 12.68C in July.
Monthly mean ATs at this station in 2015 were higher than the
10-year average, except in January, May, June and July.
Unusually high temperatures were also measured in February
and July 2014. At Honningsvaag, the lowest 10-year mean
monthly AT was calculated for February (�3.58C) and the
highest for July (10.18C) and August (10.48C). The differences
between the 10-year mean monthly ATand the mean monthly
AT for 2014 and 2015 at Honningsvaag resemble the pattern
at Lakselv. The mean monthly temperatures at Lakselv and
Honningsvaag in June 2014 and 2015 were similar to the 10-
year means at each location.

The difference between the maximum and minimum
mean monthly AT was 21.68C at Lakselv and 13.98C at Hon-
ningsvaag. The amplitude of the annual AT cycle is signifi-
cantly larger at Lakselv than at Honningsvaag. This can be
attributed to the fact that climate at Honningsvaag (near the
open Barents Sea) is strongly influenced by maritime air
masses. In contrast, Lakselv (situated in the inner part of
the fjord though only �100 km from Honningsvaag) is influ-
enced by a continental climate, with higher summer tem-
peratures and lower winter temperatures than in the oceanic
regions.

Mean monthly wind speed estimates at Lakselv and Hon-
ningsvaag from the 2006—2015 time series are compared in
Fig. 4c and d. There is a clear annual cycle in wind speed at
both locations, with a larger mean value in winter and late
autumn and a lower mean in summer. At Lakselv, the mini-
mum 10-year monthly mean wind speed is in August
(3.9 m s�1) and the maximum (6.7 m s�1) in January. At
Honningsvaag, the lowest 10-year monthly mean wind speed
is also in August (4.1 m s�1) and the highest in January
(8.0 m s�1). Thus, the seasonal pattern of the 10-year mean
annual wind speed is similar at both locations, but the mean
wind speed and the amplitude of the annual cycle are larger
at Honningsvaag than at Lakselv (amplitude of 3.9 m s�1 and
2.8 m s�1, respectively). This is most likely a result of the
geographical positions of these meteorological stations: Lak-
selv is situated in the inner part of the fjord, where the
terrain is higher than around Honningsvaag. The land eleva-
tion sets up a barrier to winds. Comparison of 2014 and
2015 with the 10-year means shows that winds were stronger
than average in June 2014 and in May/June 2015, but rela-
tively weak in May 2014. In winter 2015 (February and March)
winds were stronger than the multi-year monthly means for
this time of the year.

Wind roses were plotted (Fig. 5) to illustrate the 10-year
and annual (2014 and 2015) statistics of wind characteristics
(speed and direction). Data with hourly resolution were used
to draw these plots, as wind speed and direction are highly
variable in the Porsanger fjord region.



Figure 4 Annual cycle of (a, b) monthly mean air temperature (AT) and (c, d) wind speed. The left-hand panel is for Lakselv (L), the
right-hand one for Honningsvaag (H). Each figure compares the 10-year averages with 2014 and 2015 monthly means. Based on data
from the Norwegian Meteorological Institute, www.eklima.met.no.
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Figure 5 shows that S winds prevailed at both stations,
Lakselv and Honningsvaag. Winds from the E were the least
frequent at both locations. There are, however, significant
differences between these two locations. At Lakselv the
second most frequent sector was SSE, whereas at Honnings-
vaag it was SSW. This was observed in the 10-year data set
(Fig. 5a, b) as well as in 2014 (Fig. 5c, d) and 2015 (Fig. 5e, f).
Moreover, NNW winds at Honningsvaag were relatively rare,
whereas in Lakselv they blew with a frequency of between
13 and 15%. In contrast, winds from NW to SSW were seldom
recorded at Lakselv, whereas at Honningsvaag these wind
directions were quite common and included wind speeds
even exceeding 16 m s�1. These differences in winds are
most likely due to the topography of land, sheltering the
stations and fjord to some degree (Fig. 1c). The main dif-
ference between the 10-year mean and the 2014 and
2015 wind roses at Lakselv is that in 2014 and 2015 there
were more SSE winds than in the 10-year time series. At
Honningsvaag in 2014 and 2015 SSW winds were less frequent
than in the 10-year time series. This was compensated by
winds from the S and SW sectors. Nevertheless, it seems that
the differences in wind directions between the two locations
are more significant than the differences in the statistics for
the 10-year and 2014 and 2015 data sets at one station.
The annual pattern of precipitation is shown in Fig. 6 as a
multi-year mean and 2014 and 2015 monthly accumulated
values recorded at 4 stations. The positions of these stations
are marked in Fig. 1b. Figure 6 shows that precipitation was
the highest at Repvaag, especially in 2015. Note that the plot
displaying the precipitation at Repvaag (Fig. 6d) has a dif-
ferent vertical scale from all the other sub-plots in Fig. 6; this
was done to make the other sub-plots more readable. Figure 6
underlines the fact that precipitation is a local phenomenon
and that there are large differences between the values
recorded at the various stations. The annual patterns of
monthly means are different at each station, and the annual
cycle is not as well pronounced and regular as in the case of
air temperature or winds.

At Lakselv, the multiyear mean monthly precipitation fell
to a minimum in January, but rose to a maximum in July. On
the basis of monthly means, rainfall in June 2014 (the month
of the NORDFLUX experiment) was more abundant than in any
of the other months of June in 2006—2015 for that station. At
Oldefjord (O), the lowest multiyear mean monthly total
precipitation was in May and the highest in October. May
as the month with minimum precipitation is an exception
here compared with the other locations. At this station,
2015 was a year with high precipitation, including June,

http://www.eklima.met.no/


Figure 5 Wind roses summarizing wind conditions: (a) and (b) data from 2006 to 2015, (c) and (d) data from 2014, (e) and (f) data from
2015. The left-hand panel is for Lakselv (L), the right-hand one for Honningsvaag (H). Each wind rose shows the frequencies (in %) of different
wind directions (according to the meteorological convention) and the frequencies of wind speeds for a given direction. The solid black circles
inside the wind roses indicate 10, 20, 30 and 40%. Based on data from the Norwegian Meteorological Institute, www.eklima.met.no.
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Figure 6 Monthly accumulated precipitation for four stations: (a) Lakselv (L), multiyear mean based on data from 2006 to 2015; (b)
Oldefjord (O), multiyear mean for 2010—2015; (c) Børselv (B), multiyear mean for 2006—2015; (d) Repvaag (R), multiyear mean for
2014—2015. Each figure shows the multiyear average and estimates for 2014 and 2015. Based on data from the Norwegian
Meteorological Institute, www.eklima.met.no.
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the month of the NORDFLUX experiment. At Børselv, the
multiyear mean monthly precipitation dropped to a minimum
in February and rose to a maximum in October. The results of
the NORDFLUX experiment indicate that June 2015 was a
month with relatively high precipitation compared to other
Junes in 2006—2015. Note that at Børselv, no data were
available for February and March 2015, and the data for
January were incomplete. At Repvaag, the multiyear mean
monthly precipitation was the lowest in January, and the
highest in December. In both 2014 and 2015 there was intense
precipitation at Repvaag in June (NORDFLUX experiment).

To recapitulate: regarding the conditions during the
NORDFLUX experiments, rainfall was heavier at all locations
in May 2015 and less intense at almost all locations in May
2014 than the respective 10-year mean. In addition, there
was more precipitation at three stations (O, B, R) in June
2015 than the 10-year mean and the same was true for
Lakselv and Repvaag in June 2014.

The annual water runoff cycle in the Porsanger fjord is
more pronounced than the annual precipitation cycle. This is
illustrated in Fig. 7, which compares the 36-year (1980—
2015) daily water discharge estimates for 5 sub-regions. In
addition, the total runoff from all 5 regions (SUM) is displayed
in Fig. 7f and g. These show that water runoff is extremely
low in the winter months (December—March). The 36-year
monthly mean water discharge reaches its maximum in May
(regions C, E and F) or in June (regions D, G and the SUM). This
is because snowmelt in late spring/early summer contributes
to the total discharge. There is, however, a significant inter-
annual variability during the summer months, as indicated by
the grey lines in Fig. 7f. Regionally, runoff is estimated to be
the largest in the biggest catchment region E. This is where
the Lakselva river delivers water from the mountains. The
second most important region is G, with the Børselva river.
According to this analysis, precipitation is quite heavy in
these areas (see Fig. 6a, c): the weather stations at L and B
are respectively situated in catchments E and G.

4.3. Short-term variability

Short-term fluctuations contribute significantly to the overall
variability of weather conditions in the Porsanger region at
synoptic and daily time scales. In order to illustrate the
intensity of this variability, AT time series at Honningsvaag
and Lakselv for 2014 and 2015 have been plotted in Fig. 8a
with full (hourly) resolution. Figure 8b shows similar time
series for wind speed. For comparison, each figure includes
the 10-year average daily data. There is a well-pronounced
annual cycle in the 10-year average daily time series of ATand
wind speed. The annual cycle is also evident in the standard
deviation for wind speed. The figures show that short-term
fluctuations include changes in ATof the order of a few 8C (up
to �208C in extreme situations), whereas changes in wind
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Figure 7 Annual cycle of (a—e) daily water runoff for different sub-regions (C—G) and (f) the total runoff (SUM). The solid fair grey lines in
figuresa—fdisplaydatafor1980—2013,thedasheddarkgreylinesarefor2014,thesoliddarkgreylinesarefor2015,thesolidblacklinesarefor36-
year average. (Online: The solid grey lines in figures a—f display data for 1980—2013, the dashed pink lines are for 2014 and the dashed blue lines
arefor2015,thesolidblacklinesarefor36-yearaverage.)(g)Comparesmonthlymeanwaterrunoff indifferentcatchmentsub-regions(C—G)and
their sum (SUM), as denoted in the legend. Based on the E-HYPE model data.
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Figure 8 Annual cycle of (a) air temperature (AT), and (b) wind speed at Lakselv and Honningsvaag. Each figure presents the 10-year
average daily time series (labelled 'average') in comparison to 2014 (labelled '2014') and 2015 (labelled '2015') hourly data. The standard
deviation is also depicted (labelled 'STD'). Based on data from the Norwegian Meteorological Institute, www.eklima.met.no.

356 A. Cieszyńska, M. Stramska/Oceanologia 60 (2018) 344—366
speed were as much as 20 m s�1. Short-term wind events
reached their greatest speeds in the winter months. For the
period of the bio-optical NORDFLUX experiment in 2014 (year
days 152—182, i.e. June 1—July 1) there were observed air
temperature events significantly higher than the 10-year
average data, whereas in 2015 (year days 144—175, i.e.
May 24—June 24) air temperatures were similar to the 10-
year average AT records (Fig. 8a).

The overall range of variability and frequency distribu-
tions of specific ATs and wind speeds are illustrated in Fig. 9a
and b as annual and monthly information for selected months
(April, May and June). The results for all months are sum-
marized in Tables 2 and 3. Figure 9 shows that the respective
AT frequency distributions were broader for Lakselv than for
Honningsvaag. The range of ATs was about 208C for the
monthly distributions at each location in summer (June). It
can be seen from Table 2 that average and median ATs at
Lakselv were greater in summer but smaller in winter in
comparison to Honningsvaag. The differences were quite
large. For February, for instance, the average and median
ATs at Lakselv were �8.98C and �8.28C, respectively; the
corresponding values for Honningsvaag were �2.58C and
�2.38C. In summer (July), the average and median ATs at
Lakselv were 12.68C and 128C, respectively, while at Hon-
ningsvaag they were 10.18C and 9.58C. Annual average and
median ATs were lower at Lakselv (2.0 and 2.68C, respec-
tively) than at Honningsvaag (3.3 and 3.18C, respectively)
and the annual AT amplitude was larger at Lakselv than at
Honningsvaag. This is consistent with the fact that Lakselv is
situated in the inner part of the fjord, under the influence of
continental air masses.

This statistical analysis of AT data shows clearly that
despite the relatively short distance between them (approxi-
mately 100 km), the outer and inner parts of the fjord differ
dramatically as far as the thermal characteristics of air
masses are concerned. The frequency distributions of wind
speed (Fig. 9b) show that low wind speeds were more fre-
quent at Lakselv than at Honningsvaag. Table 3, summarizing
the statistics, shows that in the full year analysis, the average
and median wind speeds were lower at Lakselv (5.4 and
4.9 m s�1) than at Honningsvaag (6.2 and 5.7 m s�1). For
the specific month analysis, means and medians were always
higher at H than at L, except in May, when those values were
similar.

Wind roses illustrating wind speed and directions in dif-
ferent months are shown in Figs. 10 and 11 for Lakselv and
Honningsvaag, respectively. These wind roses are based on
the data series for 2006—2015 with hourly resolution (eKlima
data). At Lakselv (Fig. 10) there was a strong prevalence of S
winds during winter (December, January, February), in early
spring (March) and in autumn (October, November). Further-
more, strong wind events were more frequent during these
months than during the rest of the year. Figure 10 highlights
the seasonal variability of wind characteristics at Lakselv.
From wind roses one can see that during summer the pre-
vailing direction of winds was opposite to prevailing direction
of winds in winter. Additionally, it is noticeable that the
month of May can be considered as a transition period
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Figure 9 Frequency distribution of (a) air temperature (AT), and (b) wind speed at Lakselv (left-hand panel) and Honningsvaag (right-
hand panel). The 10-year average is shown in black, and the data for 2014 and 2015 are plotted as grey lines, dashed and solid,
respectively. (Online: The data for 2014 and 2015 are plotted as green and red lines, respectively.) Both figures (a and b) show plots
summarizing the conditions over the whole year, and in the months of April, May and June. Based on data from the Norwegian
Meteorological Institute, www.eklima.met.no.
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between spring and summer wind conditions, since it pre-
sented a combination of wind characteristics typical for April
and June. The wind roses for Honningsvaag (Fig. 11) indicate
a variability of wind directions even greater than that at
Lakselv. As at L, direction from S prevailed at H in winter
(December, January, February), in early spring (March) and in
autumn (October, November). However, the second most
frequent wind direction was SSW (in contrast to Lakselv).
As at L, strong wind events were more frequent at H in
autumn and winter. The S and SSW sectors were dominant
in the 10-year April wind rose for H. SW, W and NW winds were
not so frequent, even though the strongest wind speed events
(even exceeding 16 m s�1) were from these directions. All
sectors except SSE, SE, NE and NNW were frequent in the 10-
year May wind rose (Fig. 11 May), but westerlies and east-
erlies dominated. The N, NE, W and NW sectors prevailed in
the 10-year June wind rose (Fig. 11 Jun), and the highest wind
speeds were also recorded in this month. Summarizing, one
can say that in spring and summer the wind direction dis-
tribution in H is very variable, any fixed pattern not being
observed that time. On the contrary, in L the pattern is
plainly pronounced and shows strong seasonal variability in
wind directions between summer and winter months. Com-
paring these seasons, it is clear that they are characterized
by the dominance of completely opposed wind directions
with S and SSE winds blowing in winter and N and NNW in
summer.

The wind patterns at Lakselv and Honningsvaag for the
months of April, May and June of 2014 and 2015 are addi-
tionally analyzed (Fig. 12). Attention is intentionally drawn
here to the period when winds could have affected hydro-
logical conditions in the fjord during NORDFLUX experiments.
A seasonal wind pattern is discernible from these character-
istics, albeit with some year-to-year fluctuations. There were
more strong wind events in April 2014 than in April 2015 at
both stations (Fig. 12 Aprils). What is more, N winds were
recorded at Lakselv in April 2015, but were not observed so
frequently in April 2014. At Honningsvaag in April 2015 winds
blew from the NNE, NE, E, SE and SSE sectors, whereas in
April 2014 there were hardly any winds from these directions.
At both locations, May 2014 was a relatively calm month, with
only S and SSE winds sometimes exceeding 12 m s�1 at
Lakselv and SW and NNE winds exceeding 14 m s�1 at Hon-
ningsvaag. The wind conditions at Lakselv in June 2014 and
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Figure 10 Wind roses comparing wind conditions in different months at Lakselv for 2006—2015. Wind roses for specific months are
labelled with their abbreviations. Based on data from the Norwegian Meteorological Institute, www.eklima.met.no.
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Figure 11 Wind roses comparing wind conditions in different months at Honningsvaag for 2006—2015. Wind roses for specific months
are labelled with their abbreviations. Based on data from the Norwegian Meteorological Institute, www.eklima.met.no.
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Figure 12 Wind roses comparing wind conditions in the months of April, May and June in 2014 and 2015. The first and the third rows
are for Lakselv (L), the second and the fourth rows are for Honningsvaag (H). Wind roses for specific months are labelled with their
abbreviations. Based on data from the Norwegian Meteorological Institute, www.eklima.met.no.
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June 2015 were almost the same, but there were some
differences. For example, we noted the occurrence of high
(�10 m s�1) winds from the S, SSW and SW sectors in June
2015, high westerly wind speed episodes in June 2015 and
rare, strong wind speed events in the NW sector in June
2014. At Honningsvaag, June 2014 was different in the con-
text of wind characteristics from June 2015. In June 2014 NNE
winds dominated, whereas in June 2015 there were scarcely
any winds from that direction. In addition, westerlies were
often registered in June 2015, whereas in June 2014 they
were not so frequent and significantly weaker. With regard to
the spring and early summer wind patterns along the fjord,
strong wind events were less frequent in the months of June
than in the Aprils and Mays. Compared with the other two
months, the months of May still seemed to exhibit transi-
tional features. The spring/early summer wind characteris-
tics in Porsanger do display seasonality but there are some
year-to-year differences.

Summarizing, there are large differences in the wind
directions at L and H. The variability is greater at Honnings-
vaag, which is a result of different geographical conditions: H
Figure 13 Example time series of (a) air temperature (AT) at Lakse
Honningsvaag, (c) wind speed in the summer of 2014. (d and e) Power 

black line) at Lakselv and Honningsvaag. Based on data from the No
is situated near the ocean and surrounded by small hills,
whereas L lies inland and is sheltered by higher mountains
(see Fig. 1b, c). The wind direction at Lakselv seems to be
more influenced by the fjord's topography than the wind in H.

Short-term variability includes periodic changes occurring
on a daily time scale. Figure 13a exemplifies an AT data
subset showing in better focus the within-day AT variability at
Lakselv and Honningsvaag. First of all, the daily changes in air
temperature are significant. They are associated with the
variable shortwave radiation flux resulting from the daily
cycle of the solar zenith angle. Interestingly, the spatial
variability of the daily AT cycle also leads to a pronounced
daily cycle of the difference between ATs at Lakselv and
Honningsvaag (Fig. 13b). This is because Lakselv is more
under the influence of vast land areas. Because of the
difference in specific heat capacity, the land surface warms
up more efficiently during the day than the ocean surface.
Heat fluxes warm the air above the land surface, so there is a
faster increase in air temperature during the day at Lakselv
than at Honningsvaag, which lies near the ocean. Wind
speeds are also influenced by this process, since air expands
lv and Honningsvaag, (b) the AT difference between Lakselv and
spectra of AT difference (solid black line) and wind speed (dashed
rwegian Meteorological Institute, www.eklima.met.no.
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on warming up. During the day, therefore, the air pressure is
lower over the land than over the ocean. The within-day
variabilities of wind speed at Lakselv and Honningsvaag are
displayed in Fig. 13c. Clearly, the daily wind speed cycle is
not as obvious as the daily cycle in air temperature differ-
ence. In order to illustrate the importance of the daily cycles,
power spectra were calculated from the 2014 summer data.
The normalized power spectra are similar at L and H. There is
a significant peak on the diurnal time scale for the AT
difference (Fig. 13d and e). The 24-h wind speed peak is
more pronounced at Lakselv than at Honningsvaag. These
daily cycles were not observed in winter (not shown here).
The daily patterns in the AT and wind speed differences
between H and L are an interesting feature of the meteor-
ological situation shaping the fjord environment during the
spring and summer months.

5. Discussion

Climate change is having a significant effect on the Arctic
environment, where global trends are being amplified
(Screen and Simonds, 2010; Serreze and Barry, 2011). Most
research in the European Arctic focuses on very specific
regions such as Svalbard, where intense interdisciplinary
research regarding many aspects of climate related changes
has been carried on for many years (Cisek et al., 2010, 2017;
Głowacki and Niedźwiedź, 1997; Głuchowska et al., 2016;
Haarpaintner et al., 2001; Kędra et al., 2013; Marsz and
Styszyńska, 2013; Piechura and Walczowski, 2009; Putkonen,
1998; Strzelecki et al., 2015; Svendsen et al., 2002; Zagórski
et al., 2015). In contrast, there is less information in the
literature for some other regions, such as the coastal regions
of the Barents Sea. For a full understanding of how a spatially
variable environment like the Arctic functions, research
needs to embrace different locations in order to acquire
information on a range of different local environments. This
will enable knowledge to be extrapolated to a larger scale
with better precision.

This paper focuses on the Porsanger fjord, which is situ-
ated in the coastal region of the Barents Sea. Even though the
Barents Sea is known to play an important role in the entire
Arctic context (Döscher et al., 2014; Inoue et al., 2012;
Masłowski et al., 2004), coastal processes in the Barents
Sea have not received enough attention in the literature,
so far. This work analyses meteorological and water runoff
data for the fjord in order to better characterize the condi-
tions shaping its environment. The results confirm that this
region is undergoing warming related to climate change: this
is indicated by rising air temperatures. The estimated trend
for AT in the Porsanger fjord is 0.04858C year�1 at the fjord
mouth (RH) and 0.04168C year�1 at the fjord head (RL). For
comparison, global linear trends in air temperature have
been estimated at 0.0078C year�1 based on data for 1901—
2010 and 0.0178C year�1 based on 1979—2010 temperatures
(Morice et al., 2012). Trends in the Arctic are larger than
global average (Serreze and Francis, 2006). In the open
Barents Sea, such trends are even stronger than in other
Arctic regions (Koenigk et al., 2015); based on data for 1982—
2013 they have been estimated at �0.28C year�1 (Jakowczyk
and Stramska, 2014). The AT trends derived in this work for
the Porsanger fjord are thus higher than the global average,
but lower than those in the open Barents Sea. Moreover,
presented results point to AT monthly trends being statisti-
cally significant and positive at RL in September and at RH in
May, September, November and December (Table 1). Hence,
the increase in AT is more evident in the spring and autumn.
This may imply that the spring/summer season in the Por-
sanger fjord region is becoming longer, as has been observed
in other Arctic fjords (Gjelten et al., 2016).

There were also annual trends in land-originated water
discharges in all analyzed sub-regions. In contrast to AT and
freshwater runoff, the results shows that climate change
does not seem to have had a significant effect on long-term
changes in either wind speed or precipitation in this region.
At a first glance, it can be somewhat puzzling that statisti-
cally significant trends were detected in land-originated
water runoff estimates, whilst trends in precipitation were
not statistically significant. This can be partly explained by
the fact that accurate precipitation representation in rea-
nalysis is of a special difficulty and that generally precipita-
tion is the most uncertain quantity provided by ERA-Interim.
This is because precipitation is highly variable in space but
there are not enough in situ data collected for assimilation in
data reanalysis (Dee et al., 2011). In addition, the water
runoff depends not only on precipitation, but also on eva-
poration and other processes. According to authors' supple-
mentary calculations (based on ERA-Interim data not shown
here), there was no statistically significant trend in the
precipitation minus evaporation (P � E) in the study region,
except for the month of June in Lakselv. However water
runoff depends also on other factors, such as snow melt and
efficiency of water transport on land from other regions. For
example, significant precipitation can occur far away from
the fjord and amplify the land-originated water inflow into
the basin independently on precipitation rates in the vicinity
of the fjord.

One of the most noticeable observation from this research
is that the Porsanger fjord is a region with significant spatial
variability. Thermal and wind conditions are quite different
in its inner and outer parts, even if the distance between the
sites is only around 100 km. The inner part is strongly
affected by aspects of continental climate; the outer part,
in contrast, is governed by maritime influences. This leads to
large differences in ATs recorded at the two stations. On
average, the difference in mean monthly ATs at Lakselv and
Honningsvaag is about 5.98C in winter (January) and 2.58C in
summer (July). There are also significant differences in other
statistical quantities, such as median, 10th and 90th percen-
tiles and standard deviations, showing that air temperatures
are more variable at Lakselv than at Honningsvaag. Average
and median wind speeds are significantly lower at Lakselv
(5.4 and 4.9 m s�1) than at Honningsvaag (6.2 and 5.7 m s�1).
The annual amplitude of wind speed, as well as the standard
deviation of the time series, is higher at Honningsvaag than at
Lakselv. This shows that wind conditions are more variable at
the former than at the latter station.

There is also noticeable spatial variability of wind direc-
tions. Winds at Lakselv are more influenced by the surround-
ing topography (mountains) than at Honningsvaag, where the
land is lower. Moreover, strong wind events (above 12 m s�1)
are more frequent at Honningsvaag than at Lakselv. The steep
longshore gradients in meteorological parameters such as
wind, AT and precipitation presented in this study have been
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also observed for other Fennoscandian fjords (Wassmann
et al., 1996).

The Porsanger fjord is characterized by a strong annual
cycle in AT and wind data (speed and direction), as this is a
region where the polar night (from the last week in November
to the third week in January) and polar day (mid-May to the
end of July) occur. Based on monthly means, the multiyear
average annual AT amplitude is 21.58C at Lakselv and 13.98C
at Honningsvaag. In the annual wind speed cycle there are
more variable winds and higher average wind speeds in
winter than in summer. There is a well pronounced seasonal
shift in wind direction. In summer (June), NNW and N winds
are more frequent at Lakselv, whereas N and W winds prevail
at Honningsvaag. In winter (January), S and SE winds prevail
at Lakselv, whilst winds from the S and SW sectors are the
most frequent at Honningsvaag. The annual precipitation
cycle is not so well pronounced, and the precipitation records
at these two stations display different patterns. Generally,
for all stations where precipitation totals were analyzed, the
annual patterns of monthly means are different at each
location, and the annual cycle is not as well noticeable as
in the case of AT or winds. The results also reveal differences
between the monthly precipitation totals in 2014 and 2015,
and the 10-year mean monthly totals. This implies significant
inter-annual variability in precipitation in specific months
(Fig. 6). In contrast to precipitation, the annual cycle of
water runoff is very clear. Terrigenous water discharge is
extremely low in the winter months but high in the late spring
and summer. This is because seasonal patterns in snow melt
significantly affect water runoff. Water runoffs are the lar-
gest in the innermost region E, where the Lakselva supplies
the river water. The second most important region is the
eastern catchment G, with the Børselva river.

Synoptic-scale and within-day variability is also intense in
the Porsanger fjord. Wind patterns and air temperatures can
change dramatically within hours. In addition, there are
evidently regular patterns in the AT daily cycle in the time
series records, but they are of different intensities at L and H.
Interestingly, the daily cycle of air temperature difference
between Lakselv and Honningsvaag is also strong and has an
influence on winds. This has been confirmed by the power
spectra of air temperature and wind speed in spring/summer
with statistically significant peaks indicating diel variability.
Similar peaks are absent from the time series from late
autumn and winter.

Climate and weather change issues in the Arctic region
require further studies. Information from in situ observa-
tions, confirming model conclusions and predictions, needs
continuous updating. The broad range of data analyzed in this
paper shows that the Porsanger fjord is a region sensitive to
climate change. Since certain meteorological and climatic
parameters of Fennoscandian fjords are correlated (Eilertsen
and Skarðhamar, 2006), the main features of climate-related
trends and the effects of oceanic/continental interactions
shaping the Porsanger fjord environment may be similar in
other fjords in comparable geographical locations.

6. Conclusions

One of the main conclusions of this study is the amplification
of global warming being observed in Porsanger fjord. Positive
air temperature annual trends were estimated at both exam-
ined locations, fjord head — RL and fjord mouth — RH. These
trends are higher than the global AT trend but lower than the
annual AT trend calculated for the open Barents Sea. Based
on monthly trends it seems that warming is more evident in
the spring and autumn months. Positive annual trends were
calculated also in land-originated water discharge for all
catchments delivering 100% of their runoff water to the fjord.
In contrast, no significant trends were noted in precipitation
and wind speed time series.

Additionally, well pronounced annual cycle was observed
in AT and wind speed data at both investigated stations,
Lakselv and Honningsvaag. This includes a marked seasonal
shift in wind direction. In summer (June), NNW and N winds
were more frequent at Lakselv, whereas N and W winds
dominated at Honningsvaag. In winter (January), S and SE
winds prevailed at Lakselv whilst winds from the S and SW
sectors were dominant at Honningsvaag. The annual cycle in
precipitation was not as obvious as for ATand wind speed, but
freshwater runoff was also displaying seasonal variability,
with maximum runoff observed in June.

Temporal variability at shorter time scales (synoptic,
daily) was also substantial. Short-term fluctuations include
changes in ATof the order of a few 8C (up to �208C in extreme
situations), whereas changes in wind speed were up to
20 m s�1. In addition, considerable interannual variability
was observed. Finally, there were remarkable discrepancies
in ATs and winds recorded at the same time at different
locations within the fjord, underlining the significance of
spatial variability. These can be explained by the fact that in
spite of the relatively short distance between the stations
(�100 km) the influence of continental and maritime
weather patterns is different at both ends of the fjord.
Furthermore, wind patterns are influenced by varying land
topography.

The results presented in this manuscript emphasize the
fact that arctic fjords are very complex systems. Due to
intense temporal and spatial variability, research in such
regions requires long-term high-temporal resolution data
and sufficient spatial coverage, if one wants to develop a
good understanding of air—water-land interactions taking
place in the fjords. If these requirements are not satisfied,
it is likely that experimental data will not reveal the true
status of environmental interactions and changes taking
place in such regions.
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