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Abstract

Periods of unusually high or low temperatures have a significant impact
on both nature and society at all times of the year. A possible change
in frequency or persistence of such events would impact the wildlife as
well as the economy and people’s everyday life. In Norway, a major
factor determining temperature anomalies is the large-scale atmospheric
circulation. It is therefore of interest to examine frequency and length
of both cold/warm spells and certain circulation patterns in order to
find a possible connection between trends. In the following study, it
is done by analyzing daily minimum and maximum temperature from
1979 to 2018 measured at selected stations owned by the Norwegian
Meteorological Institute and applying different classification methods
included in cost733class software on daily mean sea level pressure from
ERADS5 global reanalysis for the same time period.

The results show that both frequency and length of cold and warm
spells during winter (October to March) and summer (April to September),
defined as a number of consecutive days with minimum/maximum
temperature below the 25th/above the 75th percentile, have changed
during the last four decades at all locations, with an overall increase
in both measures for warm spells during both seasons and an overall
decrease in both measures for cold spells during both seasons, with
exception of the length of cold spells in winter which are varying between
locations. By looking at relative frequency of different circulation types
during cold and warm spells, as well as average temperatures measured
during each circulation type, circulation types associated with these spells
are identified. Warm spells are generally associated with air flow from
southerly directions, while cold spells are associated with air flow from
northerly directions. Air masses of continental origin in the east contribute
to warm spells in summer and cold spells in winter, while the opposite is
true for maritime air masses to the west. Further analysis indicates that
circulation types responsible for cold spells have got slightly less frequent,
while circulation types resulting in warm spells have got slightly more
frequent, which would contribute to the change in frequency of observed
cold and warm spells. Still, the magnitude of change is larger for the
actual spells than for the atmospheric circulation, so a dominating factor
would be that the temperature has increased everywhere for almost every
circulation type, increasing the probability of the occurrence of warm spells
and lowering it for cold spells.
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Chapter 1

Introduction

Spells of unusually high or low temperatures which last for many
consecutive days have a significant impact on both nature and society at
all times of the year. Extreme cold during the winter leads to higher power
usage for heating and may cause freezing of the water pipes and thus their
damage. Wildlife as well as agriculture highly depends on temperature
during spring, when a warm type of weather may result in an early start
of the growth season, while low temperatures will put a delay on that start
or even damage the crops. Summer heat waves may still not be as life
threatening in Norway as they are further south, but they still cause higher
evaporation rate of water which may lead to drought, deficit of drinking
water and water as a source of hydroelectric power, as well as higher risk
of forest fires. Both persistence and frequency of such events are therefore
of matter where a change in either of those measures does not come without
consequences for the economy as well as for the natural and social life.
The objective of the first part of this analysis is to determine whether
there has been a significant change in persistence and/or frequency of
cold and warm spells in a selection of different locations in Norway
during the last four decades. The objective of the second part of this
analysis is to determine whether there has been a significant change in
persistence and/or frequency of occurrence of atmospheric circulation
types associated with previously determined cold and warm spells during
the same time period. The final objective is to determine whether the
change in persistence and/or frequency of cold and warm spells can be
explained by a change in the large-scale circulation in Northern Europe.



Chapter 2

Background

2.1 Circulation of the troposphere

The Earth’s atmosphere is a dynamic system affected by factors such
as Earth’s rotation, uneven solar heating, chemical reactions between
atmospheric gases, biological processes on the surface and anthropogenic
activity. The motion of that system is referred to as the atmospheric
circulation and its purpose is to distribute the thermal energy around
the globe. The large-scale atmospheric circulation, i.e. systems of high
and low pressure on a size scale of hundreds of kilometers (cyclones and
anticyclones) is mainly driven by the Earth’s rotation and temperature
differences. The temperature differences between the tropics and the poles
cause meridional air transport, while the Earth’s rotational motion together
with its curvature tend to change the direction of that transport to the right
in the northern hemisphere and to the left in the southern hemisphere, a
phenomenon known as the Coriolis force.

The large scale atmospheric circulation and its variations is therefore the
driving force for determining regional and local climate. In the extratropics,
the large-scale atmospheric circulation plays an important role in the
weather formation, especially during the winter when solar heating is
low. The constantly moving and changing pressure systems can change
the weather at one location diametrically from day to day. Even though
the atmosphere is quite chaotic, there are still some prevailing patterns,
e.g. trade winds in the tropics (northeasterly in the northern hemisphere,
southeasterly in the southern hemisphere) and westerly winds in mid-
latitudes. Other, less regular phenomena, are El Nifio-Southern Oscillation
(ENSO) or North Atlantic Oscillation (NAO). ENSO is characterized by
changes in the tropical trade winds and the sea surface temperature in the
eastern Pacific Ocean. These changes have a huge impact on the weather
and climate of the tropics and the Pacific region. NAO ([1]) is defined as
the pressure difference between Iceland and Azores and is an indicator of
how strong the westerly winds in the North Atlantic are. The weather in
large parts of Europe, as well as in eastern North America, Mediterranean
coast of Africa and parts of the Middle East is affected by variations in the
NAO index.



2.2 Circulation type classification

Classification is in principle an attempt to simplify, and thus achieve
a better understanding of complex systems. The atmosphere is such a
system, and there is a long tradition for categorizing weather system in
to specific circulation types, weather types or circulation patterns. The
most well-known classifications are the subjective manual classifications
Grosswetterlagen for central Europe by Hess and Brezowski ([8]) and the
Lamb weather types for the British Isles([4]).

During the last decades automatic methods for atmospheric circulation
classification have been developed. There are several concepts for
classifying atmospheric circulation([3]), based on different methodological
approaches. A joint European effort, the COST733 Action "Harmonisation
and Applications of Weather Types Classifications for European Regions"
compared and evaluated several different methods for various applications
([7]). COST733 divided the automatic classification methods in categories
based on their concepts:

¢ predefined types, including automated algorithms for the grosswet-
terlagen and Lambs weather types.

* eigenvector based methods, based on e.g. principal components.

¢ leader algorithms, often based on correlation or covariance struc-
tures.

¢ optimization algorithms, such as cluster analysis algorithms.

The COST733 -action developed a software ([6]) including a large number
of automated methods that provide objective and consistent classifications
of atmospheric circulation. In this analysis are some of these, representing
different classification principles selected in order to study trends in
local cold and warm spells and their relation to large scale atmospheric
circulation.

2.3 Climate in Norway

Norway, being located in the northern part of Europe, is influenced by
the mid-latitude atmospheric dynamics with prevailing westerly winds.
Because of that, and the fact that Norway is bordering the North Sea
and the Norwegian Sea to the west, the climate is relatively mild with
small temperature differences throughout the year along the coast. In
addition, large parts of the country are covered by mountains with an
altitude exceeding 2000 m.a.s.l. in the south, 1500 m.a.s.1. in the north and
slightly lower in the central part, which makes the Norwegian coast one
of the wettest places in Europe. Another consequence of the mountainous
topography is adiabatic warming of the air on the lee-side of the mountains
after the moist air has been lifted and the water is precipitated, also known
as the foehn wind. Inland parts of Norway, both in the south (east of the



watershed) and the north (the Finnmark Plateau) are rather dry with cold
winters and warm summers.

Although the westerly winds are dominating, other atmospheric
circulation patterns contribute to high variability in the weather and
climate. Circulation blocking, associated with a negative NAO index,
results in dry conditions and clear sky on both sides of mountains, followed
by low temperatures during the winter and high temperatures in the
summer. Air flow from northerly directions brings cold air from the high
Arctic and results in frequent showers along the coast, while air flowing
from the south cause exceptionally high temperatures in the valleys and
fjords of northern part of the west coast.

To exemplify how different atmospheric circulation patterns lead to
extreme temperatures in Norway during different seasons, Figure 2.1
shows mean sea level pressure for selected months in the last decade.
November 2010 was (together with Nov 1919) the coldest November ever
recorded in Norway. As shown on the map, there was a high pressure
system located over northern Sweden and a belt of weak low pressure
system stretching from the British Isles to southern border of the Baltic
Sea, together transporting cold and dry air masses from northern Russia.
In contrast, January 2020 was the second warmest January on record in
Norway. The air was flowing straight from the Atlantic Ocean, and the high
density of the isobars means a strong flow. June 2015 was one of the colder
Junes and the map showing a low pressure system outside of the Kola
Peninsula indicates that there was a frequent flow of air from the Arctic
Ocean in the north. Lastly, July 2014 was the warmest July ever recorded in
Norway (later tied by July 2018). There were two high pressure systems -
one above the Azores and the other one close to the Kola Peninsula - with a
ridge between. That combined resulted in a weak flow of air from southern
Russia.
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Figure 2.1: Monthly-mean sea level pressure for selected months with extreme temperature anomalies in Norway. Top: extreme cold. Bottom:
extreme warm.



Chapter 3

Data

3.1 Observational data

Observational data from the Norwegian Meteorological Institute used in
this analysis includes daily measurements of minimum temperature (TAN)
and maximum temperature (TAX) measured 2 m above the ground level
during the period 1.1.1979 - 31.12.2018 for six different locations in Norway.
At some locations the observation point has been moved during that
period. That could have an impact on the observations caused by local
conditions (altitude, exposure to wind, albedo of surroundings), although
the new locations are so close to the old ones that the impact on the
observations continuity should be negligible. Additionally, some data is
missing for most of the locations, ranging from a few days up to almost
two years in total (see Table 3.1).

Six different locations are chosen to represent different regions in
Norway: Eastern Norway (Oslo and Drevsjg), Western Norway (Bergen),
Central Norway/Trendelag (Jrland) and Northern Norway (Tromse and
Karasjok). Large-scale circulation patterns have different impacts on those
regions, both because of large distance from north to south (more than 1000
km from Oslo and Bergen to Tromse and Karasjok), comparable to the size
of large-scale weather systems, and also due to topography and location
relative to the coast.

Another reason for choosing those locations is to show differences
between coastal climate with small temperature differences and frequent
precipitation (Bergen, Urland and Tromse) and more continental climate
with large temperature differences, low precipitation and frequent temper-
ature inversion (Drevsjg, Karasjok). For Oslo, influenced by both coastal
and continental climate, measurements from two different points are used:
Blindern, right outside of the city centre, and Tryvannshegda, the top of
a hill about 6 km from Blindern. The elevation at Tryvannshegda is 420
m higher than Blindern. During the cold season (October - March), Oslo
experiences frequent temperature inversion under the regime of high pres-
sure systems or during passing of warm fronts, meaning that cold periods
can both be lasting for a longer period of time and be more intense.



Figure 3.1: All locations used in the analysis marked on the map of Norway.



Location

Station nr and name

from date - to date

Elevation (a.s.l.)
lat, lon

Comments

Oslo - Blindern (BLI) | 18700 01.01.79-31.12.18 | 94 m Full data coverage.
OSLO-BLINDERN 59.9423 N, 10.7200 E
Oslo - Tryvannshegda | 18960 01.01.79 - 30.06.97 | 528 m Missing data for
(TRY) TRYVASSHOGDA 11 59.9886 N, 10.6678 E | 01.12.00 - 30.04.02
18950 01.07.97 - 31.12.18 | 514 m and some other shorter periods.
TRYVANNSHOGDA 59.9847 N, 10.6693 E | Total missing 675 days of TAN
and 680 days of TAX.
Drevsjo (DRE) 700 01.01.79-31.12.18 | 672 m Missing data for 3 months
DREVS]J 59.9847 N, 10.6693 E | in 1987 and 2002,
as well as a few other days.
Total missing 284 days
of TAN and TAX.
BERGEN (BER) 50540 01.01.79-31.1218 | 12m Full data coverage.
BERGEN-FLORIDA 60.3830 N, 5.3327 E
Orland (ORL) 71550 01.01.79-31.12.18 | 10 m Missing 10 days of TAN
JRLAND III 63.7045N, 9.6105 E | and 12 days of TAX.
Tromse (TRO) 90450 01.01.79 - 17.01.06 | 100 m Missing 3 days of TAN and TAX.
TROMSO 69.6542 N, 18.9369 E
17.01.06 - 31.12.18 | 100 m
69.6537 N, 18.9368 E
Karasjok (KAR) 97250 01.01.79-31.08.04 | 129m Missing 2 days of TAN
KARASJOK 69.4670 N, 25.5030 E | and 1 day of TAX.
97251 01.09.04 - 31.12.18 | 131 m
KARASJOK-MARKANNJARGA 69.4635 N, 25.5023 E

Table 3.1: Metadata for stations used.




3.2 Reanalysis data

For classification of circulation types, atmospheric sea level pressure from
the global reanalysis ERA5 ([2]) from the European Centre for Medium
Range Weather Forecasts (ECMWF) was used. The spatial domain was
chosen to be between 20°W and 40°E with 4° resolution in longitudinal
direction and between 40°N and 80°N with 2° resolution in latitudinal
direction. To obtain daily values for each grid point, values at 18, 00,
06 and 12 UTC (in that order) were averaged in order to follow the
convention used by the Norwegian Meteorological Institute for measuring
temperature, where a day starts at 18 UTC on the previous day. As an
example, in order to get the pressure value for 2 January 1979, an average
of values at 18 UTC on 1 January 1979 and 00, 06 and 12 UTC on 2 January
1979 was calculated. The reanalysis data cover the time period 1 January
1979 to 1 January 2019.



Chapter 4

Methodology

4.1 Classification of circulation

The classification of circulation types is done applying different methods
provided by the cost733class software [6]. The classification methods
included in the software are divided into some main categories, such
as pre-defined types, eigenvector-based methods, leading algorithms and
optimization methods. Atleast one method from each category is chosen to
see whether some methods are performing better than others for different
locations and different seasons. For each method used, the circulation is
classified into 9-10 different types. Further on, for each method, each day
in the time series is assigned a number indicating the circulation type given
by the software. The applied classification methods are listed in table 4.1.

4.2 Cold and warm spells

For this analysis, the year is split in two seasons, each starting close to
the equinox. For simplicity the winter season is starting on October 1 and
ending on March 31, while the summer season is going on from April 1 to
September 30. The reason to do so is to differentiate between the time when
solar heating has a large direct impact on the dynamics of the atmosphere
and local weather in Northern Europe and the time when that impact is
low.

To eliminate the seasonality of both the average temperature and
the temperature deviation from the average, temperature thresholds are
calculated for each day of the year separately instead of using one threshold
value for the absolute temperature or one value for the anomaly from a
climatological average. This is done by finding the empirical distribution
function (EDF) for each day of the year. The function for the n-th day of the
year is found by using all days in the interval [n — 15, n + 15] for all years
in the 1979-2018 period. For example, to find the EDF for TAN on the first
day of the year (January 1), TANs for all days between (and including)
December 17 and January 16 for all years between (and including) 1979
and 2018 are used. Later on, the EDFs are used to converse measured
temperatures into probabilities, i.e. for finding the probability of TAN not

10



Name No. of | Method
types
GWT 10 Predefined types based on three prototype
tields. Works only with fixed classes, and
when applying ten types the circulation
types represent the eight main wind dir-
ections (N, NE, E, E, SE, S, SW, W, NW)
plus pure cyclonic and pure anticyclonic
situations.

PTT 9 Eigenvector method. It is a t-mode prin-
cipal component analysis with ortho-
gonal rotation.

LND 9 Leader algorithm method based on pat-
tern correlations

PXE 10 Eigenvector method Extreme score method
applying principal components

KMN 9 Optimization algorithm based on a k-
means cluster analysis. The number
of classes k is determined by the user.
Starting pattern is selected by random
SAN 9 Builds on the same principles as k-means,
but is usually more effective due to a
different randomization algorithm.

Table 4.1: Methods used for circulation type classification. More details are
given by [5] and [3].
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exceeding the TAN measured on 1 January 1979, the previously found EDF
for January 1 is used. This is done for each location separately.

A cold spell is then defined as a period of at least s consecutive days
with TAN below the 25th percentile threshold, where 1 out of s consecutive
days within that period of time is allowed to be above the threshold as
long as it is not the first or the last day of that cold spell. Similarly, a warm
spell is defined as a period of at least s consecutive days with TAX above
the 75th percentile threshold, where 1 out of s consecutive days within that
period of time is allowed to be below the threshold as long as it is not the
first or the last day of that warm spell. The main focus is on spells with
length of 7 days or longer (s = 7), but short spells (s = 5) and long spells
(s = 10) are compared as well. As a consequence, a time period of 11 days
where TAN at the 5th and the 10th day is above the 25th percentile and
else below would be included as a short spell (> 5 days), but not as longer
spells (neither > 10 days nor > 7 days).

4.3 Relationship between cold/warm spells and circu-
lation types

In order to identify which circulation types (CT) are connected to the
cold/warm spells, relative frequency of CT; is introduced:

CT, CT
yi,CT, N

where CT; is number of occurrences of circulation type number i, t is
number of CTs for a given classification method and N is total number of
days.

Then, the change between relative frequency of CT; during cold (or
warm) spells, freq; spei, and relative frequency of CT; during the entire
season, freq; season is calculated:

freq; =

fre%‘, change — freqi, spell — f”e%‘, season

If freqi cnange is significantly greater than zero, the CT number i is
chosen to be associated with cold (or warm) spells. Such sets of CTs are
depending on the classification method, season and location.

In addition, annual mean temperatures are calculated for each location
and each CT in order to find temperature trends for each CT separately and
to show which temperatures can be expected during different CTs.

12



Chapter 5

Results

5.1 Cold and warm spell trends

Figure 5.1 shows the number of spells of each type and each season at
three different locations for every year, as well as trends calculated using
linear regression. The other four locations are shown in the Appendix in
Figure A.1. Notice that short spells (> 5 days) also can last longer than
10 days, although they do not necessarily overlap with > 10 day spells
(see Section 4.2). In addition, Table 5.1 shows average yearly numbers of
spells together with trend values and their significance for spells lasting 7
days or longer. Most frequent are cold spells in winter and warm spells
in summer, while cold spells in summer are the least frequent. The longest
spells (>10 days) are also less frequent at DRE and KAR, both being located
inland. Although there are some large interannual variations, most cases
have experienced significant changes in frequency in the course of four
decades. Overall, frequency of cold spells of all lengths is decreasing
everywhere both during winter and summer, while frequency of warm
spells is increasing. The rate of change in time is in most cases higher for
shorter spells, whcich is showing best for cold spells in summer - in many
cases the frequency is decreasing by more than 1 spell per year per decade.
It is worth noticing that cold spells lasting 10 days or longer are almost not
occurring during summer after year 2000 anywhere.

H winter, cold \ winter, warm \ summer, cold \ summer, warm

BLI | 2.5(-044) |22(0.14) 1.5 (-0.73) 2.5 (0.51)
TRY || 24(-0.59) | 2.2(0.30) 1.6 (-0.76) 2.5 (0.34)
DRE || 2.2(-0.39) | 1.7 (0.24) 2.0 (-0.68) 2.5 (0.44)
BER || 2.5(-0.03) | 2.2(0.30) 1.8 (-0.83) 2.6 (0.77)
ORL || 2.6 (-0.37) | 2.0 (0.59) 2.1 (-0.80) 2.2 (0.80)
TRO || 28 (-0.61) | 2.3 (0.17) 1.8 (-0.52) 2.3 (0.52)
KAR || 2.1 (-0.45) | 2.0(0.14) 1.7 (-0.65) 2.1 (0.46)

Table 5.1: Average frequency [number of spells per year] of spells lasting 7 days
or longer with trends [per decade] in parenthesis. Bold values are statistically
significant (for a significance level « = 0.05).

13
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Figure 5.1: Frequency of cold and warm spells during winter and summer at
slanted lines show linear regression trends.
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H winter, cold ‘ winter, warm ‘ summer, cold ‘ summer, warm

BLI | 109 (-0.25) | 10.4 (0.31) 103(-0.70) | 11.4 (0.50)
TRY | 11.2(0.40) | 10.8(0.77) 9.3 (-0.48) 11.0 (0.29)
DRE | 10.1(0.49) | 9.5 (-0.13) 9.0 (-0.51) 10.8 (0.36)
BER || 10.7 (-0.17) | 10.1 (0.52) 9.6 (-0.86) 10.6 (0.22)
ORL || 10.4(0.70) | 10.0 (0.55) 9.8 (-0.90) 10.0 (-0.83)
TRO || 10.3 (-0.38) | 9.5 (0.03) 9.9 (-0.53) 10.4 (0.21)
KAR || 9.8 (-0.37) | 9.3(0.16) 10.3(-0.16) | 10.5 (0.27)

Table 5.2: Average length [days] of spells lasting 7 days or longer with trends [per
decade] in parenthesis. Bold values are statistically significant (for a significance
level « = 0.05).

Figure 5.2 shows length of every spell at three locations and trends
calculated using linear regression. The other four locations are shown in
the Appendix in Figure A.2. Again, notice that short spells (> 5 days)
can last longer than 10 days, but they do not necessarily overlap with long
spells (> 10 days). In addition, Table 5.2 shows average spell length with
trend values for spells lasting 7 days or longer. Cold spells in summer
are shortest almost everywhere, 1-2 days shorter than other types of spells.
Trends are varying between locations within a single spell type and season,
but also between different spell lengths. As an example, all locations
have observed a slight increase in length of warm spells lasting 7 days
or longer in summer, except JRL, where the decrease has been greater
than the increase at other locations. Outstanding trends are observed at
JRL, DRE and TRY for cold spells in winter which have got longer, as
opposed to other locations where these spells got shorter. That happened
despite the fact that cold spells got less frequent. Another outstanding
trend is observed for warm spells in summer. While all other locations have
experienced an increase in length of those spells, ORL has experienced a
decrease, even though the increase in frequency of warm spells in summer
was largest just at ORL.

5.2 Cold and warm spells and large-scale circulation
relationship

Figure 5.3 shows 10 circulation types for Grosswettertypen classification
(GWT10). For example, type 1 is high pressure in the south and low
pressure in the north, resulting in strong westerly air transport in Norway,
type 2 is high pressure in south and southeast and low pressure above
Iceland, resulting in strong southwesterly flow, etc. Similar figures for other
classification methods are shown in the Appendix (Figures A.3 - A.7).
What all these classification methods have in common is that all of
them include at least one circulation type with strong low pressure system
in the northern branches of the Atlantic Ocean transporting maritime air
masses towards Norway, often referred to as NAO (as mentioned in Section
2.1). Another similarity is that all classification methods include at least
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Figure 5.3: 10 circulation types for Grosswettertypen classification (GWT10). First
axis indicates longitude, while second axis indicates latitude. Colors are showing
sea level pressure (SLP) in hPa. Red: high SLP, blue: low SLP.

one circulation type with strong high pressure system above Scandinavia
blocking the zonal air flow, a feature often called Scandinavian pattern,
although the size and exact location of that high pressure system is varying
between classification methods. In some cases the northern parts of
Norway are still affected by the maritime air masses as the anticyclone is
located above southern parts of Scandinavia.

Figure 5.4 shows the frequency of each circulation type using GWT10
during cold spells in winter for all locations, as well as changes in
that frequency relative to the frequency during whole winter and the
distribution of TAN for each circulation type. For BLI the most frequent
CTs are 9 (cyclonic flow with centre outside of west coast of southern
Norway), 10 (anticyclonic flow with centre above southern Norway), 6 (E
flow) and 7 (SE flow). The least frequent CTs are 8 (S flow) and 5 (NE
flow). Although 9 is the most frequent type during cold winter spells, the
frequency is slightly lower than the seasonal frequency, while 5 being the
second least frequent still has higher frequency than the seasonal. CTs with
most positive frequency change are 6 and 10, but other CTs resulting in flow
from easterly directions (5 and 7) as well as the one resulting in northerly
flow (4) also have a positive change in frequency and are all considered to
be associated with cold spells in winter (also see Table 5.3). CTs with strong
atmospheric flow from westerly directions (1, 2, 3) are much less frequent.
Additionally, the plot showing temperature ranges confirms that CTs with
increased frequency are related to lowest TANs.
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CT number 9 appears to be the most frequent everywhere. The
frequency of CT number 9 is especially high in the three northernmost
locations (KAR, TRO, ORL) which can be explained by air transport from
land towards the sea. Furthermore, all locations are experiencing an
increased frequency of CTs transporting continental and polar air masses
towards Norway (4, 5, 6, 7), while there is a huge decrease in frequency of
CTs transporting maritime air masses from the Atlantic Ocean (1, 2, 3).

Similar to Figure 5.4, Figure 5.5 shows the frequency of circulation
types during warm spells in summer for all locations together with relative
frequencies and TAX percentile ranges. In Southern Norway (BLI, TRY,
DRE, BER), the most frequent type is type 10 (anticyclonic flow). Type 9
(cyclonic flow) is one of the least frequent in the south, but moving further
north it becomes more frequent; at TRO it’s frequency is more than twice of
the second most frequent type. Types 1 and 3 (W and NW flow) are more
frequent for Oslo (both BLI and TRY) than for other locations, especially the
coastal ones (BER, URL, TRO), while types 6,7 and 8 (E, SE and S flow) are
more frequent for the same coastal locations, particularly for GRL where
type 7 is more frequent than any other type.

Many of the most frequent CTs also show the most positive change
in frequency. Type 10 has positive relative frequency everywhere except
at TRO. Types 7 and 8 also are more frequent than seasonal average
everywhere, although the change is small for BLI and TRY and only slightly
larger for DRE. Additionally, type 6 has positive relative frequency at all
locations with exception of TRO and KAR. For type 2 the relative frequency
is slightly negative only at the three southernmost locations (BLI, TRY,
BER).
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Another approach to identify which circulation types are associated
with cold and warm spells is to investigate mean minimum and maximum
temperatures during different CTs at different locations for the entire
season, as shown in Figure 5.6 for winter using GWT10 classification
method. GWT10 types 1 and 2 (W and SW flow) are associated with rather
high TAN everywhere, types 3, 7 (NW and SE flow) and 9 (a weak cyclone
between Southern Norway and Faroe Islands) are resulting in TAN slightly
below median, while for types 4, 5 and 6 (N, NE and E flow), TAN is rather
low. TAN during type 10 (strong anticyclone above Scandinavia) is highly
dependent on location: Northern Norway (TRO and KAR) is experiencing
higher than average TAN, Central Norway (JRL) is close to average, while
in Southern Norway (BER, DRE, TRY and BLI) TAN is low. For almost all
CTs all locations have experienced an increase in TAN, with exception of
types 6 and 7. For type 7 (SE flow), although there are large interannual
variations, there is no visible trend for any location. For type 6 (E flow),
TAN in Northern Norway (TRO and KAR) has increased, while for other
locations it has slightly decreased. In fact, while in the 1980s TAN in TRO
and KAR was mostly lower than at other locations, the exact opposite was
the case in the most recent decade.

Similar results are found for other classification methods: lowest TAN
is associated with air flowing from N, NE and E, as well as strong high
pressure systems (for places located close to or to the south of the centre)
and small pressure gradients. On the other hand, highest TAN is associated
with strong W and SW flow, usually coming from deep low pressure
systems in the Norwegian Sea.
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Figure 5.7: Mean TAX in summer for all locations during different CTs for GWT10. Circles mark annual mean TAX, while lines show trends.



Whereas extreme winter temperatures are highly depending on zonal
direction of the air flow, summer extremes are rather depending on
direction of the meridional flow, as shown in Figure 5.7. Again applying
GWT10 classification method, the highest TAX is found for type 7 and 8
(SE and S flow). Types 2 and 6 (SW and E flow) are associated with TAX
slightly above median, while types 1 and 5 (W and NE flow) has TAX close
to or slightly below median. Types 3 and 4 (NW and N flow) are associated
with rather low TAX. Type 9 and 10 (cyclonic and anticyclonic flow) are
resulting in TAX almost opposite of each other; Southern Norway (BLI,
TRY, DRE and BER) is experiencing low TAX in the case of type 9 and high
TAX in the case of type 10, TAX in ORL and KAR is close to median in
both cases, while in TRO it is slightly higher than median for type 9 and
slightly lower for type 10. TAX has been increasing everywhere for all CTs,
although the rate is depending both on CT and location.

Once again, similar results are found for other classification methods:
highest TAX is associated with air flowing from southerly directions,
especially from S and SE, as well as for strong high pressure systems. For
coastal locations (BER, JRL and TRO), a combination of high pressure and
S or SE air flow is particularly favorable for high TAX, whereas for inland
locations in Southern Norway (BLI, TRY, DRE), high pressure systems with
low air flow are favoring high TAX. Almost none of classification methods
applied have any CTs associated with particularly high TAX in KAR, but
southerly flow seems to be preferable.

Table 5.3 shows which CTs are associated with winter cold spells
for each classification method and each location, meaning, as previously
defined, that they are significantly more frequent during those spells
than during the winter in general. As expected, CTs with transport of
continental or arctic air masses towards Norway are associated with winter
cold spells, though there are some regional differences such as GWT10 type
9 being present in all locations except BLI, DRE and BER. That could be
explained by the weak low pressure system being centered right outside of
the western coast of southern Norway, resulting in some relatively warm
air transport from the sea south and southeast from that low pressure
center. It is worth noticing that although this circulation type is not
associated with winter cold spells at BLI, it is still associated with these
at TRY. A possible explanation could be that temperature inversion is less
frequent in this region for that CT, whereas lowest TANs in winter at BLI
(as well as DRE and to some degree BER) are measured particularly during
events of inverted vertical temperature profile. On the other hand GWT10
type 10 is not associated with winter cold spells in the three northernmost
locations as opposed to the others further south, because of a strong high
pressure system centered above southern Norway, so that the air moves
from the sea towards the coast in Trondelag and further north.
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| GWT10 | KMN09 | LND09 | PTT09 | PXE10 | SANO09
BLI 4,5, 3,4,5, 3, 5, 3,45 2 4 |1, 5,
6,7, 10 8 8,9 7,89 |6, 8 6,7
TRY 4,5, 3,4, 5, 3,45 234, |1,
6,7, 9,10 8 89 16789 |6 6,7
DRE 4,5, 3,4, 5, 45 2, 4 |1,
6,7, 10|68 89 16789 |6 6,7
BER 45, 3,4,5, 3, 5 3,45 2 4 |1, 5,
6,7, 10 8 89 16789 |6 8 6,7
ORL 4,5, 3,4,5, 3, 5 3,45 | 2, 4 |1, 5,
6,7, 9 8 89 167,89 |6 6
TRO 4,5, 3,4,5, 3, 5 3,45 23 51, 5,
6,7, 9 6, 8 7,89 |6 6, 8
KAR 4,5, 3,4,5 3, 5 3,45 23 51, 5,
6,7, 9 6, 8 89 |6 6, 8

Table 5.3: CTs associated with cold spells during winter based on their relative frequency.
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| GWT10 | KMN09 | LND09 PTT09 | PXE10 | SAN09
BLI 4, 2, 4,511,2 4, 4,5,
6,7, 10| 7,8 7, 9 |6 8 6,7
TRY 4, 2, 4,512 4, 4,5,
6,7, 10| 7,8 7, 9 7 8 6,7
DRE 4, 2, 4,512 4 4,
6,7,8, 106,78 9 |6 6,7
BER 5, 45 2, 4,512 4
6,78 10| 78 9 |67 6,7
ORL || 2, 4,1 2, 5 51 234
6,7,8, 10 8 9 |67 10167, 9
TRO 41 2, 511, 5, 3, 1,
7,8,9 89 |6, 9 9,10 | 6,7, 9
KAR | 2, 2, 4, |12 51123
7,8, 10|6, 89 9 0] 7 9

Table 5.4: CTs associated with warm spells during summer based on their relative frequency.



H winter, cold ‘ winter, warm ‘ summer, cold ‘ summer, warm

BLI | 2.5(-0.03) | 2.7 (0.06) 2.0 (-0.08) 3.1 (-0.05)
TRY || 2.5(-0.05) | 3.0 (0.05) 2.6 (-0.11) 3.0 (-0.05)
DRE | 2.0(0.02) | 3.4(0.11) 2.8 (-0.05) 2.6 (0.02)
BER || 2.5(-0.05) | 3.7 (0.12) 2.6 (-0.17) 2.5 (0.09)
ORL || 2.5(-0.07) | 4.3 (0.06) 2.4(-0.13) 2.5 (0.08)
TRO | 2.5(-0.08) | 2.3(-0.08) 2.7 (-0.04) 3.0 (0.08)
KAR || 2.4 (-0.09) | 3.1 (0.05) 1.8 (-0.04) 2.7 (0.03)

Table 5.5: Average frequency [number of spells per year] of periods of persistent
circulation lasting 7 days or longer with trends [per decade] in parenthesis as an
average of all six classification methods.

Using the information from, inter alia, Figure 5.4 and Table 5.3 one
can find periods of persistent circulation and identify temperatures at each
location during those periods to see whether CTs which are assumed to be
associated with cold and warm spells actually can be used to find cold and
warm spells. Figure 5.8 shows how, on average, the temperature evolves
for each day of these periods of persistent circulation using different
classification methods. In most cases the temperature on first day is close
to the median temperature, but as time goes, the temperature is decreasing
in case of cold spells and increasing in case of warm spells. In many cases,
around the fourth day, the temperature approaches a sort of equilibrium
when there is no much further change in temperature later on. In some
cases there are some large "jumps" from around day 10, which can be
explained by a low number of events of persistent circulation exceeding
that length and thus resulting in too few data points to obtain the true
mean.

5.3 Large-scale circulation trends

Figure 5.9 (and Figure A.9) together with Table 5.6 show frequency of
periods of persistent circulation associated with cold and warm spells
as an average of all six classification methods. It appears that periods
of persistent circulation associated with warm spells in winter are most
frequent almost everywhere, especially at BER and JRL. Although trends
do not show any large changes in frequency, there are still some similarities
between locations. Frequency of periods of persistent circulation associated
with cold spells both in winter and summer is mostly decreasing, whereas
for those associated warm spells it is mostly increasing. As for the length
of such periods, Table 5.6 shows that periods of persistent circulation
associated with cold spells in summer are shortest and still getting shorter
everywhere. For cold spells in winter the length is increasing for every
location, with largest increase at coastal locations in Southern Norway (BER
and JRL) and smallest increase in Northern Norway (TRO and KAR). On
the other hand, periods associated with warm spells in summer are getting
shorter along the coast (BER, JRL and TRO) and longer at inland locations.
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Figure 5.8: Average temperature on each day of periods of persistent circulation
based on CTs associated with each kind of spell. Horizontal lines are correspond-
ing to the median temperature (gray), 25th percentile (light blue) and 75th per-
centile (light red).

H winter, cold ‘ winter, warm ‘ summer, cold ‘

summer, warm

BLI | 11.2(0.22) | 10.5(0.10) 9.2 (-0.15) 10.6 (0.06)
TRY | 10.9(0.13) | 10.8 (0.06) 10.0 (-0.23) | 10,5 (0.10)
DRE | 109 (0.12) | 11.0(-0.02) | 9.8 (-0.20) 10.0 (0.07)
BER | 11.2(029) | 11.3(-0.06) | 9.6 (-0.01) 10.1 (-0.04)
ORL | 10.8(0.33) | 11.5(-0.03) | 9.3 (-0.07) 10.0 (-0.22)
TRO |[ 10.4(0.10) | 10.0 (0.22) 9.7 (-0.11) 10.3 (-0.43)
KAR | 102 (0.06) | 105 (-0.12) | 9.6 (-0.17) 10.2 (0.25)

Table 5.6: Average length [days] of periods of persistent circulation lasting 7
days or longer with trends [per decade] in parenthesis as an average of all six

classification methods.
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Figure 5.9: Frequency of periods of persistent circulation resulting in cold and
warm spells during winter and summer in three different locations as an average
of all six classification methods. Vertical lines show number of periods for each
year, while slanted lines show linear regression trends.
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Figure 5.11: Annual number of days of different CTs occurring during summer for GWT10. Values above each plot show change in average number
of days per year from 1979 to 2018.



To determine whether there has been any change in atmospheric
circulation leading to persistent cold and warm spells, it is also possible
to examine frequency of each circulation type during the season of interest
in general, such as shown in Figures 5.10 and 5.11 for winter and summer
respectively. For winter circulation, GWT10 type 1 (W flow) is overall the
most frequent, followed by types 2 , 3 and 9 (SW, NW and cyclonic flow).
Flow from easterly directions (types 5, 6 and 7) as well as directly from
north (type 4) is much less frequent, rarely exceeding two weeks per year
for each of those CTs and some years being completely absent. As for
trends, the greatest change is found for type 9 (weak cyclonic flow) with
an average loss of 15 days per year from 1979 to 2018. Other CTs with a
noticable decrease in frequency are types 2, 5 and 7 (SW, NE and SE flow).
On the opposite side with increased frequency are types 1, 4, 6, 8 and 10
(W, N, E, S and anticyclonic flow).

Examining other classification methods yields somewhat similar res-
ults: an increasing frequency of deep low pressure systems in the Nor-
wegian and Barents Seas, while number of weak cyclones located close to
Southern Norway is decreasing. Regarding Scandinavian highs, different
classification methods show different trends depending on the exact place-
ment of the anticyclone.

As shown in Figure 5.11, atmospheric circulation during summer
differs from the winter circulation. Even though types 1, 3 and 9 (W, NW
and cyclonic flow) are still dominating, their frequency is much closer to
the least frequent types. Number of days with these three types has also
decreased, while frequency of types 7 and 8 (SE and S flow) has increased.
Frequency of other CTs is mostly unchanged.

Comparing all classification methods, high pressure systems located
above Scandinavian Peninsula/Gulf of Bothnia seem to be occurring more
frequently, while low pressure systems above Barents Sea/Kola Peninsula
are less frequent.
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Chapter 6

Discussion

The results presented in Chapter 5 show that during the 1979-2018 period
there has been a change in frequency of both cold and warm spells in winter
as well as in summer; furthermore there has been a change in atmospheric
circulation and temperature associated with different circulation types. The
question arises: could change in the atmospheric circulation explain the
change in frequency of cold and warm spells?

First of all, which circulation types are generally associated with high
and low temperatures in Norway, disregarding regional differences, and
how has their frequency changed? As shown in Table 5.3, some CTs
associated with cold spells in winter are appearing for all locations, such
as types 4, 5, 6, 7 and 9 for GWT10, types 3, 4 and 8 for KMNOQ9 or types
1, 5 and 6 for SAN09. These are also confirmed as being connected to cold
weather by examining average TAN during each CT for winter in general.
What they all have in common is a weak air flow, preferably of continental
and/or Arctic origin. On the other hand there are some CTs leading to TAN
being higher than seasonal average, such as types 1 and 2 for GWT10, types
1,2 and 9 for KMNO09 and types 2, 3, 4 and 9 for SANO09Y; it is less likely that a
cold spell will persist during these CTs. A common feature for those CTs is
a deep low pressure system in or close to the Norwegian Sea. By analysing
trends for every CT, the CTs associated with cold spells became, summed
up, less frequent, whereas CTs associated with TAN being higher than
average became more frequent, as shown in Figure 6.1. With a decreasing
number of days with "cold" CTs and an increasing number of days with
"warm'" CTs, it should be expected that cold spells would be less frequent.

Further on, an analysis of the frequency of periods of persistent
circulation associated with cold and warm spells in winter shows that
periods of "cold" circulation lasting for several days are getting slightly less
frequent, while periods of "warm" circulation are generally more frequent,
although the rate of change is much smaller than for actual cold and warm
spells. As shown in Figure 5.6, TAN has been increasing during the 1979-
2018 period at all locations for almost every CT, which would contribute to
the rapid change in frequency of cold and warm spells in winter.

As for warm spells during summer season, associated CTs for Norway
in general appear to be types 6, 7, 8 and 10 for GWT10, types 4, 5 and 9
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Figure 6.1: Annual number of days of all CTs associated with cold (top panel) and
warm (bottom panel) spells during winter for three classification methods. Values
above each plot show change in average number of days per year from 1979 to
2018.

for LNDO9 or types 2, 5 and 6 for PTT09. A common feature for those
CTs is weak flow of continental and/or subtropical air masses, preferably
with high pressure systems covering Norway. Some CTs resulting in low
TAX are types 1, 3, 4 and 9 for GWT10, types 3, 7 and 8 for LND09 or
types 1 and 3 for PTT09. All of those are featuring flow of arctic air masses
towards Norway. Once again, analysing frequency of these sets of CTs as
shown in Figure 6.2 indicates that CTs favoring high TAX have become
more frequent, while CTs resulting in low TAX got less frequent. Just
like for winter, with an increasing numer of "warm" CTs together with a
decreasing number of "cold" CTs, combined with an overall increase in TAX
for all CTs, a higher number of warm spells should be expected.

Looking at some regional differences, number of warm spells in
summer is increasing fastest at BER and ORL. These locations, being
situated along the coast, are experiencing highest TAX when land breeze
is dominating throughout the day. That condition is satisfied during air
flowing from east, southeast and south, such as types 6, 7 and 8 for GWT10,
as opposed to other locations where highest TAX occurs either under the
regime of high pressure systems (GWT10 type 10 for BLI, TRY and DRE) or
for other general directions of air flow (GWT10 type 9 for TRO, type 2 for
KAR). These three CTs, on average being the least frequent, are occurring
more often in the course of years in contrast to types 2, 9 and 10 being more
frequent on average and either decreasing in frequency or increasing at a
lower rate than sum of types 6, 7 and 8.

Additionally, as shown in the previous chapter, ORL has some
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Figure 6.2: Annual number of days of all CTs associated with cold (top panel)
and warm (bottom panel) spells during summer for three classification methods.
Values above each plot show change in average number of days per year from
1979 to 2018.

outstanding trends in frequency and length of warm spells in summer.
Whereas the frequency is increasing at a higher rate than at any other
location, the trend for length of these spells is negative as opposed to other
locations. One possibility is that in the early years, the few warm spells
were solely due to unusually long but infrequent periods of persistent
circulation associated with high TAX, whereas in the later years there has
been an increasing number of short spells not only due to change in the
atmospheric circulation, but also due to an increase in TAX associated with
each circulation type. In other words, four decades ago high TAX could
be measured mostly during certain CTs, while most recently high TAX
has also been measured during CTs not typically associated with warm air
increasing length of short spells when the circulation patterns are changing
quickly.

To conclude, in the most recent years Norway in general has experi-
enced more frequent warm spells both in summer and winter, but also less
frequent cold spells in both seasons. At the same time there has been a
change in the atmospheric circulation above Europe and northern branches
of the Atlantic Ocean with more frequent strong cyclones in the Norwegian
Sea and less frequent transport of continental air masses towards Norway
in winter, while in summer high pressure systems above Scandinavia and
Gulf of Bothnia are present more often, whereas the opposite is true for low
pressure systems in the Barents Sea/Kola Peninsula region. These changes
in the atmospheric circulation are expected to result in the observed trends
in the frequency of cold and warm spells, although they alone do not ex-
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plain the magnitude of trends. Nevertheless, some local differences are
possibly connected to these changes.
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Chapter 7

Summary and outlook

The aim of this analysis was to investigate whether different regions in
Norway, represented by selected locations, have experienced changed
frequency and/or persistence of cold (TAN below the 25th percentile) and
warm (TAX above the 75th percentile) spells in the most recent decades and
whether these changes could be explained by changes in the atmospheric
circulation in Europe. To find trends in frequency and length of spells,
measurements from the Norwegian Meteorological Institute’s stations
were analyzed. Later on, cost733class software was applied to atmospheric
sea level pressure from the global reanalysis ERA5 in order to analyze
atmospheric circulation patterns in Europe using different classification
methods.

The results indicate that both the frequency and the persistence of
spells of interest indeed are changing in time with some long-term trends,
although the trends are varying both between locations and seasons. All
locations have experienced a decreasing number of cold spells of all lengths
both during winter and summer, and an increasing number of warm spells
of all lengths both during winter and summer, although the frequency of
short spells (> 5 days) is changing at a higher rate than the frequency of
long spells (> 10 days). The results for spell length show that, in general,
during summer warm spells have got longer, while cold spells have got
shorter. Similar to summer, warm spells in winter are generally longer than
a few decades ago.

The analysis of the relationship between spells of interest and the
atmospheric circulation has shown that the direction of the atmospheric
flow has strong impact on the temperature, although the temperature
anomaly for a single circulation type is seasonally dependent. For
winter, cold spells can be expected in regions where the horizontal
pressure gradient is small and/or during flow of continental air masses
of arctic origin (E and NE flow), whereas warm spells are associated
with strong flow from west and southwest. For summer, continental
air masses of subtropical origin (SE and S flow) are resulting in warm
spells, particularly along the western part of the Norwegian coast where
that flow is dominating over the sea breeze due to temperature contrasts
between sea and land during the day, while for inland locations in Southern
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Norway high pressure systems with negligible air flow lead to highest
temperatures. In contrast, air flowing from the high Arctic (NW, N and
partly NE) is associated with cold spells.

As for the evolution of the atmospheric circulation during past four
decades, there are some indications of an increase in frequency of days
with deep low pressure systems in the Norwegian and Barents seas during
winter as well as a decreasing frequency of days with continental air
flow. During summer, number of days with low pressure system in the
region of Kola Peninsula resulting in N flow has got lower, while days
with Scandinavian pattern are more frequent. Combining circulation types
associated with warm and cold spells specific for each location gives an
indication of general trends being slightly increasing for CTs associated
with warm spells and slightly decreasing for CTs associated with cold
spells, both for winter and summer.

Even though the trends for atmospheric circulation associated with cold
and warm spells mostly show the same direction as actual frequency of
cold and warm spells, the magnitudes are much larger for measured spells.
A possible explanation is that the temperature measured during each
circulation type has been gradually increasing in most cases, increasing
the probability of the occurrence of warm spells and decreasing it for
cold spells. The length of warm spells has been decreasing for cold
spells in summer and mostly increasing for both seasons with a few
exceptions. At JRL, where warm spells in summer have increased in
frequency but decreased in length, a possible reason is that few extremely
long but infrequent resulted in a high average length in the beginning of
the analyzed time period, whereas later on as the average temperature
has been increasing, the frequency of shorter spells has been increasing
resulting in a lowering of the average length. The reason why it has
not been observed at other locations could be the characteristics of
the local climate with smaller differences between average and extreme
temperatures due to large influence from the sea.

Overall, the changes in the atmospheric circulation are possible to ac-

count for a part of change the frequency of cold and warm spells in Nor-
way, but a dominating factor is, nevertheless, an increasing temperature for
all circulation types.
For a further study it would be recommended to apply the same classific-
ation methods on pressure at different altitudes, e.g. geopotential height
at 500 hPa, in order to see if there is a stronger connection to cold and
warm spells, or even add more classification methods to look at average
trends. As northern parts of Norway, in particular Karasjok, are close to
the outer borders of the domain used for classification of the circulation
types, the domain could be expanded towards east to see if a better relation
between circulation types and temperature extremes in that region could
be achieved. A possible uncertainty was also due to comparing of daily
minimum/maximum temperature to daily-mean pressure field. Compar-
ing of temperature measurements to the pressure field at the exact same
moment could provide a better connection between temperature and cir-
culation types.
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Figure A.1: Frequency of cold and warm spells during winter and summer in

four different locations. Vertical lines show number of spells for each year, while

slanted lines show linear regression trends.
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Figure A.2: Length of cold and warm spells during winter and summer in four
different locations. Vertical lines show length of every spell separately, while
slanted lines show linear regression trends.
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Figure A.3: 9 circulation types for k-means classification (KMNO09). First axis
indicates longitude, while second axis indicates latitude. Colors are showing sea
level pressure (SLP) in hPa. Red: high SLP, blue: low SLP.

Figure A.4: 9 circulation types for Lund classification (LNDQ09). First axis
indicates longitude, while second axis indicates latitude. Colors are showing sea
level pressure (SLP) in hPa. Red: high SLP, blue: low SLP.
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Figure A.5: 9 circulation types for PTT classification (PTT09). First axis indicates
longitude, while second axis indicates latitude. Colors are showing sea level
pressure (SLP) in hPa. Red: high SLP, blue: low SLP.

Figure A.6: 10 circulation types for PXE classification (PXE10). First axis indicates
longitude, while second axis indicates latitude. Colors are showing sea level
pressure (SLP) in hPa. Red: high SLP, blue: low SLP.

44



<

=

Figure A.7: 9 circulation types for simulated annealing clustering classification
(SAN09). First axis indicates longitude, while second axis indicates latitude.
Colors are showing sea level pressure (SLP) in hPa. Red: high SLP, blue: low
SLP.
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Figure A.8: Average temperature on each day of periods of persistent circula-
tion based on CTs associated with each kind of spell. Horizontal lines are corres-
ponding to the median temperature (gray), 25th percentile (light blue) and 75th

percentile (light red).
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Figure A.9: Frequency of periods of persistent circulation resulting in cold and
warm spells during winter and summer in four different locations as an average
of all six classification methods. Vertical lines show number of periods for each
year, while slanted lines show linear regression trends.



