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enized with a new automated version of the homogenization tool HOMogeniza-
ton softwarE in R. Data from 836 individual time series (1860-2021) are merged
into 456 time series with a novel automatic merging method. Merging limits the
need of interpolation of data and increase the number of long time series with-
out a net loss of data. Twenty-two of the merged time series were found to be
homogeneous. For the other time series, the median time per break-point is
17 years. 37% of the detected break-points are supported in meta data. 42% of
the data are corrected by +0.5°C or less, 3% by +1°C or more. On average cor-
rections are negative, larger in the early periods, and larger in the summertime.
The average trend 1860-2021 in the resulting merged and homogenized data set
is (0.13 + 0.03)°C decade, which does not significantly differ from that of the
raw observational data. Extremely warm months, defined as being outside of
three times the standard deviation from the average of the full time series, are
most frequent and extremely cold months least frequent in the most recent
30-year period (1991-2020). In the homogenized data set, extremely warm
months are even more frequent and extremely cold months even less frequent
in 1991-2020, than in the raw observational data set.
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1 | INTRODUCTION

location (e.g., Dienst et al., 2017), measurement equipment
(e.g., Auchmann and Bronnimann, 2012), or land-use

Climatological studies require time series data that are both
homogeneous and that covers a sufficiently long time
period (Venema et al., 2020). Long observational records
often have artificial shifts, for example due to changes in

Abbreviations: MORA, Meteorologisk Observationsdatabas for Realtid
och Arkiv; OLS, ordinary least squares; SMHI, Swedish Meteorological
and Hydrological Institute; SNHT, Standard Normal Homogeneity Test.

(e.g., Sun et al., 2016). The homogeneity of observational
data must therefore be tested, and if required, data need to
be homogenized. Several statistical tools are developed for
this purpose (Ribeiro et al., 2016; Venema et al., 2020).

At the Swedish Meteorological and Hydrological
Institute (SMHI), 35 monthly average 2 m temperature
time series were homogenized in 2011 using Standard
Normal Homogeneity Test (SNHT, Alexandersson, 1986;
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Alexandersson and Moberg, 1997). The homogenization
was last updated in 2014 to cover the period 1860-2013.
More recent observational data has been added to the
data set since then, without further homogenization. An
application of the homogenized data set is the Swedish
temperature climate indicator (SMHI, 2021). This homog-
enized data set, covering 35 time series, homogenized
with the SNHT-method is henceforth called 2014
data set’.

In 2021, SMHI shifted the new climatological normal
period 1991-2020 according to WMO (2017), which
called for a new homogenization of the monthly mean
temperature data. The SNHT method is a reliable but
labour-intensive method and the addition of new obser-
vations and newly digitized older observations demand
for the homogenization data set to be continuously
updated. Therefore, an automatic homogenization
method is appealing. The use of an automatic method
also enables the homogenization of larger data sets. A
larger data set can make the homogenization itself more
stable as each time series can be compared with more
time series from neighbouring weather stations. In addi-
tion, it makes the subsequent data analysis more stable,
especially for analysis of regional climate features.

A well-established homogenization tool is HOMoge-
nizaton softwarE in R (HOMER, Mestre et al., 2013),
used by several meteorological institutes (e.g., Coll
et al., 2014; Vertacnik et al., 2015; Kuya et al., 2020).
HOMER is a semi-automatic tool, but has recently been
develop into a fully automatic tool called Bart (Joelsson
et al., 2022). The performance of Bart has been evaluated
on synthetic benchmark data (Coscarelli et al., 2021;
Joelsson et al., 2022).

In the current study, a new homogenized monthly
average temperature dataset from the Swedish observa-
tional network is presented. In Section 2, the preparation
(Section 2.1) and the homogenization (Section 2.2) pro-
cesses are described. In Section 3, the resulting merged
input (Section 3.1) and homogenized (Section 3.2) data-
sets are described. In addition, climatological analysis of
the dataset are described in Section 3.3. The approach
and results are discussed in Section 4, and the study is
concluded in Section 5. Future work is suggested in
Section 6.

2 | APPROACH

2.1 | Merging of time series

SMHI's  digitized observation database = MORA
(Meteorologisk Observationsdatabas for Realtid och Arkiv,
SMHI, 2022a) includes 961 individual series of monthly
mean temperature with at least one datum between 1860

and 2021. In the purpose of creating a homogenized data
set, it is desirable to use long time series (Venema
et al., 2020). HOMER, the homogenization tool used in
current study, require at least 15 years of data overlap for
two time series to act as references for each other in the
homogenization process. A time series with less than
15 years of data can therefore not be included, which
leaves 686 of the 961 monthly temperature series in the
MORA database to be run through HOMER.

To optimize the use of the available data, time series
can be merged (Kuya et al., 2020). At SMHI, time series
of groups of stations has traditionally been merged manu-
ally, especially for climatological purposes (‘Manadens
véder och vatten’, SMHI, 2022b). The merging scheme of
the homogenized 2014 data set is presented in
Figures S1-S21 in Supplementary Material 1. Note that
the observational time series in MORA occasionally con-
sists of data from several weather stations, similar
enough to be regarded as singular weather stations with
re-locations. Here, the term ‘hard’ merging point refer to
a month in an observational time series for which the
data is observed at a different station than the previous
month. ‘Applied’” merging point refer to a month in a
merged time series for which the data is retrieved from a
different observational time series than the previous
month.

A few principles are used here to merge time series
from different stations:

1. Data from time series with high degree of data cover-
age are preferred.

2. The stations must be situated close to each other.

3. The time series should not be poorly correlated with
each other.

4. Stations located on islands, near coastlines, and inland
should not be mixed.

5. Data from time series with more recent observations
are preferred.

6. The number of change points between different time
series should be kept low.

7. As the resulting merged data set here is subject to
homogenization, an additional principle is used: The
current homogenization method compares parallel
time series, assumed to record the same climatology,
to find non-climatological shifts in the time series
(‘break-points’, see Section 2.2). Since two time series
with enough overlap therefore can be used to find
break-points, two time series with long overlap
(=15 years) should not be merged.

A script following the principles stated above is devel-
oped to merge suitable time series. The script has two
parts: A grouping part where stations are grouped and a
merging part where the time series of the different groups
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FIGURE 1 The process of grouping
stations in the automatic merging
scheme. A is the station with the longest
time series yet not tested in the current
grouping round. B is the station closest
to A. C is the station closest to B.

D represent a selected station close to

A and B. AB is a group, including
stations A and B with a preliminary
merged time series. When all stations
are tested the next grouping round is
started, where the new groups of
stations are included. The process is
repeated until no new pairs of stations
are tested.

of Climatology
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of stations are merged. The workflow of the grouping
part of the automatic merging script is depicted as a flow
chart in Figure 1. The merging part of the script is illus-

trated in Figure 2.

The longest acceptable distance between stations is

25 km horizontally which corresponds to the distance
between Holmon and Holmogadd, the pair of merged sta-
tions that are farthest apart in ‘Ménadens véder och vat-
ten’ (SMHI, 2022b). Similarly, the largest altitude
difference between a pair of merged stations is approxi-
mately 230 m, which is the altitude difference between

Giddede and Gdddede A. Kuya et al. (2020) used a hori-
zontal distance threshold value of 10 km and maximum
different in altitude of 100 m.

A Pearson correlation coefficient p of .9 is the lowest
acceptable correlation between two stations. The correla-
tion is only calculated between two time series (A and B)
if the overlap is at least 12 months. If the overlap is less
than 12 months, but there is a third time series (D) from
a relatively close neighbouring station for which both
time series has a 12 months overlap, the correlation is
tested with the third time series. If the difference between
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FIGURE 2

Time

The process of merging time series from a fictitious group of stations ABCD in the automatic merging scheme. Bars

represent occurrence of observations at the stations within the group: A, B, C, and D. The dashed lines represent possible change points,
dividing the different segments 1-10. A possible change point include the time points before and after a period without data of at least
3 years, segments which include periods without data shorter than 3 years are not divided. The solid line represent the selected data. Data is

selected from stations with the highest data coverage ratio (referred to as ‘Coverage’ in the figure), unless data is selected from another
station at later segment, in which case the coverage must be more than 10% higher to make a change. D is not included in the final merged

time series and will be available for other groups

the correlations is too large (p4p — ppp > .02), the pair of
stations fail the correlation test.

Two stations are not paired if one of the stations is
defined as a coastal station (closer than 10 km to the
coastline), the other station is defined as an inland sta-
tion (farther than 10 km from the coastline), and the sta-
tions are farther from each other than the distance from
the coastline to the coastal station (to enable merging of
stations that are close to each other but happens to fall
on either side of the 10 km-line). In ‘Manadens vider och
vatten’” (SMHI, 2022b), Ronneby (2 km from the coast)
and Ronneby-Breddkra (9 km from the coast) are
merged. Two stations cannot be merged if they overlap
more than 15 years, according to Principle 2.1. Finally,
there must be extra coverage between the two stations,
meaning that at least 1 month must have a datum in
A but not in B, and vice versa.

After the stations are grouped according to Figure 1,
the group's time series are constructed according to
Figure 2.

As opposed to the original time series, a merge time
series does not belong to one single station. Here, the
merged time series are ascribed to the location of the

station with the latest contributed observation to the time
series.

2.2 | Homogenization

The homogenization is performed with Bart which is an
automated version of the interactive homogenization tool
HOMER. Bart uses an array of input parameters to reject
or confirm break-points suggested by HOMER.

Two novelties have been introduced in Bart since the
version described in Joelsson et al. (2022): a reference
selection method and an optional maximum reference
limit. The time series which is homogenized in a homog-
enization process is called the ‘candidate’ time series, the
time series used for comparison in order to find a break-
point are called ‘reference’ time series. In order to keep
the number of references similar for all candidate time
series, a maximum number of references is introduced.
The maximum number of references excludes the least
suitable time series if there is a surplus of time series that
meet the criterion. This measure also reduces the
computational time.

9sUDDIT suowo)) danear) sjqesrjdde oy £q paurdA0T a1k soponIR VO 9sn Jo sd]NI 10J A1e1qrT duljuQ AS[IA\ UO (SUONIPUOI-PUE-SULIA) WO Ko[im  Areiqiourjuo//:sdny) suonipuoy) pue suo | oy 998 *[z20z/11/#1] uo Areiqr sutjuQ £oJipy ‘UOpamMS duerydo)) £q [88/°90[/7001 0 1/10p/wod Ao[im " K1eiqour{uo’sjouLt//:sdiy woly papeoiumo(] 0 ‘8800L60 1



JOELSSON ET AL.

International Journal RMetS

In addition to the maximum number of references, a
new hybrid function for the selection of references is
introduced. The hybrid reference selection function uses
both proximity and correlation to select references and
ensures that there is data coverage in at least a certain
number of references for all time points of the candidate
time series. In the current homogenization, the hybrid
selection method is used. The principles behind selection
of reference time series have similarities with the princi-
ples behind the merging between time series as described
in Section 2.1, such that there is an apparent risk of con-
fusion. The merging of time series and the selection of
references should not be confused.

In the observational network's inspection protocols
533 possible break-points are suggested. These possible
break-points include changes in the geographical location
of the weather station, measurement equipment, and
observers. The meta data also includes 723 hard merging
points (in the original observational data from the MORA
database) and 1,009 applied merging points (from the
current automatic merging scheme), described in
Section 2.1. In total, 2,265 possible break-points (includ-
ing break-points suggested in the inspection protocols,
hard and applied merging points) are used as meta data
input for Bart. A list of the break-points suggested in
meta data is included in Supplementary Material 2.

The set of input parameters for Bart are listed in
Table S2 in the Supplementary Material 1. The setup is
identical to the HOMER-inter in Joelsson et al. (2022)
with the exceptions of the correlation threshold, the ref-
erence selection method, and the maximum number of
reference series.

The method of correction and gap filling is an integral
part of HOMER. The estimated values are a sum of a cli-
mate effect, common for the reference stations, and a sta-
tion effect, constant in time within a homogeneous
period (Caussinus and Mestre, 2004). The method is
called ‘ANOVA correction model’ and is described in
detail in Domonkos (2022).

The observations based unhomogenised data set is
henceforth referred to as the ‘raw’ data set. The raw data
set is gap filled with Bart. This version of the raw data set
is referred to as the ‘gap filled raw data set’.

2.3 | Data analysis

The temperature trend is estimated using Ordinary Least
Squares (OLS) linear regression over the average annual
means over 35 selected time series included in the 2014
data set. Both the trend over the entire period (1860-
2021) and the period 1981-2021 are estimated. 1981 is
used as the starting year of the recent global trend

of Climatology

estimated in NOAA (2020). Linear trends for the period
1860-2021 are also calculated for all the time series
(‘National’), for four regions (Northern Norrland, South-
ern Norrland, Svealand, and Gétaland), see Figure 4, and
for the different seasons. These regions are the three tra-
ditional lands of Sweden: Norrland, Svealand, and Goéta-
land, where, due to its larger size, Norrland is divided in
a northern part (including the provinces Lappland, Norr-
botten, and Visterbotten) and a southern part (including
the provinces Jimtland, Angermanland, Medelpad, Hir-
jedalen, Hilsingland, and Gistrikland). The regions
divide Sweden in four approximately equally large parts
from north to south. These regions are familiar and
therefore relatable to the Swedish public.

The standardized deviation (X) from the long-term
monthly mean (u,,) over the entire time period is esti-
mated as:

xi,y,m _Iui,m (1)

~
xi,y,m = - 5
Oim

where i indicate the time series identity, m, the month,
and y, the year. The mean value is formulated as:

IN
Z Xiy,m
y=y
=", )
where the start year y; = 1860, the end year yy = 2021,
and N, the number of years. The long-term monthly stan-
dard deviation 6, is formulated as:

IN
Z (xi,y,m _,"li,m)2

V=N ~ ) (3)

Oim=

The standardized deviations in each of the different
normal periods from 1871-1900 to 1991-2020 are then
calculated.

3 | RESULTS

3.1 | Merging of time series

In this section, the results of the automatic merging of
the data set are presented. An example of a merging
scheme is presented in Figure 3. All the merging schemes
are listed in Supplementary Material 1, Table S1 and a list
of the stations with information on their locations is
included in Supplementary Material 2. The geographical
coverage of the merged and the original network are
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116490 Delsbo A

116480 Delsbo ™ 116650 Bjuraker

FIGURE 3 Example of a merging

scheme. The top panel shows the
merging scheme of Delsbo A as a thin
black line: 116650 Bjuraker 1878-01 —
1966-12, 116480 Delsbo 1967-01 —
1996-11, and 116490 Delsbo A 1995-12 -
2021-12. The bars indicate observational
data. The bottom panel shows a map of
Central Sweden with the location of the
three stations as dots, Delsbo A, Delsbo,
and Bjuraker. The empty circles indicate

locations of other stations in the full
data set.

1900 1950

0 5 1015km

presented in Figure 4. The original data set (light grey
dots) consists of 961 time series (417,972 data), of which
686 has at least 15 years data coverage (394,161 data), see
Table 1. 939,423 values are missing and must therefore
be interpolated in order to have a complete data set. The
stations with time series of at least 15years of data
(henceforth called the ‘Minimum 15 a data set’) are indi-
cated by mid-grey circles in Figure 4. The network of sta-
tions with red circles correspond to the output network if
the original network was homogenized with HOMER.
The merged data set (dark grey dots) consists of 456 time
series, where data from 836 stations are included
(395,674 data, 497,790 missing values). Figure 4 indicate
that there is no large difference in geographical distribu-
tion between the merged and Minimum 15 a data sets.
The data coverage over the time period in the merged
and the original network are shown in Figure 5a. The dif-
ference between the merged and the Minimum 15 a data
set is largest from the early 2010's to present where there
are 20-30 more time series in the merged data set. From
the mid-1990's to the early 2000's the merged data set has
15-25 fewer stations than the ‘Minimum 15 a data set’.
Histograms of the length of the time series for the merged
and the original network are shown in Figure 5b. The

2000

‘Minimum 15 a data set’ corresponds to the red bars. The
merged data set has 257 series of its total 456 series that
cover at least 60 years of data, which corresponds to the
length of two standard normal periods (WMO, 2017). The
original data set has 173 series of its total 961 series that
covers at least 60 years of data.

As an example of the sensitivity of the merging
thresholds, a merging scheme with the thresholds used
in Kuya et al. (2020) (horizontal distance threshold value
of 10 km and maximum different in altitude of 100 m)
results in a data set with 535 merged time series from
749 stations with 390,783 data and 649,257 missing values
(not shown).

3.2 | Homogenization

In this section, the results of the homogenization of the
merged data set are presented. The distribution of the
number of break-points in each of the 456-time series is
presented as a histogram in Figure 6a. For 22 time series,
no break-point is detected. These series are thus found to
be homogeneous. The median length of the homoge-
neous series is 27 years, the corresponding length for all-
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time series in the data set is 61 years. The longest homo-
geneous time series is Bjurdklubb, which has 142 years of
data. The homogeneous time series has fewer potential
break-points listed in the meta data (applied merging
points included) compared to all series in the data set:
On average two potential break-points are listed in the
meta data versus five for all series. The stations with
homogeneous series are significantly farther north com-
pared to all stations in the data set. 50% of the stations
with homogeneous series are situated north of 63.1°. Cor-
respondingly, 50% of all the stations are situated north of
59.9°. The stations with homogeneous series also have a
longer median distance to their reference stations
(on average 120 km), compared to the entire data set
(on average 96 km), indicating that these stations are
located in more sparse regions.

Minimum 15 a
Original
. Merged

FIGURE 4
the situation of the stations in the original network, the mid-grey
circles indicate the stations in the original network with at least
15 years of data and the dark grey dots represent the situation of
the head stations in the merged network

Map of the stations, the light grey dots represent

TABLE 1
number of times series in the merged data set

Set Number of time series
Original 961
Minimum 15 a 686

Merged 456

of Climatology

The most common number of detected break-points
are three break-points, which are detected in 90 time
series (21% of all time series). Thirty-three time series
have more than seven detected break-points. All the
detected break-points are listed in Table S3 in Supple-
mentary Material 1 and are included as a list in Supple-
mentary Material 2.

The mean time between break-points in each time
series is presented as a histogram in Figure 6b. Across
the series the median time per break-point is 17 years,
corresponding to six break-points per 100 years of data.
Venema et al. (2012) state that there are typically 15-
20 years per break-point in European climate records.
Two hundred fifteen time series in the current data set
(47%) has 11-23 years per break-point.

In the current homogenized data set, the number of
detected break-points are 120% of the number of detected
break-points in the 2014 data set, for the common time
period (1860-2013) and the common 35 stations. 39% of
the break-points detected in the 2014 data set are also
detected in the new data set (within 2 years). 47% of the
break-points detected in the new data set were also
detected in the previous data set. The new data set has a
smaller share of its break-points early: 25% of the
detected break-points are detected before 1939. The cor-
responding year for the 2014 data set is 1895. Note that
the merging schemes of the 2014 and the 2022 homoge-
nized data sets are not identical, see Figures S1-S21 in
Supplementary Material 1. The raw data in the 2014 data
set is therefore not simply a subset of the raw data in the
2022 data set.

For 34% of the break-points listed in meta data
(including merging points) were detected in the new data
set. 37% of the break-points detected in the new data are
supported by meta data (or the merging scheme).

In the 2022 data set, 60% of the raw data are corrected
in the homogenization process, see Figure 7a. 42% has a
correction (Thom — Tops) Of £0.5°C or smaller, 3% has a
correction of +1°C or larger. The largest correction is
—3.0°C in the month of February from 1958 to 1964 in
the Gielas time series. The largest positive correction is
+2.9°C in December 1985 in the Munsvattnet time series.
37% of the raw data has negative correction, 24% positive
correction.

Total number of time series in the original data set, number of time series in the data set longer than 15 years, and the

Number of data Number of missing data

417,972 1,450,212
394,161 939,423
395,674 490,790
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In the 2014 data set, 72% of the raw data are corrected
in the homogenization process, compared to 53% for the
same time period and over the same stations in the 2022
data set. 53% has a correction (Thom — Tops) Of +0.5°C or
smaller, 4% has a correction of +£1°C or larger (compared to
38% and 1% respectively in the corresponding part of the
2022 data set). 43% of the raw data has negative correction,
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Histogram over number of break-points. (a) Number of break-points per time series. (b) Mean time between break-points

29% positive correction (compared to 34% and 19% respec-
tively in the corresponding part of the 2022 data set).

Larger corrections are more frequent in the earlier parts
of the data, see Figure 7b. The distribution and the means
of the corrections are also shifted towards larger negative
corrections in the earlier parts of the data. The mean abso-
lute correction in the period 1871-1900 is (0.320 + 0.004)°C
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and the mean correction —0.213(5)°C. The absolute correc-
tion for the 1991-2020 period is (0.030 + 0.001)°C and the
mean correction is (—0.006 + 0.001)°C.

The largest mean correction of the full period is in the
summer months June-August ([—0.050 + 0.002]°C), the
smallest mean correction is in the winter months
December-February ([-0.033 + 0.002]°C), see Figure 7c.

An example of a set of references are presented in
Figure 8. An example of a homogenized time series are

presented in Figure 9. All-time series are available as
plain text files in Supplementary Material 2.

3.3 | Data analysis

In this section, some climatological features of the
homogenized data set are presented. Based on the new
homogenized data set, the trend for the period 1860
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FIGURE 8 Example of a reference series set. The top panel shows the reference series set for the candidate series Delsbo A (black). The

bars indicate observational data in the different series. The dashed vertical lines indicate the start and end of the candidate series, the thin

black line describe the total number of active stations in the reference set. The bottom panel shows a map of Central Sweden with the
location of the stations in the reference set as circles according to the shade of grey of the top panel. The empty circles indicate locations of

other stations in the full data set

through 2021 is estimated at (0.13 + 0.03)°C decade, see
Figure 10. The corresponding raw data has an estimated
trend of (0.11 +0.03)°C decade and 2014 data set
(0.12 + 0.03)°C decade. The uncertainty is given as the
95% confidence interval. As a comparison, an OLS linear
regression of the HadCRUTS5 global annual mean tem-
perature data (Morice et al., 2021) 1860-2021 gives a
trend of (0.07 + 0.01)°C decade.

At the precision of the uncertainty level, the estimated
trend and its standard deviation for the entire data set and
the 35-time series corresponding to those included in the
previous homogenized data set are identical, both for the
homogenized and the raw gap filled data.

Since 1981, used as the starting point of a late warm-
ing trend by NOAA (2020), the 2022 data set and the
2014 data set has estimated trends of (0.49 + 0.22)°C
decade and (0.50 + 0.22)°C  decade respectively.

Correspondingly, the raw gap filled data shows a trend of
(0.47 + 0.22)°C decade. Again, comparing with the global
mean, the HadCRUTS5 data has a trend of (0.20 + 0.02)°C
decade in the period 1981-2021. The confidence intervals
of the trend estimates are given as the 95% confidence
interval level.

The regional and seasonal linear trends (1860-2021)
are presented in Table 2. For the longer trend (1860-
2021), the rate of warming in the spring months (March,
April, and May) is significantly higher compared to the
annual trend. There is no significant difference in the
rate of warming between the different regions. For the
short trend (1981-2021), the rate of warming in winter is
largest, but the variability is large.

The frequency of deviations, as defined in
Equation (1) in the raw gap filled and homogenized 2022
data sets as they occur in the different normal periods
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are presented as a box plot in Figure 11. (54 +4) % of
cold extremes (<—3 SD) in the homogenized data
occurred in 1871-1900, whilst (6 + 1) % occurred in
1991-2020. Corresponding values in the raw gap filled
data is (47 + 3) % and (8 = 1) % respectively. (1 + 1) % of
warm extremes (>3 SD) in the homogenized data

of Climatology

occurred in 1871-1900, whilst (91 +5) % occurred
in 1991-2020. Corresponding values in the raw gap filled
data is (3 + 1) % and (86 + 5) % respectively. Confidence
intervals of frequency of deviations are given at 95%
level and are calculated by the bootstrap method
(Efron, 1992).

1 I Raw
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FIGURE 9

Example of a homogenized series (Delsbo A). The solid lines represent homogenized (dark grey: 2022 data set and mid-grey:

2014 data set) and raw (light grey) annual mean temperature values. The vertical dashed lines represent detected break-points (dark grey:
2022 data set and mid-grey: 2014 data set) and suggested break-points (light grey: Meta data and applied merging points)
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temperatures, averaged over 35 selected g
time series. Linear annual mean g— 4-
temperature trend from 1860 through &
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2021 (dot-dashed), a Gauflian fit of the
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-o— 2022 data set
2014 data set
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the annual mean temperature are
represented as dots

TABLE 2
confidence interval

1950 2000 e Annual mean

Regional and seasonal linear trends 1860-2021 (upper rows) and 1981-2021 (lower rows), uncertainties are gives as 95%

/°C decade
National Northern Norrland Southern Norrland Svealand Gotaland
Annual 0.13 +0.03 0.12 + 0.04 0.13 + 0.03 0.14 + 0.03 0.12 £ 0.03
0.47 +£0.22 0.48 + 0.23 0.47 +0.23 0.48 +0.23 0.47 +£0.21
Winter 0.13 + 0.08 0.13 + 0.09 0.15 + 0.09 0.14 + 0.08 0.11 + 0.07
0.68 + 0.60 0.77 + 0.68 0.77 + 0.66 0.67 + 0.63 0.58 + 0.56
Spring 0.18 + 0.04 0.18 + 0.05 0.18 + 0.04 0.20 + 0.04 0.17 +£ 0.04
0.39 + 0.26 0.37 £ 0.29 0.36 + 0.26 0.40 + 0.27 0.40 + 0.27
Summer 0.10 + 0.03 0.08 + 0.04 0.10 + 0.03 0.11 + 0.03 0.10 + 0.03
0.43 +0.23 0.43 + 0.23 0.38 + 0.25 0.44 + 0.25 0.45 + 0.25
Autumn 0.11 + 0.04 0.10 + 0.05 0.11 + 0.04 0.12 + 0.04 0.11 + 0.03
0.44 +0.27 0.42 + 0.34 0.41 +0.29 0.44 + 0.28 0.46 + 0.25
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Frequency of standardized deviation in all time series from the mean of specific months over the entire data sets, the

middle of the boxes represent the median of the data whilst the edges represent the first and third quartiles respectively, the vertical line
indicate 1.5 times the interquartile range above or below the first and third quartile respectively, and the dots represent values above or

below the range of the vertical line

The average monthly standard deviation in the raw
gap filled and the homogenized data sets are 2.10°C and
2.12°C respectively.

4 | DISCUSSION

The merging of data series enables the use of a larger part
of the observational data set, since about 30% of the time
series in the observational data set includes less than
15 years of data. On the other hand, overlapping data in
merged time series are discarded. In the current merged
scheme, there is a small gain in data in the merging of
time series (about 0.4%). More prominent is the decrease
in the fraction of missing data, from 70% in the Minimum
15 a data set to 55% in the merged data set. Missing data

must be interpolated in the homogenization process.
There is also an increase of long time series, for example,
the number of time series that cover at least 60 years of
data increases from 173 to 257 when merging of time
series is applied.

The optimal sensitivity of the homogenization
method is an open question. Joelsson et al. (2022) con-
cluded that a more sensitive method will detect a larger
portion of the actual break-points (‘true positives’), but
also misinterpret more of the natural variations as break-
points (‘false positives’) and thereby infer false correc-
tions. A less sensitive method will, on the other hand,
detect both fewer true and false positives. The sensitivity
of the current method is higher than the previous SNHT-
based method (applied in the 2014 data set) with 20%
more break-points. Inconsistency of homogenization is
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discussed in O'Neill et al. (2022), where the inclusion of
meta data in homogenization methods is encouraged.
Meta data is currently an input to the Bart tool used here,
but much of the weather station inspection protocols
remains to be digitized. Efforts to digitize more of these
documents, albeit labour intensive, could potentially
improve the consistency of future homogenizations. The
fraction of detected break-points supported by meta data
is similar to the results of O'Neill et al. (2022), although
the time windows when break-points are considered to
be supported are not identical.

The frequency of break-point (one break-point every
17 years) correspond well to the typical frequency of
European climate records (one break-point every 15-
20 years) as stated by Venema et al. (2012) and therefore
gives confidence to the sensitivity of the method.

The series found to be homogeneous are relatively
short and have relatively few potential break-points in
the meta data (including merging points), indicating that
the apparent homogeneity is true homogeneity rather
than shortcomings of the homogenization method. On
the other hand, these stations seem to be located in
sparse regions (farther north and with longer distance to
their reference stations), which could indicate that the
homogenization method struggles with detecting break-
points in these regions.

Compared to the 2014 data set the number of correc-
tions of data are fewer, especially large corrections
(>1°C) are less frequent. The 2022 data set has a larger
negative bias in its corrections compared to the 2014 data
set, which are consistent with the slightly steeper warm-
ing trend in the 2022 data set, compared to the 2014
data set.

The correction has larger amplitude in the earlier
parts of the series than in the more recent parts and are
on average negative (observations are warmer than the
assumed real value). The larger corrections in the earlier
parts are expected since the homogenization method fixes
the time series to the last observed point. The shift
towards larger negative corrections could be due to inad-
equate measurement techniques in the early parts of the
data sets. Inadequate measurement techniques of
temperature tend to return especially too warm summer-
time measurements (Moberg et al., 2003; Bohm
et al., 2010). In the current data set the average correction
is significantly more negative in the summertime than in
the wintertime.

The estimated shift in trend when data is homoge-
nized is not significant, especially the estimated shift in
trend over the last 40 years (from 1981) is very small com-
pared to the uncertainty. The trend itself is significant in
both the homogenized and the raw data, both over the
entire period and over the last 40 years. The estimated

of Climatology

rate of warming is about double the global trend which
are consistent with the estimated Arctic amplification for
the region (Smith et al., 2019). The rate of warming in the
more recent period (1981-2021) is almost four times as
high as the rate of the entire period. This is consistent
with the estimate represented in Gulev et al. (2021).

The stronger trend in winter and spring compared to
summer and autumn is consistent with a recent report of
climate change in the Baltic region (Meier et al., 2022).
Kjellstrom et al. (2022), who estimated the mean seasonal
temperature in the normal periods 1961-1990 and 1991-
2020 from ERAS data, found a similar seasonal pattern.
They argue that the increased wintertime temperatures
from 1961 partly can be attributed to generally more
zonal conditions.

There is no significant difference in trends between
the regions. Meier et al. (2022) divided the Baltic region
into two parts; north and south of the 60th parallel. They
report no difference in annual mean temperature trends
between the northern and the southern parts. In seasonal
trends, however, there are some differences reported,
albeit no confidence intervals are given.

Cold extremes are more common and warm extremes
are less common in the earliest period (1871-1900) than
in the most recent period (1991-2020). There is a small
but significant shift in the frequency of extremes when
the data is homogenized. The shift is consistent with the
shift in trend and the distribution of corrections where
the homogenization process finds more of the observa-
tions to be too warm than too cold.

5 | CONCLUSIONS

Monthly average temperature data (1860-2021) from
836 Swedish weather stations are merged into 456 time
series. The data set is homogenized using a recently
developed automatic version of the HOMER homogeni-
zation tool. Twenty-two of the merged times series were
found to be homogeneous. The median number of years
of data per break-point is 17 years.

The trend of the mean annual temperatures averaged
over the entire data set for the period 1860 through 2021
is (0.13 £ 0.03)°C decade. The homogenization does not
significantly change the trend. The rate of warming is
larger in spring and winter than in summer and autumn.
There is no significant regional difference. The rate of
warming since 1981 is almost four times the average rate
of the entire period.

Extremely warm months (>3 SD) are more frequent
in the most recent period than in the earliest period,
extremely cold months less frequent. Homogenization
increases these differences.

9sUDDIT suowo)) danear) sjqesrjdde oy £q paurdA0T a1k soponIR VO 9sn Jo sd]NI 10J A1e1qrT duljuQ AS[IA\ UO (SUONIPUOI-PUE-SULIA) WO Ko[im  Areiqiourjuo//:sdny) suonipuoy) pue suo | oy 998 *[z20z/11/#1] uo Areiqr sutjuQ £oJipy ‘UOpamMS duerydo)) £q [88/°90[/7001 0 1/10p/wod Ao[im " K1eiqour{uo’sjouLt//:sdiy woly papeoiumo(] 0 ‘8800L60 1



14 International Journal

BMELS

JOELSSON ET AL.

of Climatology

6 | OUTLOOK

Future work includes the homogenization of monthly
averages of daily maximum and minimum temperature
series, expansion of the monthly data to daily data, and
homogenization of precipitation time series.

Using the recently released SMHI GridClim
(Andersson et al., 2021), a gridded data set of several of
meteorological parameters over the Swedish domain, it
could be possible to check the area for which the clima-
tology in a certain point is representative and thereby
improve of the vertical and horizontal thresholds in the
merging method.
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