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Abstract

The Max Planck Institute Earth System Model MPI-ESM1.2 performed a

global transient Holocene simulation spanning the period 6000 BCE to

1850 CE. The simulation only accounts for orbital and land-use forcing.

Within the model data the climate of the Baltic Sea region, defined with

a specific mask, was analysed. A systematic temperature shift yielding

higher spring and lower summer temperatures was identified and

attributed to changing northern hemisphere insolation. The Holocene

Climate Optimum (HCO), the Medieval Climate Anomaly (MCA) and

the Little Ice Age (LIA) were identified through temperature anomalies

of about ±0.2K and the prevailing climate analysed. Primarily during

winter months the North Atlantic Oscillation (NAO) was found to

influence the Baltic Sea region climate. This influence is characterized

by correlation coefficients above 0.5 between the Baltic Sea region

temperature and the Baltic Sea region precipitation as well as the NAO

pressure difference. Substantial temperature anomalies during MCA

fall and LIA spring coinciding with fluctuations of the NAO pressure

difference were found.
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Chapter 1.

Introduction

Studying how climates have changed in the past helps in understanding the funda-

mental mechanisms of natural climate variability. Applying this knowledge to climate

models crucially improves their ability to predict future climate change. The recon-

struction of past climate is often based on a combination of historical records of direct

observations and proxy data such as tree rings, glacier ice and marine sediments and

climate models [PAGES 2k Consortium, 2013]. Historical records and proxy data are

limited and only provide information on specific aspects like temperature and wind

on regional scales. Climate models on the other hand are able to produce a thorough

and complete picture of global past climate in contrast to the reconstructions, which is

why they play an essential role in paleoclimate reconstruction [Ludwig et al., 2018].

Modern paleoclimate reconstructions such as Askjær et al. [2022] use a combination of

recorded and reconstructed data and climate models.

In this research the climate of the Baltic Sea region is analysed based on model data

of the Earth System Model of the Max Planck Institute for Meteorology (MPI-ESM1.2)

[Giorgetta et al., 2013] which performed a global transient Holocene simulation. The

model uses the general circulation models GCMs, [e.g. Balaji et al., 2022] ECHAM6

[Stevens et al., 2013] for the atmospheric and MPI-OM [Jungclaus et al., 2013] for the

ocean component in combination with the JSBACH land model [Reick et al., 2013].

Gutjahr et al. [2019] described the models adaption to higher horizontal resolutions

and improved ocean physics in his research. The run analysed in this research only takes

interactive vegetation and orbital forcing into account (SLO0043). A different MPI-

ESM1.2 run performed by the Max-Planck-Institute for Meteorology included orbital

forcing, spectral solar irradiance, greenhouse-gas concentrations, land-use changes,

stratospheric volcanic aerosol distribution, and stratospheric ozone. The results are
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2 Introduction

used by Bader et al. [2020] who discovered a global cooling and warming mode during

the Holocene and by Dallmeyer et al. [2020] who analysed the end of the African

humid period.

Of course the MPI-ESM is not the first climate model. The ECHO-G coupled climate

model used by Min et al. [2004] consists of the atmospheric component ECHAM4 and

the ocean component HOPE-G and external forcing is fixed. The atmosphere–ocean

general circulation model (AOGCM) of the Max-Planck-Institute for Meteorology [Jung-

claus et al., 2006] was used as a prototype by the Intergovernmental Panel on Climate

Change (IPCC) for their Fourth Assessment Report (AR4). It unites the ECHAM5 atmo-

spheric component with the MPI-OM ocean component coupled by OASIS. Four years

later the first ensemble simulations over the last 1200 years with an Earth system model

including a full carbon cycle were done [Jungclaus et al., 2010]. The model included

ECHAM5, MPI-OM, OASIS3 and the carbon cycle consisting of the ocean biogeochem-

istry model HAMOCC5 and the JSBACH land-surface model. The simulation accounted

for solar, volcanic, orbital, greenhouse gas and aerosol forcing and land cover changes.

A good overview of state of the art transient Holocene simulations is given by Askjær

et al. [2022]. Besides the MPI-ESM1.2 examined in this research used models include

the AWI-Earth System Model 2 [Shi et al., 2020], the EC-Earth3 [Zhang et al., 2021],

the HadCM3-M2.1d [Hopcroft and Valdes, 2021], the IPSL ESM [Braconnot et al.,

2019] and the NNU 12k model [Sun et al., 2020]. All of the models can account for sea

ice, vegetation, land-surface, orbital forcing and greenhouse gases. Few comprehend

ice-sheets, solar irradiance and land use forcing. But only the HadCM3-M2.1d and

the MPI-ESM1.2 are advanced enough to take volcanic forcing into account. Recent

studies show that volcanic activity can be a strong driver of climate variability [Sigl

et al., 2015], [Lin et al., 2022] which underlines the importance of the inclusion of

volcanic forcing in climate models. Mann et al. [2021] recently concluded that the

Atlantic Multidecadal Oscillation which constantly influences the Baltic Sea [Börgel

et al., 2018] is primarily forced by explosive volcanism.

As done with the inclusion of volcanoes, climate models are constantly being im-

proved and developed further. The Coupled Model Intercomparison Project (CMIP)

[Eyring et al., 2016] is an international effort to compare and evaluate climate models

from around the world. A main part of the project is the Paleoclimate Modelling

Intercomparison Project PMIP [Kageyama et al., 2018] which compares modelled pale-
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oclimate with reconstructions based on physical, geological or chemical records. This

comparison is carried out for five different periods, one of them being the mid Holocene

spanning the last 6 ka [Otto-Bliesner et al., 2017].

All of the climate models mentioned above are global models. The global scale of the

models causes the need of high computing power and a coarse resolution compared

to regional climate models. Using the latter can be beneficial especially over areas

with a complex surface structure and at modelling hydrological processes [Ludwig

et al., 2018]. Attempts are already made modelling the climate of the Baltic Sea region

with regional climate models [e.g. Schimanke et al., 2012, Kjellström and Ruosteenoja,

2007].

There are two quasi-stationary sea level pressure systems in the Northern Atlantic: the

Icelandic Low located near Iceland and the Azores High located around the Azores

off the Portuguese coast. The pressure gradient between them is not constant but

rather oscillates on decadal time frames. The oscillation is often quantified by the NAO

index which takes on positive or negative values depending on the pressure difference

[e.g. Börgel, 2020]. The NAO has a major influence on wind fields and thus heat and

precipitation flux over the central and eastern North Atlantic [Hurrell, 1995]. This

effect continues further to the NAO not only directly influencing Northern Atlantic

climate but also having a major impact on Baltic Sea climate in winter [Lehmann et al.,

2002, Schimanke et al., 2012].

A big part of studying paleoclimate is the investigation of longer periods of climate

anomalies. Identifying their causes gives important insight into internal feedback

mechanisms of the Earth’s climate system. The three most researched global Holocene

climate periods are the Holocene Climate Optimum (HCO), the Medieval Climate

Anomaly (MCA) and the Little Ice Age (LIA). Warden et al. [2017] described the HCO

in Europe as a period of higher temperatures starting about 6000 years ago and lasting

for 1500 years based on sea surface temperature records from the Baltic Sea. The re-

search reasons the cooling at the end of the HCO with a decrease in summer insolation.

The European temperature reconstruction of the PAGES 2k Consortium [2013] found

warmer temperatures from the 8th to 10th century while a colder climate prevailed

from 1250 to 1850 CE highly coinciding with periods of volcanic-solar forcing. Mann

et al. [2009] used proxy records and model reconstructions to date the MCA from

950 to 1250 CE and the LIA from 1400 to 1700 CE. They explain the development

of the periods through the influence of large-scale processes, such as the NAO and El
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Niño, which responded to solar insolation forcing. The research of Miller et al. [2012]

concluded that the LIA was caused by volcanism and continued due to sea-ice/ocean

feedbacks. Trouet et al. [2009] found a strong NAO+ mode dominating the European

MCA and a weakening of that mode to be part of the transition to the LIA.

Within the framework of this research the climate periods HCO, MCA and LIA were

identified and the interrelation between Baltic Sea region temperature and precipitation

was analysed on a spatial and temporal scale for the model period and the climate

periods. The NAO was characterized and the seasonal influence of the NAO pressure

difference on the previous results was analysed.

The following chapter will give an overview of the model data and the used eval-

uation methods including a Baltic Sea catchment area mask. Afterwards the results for

the climate periods, the temperature precipitation interrelation and the NAO influence

are presented. They are furthermore discussed with regard to the findings of other

researches and concluded. Further implications of the findings are presented.



Chapter 2.

Methods

2.1. Model data

This research evaluates model data of the Max Planck Institute for Meteorology Earth

System Model MPI-ESM1.2 [Giorgetta et al., 2013]. The model performed a global

transient Holocene paleoclimate simulation spanning the period of 6000 BCE to 1850

CE. Thus it only covers preindustrial times and doesn’t account for human-made green-

house gas emissions. The simulation employs the general circulation model ECHAM6

modeling the atmospheric component [Stevens et al., 2013], the JSBACH land model

modeling soil and vegetation [Reick et al., 2013], the ocean general circulation model

MPI-OM [Jungclaus et al., 2013] including a sea-ice model and the HAMOCC5 model

for marine biogeochemistry, and the coupling program OASIS. A further explanation of

the model composition is given in the paper of [Giorgetta et al., 2013]. This research

investigates ECHAM6 data with a T63 resolution of 1.875◦ x 1.875◦ on 47 vertical

levels.

Albeit the models ability to account for volcanic forcing the run investigated in this

research only includes forcing through land use and orbital changes. The land use

forcing is geared to Hurtt et al. [2011]. It starts at 850 CE and linearly builds up over

a 1000 year period starting at 150 CE. The work of Berger [1978] regarding Earth’s

orbital elements is applied to quantify orbital forcing. It includes a decline in northern

hemisphere summer and an incline in winter insolation over the model period. The

model uses the proleptic Gregorian calendar.

The model data contains monthly values of the 2m temperature (ECHAM6-Code

’var167’), the total precipitation (’var260’) as a sum of large-scale precipitation (’var142’)

and convective precipitation (’var143’), and the mean sea level pressure (’var151’)
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6 Methods

amongst others. These three variables are analysed within this research. They will

be referred to as temperature, precipitation and NAO pressure in the following. The

model data was accessed in netcdf-files using Jupyter Notebook software with Python

3 as programming language. The data of each variable consisted of values for three

coordinates, time with a length of 94200, longitude with a length of 192 and latitude

with a length of 96 values.

2.2. Data evaluation

2.2.1. Baltic Sea catchment area definition

Figure 2.1: The Baltic Sea catchment area. The red line marks the boundary up to which the
precipitation runs into the Baltic Sea. Source: [Kuliński et al., 2022].

As the ECHAM6 is a global circulation model the model data contains values for

the whole Earth. There are mainly two different ways to select the wanted Baltic Sea

region characterized by the Baltic Sea catchment area (see Figure 2.1) which covers all

freshwater inflows into the Baltic Sea out of the data.

The first and easier way is to define a longitude-latitude rectangle, for example from

9.6◦E to 32◦E and 52.4◦N to 67.4◦N [Börgel et al., 2018]. That way most of the

catchment area is covered but it also contains some additional parts that are not part of

the catchment area. During the data analysis for this research a second, more accurate
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definition was used. A specific mask for the catchment area was designed. Rectangle

and mask are shown in Figure 2.2. Note that the mask has a fairly different shape

than the catchment area shown in Figure 2.1. This is due to the usage of different

coordinate systems: Figure 2.1 shows the Baltic region in spherical coordinates looked

at from above whereas Figure 2.2 shows the region with latitude and longitude as

Cartesian coordinates. A comparison of mean temperature and precipitation of the

regions characterized by the two methods reveals the mask region being about 0.82K

warmer and receiving 0.035 mm/day (1.5% of model mean) less precipitation on

average. The temporal development of these divergences between the two methods

over the model period is shown in Figure A.1.

For an even more detailed inspection the catchment area can be divided into the

three parts Baltic Sea, land north of 60◦N and land south of 60◦N . This subdivision

allows the observation of differences between land and sea area as well as possible

north-south gradients. A map of the three resulting masks is shown in Figure 2.3.

Figure 2.2: Comparison of longitude latitude
rectangle from 9.6◦E to 32◦E and 52.4◦N
to 67.4◦N (grey) and specific mask (black).
The mask covers some areas that the rectan-
gle doesn’t, therefore it doesn’t include other
parts such as the top left corner which be-
longs to the Atlantic catchment area.

Figure 2.3: Subdivision of the Baltic Sea
catchment area into the three parts Baltic
Sea, land north of 60◦N and land south of
60◦N . Due to the grid point size of 1.875◦

x 1.875◦ some squares that are covered by
water and land.

2.2.2. Analysis strategy

This research uses three main types of plots based on different statistical methods.

The line plot shows temperature, precipitation or pressure as a function of the time,
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Figure 2.4: Exemplary Illustration of the effect of moving averages. This figure shows the same
data set with different moving averages applied to. The data set has a length of 7850 years.
From left to right the moving average length is 1, 10, 100 and 1000 years. A strong flattening
of the curve is visible.

which is averaged over the Baltic region or one of the subdivisions shown in Figure 2.3.

These variables are looked at through their annual average on the one hand, and on

the other hand through seasonal averages. For spring the mean value of March, April

and May is calculated for each year. June, July and August are summed up as summer;

September, October and November as fall and December, January and February as

winter. The research tries to find trends over time which is why it doesn’t look at how

the actual values develop over time but rather at the anomaly from the mean over a

time frame. This perspective effectively only shifts the y-axis so that it doesn’t influence

any curve but puts it in a better perspective to the mean value laying at 0. Furthermore

moving averages are used to flatten out the curves which helps to reduce noise so that

some possible underlying effects might become visible. A moving average assigns each

value the average of previous values and the value itself - for example the ten value

moving average of the data point x19 is the average of the values of x10 to x19. An

illustration is shown in Figure 2.4. Without the use of moving averages trends would be

considerably harder to detect and some shorter time scale effects might not be visible

at all. Nonetheless moving averages also smear the data so that e.g. a 50 year long

anomaly cannot be detected while applying a 500 year moving average to the data.

Map plots show the value of a variable for each grid point of the Baltic catchment

area averaged over a certain time frame. This time frame can e.g. be the whole model

period or a certain climate period. It is also possible to filter the data seasonally so that

seasonal developments become visible in a spatial resolution. Similar to the line plots

the map plots show the temperature and precipitation anomaly from the model period

mean or the mean over a certain time period. That way local differences are resolved

better and it is easier to detect whether an anomaly is positive or negative. Figure 2.5

shows three illustrative map plots of the Baltic Sea region.
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Figure 2.5: Three exemplary map plots of temperature and temperature anomaly (left),
precipitation anomaly (middle) and total precipitation (right). The ability of this plot method
to present spatial differences is obvious, the good resolution of a north to south temperature
gradient and a west to east precipitation gradient are worth noting.

Seasonal cycle plots are an additional method to depict the data as shown in Figure

2.6. A variable is analysed during a specific time period and the mean value is calculated

for each month. Applying this method to multiple time periods can visualize seasonal

shifts in the variable between the viewed time periods. Additionally if e.g. the Baltic

Sea region temperature over the model period is investigated, the temperature has to

be averaged over the area first. Using a different mask, e.g. land north of 60◦ N reveals

local differences in the seasonal cycles.

Figure 2.6: Illustration of a seasonal cycle
plot. In this Figure the seasonal cycles of three
different time slices are pictured. Note the sea-
sonal shift from blue to orange to green. The
error bars represent the standard deviation of
the average value for each month.

Figure 2.7: Mean sea level pressure over
model period. The Icelandic Low and the
Azores High are well recognizable. Both pres-
sure areas are fairly spread out which reasons
a dynamical calculation of the pressure differ-
ence.



10 Methods

2.2.3. NAO pressure difference dynamic calculation

The North Atlantic Oscillation is characterized by the pressure difference between

Azores High and Icelandic Low. Their location varies spatially. The calculation of the

difference between the pressure systems used in this research identifies the Icelandic

Low pressure at a given time as the minimum mean sea level pressure from 55◦ N to 68◦

N and 24◦ W to 37◦ W and the Azores High pressure as the maximum mean sea level

pressure from 27◦ N to 40◦ N and 26◦ W to 39◦ W. These borders were picked based on

Figure 2.7 which shows the mean sea level pressure over the North Atlantic averaged

over the model period. This dynamic approach allows a more accurate calculation of

the NAO pressure compared to the use of fixated grid points such as Reykjavik and

Lisbon for the pressure systems.



Chapter 3.

Results

At first the seasonal mean temperatures and precipitations of the Baltic Sea region were

averaged over the whole model period and observed spatially. They are pictured in

Figure 3.1 and 3.2 in the left columns. The temperatures are highest in summer and

lowest in winter and in general getting higher going from North to South. Precipitation

is highest in summer and lowest in spring. The map plots show that in spring and

summer precipitation over the Baltic Sea is lower than over the surrounding land and

the opposite in fall and winter. Calculating the seasonal mean values of the whole

region on top of the temporal mean yields the values shown in Table 3.1.

If temperature and precipitation are not averaged over the model period but only over

the Baltic Sea region instead, the middle columns of Figure 3.1 and 3.2 (100 year

moving average (MA) applied) follow. The right columns of Figure 3.1 and 3.2 show

temperature and precipitation change over the model period calculated as the 850 CE -

1850 CE mean subtracted from the 6000 BCE - 5000 BCE mean. The analysed region is

getting warmer in spring and colder in summer, both developments most pronounced

over land north of 60◦N and least pronounced over the Baltic Sea. Also summers are

becoming dryer over land and falls are becoming dryer in the southeast of the Baltic

Sea region. For fall and winter temperature and spring and winter precipitation there

is no systematic trend over the model period distinct.

Table 3.1.: Seasonal mean temperature and precipitation of the Baltic Sea region.

Spring Summer Fall Winter

Temperature [◦C] 3.1 15.2 5.5 -5.1

Precipitation [mm/day] 1.9 2.8 2.5 2.0

11
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Figure 3.1: The plots in the left column show the Baltic Sea region seasonal temperature
averaged over the model period. The central column shows the Baltic Sea region seasonal
temperature (100 year MA). In the right column the development of the seasonal temperature
over the model period is shown, calculated as the difference of the 1000 year mean temperature
of model start and end.
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Figure 3.2: The plots in the left column show the Baltic Sea region seasonal precipitation
averaged over the model period. The central column shows the Baltic Sea region seasonal
precipitation (100 year MA). In the right column the development of the seasonal precipitation
over the model period is shown, calculated as the difference of the 1000 year mean precipitation
of model start and end.
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Most of the map plots in Figure 3.1 and 3.2 show differences in temperature and

precipitation between the Baltic Sea itself and land covered area. For the land covered

area there are also some differences between the North and South notable. These

differences were further investigated dividing the Baltic Sea region into the Baltic

Sea itself, land north and land south of 60◦N. For these three regions the seasonal

temperature and precipitation cycles of start, middle and end (1000 year mean) of the

model period were analysed. They are shown in Figure 3.3.

Albeit their different scale the temperature cycles are similarly shaped for all three

regions. The regions become similarly warm in summer while it is coldest over the

land north of 60◦N in January and February. The systematic seasonal shift of cooling

summers and warming springs shown in the middle column of Figure 3.1 is distinct.

Regarding the whole model period all three regions are cooling from June to September

while they become warmer from January to May. The precipitation cycles differ between

the regions. The Baltic Sea records the highest precipitation in fall and the lowest in

May while the land regions record the lowest precipitation from January to March and

the highest in June and July. This pattern sustains over the model period with a general

trend of decreasing precipitation in summer and fall which coincides with the findings

in Figure 3.2 (middle an right column).

Figure 3.3: Seasonal cycle developments of temperature and precipitation of the Baltic Sea
region divided into the Baltic Sea, land north and land south of 60◦N. The monthly mean
values for 1000 year periods at begin, middle and end of the model period are shown. Note the
systematic seasonal shift of the temperature and the different precipitation patterns. The error
bars display plus/minus the standard deviation of each month.
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The correlation coefficients between temperature and precipitation were calculated

seasonally for each Baltic Sea region division. They are shown in Table 3.2. The values

indicate a positive correlation for winter, a slightly inverse correlation for summer and

no correlation for spring and fall. The summer and winter interrelations are further

illustrated in Figure 3.4. It shows scatter-plots of temperature and precipitation of

the divided Baltic Sea region. The different alignments of the summer and winter

scatter-plots result from the sign of the correlation. The positive correlation is most

distinct over the land north of 60◦N (0.63) and least distinct above the Baltic Sea (0.47)

while the inverse correlation is strongest over the Baltic Sea (-0.36) and weakest over

land north of 60◦N (-0.34), which is also expressed in the sharpness of the scatter-plots.

Table 3.2.: Seasonal correlation between temperature and precipitation for the whole Baltic Sea
region and divisions Baltic Sea, land north and land south of 60◦N. Apart from the correlation
for fall for land south of 60◦N all the correlations are statistically significant with p-values below
0.01.

Correlation (p-value) Spring Summer Fall Winter

Whole region 0.11 (<0.01) -0.28 (<0.01) 0.13 (<0.01) 0.58 (<0.01)

Baltic Sea 0.03 (<0.01) -0.36 (<0.01) 0.10 (<0.01) 0.47 (<0.01)

Land north of 60◦N 0.19 (<0.01) -0.22 (<0.01) 0.30 (<0.01) 0.63 (<0.01)

Land south of 60◦N 0.07 (<0.01) -0.34 (<0.01) 0.01 (>0.05) 0.57 (<0.01)

Figure 3.4: Summer and winter interrelation between temperature and precipitation for the
divided Baltic Sea region. The data points show precipitation as a function of temperature for
summer and winter of each year of the model period.
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Figure 3.5: Climate periods in the Baltic Sea region temperature. The red squares roughly
frame the Holocene Climate Optimum (1), the Medieval Climate Anomaly (2) and the Little Ice
Age (3). Note that there are two squares for the latter because two suitable periods were found
with a warmer period in between. This graph shows the temperature anomaly with a 35 year
MA for illustratory purposes.

The second key area of focus was to search for and to analyse the Baltic Sea region

climate during the Holocene Climate Optimum (HCO), the Medieval Climate Anomaly

(MCA) and the Little Ice Age (LIA). While Figure 3.5 shows the Baltic sea region

temperature anomaly with a 35 year MA, the periods were identified based on the data

without MA. Four periods were found that can be interpreted as the climate periods

above (framed in Figure 3.5).

The HCO lasted from 2664 to 1567 BCE with a temperature anomaly of +0.17K. The

MCA lasted from 604 to 843 CE with a temperature anomaly of +0.16K. For the LIA

two periods were considered: the first from 1130 to 1280 CE from now on referred

to as LIA1 and the second from 1364 to 1483 CE from now on referred to as LIA2

with temperature anomalies of -0.22K and -0.28K respectively. In contrast the whole

period from 1130 to 1483 CE only has a temperature anomaly of -0.14K. Figure 3.6

shows the period anomalies in a spatial resolution in the left column. A strong North to

South gradient is visible during the LIA2, while the north was up to 0.5K cooler, the far

south was even slightly warmer. During the other three periods the gradient also exists

but it is less pronounced. The precipitation anomalies amount to +0.008 mm/day

(+0.4%) during the HCO, -0.048 mm/day (-2.1%) during the MCA, -0.043 mm/day

(-1.9%) during the LIA1 and -0.023 mm/day (-1.0%) during the LIA2. The highest

precipitation occurred in the southwest during the HCO, in the southeast during the

LIA1 and in the East during LIA2 (see right column of Figure 3.6). There is no clear

precipitation anomaly pattern distinct as the systematic seasonal temperature shift.

Table 3.3 summarizes the anomalies during the climate periods.
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Figure 3.6: Temperature and precipitation anomalies during HCO, MCA, LIA1 and LIA2. The
map plots shows the temperature (left column) and precipitation (right column) anomalies
from the model mean during the climate periods. In the middle column the anomalies are
averaged over the Baltic Sea region thus displayed over the according period, with MAs of
150 years (HCO) and 20 years (others) respectively. Integrating the plots over space and time
respectively yields the total anomalies of the periods shown in Table 3.3.
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Table 3.3.: Identified climate periods. The duration of the periods and the temperature and
precipitation anomalies to the model period mean are shown.

Period Temperature anomaly [K] Precipitation anomaly [mm/day]

HCO, 2664-1567 BCE +0.17 +0.008

MCA, 604-843 CE +0.16 -0.048

LIA1, 1130-1280 CE -0.22 -0.043

LIA2, 1364-1483 CE -0.28 -0.023

Furthermore the seasonal cycles of temperature and precipitation anomalies of

the climate periods were analysed. They are shown in Figure 3.7. Figure A.2 shows

the same cycles without error bars for a better visibility. In order to maintain some

spatial resolution the Baltic Sea region was divided into the usual three parts. The HCO

temperature consistently stayed above the model mean with bigger deviations in fall

and winter and almost no deviations in spring and summer while the HCO precipitation

seasonal cycles move around the model mean with highs in March and September and

a low from April to July. The MCA temperature shows a strong positive anomaly from

January to May with a maximum of 1.7K on land north of 60◦N in April. It shows

a negative anomaly from June/July to September/October depending on the region

with a maximum of -0.7K on land north of 60◦N in July and August. In September

the MCA precipitation shows a strong negative anomaly of 10% for the Baltic Sea and

9% for land north of 60◦N while the southern land received less precipitation than the

model mean almost over the whole year which results in the darkest shade of orange

in the precipitation anomaly map plot in Figure 3.6 (right column). LIA1 and LIA2

show similar temperature patterns while the LIA2 is colder in March and April and

from August to December and warmer in January and February over the Baltic Sea and

the northern land. Over the whole Baltic Sea region the two periods had a positive

temperature anomaly from March to May and a negative anomaly from July to February

except the LIA2 in January and February over the southern land. The precipitation

cycles show negative anomalies in general but no distinct pattern.

In general the temperature and precipitation seasonal cycles of MCA, LIA1 and LIA2

look fairly similar and totally different than the cycles of the HCO. They show a positive

temperature anomaly in spring and a negative anomaly in summer and early fall as well

as a negative precipitation anomaly from May to October depending on the analysed

region.
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Figure 3.7: Monthly temperature and precipitation anomalies to the model mean during HCO,
MCA, LIA1 and LIA2. The Baltic Sea region was divided into Baltic Sea, land north and land
south of 60◦N again. Integrating the curves over the whole year and the whole region gives the
values shown in Table 3.3. As this Figure shows temperature and precipitation anomalies the
uncertainty intervals of +/- the standard deviation are large compared to the shown values.

As mentioned before and shown in Table 3.2 a seasonal cycle of temperature-

precipitation correlation is distinct in the model data. Albeit some minor deviations in

LIA2 January and MCA April and May this pattern persists when the correlation cycle is

regarded for the climate periods (see Figure 3.8). The summer correlations lie around

-0.3 while the winter correlations amount to between 0.55 and 0.6. Spring and fall act

as transitional periods without any notable correlation.

Figure 3.8: Seasonal cycle of temperature-precipitation correlation during the HCO, MCA, LIA1
and LIA2 compared to the model mean called ’Total’.
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Apart from 2m temperature and mean precipitation another variable was analysed

within this research: The mean sea level pressure. More precisely the pressure difference

between the Azores High and the Icelandic Low was calculated (see chapter 2.2.3). On

average this difference amounts to 2.1 kPa in spring, 1.8 kPA in summer, 2.2 kPA in fall

and 3.2 kPa in winter. The spring pressure difference anomaly from the seasonal model

mean, shown in Figure 3.9, increases consistently over the model period while there is

a decreasing trend notable for the other three seasons. For the last 2000 years these

trends seem to diminish.

Figure 3.9: Seasonal NAO pressure difference anomaly from seasonal model mean. The curves
are smoothed with a 100 year MA. Note how only the spring pressure increase while the other
three decrease. Also note that the pressure anomaly in summer is changing on a smaller scale
than during the other seasons.

The seasonal Pearson correlation between the described pressure difference and

the Baltic Sea region temperature is highest in winter with a value of 0.52, while the

correlation in spring, summer and fall amount to 0.32, 0.33 and 0.41 respectively. With

the Baltic Sea region precipitation the maximum correlation is 0.28, also in winter,

which is the only positive correlation coefficient and also the only correlation with an

absolute amount higher than 0.15. All the correlation values are shown in Table 3.4.
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Table 3.4.: Seasonal Pearson correlation coefficients between the NAO pressure difference
(referred to as pressure) and the Baltic Sea region temperature and precipitation. All of the
correlations are statistically significant with p-values below 0.01.

Correlation Spring Summer Fall Winter

Pressure-temperature 0.32 0.33 0.41 0.52

Pressure-precipitation -0.06 -0.15 -0.13 0.28

In order to investigate a possible influence of the pressure difference on the pre-

viously discussed climate periods, the anomalies of the seasonal pressure difference

during these periods from the seasonal mean over the model period were calculated.

The values are shown in Table 3.5. The MCA anomaly is the highest in spring (+116

Pa) and even negative during the other seasons. The anomalies during LIA1 and LIA2

are lowest during fall (-136 Pa and -127 Pa) and only positive in spring. The HCO

anomaly has a distinctly lower seasonal fluctuation than the anomalies during the other

three seasons and it is highest in winter with +46 Pa.

As previously done in Figure 3.8 for the correlation between Baltic Sea region tempera-

ture and precipitation, the seasonal cycles of correlation between pressure difference

and temperature and precipitation are shown in Figure 3.10. The correlation was

observed over the whole model period as well as for the previously discussed climate

periods. Generally all seasonal correlation cycles show the same pattern of highest cor-

relation in winter and lowest correlation in summer for both the correlation of pressure

difference with temperature and with precipitation of the Baltic . For each period the

correlations with temperature are higher than the correlations with precipitation which

turn slightly inverse during summer and fall.

Table 3.5.: Seasonal pressure difference anomalies from seasonal model period mean pressure
difference between Azores High and Icelandic Low during the climate periods HCO, MCA, LIA1
and LIA2.

Pressure difference anomaly [Pa] Spring Summer Fall Winter

HCO -9 12 3 46

MCA 116 -36 -67 -82

LIA1 28 -46 -136 -69

LIA2 58 -55 -127 -90
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Figure 3.10: Seasonal cycle of the correlations of the pressure difference between Azores High
and Icelandic Low and the Baltic Sea region temperature (left) and precipitation(right).

In the end of this research the influence of MA length on the correlation between

pairs of Baltic Sea region temperature and precipitation and the pressure difference

representing the NAO was analysed. The results are shown in A.3 and A.4.



Chapter 4.

Discussion and Conclusion

In this research the Baltic Sea catchment area, referred to as Baltic Sea region, was
characterized by a self-made mask that was used as a whole or divided into the three
parts Baltic Sea, land north and land south of 60◦N (see Figure 2.2 and 2.3). This
description of the region is superior to using a latitude-longitude rectangle. It leaves
out the grid points in the northwest over the Norwegian mountains which belong to the
Atlantic catchment area. These mountains receive a lot of precipitation which is why the
Baltic Sea described by the mask received in comparison 1.5% less precipitation over
the model period. The exclusion of northern combined with the inclusion of southern
grid points result in the mask region 0.8K being warmer. The precipitation difference
varies more significantly over the model period (see Figure A.1), which indicates that
the use of the mask had a stronger impact on analysed precipitation developments than
on analysed temperature developments.

The analysed data was resolved in 1.875◦x1.875◦. Albeit a better resolution would
allow a more accurate mask of the Baltic Sea catchment area as well as a more accurate
division of that mask into areas covered by land or water, it wouldn’t have a strong
influence on the main findings of this research.

The results of the investigated orbitally driven simulation are impacted by the use
of the proleptic Gregorian calendar which stays constant over the whole simulation
period. As the Earth’s orbital period varies on a small scale the calendrical and the
astronomical year are never perfectly aligned [Berger, 1978]. This discrepancy affects
the seasons which causes the simulated climate to differ from the actual climate. How-
ever these variations are minor and they don’t affect the fundamental findings of this
research either.

The general seasonal northern hemisphere temperature cycle is distinct in the model
data (see Figure 3.1, left column). In the transition from summer to winter the tem-
perature over the Baltic Sea water body lags slightly and stays warmer than over land
which can be attributed to the high heat capacity of the water. In accordance with

23



24 Discussion and Conclusion

a north to south increase in insolation there is a north-south temperature gradient
visible. Over the model period the spring months are systematically warming while
the summer months are cooling (see Figure 3.1 middle column and Figure 3.3 top
row). This change is least pronounced over the Baltic Sea and most pronounced in the
northern land regions (see Figure 3.1 right column). The systematical shift is caused
by orbital parameter changes [Berger, 1978]. Over the whole model period northern
hemisphere summer insolation decreases while winter insolation increases [e.g. Wirths
et al., 2023]. As the solar influence on the northern hemisphere climate is weakest in
winter the influence of increased winter insolation shifts to spring where there solar
influence rises again. Consequently this temperature shift can be attributed to the
inclusion of solar forcing in the investigated run SLO0043 of the MPI-ESM1.2.

The Baltic Sea region mean precipitation over the model period is higher over land than
over the Baltic Sea in spring and summer and vice versa in fall and winter (see Figure
3.2 left column). This is represented in different seasonal precipitation cycles (see 3.3,
bottom row) of the areas covered by land and water. The monthly precipitation changes
over the model period are small compared to their annual variance shown in the error
bars which represent plus/minus the standard deviation. Furthermore Kjellström and
Ruosteenoja [2007] found very similar seasonal cycles in a control run of a regional
climate model ensemble from 1961 to 1990. Consequently the determination of any
systematic precipitation shift over the model period is questionable. This is further
affirmed by the findings of Stansell et al. [2017]. For the middle Holocene which
comprises the first half of the model period they described a precipitation decrease from
November to April (coarsely corresponding to winter, DJF, and spring, MAM, in this
research) and/or a precipitation increase from May to October (coarsely corresponding
to summer, JJA, and fall, SON, in this research) which is contradictory to winter and
spring precipitation staying constant and summer and fall precipitation decreasing (see
Figure 3.2, middle column) in the analysed model data.

Based on the Baltic Sea region temperature (see Figure 3.5) Holocene climate pe-
riods were identified: The HCO from 2664 to 1567 BCE and the MCA from 604 to 843
CE. For the LIA two possible periods were considered, firstly from 1130 to 1280 CE
(LIA1) and secondly from 1364 to 1483 CE (LIA2). As of Warden et al. [2017] the HCO
started over 1000 years earlier than concluded in this research with the peak prior to
the peak marked with (1) in Figure 3.5. But only the period as chosen here shows a
distinct positive temperature anomaly, +0.17K in this case. After the peak the Baltic Sea
region temperature declines in accordance with Warden et al. [2017], probably because
of the systematic decline in summer insolation already mentioned before. The identified
MCA period partially overlaps with the proxy based findings of PAGES 2k Consortium
[2013] while the estimate of Mann et al. [2009] starts about 100 years after its end.
The MCA is characterized by a temperature anomaly of +0.16K from the model mean.
Negative temperature anomalies of -0.22K and -0.28K respectively are identified as the
first and second LIA period. The LIA2 lies at the start of the cooling period found by
PAGES 2k Consortium [2013] and partly overlaps with the reconstruction of Mann et al.
[2009] while the LIA1 period doesn’t coincide with either of these estimates. As shown
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in Figure 3.6, both LIAs are characterized by a stronger cooling in the higher latitudes
while this pattern is more distinct during the LIA2. The identified time periods of HCO,
MCA and LIA all differ from the findings of other researches and the common estimates.
This is not surprising as the investigated MPI-ESM1.2 run is strongly influenced by the
applied forcing agents and starting conditions. It is not even supposed to represent the
climate periods perfectly. Furthermore the discovered LIA periods are of questionable
nature considering volcanism, which is not included in this model run, being a probable
cause (at least partially) of the colder temperatures according to PAGES 2k Consortium
[2013] and Miller et al. [2012] besides solar forcing and others. Compared with proxy
based temperature reconstructions [PAGES 2k Consortium, 2013, Warden et al., 2017]
the temperature anomalies of all of the climate periods are rather small, which is a
common result as Luterbacher et al. [2016] found the same discrepancy in a complex
comparison of reconstructions and simulations. The difference in the temperature
estimates suggests that proxy reconstructions tend to overestimate the temperature
variability and/or that climate models aren’t properly accounting for internal climate
variability and the influence of external forcing changes.
The seasonal cycles of temperature anomalies from the model mean were analysed for
the climate periods and shown in Figure 3.7. In general the HCO seasonal temperature
cycle is the least volatile while the cycles of the other periods all show the same pattern
of positive temperature anomalies during spring and negative anomalies during sum-
mer and early fall for all three divisions of the Baltic Sea region (see Figure 3.7). As
shown in Figure 3.1 there is a systematic shift of warming spring and cooling summer
months over the model period that can be ascribed to a shift in northern hemisphere
summer and winter insolation. The HCO lays centrally in the model period so that
the systematic shift is averaged out and the temperature doesn’t deviate much from
the model mean. In contrast the MCA and LIAs are located at the end of the model
period where temperature differences from the model mean caused by the seasonal
temperature shift are more distinct resulting in warmer spring and colder summer and
early fall temperatures compared to the model mean.
While the precipitation during the HCO deviated -0.4% from the model mean the
Baltic Sea region experienced 1% more precipitation during the LIA2 and a 2% rise
during MCA and LIA1 (see Table 3.3). These precipitation differences as well as the
precipitation anomaly seasonal cycles of the climate periods (Figure 3.7 and Figure
A.2) can be interpreted similarly to the temperature patterns. In Figure 3.2 a decline
of summer and fall precipitation over the model period is visible. While the HCO
precipitation anomaly seasonal cycle shows, similar to the temperature anomaly, little
volatility the cycles of the MCA and the LIAs show a negative precipitation anomaly
from May to October depending on the analysed division of the Baltic Sea region. Again
any systematic precipitation shifts over the model period are averaged out for the HCO
anomaly resulting in little deviation from the model mean, while the shift to drier
summer and fall months is distinct in the other climate periods laying at the end of
the model period. In Figure 3.7 the uncertainty intervals of ± the standard deviation
are multiple times larger than the temperature and precipitation anomaly values. This
effect appears because the monthly standard deviation of the anomalies is the same as
the monthly standard deviation of the temperature and precipitation values themselves
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as only the scalar monthly mean value is subtracted.

The interrelation between Baltic Sea region temperature and precipitation was analysed
calculating the Pearson correlation coefficient. The analysis of Pearson correlation
coefficients does not account for autocorrelation between the variables which inflates
the correlations to some extent. Due to the large sample size of 7850 data points
the p-values of the correlation are very small indicating a statistical significance for
every correlation but one. A systematic positive correlation between Baltic Sea region
temperature and precipitation is distinct for winter with a maximum of r=0.63 for land
north of 60◦N. This relation can be reasoned with the known influence of the NAO on
northern European climate during winter [Hurrell, 1995]. A large NAO pressure gradi-
ent (NAO+ mode) results in a strong heat and moisture transport from the subtropics
to higher latitudes in addition with westerlies deviating the flux in north European
direction while a smaller pressure gradient (NAO- mode) implies the weakening of
this effect and colder and drier northern European climate [Börgel, 2020]. The lack of
positive correlations during other seasons confirms the limitation of the NAO influence
to winter months. During summer correlation coefficients of about -0.3 indicate a
slightly inverse correlation between temperature and precipitation which could possibly
be caused by atmospheric blocking mechanisms [Pfahl and Wernli, 2012] causing a low
or high pressure system to station over the Baltic Sea area for a prolonged time period
resulting in low temperatures and high precipitation or vice versa.
The seasonal cycle of the Baltic Sea region temperature-precipitation correlation (shown
in Figure 3.8) doesn’t vary substantially during HCO, MCA or LIA.

Furthermore the pressure difference between Azores High and Icelandic Low was
calculated for the model period (further referred to as NAO pressure). Instead of
subtracting the stationary pressure values of Lisbon and Reykjavik, each NAO pressure
value was calculated as the difference of the minimum pressure inside a box around
the Icelandic Low and the maximum pressure inside a box around the Azores High
(see 2.2.3 for details). Albeit this approach isn’t accurate if the actual maximum or
minimum values of the pressure systems momentarily lay outside the boxes it delivers
a very good estimate of the NAO pressure.
During winter the NAO pressure amounts to about 3 kPA, during the other seasons
to about 2 kPA giving a potential explanation for why the NAO influence on northern
European climate is usually limited to winter [Lehmann et al., 2002]. Over the model
period fall and winter NAO pressure decrease between 100-200 Pa while the spring
pressure shows a similarly scaled increase and the summer pressure doesn’t show any
significant trend at all (see Figure 3.9).
In order to analyse the influence of the NAO on HCO, MCA and LIA the seasonal NAO
pressure anomalies during the climate periods were calculated. These anomalies to
the seasonal model mean are influenced by the systematic spring pressure increase
and fall and winter pressure decrease over the model period. Taking these trends
into account the MCA still experienced higher than average NAO pressure in spring
while LIA1 and 2 experienced lower than average NAO pressure in fall (see Table 3.5).
Coincidingly the MCA temperature was distinctly higher and the LIA temperatures
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distinctly lower during the same time of the year. This connection is in accordance
with Trouet et al. [2009] who found strong NAO+ conditions during the MCA and a
weakening of those to be an aspect of the transition into the LIA, albeit the findings of
this research are limited to the MCA spring and the LIA fall, which might indicate the
temporary influence of the NAO on Baltic Sea region climate during seasons other than
winter.
The seasonal Pearson correlation of the NAO pressure with the Baltic Sea region temper-
ature is generally higher than with the Baltic Sea region precipitation (see Table 3.4).
Both correlations show a similar seasonal cycle with a clear maximum in winter (see
Figure 3.10) further confirming the NAOs influence on Baltic Sea region climate during
winter. Apart from some unsystematic deviations these cycles remain similarly shaped
if the climate periods HCO, MCA and LIA are observed. Consequently no systematic
correlation change during the periods can be deduced. As the used Pearson correlation
does not account for autocorrelation between the variables all of the correlations are
inflated to some degree.

Summing up, the Baltic Sea region experienced a systematic seasonal temperature
shift characterized by warming spring and cooling summer months over the model
period caused by a shift of northern hemisphere insolation from summer to winter.
Furthermore the data suggests summer and fall systematically becoming drier over the
model period, but large error intervals and contrary findings of a proxy based research
indicate caution. HCO, MCA and LIA were identified with small temperature anomalies
of about ±0.2K and during time intervals fairly differing from the estimated periods
of other researches. The findings of the LIA have to be questioned in general as the
climate period is at least partially affected by volcanic forcing which the model run
didn’t account for. The influence of the NAO on the climate of the Baltic Sea region
during winter is distinct in the model data as strong correlations between temperature
and NAO pressure difference as well as precipitation can be found. Additionally signifi-
cant temperature anomalies during MCA and LIA in spring and fall, respectively, were
discovered to coincide with positive and negative, respectively, NAO pressure anomalies
during the same seasons.
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Appendix A.

Figures

Figure A.1: Difference of the mean temperature (left) and mean precipitation (right) between
the two regions used to characterize the Baltic Sea catchment area (see chapter 2.2.1. The
50 year MA is depicted. The temperature via specific mask is about 0.82K higher than the
temperature via longitude-latitude rectangle and the precipitation is about 0.035 mm/day
(1.5% of model mean) lower on average.
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Figure A.2: Annual cycle of temperature and precipitation anomalies to the model mean during
HCO, MCA, LIA1 and LIA2. The Baltic Sea region was divided into Baltic Sea, land north and
land south of 60◦N. This Figure doesn’t show error bars for a better visibility.

Figure A.3: Seasonal correlation of pairs of Baltic Sea region temperature and precipitation and
the pressure difference representing the NAO, shown as a function of moving average length
used to smooth the data. Note how some correlations converge to 1 while others show a totally
different behaviour.
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Figure A.4: Seasonal correlation cycle of pairs of Baltic Sea region temperature and precipitation
and the pressure difference representing the NAO. The data sets are smoothed with no (1 year),
a 10, 100 and 1000 year MA. Note how the correlation patterns inverse from higher correlation
in winter and lower in summer to higher correlation in summer and lower in winter with rising
MA lengths. Also note the anomaly in May for all three correlations, most distinct for the
precipitation-pressure correlation.
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Code availability

The full code used in this research, consisting of 14 Jupyter Notebooks

using Python as programming language, is publicly available on https:
//github.com/martiwolff/Bachelors-thesis.
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