Institute for
Atmospheric and
Climate Science

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

MASTER'S THESIS

The stable water isotope structure
of the July 2018 blocking event
over the Eurasian Arctic

Department of Environmental Systems Science, ETH Zurich
Institute for Atmospheric and Climate Science

Supervisors

Franziska Aemisegger (main supervisor)
Institute for Atmospheric and Climate Science, ETH Zurich

Heini Wernli
Institute for Atmospheric and Climate Science, ETH Zurich

Submitted by

Janine Wetter
wetterjQethz.ch
16-920-373

Zurich, April 8, 2021






Abstract

The Arctic is warming twice as fast as the global average, leading to a dramatic
decrease in summer sea ice extent. Summers with a particularly strong sea ice
reduction are characterized by enhanced anticyclonic circulation anomalies which
further favour hot temperature extremes and forest fires in Scandinavia and the
Russian Arctic. The strong surface-atmosphere coupling associated with relatively
dry and cloud-free conditions plays a key role for the impact of such events on the
environment. In this context an advanced understanding of the moisture structure
of particularly persistent anticyclones (so called blockings) is important. In this
regard, stable water vapour isotopes are a useful tool, as they are a natural tracer
of the origin and moist processes experienced by air-parcels arriving in blocking an-
ticyclones. In this Master’s thesis, station-based stable water vapour measurements
from Pallas (Finnland), satellite-based observations from the Tropospheric Moni-
toring Instrument (TROPOMI) and isotopic simulations from the isotope-enabled
numerical weather model COSMO;,, were combined with ERA5 reanalysis data to
reconstruct the moisture sources of the particularly persistent blocking event in July
2018 with the help of backward trajectories. The isotope signature and humidity
pattern associated with the anticyclone shows a spiral-shaped structure due to the
clockwise circulation of the anticyclone with a more humid and enriched signal in
the West and a drier and more depleted signal in the East. The total column in-
tegrated isotopic signal measured with the TROPOMI showed a slight shift of the
spiral-shaped signature towards the South and fewer gradations between the very
enriched (-120%0) and very depleted (-250%0) 0D signals compared to the COSMO;g,
model simulations. A moist, high §D ring-like structure surrounding the anticyclone
is found to be an artifact of the retrieval most likely related to scattering effects at
the edge of cloudy regions. Furthermore, the Pallas ground-based observational iso-
tope data showed that in the boundary layer also a spiral-shaped 0D structure is
visible. In the vertical a three layer structure was found in the anticyclone center
with a moist and enriched surface layer followed by a dry layer above and another
moist layer in the lower free troposphere. The moisture in the latter lower free tro-
pospheric moist layer came from more southerly regions which are generally more
humid and enriched in heavy isotopes than the moisture source regions of the drier
layer. The moisture in the boundary layer was taken up locally by surface exchange.
For future studies it would be interesting to compare this vertical three layer struc-
ture in the anticyclone center with other summer blocking events in the Eurasian
Arctic.



Plain language summary

The Arctic warms more than the global average which leads to strong sea ice reduc-
tion during the summer months. High pressure systems that stay for several weeks
over the Eurasian Arctic (so called blockings) are associated with summers of par-
ticularly strong sea ice reductions and further favour hot temperature extremes and
forest fires in Scandinavia and the Russian Arctic. Previous studies explained this
connection with fair-weather situations that are generally favoured by high pressure
systems and therefore lead to enhanced warming radiation and reduced precipita-
tion (due to reduced cloud cover) at the surface. Nevertheless, the importance of
land-atmosphere coupling processes and feedbacks is not yet fully understood and
therefore it is important to investigate the moisture structure and the related pro-
cesses of such blocking events. For this purpose, water isotopes are a well-suited tool
as they can tell us more about the moisture history of an air-parcel. Isotopes are
water molecules with different masses. The more abundant light water molecules
consist out of one oxygen atom and two hydrogen atoms while the heavy water
molecules contain a deuterium instead of a hydrogen atom. Deuterium is a heavier
version of the hydrogen atom because it contains one additional neutron in its core.
In this Master’s thesis different isotopic datasets were used to learn more about the
moisture sources of such blocking events. Additionally, the pathways that air-parcels
took during the last days before their arrival in the high pressure system (backward
trajectories) were calculated with the help of special analysis tools and datasets
that provided the necessary wind fields for the calculation. In this Master’s thesis
an especially strong blocking event in July 2018 was investigated. The moisture as
well as the isotopic signal associated with the anticyclone, follow a spiral-like shape
due to the general clockwise circulation of a high pressure system in the northern
hemisphere. The western edge was more humid and enriched in heavy molecules
while the air in the East was drier and more depleted in heavy water molecules.
We observed a vertical three layer moisture structure in the center of the blocking.
The layer close to the surface was moist and carried more heavy water molecules
than the drier layer above. Above this drier layer an additional moist layer was
found to frequently appear which is more enriched in heavy water molecules. These
three layers differed in their origin. The air in the upper moist layer came from
more southern regions that are generally warmer and more enriched in heavy water
molecules than the air from the dry layer below that originated in the drier regions
further north that carry less heavy water molecules. Moreover, the heavy isotopes
close to the surface were taken up by evaporation of moisture at the Earth surface.
For further studies it would be interesting to investigate if we see this vertical three
layer structure in the moisture also for other summer blocking events in the Eurasian
Arctic.
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1 Introduction

In the last decades, the Arctic has warmed more than twice as fast as the global
average - a phenomenon called Arctic amplification (Serreze et al., 2008; Screen and
Simmonds, 2010; Cohen et al., 2014; Cowtan and Way, 2014). This has severe and
very diverse consequences for the environment, such as glacial retreat (Dowdeswell
et al., 1995; Overpeck et al., 1997), thawing permafrost (Lyon et al., 2009), changing
habitats for local animals and ecosystems (Jay et al., 2012; Our Planet, 2019) and
high rates of sea ice loss (Descamps et al., 2017). Anticyclones over the Arctic,
north of Siberia, have been linked to enhanced Arctic summer sea ice loss and
warm temperature extremes over the continental regions in summer (Pfahl and
Wernli, 2012; Wernli and Papritz, 2018). The descending air in the center of these
anticyclones favours fair-weather conditions (Ding et al., 2017) and thus increases
the incoming short-wave radiation at the surface. This irradiation warms the surface
(Trigo et al., 2004) and enhances summer sea ice melting in the European Arctic.
In addition, it has also serious consequences for humans. These events can lead to
dry fields and low river stages and enhance the risk of forest fires in Scandinavia
and on the continental regions of Russia (Copernicus Climate Change Service (C3S),
2018). This has for example been shown for an anticyclonic event in July 2018, when
a particularly persistent anticyclone dominated the northern Europe and Russian
Arctic summer and lead to a strong heatwave. This summer was one of the hottest
and driest in northern Europe (Watts, 2018; Sinclair et al., 2019).

While the radiative feedback of these anticyclones is well understood, not much is
known about the moisture structure and transport that is responsible for the drought
at the surface during these events. A better understanding of the moisture-related
atmospheric processes in particularly persistent anticyclones (so called blockings) is
thus needed to better protect the population from the consequences of such events.

This Master’s thesis investigates the exceptional strong blocking event in July 2018
(00 UTC on 15 July 2018 until 23 UTC on 02 August 2018) in a case study and
applies established analysis tools to study the moist processes associated with this
summer blocking over the Eurasian Arctic. Backward trajectories help to under-
stand the pathways of air-parcels before their arrival in the anticyclone and to ex-
plain the distribution of temperature, humidity and other properties in the blocking.
Furthermore, stable water vapour isotopes are used to investigate the moisture ori-
gin and processes experienced by these air-parcels in the blocking. Stable water
vapour isotopes are an especially useful tool to examine this, as they are a natural
tracer of the origin and history of an air mass. The different physical properties of
these isotopes (different saturation water vapour pressure and different diffusivities
in air) lead to measurable physical changes, as the heavier isotopes preferably stay
in the phase with stronger bonds (i.e liquid phase) in comparison to the lighter iso-
topes that more easily escape the phase with the stronger bonds (i.e. escape into the
gaseous phase). In addition, another advantage is that they can be measured with
ground-based or satellite-based instruments. A new type of such valuable observa-
tional data to investigate the isotopic signature of blocking events are shortwave
infrared remote sensing retrievals from the Tropospheric Monitoring Instrument
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(TROPOMI, Schneider et al. (2020)). This instrument is attached to a satellite
and can measure the water vapour concentration and isotopic composition (6D sig-
nal) of the total atmospheric column by measuring the shortwave infrared radiation
reflected by the Earth surface and the atmosphere and absorbed by HDO and H,'¢O
at different wavelengths (Veefkind et al., 2012). We will use the TROPOMI data in
this Master’s thesis to investigate the continental blocking event in July 2018. This
data is only available for cloud-free regions over land for the published version of the
retrieval. A new retrieval version, which takes into account scattering and allows
retrievals over low clouds over land and ocean, is in development (Schneider et al.,

2021).

Previous studies have shown that the center of this anticyclone over the European
Arctic was generally dry and depleted in heavy isotopes while along the edge of the
anticyclone a moister, cloudy ring-like structure of heavy isotopes can be observed
(Schneider et al., 2020). This is assumed to be due to enhanced adiabatic descent
in the center, which dries out the lower troposphere. As the descending air enters
the boundary layer within the anticyclone, it is moistened due to surface fluxes, and
due to the near-surface divergence it tends to transport this moisture away from
the anticyclone center. To better understand the moisture and isotopic structure of
this summer anticyclone over land, modelling data from the isotope-enabled regional
numerical weather prediction and climate model COSMO;,, are used in this Mas-
ter’s thesis. Additionally, ground-based humidity and isotope measurements from
the Finnish weather station in Pallas should give an insight into the surface isotopic
signal of the summertime blocking in 2018. The objective of this Master’s thesis
is to identify the physical processes that are responsible for the spatial variability
with large horizontal gradients in the specific humidity and the heavy isotope com-
position within the summertime blocking in July 2018 and to help to improve the
interpretation of satellite-retrieved stable water vapour isotope data.

This Master’s thesis investigates the following research questions:

e What is the moisture structure of the summertime anticyclone in July 2018
over Scandinavia and the Russian Arctic?

e Where does the dry air in the center of the surface anticyclone in July 2018
originate? What is the vertical structure of the humidity and isotope signal in
the core compared to the edge of the anticyclone?

e How do the simulated signals with the COSMO;s, compare to the boundary
layer observations and to the TROPOMI total column data?

In the following, a short general introduction into isotope physics (Section 2) and
Arctic anticyclone dynamics (Section 3) is given. In Section 4 the datasets used for
this Master’s thesis are described, while the applied methods for the analysis can be
found in Section 5. The results are presented and discussed in Section 6. Finally, a
conclusion and an outlook are given in Section 7.



2 Theoretical aspects of isotope physics

Isotopes are atoms from the same element with a different amount of neutrons but an
identical number of protons in their cores. For hydrogen (H) and oxygen (O) different
stable isotopes exist and therefore, a water molecule (H2O) can have different masses
according to the isotopic composition of its hydrogen and oxygen atoms. In this
Master’s thesis we will focus on the hydrogen isotopes in stable, non-radioactive
water molecules, so called isotopologues. Strictly speaking the term isotopes is only
used to describe atoms (such as hydrogen atoms) with a different atomic mass while
isotopologues is used for molecules (for example the water molecule HyO) with the
same molecular formula but a different molecular mass due to the different masses
of their atoms (isotopes). To simplify the terminology in this thesis the term water
isotopes is used instead of water isotopologues. The most abundant water isotopes
are 'Hy'%0, 'Hy'80, 2H'H'O and 'H,'7O. The 2H atom is also called deuterium
and often abbreviated as D. In Table 1 the natural abundance of the stable water
isotopes is listed. This Master’s thesis investigates the hydrogen isotopes 'H and 2H
(deuterium). The oxygen isotopes are not taken into account in this thesis.

Isotope Relative Mass [u]
Abundance [%]

H,10 0.99731 18

'H,®0 2.000 * 1073 20

H,'70 3.789 x 1074 19

ZHIHO 3.146 % 1074 19

Table 1: Natural Abundance |%| and molecular mass in unified atomic mass unit [u]
of the most abundant stable water isotopes listed according to their abundance (Gat
(2010)).

The mass differences of the isotopes lead to measurable physical effects. The heavier
isotopes prefer to stay in the phase with stronger bonds (i.e liquid) in comparison
to the lighter isotopes that more easily escape from the liquid to the gaseous phase.
This leads to preferential evaporation of the light isotopes during phase changes
and consequently fractionation of the isotopes. The isotopic ratio R describes this
difference in abundance of two isotopes in a given phase as a ratio between the
concentration of the more rare isotope to the concentration of the more abundant
isotope (which is i.e. the lighter molecule):

[rare isotope]

B [more abundant isotopel]

To compare different isotopic ratios, the R value of a water sample is compared
with a reference isotopic ratio Rpes. This difference is expressed with the delta ()
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notation that is defined as follow:

R(X) Sample ~ R(X) Ref

0X =
R<X)Ref

% 1000 (%o)

The § value is given in permil (%0) and as Rp.s the mean isotopic ratio of ocean
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water is used. The usual Rg.s standard for 6D (where Rgampre = [[ID{ZITC?]}) is the one

of Vienna Standard Mean Ocean Water (VSMOW). The §?H value of ocean water
is assumed to be approximately constant at a value of 0%¢ and thus Rpgf is:

Rpef DHYO = 2%(155.76) + 0.1 ppm

As explained above, phase changes of water lead to fractionation, but we need to
distinguish between two different processes that lead to this fractionation:

Equilibrium fractionation

If the phase transition takes places during saturated conditions (relative humid-
ity: 100%), the water molecules experience solely equilibrium fraction. The flux of
molecules between the two phases is equal in both directions for each isotope. The
fractionation between the light and heavy isotopes takes only place due to differ-
ences in the saturation water vapour pressure of the two isotopes (which is due to
different binding energies and molecular structures of the isotopes) and is controlled
by temperature. The lower the temperature the stronger the effect of fractionation.

Non-equilibrium fractionation

If the phase transition happens during non-saturated conditions (relative humidity
not equal to 100%), an additional effect, the so called non-equilibrium fractionation
effect, a secondary isotopic effect, comes into play. In this case a net water flux
from one phase into another happens. As molecular diffusivities in air are higher
for isotopically lighter molecules (i.e. HyO) than for isotopically heavier molecules
(HDO), more light isotopes will evaporate while the heavier molecules preferentially
stay in the liquid phase. The air is therefore depleted in heavy isotopes compared
to the liquid phase.

Isotopes have been widely used for paleoclimate reconstructions (Jouzel et al. (1982),
Johnsen et al. (1989), Vimeux et al. (1999), Stenni et al. (2001), Masson-Delmotte
et al. (2005), Steffensen et al. (2008)) and meteorological studies (e.g. Pfahl et al.
(2012), Aemisegger et al. (2015), Aemisegger and Sjolte (2018)). In this Master’s
thesis we will use new observational isotope data from the TROPOMI satellite to
learn more about the moist processes associated with the blocking event in the
Eurasian Arctic in July 2018 and to better understand the isotopic structure of such
an anticyclone.



3 Basic considerations on Arctic anticyclone dynam-
ics

The differential warming of the tropics compared to the polar regions leads to a
pronounced meridional temperature gradient. Due to the thermal wind relationship
strong westward winds at upper levels form (mid-latitude jet stream). Such zones
of baroclinic westerly flow are associated with strong wind shears and act as a
waveguide along which Rossby waves can propagate (Hoskins et al. (1985), Martius
et al. (2010)) and synoptic-scale cyclones and anticyclones, embedded in the so-
called eddy-driven jet, can grow (Charney (1947), Eady (1949)). The storm track
regions, which are the paths of travelling cyclones and anticyclones, are therefore
closely linked to the location of the jet (Blackmon et al. (1977), Chang et al. (2002)).
At upper levels, this band of anticyclones and cyclones that are embedded in the
mid-latitude jet is visible as troughs and ridges.

At the eastern edge of an upper-level trough the air is ascending due to the tilted
isentropes that ascend poleward. The surface cyclones that propagate along the
eastern edge of the upper-level trough inject air masses with low potential vorticity
(PV) into the Arctic upper troposphere. About half of the air masses experience
substantial ascent and latent heating in a warm conveyor belt (WCB) and arrive
as low-PV air in the upper troposphere (Madonna et al. (2014), Pfahl et al. (2015),
Wernli and Papritz (2018)) . It is expected that the latent heating of the ascending
air-parcels in the WCB plays an important role in the persistence of such blockings
(Massacand et al. (2001), Grams et al. (2011)). The other half moved into the up-
per troposphere nearly along isentropic surfaces without latent heating (Pfahl et al.,
2015). This advection of low PV air amplifies a ridge that is building in the upper
troposphere along the mid-latitude jet and marks the onset of the blocking. Dur-
ing the subsequent days the upper-level ridge generally amplifies and results in an
anomalously far poleward extension of the ridge and an intense upper-level anticy-
clonic flow anomaly (Steinfeld, 2019). The westerly polar jetstream is then blocked
and guided northward around the ridge showing the reason why such persistent
anticyclones are called blockings.

At the eastern edge of the ridge the air is descending along the isentropes and
leads to a surface high pressure system. Therefore blockings often extend over the
whole troposphere with a westward tilt with height. Due to the descending air, the
core of the blocking anticyclone is mostly cloud-free which enhances the short-wave
radiation at the surface and leads to warming (Steinfeld, 2019).



4 Data

To understand the humidity and isotope structure and related processes in the block-
ing system over Scandinavia and the Russian Arctic in July 2018, three different
datasets were used: one reanalysis dataset (ERAS5) and two isotope datasets (Pallas
and TROPOMI). With the reanalysis dataset ERA5 we can investigate the dis-
tribution of different properties (e.g. temperature, relative and specific humidity,
horizontal and vertical winds etc.) inside and around the anticyclone and on differ-
ent pressure levels. The ERA5 data provides us the best available estimate of the
large-scale meteorology. The two isotope datasets are observational data. The iso-
tope dataset from the Finnish weather station in Pallas is measured at the ground.
It helps to better understand the moisture and isotopic signature of the anticyclone
at the surface and to investigate phase transition processes at the land-atmosphere
interface when the descending dry air close to the center of the anticyclone reaches
the surface. The second isotope dataset is the TROPOMI dataset. The instrument
attached to the Sentinel-5 Precursor satellite provides a better understanding of the
large-scale distribution of the isotopic signal inside and around the anticyclone. In
this Master’s thesis, these three datasets were combined with the model data from
the isotope-enabled COSMOj,, model (see Section 5.2) to compare different features
from the modelled anticyclone with observations.

4.1 ERAS5 - reanalysis data

The ERA5 reanalysis dataset (Copernicus Climate Change Service (C3S), 2017)
from the European Centre for Medium Range Weather Forecasts was used on a
horizontal grid of 0.5°x0.5° grid spacing and 137 vertical levels. For the analysis,
hourly data was used. To characterise the features of the anticyclone event in July
2018, different properties were investigated with the ERAb5 data: temperature, rel-
ative and specific humidity, pressure, total cloud cover, total column water (TCW),
horizontal and vertical winds, PV at upper tropospheric levels (on 325 hPa), geopo-
tential height, potential temperature, T2m, evaporation and precipitation. The
ERADS5 reanalysis dataset enabled us to investigate the large-scale synoptic situation
and to perform an Eulerian analysis of the spatial distribution of different ther-
modynamic variables inside the anticyclone throughout the anticyclone lifetime (see
Section 6.2.1). This analysis provided the basis for the meteorological understanding
of the anticyclone’s temporal evolution and is combined later on with a Lagrangian
analysis that was conducted with the ERA5 data and the COSMO;s, model (see
Section 6.2.2). In this context, the ERA5 data was used to validate the results from
the COSMO;y, model simulations (see Section 5.2) as the ERAb reanalysis data
provides the best possible representation of the large-scale situation.

The ERA5 dataset replaced the ERA-Interim reanalysis data (Hoffmann et al.,
2019). Hoffmann et al. (2019) found differences in specific humidity along the back-
ward trajectories after one day of up to 30% between the two datasets. These
differences are due to the improved spatial resolution in ERA5, changes in the fore-
cast model, in available observations and in the data assimilation system (Hoffmann
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et al., 2019). In this Master’s thesis, the main reason for using the ERAS5 reanal-
ysis data is the hourly resolution (compared to ERA-Interim that is only available
6-hourly) and the increased spatial resolution. This provides a more detailed insight
into the evolution of the anticyclone’s moisture structure throughout the course of
a day in particular at lower-levels.

4.2 Pallas - ground-based isotope data

Hourly water vapour data (atmospheric water vapour concentration and stable water
vapour isotope (dD) signal) from the Finnish weather station Pallas (Sammaltunturi
Station, Pallas-Yllastunturi National Park operated by the Finnish Meteorological
Institute, 67.97°N 24.12°E, 555 m a. s.1., see Figure 1) was used. The data covers the
anticyclonic event in July 2018 (00 UTC on 15 July 2018 until 23 UTC on 02 August
2018). It was recorded with a cavity ring-down laser spectrometer from Picarro and
provided by Hannah Bailey and Jeffrey Welker from the University of Oulu, Finland.
The measurement accuracy is estimated at +0.6%o for 6D following all standard and
humidity concentration corrections. The measurement precision estimated from the
standard deviation of the calibration measurements at a constant humidity level is
+0.8 for D at humidity levels >2 g kg™t

4.3 TROPOMI - remote sensing total column data

The TROPOMI instrument onboard the Sentinel-5 Precursor satellite provides a
new dataset of concentrations of the stable water vapour isotopes H,O and HDO,
integrated over the whole atmospheric column. As the two isotopes absorb reflected
short-wave infrared radiation from the surface at two slightly different wavelengths at
around 2.3 pum, we can differentiate between the two isotopes and deduce accordingly
their total column densities. The TROPOMI data features daily global coverage,
while the satellite is orbiting the Earth, with a spatial resolution of up to 7 km x
7 km in the center of the 2600 km swath (Veefkind et al., 2012) since 9 November
2017 until present. For this Master’s thesis, only data over the Eurasian Arctic was
used that further covered the Finnish weather station in Pallas. TROPOMI provides
no data over oceans because ocean water does not reflect enough radiation in the
short-wave infrared range. Furthermore, the data is filtered for cloud-free regions
because scattering from clouds is not taken into account in the retrieval algorithm
used and would imply wrong stable water isotope column densities. A new retrieval
version, which takes into account scattering and allows retrievals over low clouds
over land and ocean is in development (Schneider et al., 2021).

The non-scattering TROPOMI dataset is provided by Andreas Schneider and Tobias
Borsdorft from Neatherlands Institute for Space Research. The accuracy is higher
in the low and mid-latitudes than in the high latitudes where the solar zenith angles
are larger and therefore the light pathways longer. Moreover, the albedo is lower in
the high latitude land regions in summer (Schneider et al., 2020). The uncertainties
are, however, smaller than the amplitude of the spatial variability observed in Arctic
blocking anticyclones (Schneider et al., 2020), making the TROPOMI data suitable
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for the investigation of high latitude anticyclones in this Master’s thesis. Due to the
fact that the TROPOMI measures short-wave infrared instead of thermal infrared as
many other instruments do (such as IMG, TES, MIPAS, IASI and AIRS, which have
their largest sensitivity in the stratosphere and upper troposphere), the TROPOMI
is very sensitive in the lower troposphere, including the boundary layer close to the
surface. TROPOMI uses the same spectral range as the older shortwave infrared in-
strument SCTAMACHY but has a better signal-to-noise ratio and an unprecedented
spatial resolution. As we expect that a large part of the humidity is located in the
lower troposphere, the latter sensitivity feature from the TROPOMI instrument is
very helpful for this Master’s thesis.
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5 Methods

This Master’s thesis applied established modelling tools and Lagrangian diagnos-
tics that have never been used before to analyze the moisture structure of summer
Eurasian Arctic blockings. These methods are described in more detail in the follow-
ing. First, the anticyclone mask, an algorithm to detect anticyclones, is described.
Afterward, the isotope-enabled numerical weather model COSMOy,, and its set-up
is explained, followed by a detailed explanation of the set-up of the backward tra-
jectories for ERA5 and COSMO;,. Finally, the calculation of the moisture sources
is described.

5.1 Anticyclone mask

To detect the anticyclone during the July 2018 event, an algorithm developed by
Wernli and Schwierz (2006) and slightly adapted by Sprenger et al. (2017) was
used. This algorithm can be applied to the ERAS sea level pressure data and was
originally developed to detect cyclones. For this Master’s thesis the algorithm was
modified and adapted by Michael Sprenger from the Institute for Atmospheric and
Climate Science at ETH Zurich to be able to detect anticyclones. The algorithm
identifies the anticyclone center as a local maximum in the sea level pressure field.
The area of the anticyclone is then defined as the outermost closed sea level pressure
contour enclosing the sea level pressure maximum. The anticyclone was tracked in
this Master’s thesis with hourly ERA5 data. More details about this methodology
can be found in Wernli and Schwierz (2006) and Sprenger et al. (2017).

5.2 COSMUOje, - Isotope enabled numerical weather predic-
tion model

The limited-area regional numerical weather prediction model COSMO (Consortium
for Small-scale Modeling, Steppeler et al. (2003)) is used in its isotope-enabled ver-
sion COSMO;,, (Pfahl et al., 2012) with two additional parallel water cycles for the
heavy water isotopes Hy'8O and 'H2H'®O, which mirror the water cycle of the light,
most abundant water isotope Hy'0O. These two additional water cycles are affected
by the same physical processes except that they experience isotopic fractionation
during phase change processes. The model COSMOj,, has been previously used in
other studies to investigate various aspects of the regional atmospheric water cycle
over Europe and the USA (e.g. Pfahl et al. (2012), Aemisegger et al. (2015), Christ-
ner et al. (2018), Diitsch et al. (2018), Lee et al. (2019)). In this Master’s thesis,
a COSMOj, simulation is conducted, covering the Eurasian Arctic (see Figure 1)
during the blocking event in July 2018.

The simulation was initialised by data of the global isotope-enabled model ECHAMS5-
wiso, provided by Martin Werner from the German Alfred-Wegener-Institute. The
same data was used at the lateral boundaries of the COSMO;,, domain. The
COSMO;,, simulation was spectrally nudged to the winds above 850 hPa of the
ECHAMb5-wiso data to make sure that the meteorology in the regional COSMOj,
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Figure 1: The COSMOjs domain that was used in this Master’s thesis (green line) and
the location of the Finnish weather station in Pallas (red cross) at 24.12° N and 67.97° E.

model does not deviate too much from the global model. The ECHAMSb5-wiso sim-
ulation itself was nudged (surface pressure, temperature, divergence and vorticity)
to the ERA-Interim reanalysis data (Werner et al. (2011), Butzin et al. (2014)).
The ECHAMb-wiso fields are available 6-hourly with a spectral resolution of T106
(corresponding to 88 km at 45°S) and 31 vertical levels (Thurnherr et al., 2020a).
The COSMO;,, simulations were performed at a horizontal resolution of 0.2°, cor-
responding to ~20 km, with 40 vertical levels and explicit convection. The explicit
convection setup is preferred over using the deep convection parametrisation even
at the relatively coarse resolution used here (Thurnherr et al., 2020a). Vergara-
Temprado et al. (2020) have shown that simulations with the COSMO model over
Europe represent the hydroclimate more realistic in this setup. Furthermore, sim-
ulations with the isotope-enabled version COSMOj,, over the Southern Ocean with
explicit convection revealed a reduced strength of vertical mixing and the verti-
cal isotope profiles were more realistic than with parametrised convection (Jansing,
2019).

The isotopic fractionation during surface evaporation is parametrized with the Craig-
Gordon model (Craig and Gordon, 1965) using a wind speed independent formula-
tion of the non-equilibrium fractionation factor corresponding to the Merlivat and
Jouzel fractionation factor at 6 ms'. The isotopic composition of the ocean sur-
face water is prescribed at a constant value of 1% for 6°H and §'*0. For more
details about the physics and the isotope parametrisation in the COSMO;,, model
see Doms et al. (2011) and Pfahl et al. (2012). For terrestrial surfaces, a one-layer
surface snow model with equilibrium fractionation during snow sublimation (phase
transition from solid snow to gaseous water vapour) and a multi-layer soil model (see
supplement of Christner et al. (2018)) was used. For this analysis hourly COSMO;s,
simulation outputs were used and the COSMOy,, domain is shown in Figure 1.
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Calculation of Total Column 6D (6Dyot)

In this Master’s thesis, the COSMOj, isotope signal was compared with the satellite-
based observational isotope data from the TROPOMI. As the TROPOMI signal
is a vertical column integrated isotope signal, the COSMO;, isotope signal was
integrated over the whole vertical atmospheric column. The COSMOj, total column
0D (dD¢ot) was calculated as follow:

Rtot

Rysmow

5Dy = < _ 1) « 1000

where Rysyvow is the mean isotopic ration of ocean water according to the VSMOW
standard (see Section 2) and

oo P [H DO]dp
tot —

Perl HoOldp

Psurf

5.3 Backward trajectories

Ten-day (eight-day) backward air-parcel trajectories were calculated based on the
three-dimensional wind fields from ERA5 (COSMO;g,) with the Lagrangian Analysis
Tool LAGRANTO (Wernli and Davies (1997), Sprenger and Wernli (2015)) for the
July 2018 event (00 UTC on 15 July 2018 until 23 UTC on 02 August 2018). The
COSMO;,, backward trajectories were only calculated eight days back in time as
most of them have already left the COSMO;s, domain defined for this Master’s the-
sis (see Figure 1) at this point and they were used in addition to the ERA5 backward
trajectories because the ERAS data can not show the isotopic signal. The backward
trajectories help us to understand the temporal evolution of different properties (i.e.
temperature, relative and specific humidity etc.) inside and around the anticyclone.
For this different 3D and 2D variables were interpolated to the trajectory’s posi-
tion, including pressure, specific humidity and the JD signal (for the COSMOq,
trajectories). Trajectories for the anticyclone center region were calculated with the
ERA5 data and the COSMOj,, model to compare the two outputs. For the ERAbS
(COSMO;, model) 100 trajectories were started inside a radius of 500 km around
the anticyclone core between 700-1000 hPa (500-1000 hPa) on 10 (50) vertical lay-
ers. The center was determined as the location with the highest sea level pressure.
Sometimes, when for example two locations inside the anticyclone mask showed the
same sea level pressure or the anticyclone merged with a second anticyclone, the
anticyclone center was determined manually. Please note that the center for the
ERA5 data and the COSMO;,, model vary due to the different datasets they use.
On average the longitude (latitude) of the anticyclone core in the ERA5 data is
0.222° (0.079°) larger than the longitude (longitude) from COSMO;, but this is not
a significant difference (t-test p=0.815 respectively p=0.792). With the COSMOjq,
model additional trajectories were calculated for the regions east and west of the
center. Therefore, again 100 trajectories between 500-1000 hPa on 50 vertical levels
were calculated that lie within a circle of 500 km radius that was shifted 25 km to
the East and to the West from the core.
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Anticyclone-centered trajectories

To get an overview of the different backward trajectories arriving in the center at
different times during the event, averaged anticyclone-centered trajectories were cal-
culated. Anticyclone-centered means that we calculated the trajectories relative to
the anticyclone core, independent of the latitude and longitude at which the an-
ticyclone core was situated. Therefore, for every day of the event every trajectory
arriving in a specific vertical layer (in total three different vertical layers were investi-
gated) was averaged with the other trajectories fulfilling this conditions. Afterward,
we had 19 averaged trajectories (one for each day of the event). Finally, the trajec-
tories were colored with the corresponding averaged pressure or isotopic or specific
humidity signal.

5.4 Moisture source diagnostics

The moisture sources of the air-parcels arriving in the center and the eastern and
western anticyclone region are analyzed using the method of Sodemann et al. (2008).
This method is particularly useful as it provides us a quantitative estimate of the
moisture uptake regions of the humidity arriving in the anticyclone. The moisture
sources were calculated based on the trajectories computed from ERAS5 and the
COSMO;,, simulation, as described in Section 5.3.

In short, this method considers the mass budget of water vapour in an air-parcel.
Whenever the specific humidity of an air-parcel along its trajectory increases, this is
registered as a moisture uptake. The weight of each uptake determines the relative
contribution to the final humidity of the air-parcel at its arrival. Decreases in specific
humidity indicate precipitation and are registered as a humidity loss. In this case,
the weight of all previous uptakes is reduced proportionally to the loss of humidity
during the precipitation event. In the end, the identified moisture sources of a
trajectory are weighted by the air-parcel’s specific humidity at arrival to get the
relative contribution of each uptake to the final humidity (Sodemann et al., 2008;
Aemisegger et al., 2020). This method has already been used in other studies, mainly
for the interpretation of water isotope signals in vapour and precipitation (e.g. Pfahl
and Wernli (2008), Aemisegger et al. (2014), Aemisegger (2018), Aemisegger et al.
(2020), Thurnherr et al. (2020b)).

In this Master’s thesis the moisture sources were not analyzed for single trajectories
but for trajectory bundles, where multiple trajectories were put together to analyze
the moisture source of these so called airstreams. The advantage of this procedure
is that we can analyze the moisture source of a certain subregion in the anticyclone
by selecting the trajectories arriving in a specific region. The trajectories chosen
for this analysis are the same as defined in Section 5.3 for the three subregions
in the center, the East and the West. The center was analyzed with ERA5 and
COSMO;,, trajectories while for the eastern and western region only trajectories
with the COSMOj,, were calculated and used for the moisture source diagnostics
(MSD). For each of these three subregions the trajectories were further divided into
three vertical layers. This was done due to the vertical moisture structure of the
anticyclone, as described later in Section 6.2. For the ERA5 data, the levels were
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900-1000 hPa, 800-900 hPa, 700-800 hPa. For the COSMO;,, model the vertical
layers were 900-1000 hPa, 750-850 hPa and 500-700 hPa. Different vertical levels
were chosen for the ERAS and the COSMOj,, because their moisture structure was
vertically shifted as they are based on different datasets. In this Master’s thesis, the
layer close to the surface was named "boundary layer" (BL), the layer on top "dry
layer" (DL) and the uppermost layer "moist blob" (MB).
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6 Results and discussion

To better understand the moisture structure and processes associated with the
Eurasian Arctic anticyclone at the end of July 2018, we first describe the synoptic
situation, in which it was embedded to get a better understanding of the large-scale
environment (Section 6.1). Second, one specific timestep during the event was cho-
sen, namely 23 UTC on 28 July 2018, to investigate the moisture structure, the
circulation and the associated isotopic distribution in detail (Section 6.2). Finally,
the study was expanded to the whole July 2018 event (Section 6.3).

6.1 Large-scale synoptic situation during the July 2018 event

In the following, four timesteps during the blocking anticyclone event in July 2018
(from 00 UTC on 15 July 2018 until 23 UTC on 02 August 2018) over Scandi-
navia and the Russian Arctic were chosen to describe the synoptic evolution of this
persistent event (see Figure 2). The plots are based on the ERAD reanalysis data.

On 15 July 2018 the anticyclone formed over the North Sea, North-Germany and
Denmark and expanded further towards Norway. During the following days (16 to 18
July 2018) the anticyclone expanded northward and stayed relatively stationary with
its center located over Northeast Russia and the White Sea. On 19 July 2018 the
anticyclone then moved eastward and a small high pressure system that originated
in the North Sea merged from the West. A band of humid air could be observed
between the two merging anticyclones. The next day, the anticyclone expanded
further in a zonal direction and moved eastward over Northern Russia and the Kara
Sea.

At 11 UTC on 21 July 2018 the anticyclone reached its largest zonal expansion by
spreading over 140-longitudinal degrees (see anticyclone mask in Figure 2a,b,c). The
horizontal winds on 900 hPa blew in a clockwise direction around the anticyclonic
center and showed some divergence away from the center (violet arrows in Figure
2a). This divergence can occur due to the descending air in the center that diverges
close to the surface. In the temperature signal on 900 hPa in Figure 2a we see that
the regions more poleward are generally colder than the regions further south. In
the vicinity of the anticyclone the temperature was twisted like a spiral around the
anticyclone center due to the northward (southward) blowing wind at the western
(eastern) edge of the anticyclone that transported warm (cold) air from the South
(North) towards the North (South). The same spiral-shaped structure can be seen
in Figure 2b for the TCW for the same reason and because the more southerly
(northerly) regions are generally more humid (drier) than the regions further north

(south).

Another typical feature of the anticyclone is visible in Figure 2b which shows an
almost cloud-free center with a cloudy, ring-like structure surrounding it. During
its descent the air in the center warms due to adiabatic compression which increases
its water carrying capacity and decreases its relative humidity. This leads to the
dissipation of clouds, that normally form at the boundary layer top under saturated
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Figure 2: The red contour in all pictures shows the anticyclone mask, the red cross shows
the anticyclone center and the green cross the location of the Finnish weather station in
Pallas. In the left column the temperature at 900 hPa is shown with the sea level pressure
contours in black and the horizontal wind at 900 hPa with violet arrows, based on the
ERAD reanalysis data. The middle column shows the total column water (TCW) with
the total cloud cover shown as black contours (thin black line = 30% cloud cover, thick
black line = 80% cloud cover, dotted area = more than 80% cloud cover). The right
column shows the horizontal wind on 500 hPa, the geopotential height of the 500 hPa
pressure surface as black contours and the vertical wind on 500 hPa as colored contours
(orange = downward wind, violet = upward wind). The anticyclone (indicated by the red
anticyclone mask) with a red cross in the center is the anticyclone we are investigating in
this Master’s thesis.
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conditions. Finally, Figure 2c shows us that the westerly polar jetstream that nor-
mally circulates between 40°-60°N was shifted northward to about 75°N due to the
blocking anticyclone.

At the end of 21 July 2018 the anticyclone shrunk strongly before it started to
expand towards the North and built a second maximum in sea level pressure the
next day. The northerly high pressure center intensified during its evolution and
started to move eastward on 23 July 2018. In the morning of 24 July 2018 the two
high pressure centers then split and the southerly anticyclone stayed stationary for
the rest of the day with its center over Northwestern Russia, south of the Barents
Sea. Due to the splitting more humid air was advected around the northern tip of
the southerly anticyclone (not shown).

In the morning of 25 July 2018 the pressure of the anticyclone core increased by
about 4 hPa in only a few hours due to an intrusion of anticyclonically recurving
moist air from the Southwest into the center. This lead to cloud formation in the
otherwise almost cloud-free anticyclone core (Figure 2e). At 10 UTC on 26 July
2018 another anticyclone that formed over the North Sea merged with the larger
anticyclone. Figure 2e shows that a band of humid air was advected in between the
two anticyclones.

After the merging, the northwestern high pressure center strongly increased in pres-
sure during the course of the 26 and 27 July 2018 until it reached a pressure of more
than 1032 hPa, which is higher than the pressure in the original anticyclone core in
the Southeast. Finally, the previous pressure center weakened and cutted-off in the
Southeast.

At 23 UTC on 28 July 2018 the anticyclone was enclosed by two cyclones, one to the
West and one to the East, and another anticyclone in the Southwest (Figure 2g).
This configuration amplified the ridge and the horizontal winds on 500 hPa (Figure
2i).

On 29 and 30 July 2018 the anticyclone expanded over the Greenlandic ice sheet
and moved towards the East where it formed a second high pressure center. These
two, still connected high pressure centers, shrunk during the course of the 30 July
2018 and were separated by a band of humid air (Figure 2k). Finally, at 12 UTC on
31 July 2018, the anticyclone reached its maximum meridional extension, covering
almost 40-meridional degrees (see Figure 2j,k,1).

Towards the end of the event, the anticyclone shrunk strongly and fast and with the
southward movement of the northernmost point of the anticyclone, the jet stream
finally also moved south again. On 01 August 2018 the two anticyclone centers finally
spilt, moved further south and shrunk. The more easterly center disappeared while
the anticyclone more to the West merged with another larger anticyclone in the West
and disappeared completely together with this anticyclone at the end of 02 August
2018. With the disappearing of the anticyclone also the spiral-shaped structure in
the temperature and TCW dispersed and formed a North-South distribution again,
with cold and dry air in the North and warm and more humid air in the South.
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6.2 Detailed analysis of the humidity and isotope structure
of the established anticyclone (23 UTC on 28 July 2018)
and links to the dynamics

6.2.1 FEulerian characteristics

In this Section we look at one specific timestep during the July 2018 event, namely
23 UTC on 28 July 2018, to better understand the key features of this anticyclonic
event. This timestep was chosen because the anticyclone was very circular and
constant in size and its center stayed over the same location for several hours.

In the following, an Fulerian analysis was conducted for 23 UTC on 28 July 2018
where the distribution of different properties in the anticyclone is described. In
Section 6.2.2 we will then investigate the airstreams and the associated transport
processes that lead to the patterns we identified in the Eulerian analysis in this
Section.

Figure 3 shows the temperature (left column) and the specific humidity (right col-
umn) distribution at different pressure levels (950 hPa, 850 hPa, 750 hPa). For
the temperature we see at all pressure levels that the region in the Southwest is
generally warmer by about 20K than the region in the Northeast. The temperature
distribution follows a spiral-shaped signature that is twisting around the center in a
clockwise direction and the temperature generally decreases with increasing altitude.

The specific humidity also shows a spiral-like signature on all pressure levels (right
column of Figure 3) with more humid air in the Southwest and air that is about 6 g
kg! drier in the Northeast. Along the edge of the anticyclone, the specific humidity
generally decreases with height while, surprisingly, we see a different trend in the
center. From 950 hPa to 850 hPa the center gets drier with increasing altitude,
while the specific humidity increases again towards 750 hPa.

To investigate the moisture structure and especially this locally increased specific
humidity in the lower free troposphere in the core of the anticyclone in more detail,
zonal (from East to West) and meridional (from North to South) vertical cross
sections through the center were made. Figure 4 shows the location of the zonal
(black) and meridional (blue) cross sections that were made for 23 UTC on 28 July
2018.

In Figure 5a we see that the eastern and western edge generally contain more humid-
ity than the anticyclone center. Close to the surface the humidity is especially high
in the western edge region which is influenced by the advected air from the humid
regions in the South. Above 900 hPa the edges contain clearly more humidity than
the center on the same pressure level but we also see that the air in the East and
West that is located near the center is still very dry above 800 hPa, indicating that
this air is still influenced by the descending air in the center.

We can see similar features in the meridional cross section in Figure 5b where the
specific humidity is higher along the anticyclone edges in the North and South than
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in the center. Further, we see that the southern edge is associated with very high
values of specific humidity close to the surface compared to the center and the
northern edge because locations further south generally contain more moisture.

Temperature [K] Specific Humidity [g kg™*]

750 hPa

850 hPa

950 hPa

260 264 268 272 276 280 284 288 292 296

Figure 3: The red contour in all pictures shows the anticyclone mask, the red cross shows
the anticyclone center and the green cross the location of the Finnish weather station in
Pallas. In the left column the temperature at the indicated pressure levels (950 hPa,
850 hPa and 750 hPa) is shown. In the right column the specific humidity at the same
pressure levels is presented. The plots are based on the ERA5 reanalysis data.
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Figure 4: Zonal (a, black) and meridional (b, blue) vertical cross section through the
anticyclone center at 23 UTC on 28 July 2018 as shown in Figure 5a,b.

In the anticyclone center in Figure ba and b we see the special humidity structure
again that we have already observed in Figure 3. The air close to the surface (900-
1000 hPa) carries more humidity than the air higher up between approximately
800-900 hPa. Surprisingly, the humidity then increases again in both cross sections
when we go to a pressure level between 600-800 hPa. In this Master’s thesis the
moist layer close to the surface in the center is called "boundary layer" (BL), the
dry layer on top of the BL is called "dry layer" (DL) and the uppermost moist layer
is named "moist blob" (MB), as illustrated in Figure 5. In the following we will use
backward trajectories to better understand the circulation and dynamics that lead
to this vertical moisture layering.

a) b)

Pressure [hPa]
O kN W A U O uw ® ©
Specific humidity [g kg~1]
Pressure [hPa]
© N W s U O N ® ©
Specific humidity [g kg™]

Western Center Eastern Southern Center Northern
edge . edge edge edge
9 Longitude [deg] 9 9 Latitude [deg] 9

Figure 5: Vertical cross sections through the anticyclone center in a) zonal and b)
meridional direction. The specific humidity is indicated in blue colors and the anticyclone
center is indicated by the red cross. The black contours show the potential temperature,
the blue (liquid water, rain) and grey (ice and snow) contours show liquid-water and
ice clouds (solid line) and snow- or rainfall (dashed lines). The green line indicates the
boundary layer height. The pink circle indicates the MB, the orange circle the DL and
the yellow circle the BL. Along the x-axis the regions are labeled.
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6.2.2 Transport and moisture sources

To understand why we observe the humidity distribution we just described in the
previous Section it is important to better understand the circulation in and around
the anticyclone. Therefore, a Lagrangian study was conducted. Backward trajec-
tories were calculated with the ERA5 data and the COSMOj,, model for the three
vertical layers BL, DL and MB in the anticyclone center. The ERA5 trajectories
were colored with the pressure while the COSMO;,, trajectories were colored with
the 0D signal. The COSMOj, trajectories showed a very similar pressure signal
along the trajectories as the ERA5 data (not shown). For this reason we can as-
sume that the COSMO;,, trajectories behave similar as the ERA5 trajectories in
ascent and descent (Figure 6, left column) and that the ERA5 trajectories can be
used later (Section 6.2.3) in combination with the analysis of the isotopic signal
along the trajectories (Figure 6, right column). Additional backward trajectories
were calculated with the COSMOj,, model for the eastern and the western edge re-
gions on the same three vertical levels as for the center. Please note that the vertical
levels in the ERA5 data and the COSMO;,, model were shifted due to the slightly
different flow conditions in the two datasets (see Section 5.4). In this Section we will
first investigate the trajectories that arrived in the center and later also the ones
that arrived in the eastern and western edge regions.

Center backward trajectories

A general feature we can observe in Figure 6 on all pressure levels is that almost
all trajectories in the center came from the West and entered the anticyclone in
the North, while recurving clockwise towards the center. The air then descended
strongly when it came closer to the core, especially in the BL and DL (Figure 6c,e).
Generally, the ERA5 and the COSMO;,, show similar trajectories for the different
layers in the center.

The trajectories in the BL can be roughly grouped into three bunches of air-parcels,
so-called airstreams (Figure 6e,f). The first airstream came from Canada from about
55°N and ascended by about 150 hPa while it moved along the Norwegian coast.
Another airstream originated from a few degrees further north (about 60°N) and
descended by about 150 hPa on its way to the North of Norway. The third, a much
smaller airstream, came from about 75-80°N and moved, according to the ERAS
data (Figure 6e), around half of the globe close to the North Pole on a low pressure
level (500-600 hPa). The COSMO, trajectories show a similar feature (Figure 6f)
but we can not observe this advection around the pole due to the limited COSMO;g,
domain. The COSMO;,, backward trajectories show that another small airstream
originated from the East. I expect that these air-parcels belong to the ones that are
arriving in the West of the anticyclone (according to our definition) which we will
investigate closer in Figure 9e.

Similar airstreams were observed in the DL (Figure 6¢,d) with the exception that

the airstream coming from the polar regions is more important than in the BL. Some
air-parcels in this airstream were advected once around the whole Arctic before ente-
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Figure 6: The left column shows the ten-days backward trajectories, that arrived at 23
UTC on 28 July 2018, calculated with the ERA5 reanalysis data and colored with the
pressure. The red crosses indicate the location of the air-parcels two days before arrival
for every tenth trajectory. The right column shows the eight-days backward trajectories
calculated with the COSMOjgs, model and colored with the §D signal. For ERA5 and
COSMO;g, only every third trajectory was plotted for a better clearity. The red contour
shows the anticyclone mask.
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ring the anticyclone. This shows us that the air in the DL generally originated at
locations further poleward than in the BL. Interestingly, a smaller airstream was
advected from the warmer southern regions (about 52°N) and mixed with this polar
air before entering the anticyclone.

In the MB (Figure 6a,b) it stuck out that the main airstream originated from regions
much further south (about 40-50°N) than it was the case in the BL and DL. These
trajectories ascended very strongly until their arrival in the MB in the center. Other
than that, the airstreams in the MB were similar as for the other two vertical layers

but they generally experienced larger horizontal advection during the last ten days
than in the BL and DL.

Center moisture sources

Beside the trajectory pathways we are also interested to understand where the mois-
ture transported in these airstreams originated from. Therefore, the MSD tool (Sec-
tion 5.4, Sodemann et al. (2008)) was used which shows us the percent share of
the moisture that was taken up at a certain location to the total moisture of an
air-parcel at its arrival in the center. Figure 7 shows us the MSD for the three
vertical levels in the center (BL, DL, MB) for ERA5 (left column) and COSMOjg,
(right column). The moisture sources of the ERA5 and the COSMO;g, agree quite
well but sometimes the ERA5 shows an additional moisture source which can be
explained by the limited domain of the COSMOjq, simulation.

The most important moisture source in the BL (Figure 7e,f) is in the center where
moisture was taken up by moisture exchange with the surface during the descent.
The ERA5 and especially the COSMO;,, show an additional moisture source close
to Iceland where one of the airstreams strongly descended and apparently took-up
moisture by moisture exchange with the oceanic surface.

In the DL (Figure 7c¢,d), the most important moisture source is also found in the
center because the air in the DL is partly coming from cold, polar regions with low-
humidity air (Figure 6¢) and had no contact with the ocean surface before descending
in the anticyclone center. It is expected that the air took-up moisture from the BL
below via moisture exchange. Nevertheless, some moisture was also taken up in the
North-Atlantic, around Iceland and near the Norwegian coast where we observed a
descending airstream.

Finally, the moisture sources of the MB (Figure 7a,b) lie much further south (about
50°N) and are located in warmer and more humid regions than for the BL and DL
(about 60-70°N according to Figure 7c-f). Moisture was taken up during almost
the whole pathway to the anticyclone center. This difference in origin between air-
parcels in the BL and DL (more poleward, colder and drier) and the MB (more
southerly regions, warmer, more humid) can explain this local increase in moisture
in the MB region in the center.
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Figure 7: The left column shows the MSD of the ten-days backward trajectories cal-
culated with the ERA5 reanalysis data according to Wernli and Schwierz (2006) and
Sprenger et al. (2017) (see Section 5.3). The right column shows the MSD of the eight-
days backward trajectories calculated with the COSMOjso model. The red contour shows
the anticyclone mask.
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Eastern edge backward trajectories and moisture sources

In a next step, we will look at the origin of the air and its moisture from air-parcels
arriving in the eastern edge region of the anticyclone. Figure 8 shows the correspond-
ing trajectories (left column) and the MSD (right column). Between 900-1000 hPa
we see two main airstreams (Figure 8e). One originated in the West at about 60°N
while another one was advected from the East outside the anticyclone and spun once
around the anticyclone, before it arrived in the East inside the anticyclone. Overall,
both airstreams descended strongly before they arrived.

In the MSD between 900-1000 hPa (Figure 8f) it is visible that the airstream orig-
inating from the East carried more moisture into the eastern edge region than the
one from the West. This is because the eastern airstream moved on low altitudes
and could therefore take up more moisture by surface exchange than the western
airstream that travelled at high altitudes. The moisture source peaks close to the
eastern edge region where the trajectories of both airsterams strongly descended.

Between 750-850 hPa we see similar trajectories and moisture sources (Figure 8c and
Figure 8d respectively) as for 900-1000 hPa, but we have an additional airstream
from the North (75-80°N). This airstream brings cooler and also drier air into the
anticyclone which might explain the decrease in specific humidity compared to the
layer below (Figure 5). This airstream, coming from the Greenland ice sheet, has
an important moisture source along the coast of Greenland where it descended and
took up moisture when it reached the open ocean (Figure 8f).

On 500-700 hPa we see that we have even more trajectories coming from the colder
and drier regions further north (Figure 8a), explaining why the air gets drier with
increasing altitude in the eastern edge region. The main moisture source comes
therefore again from the eastern airstream (Figure 8b) that originates in warmer,
more humid regions. Additionally, we see some single air-parcels entering the an-
ticyclone from the South (Figure 8a,b) that also transport some moisture into the
eastern edge region.

Western edge backward trajectories and moisture sources

Finally, we will look at the trajectories and moisture sources of the western an-
ticyclone edge (Figure 9). At 900-1000 hPa we see three airstreams (Figure 9e).
The largest airstream entered the anticyclone from the West but instead of being
advected clockwise around the center, this airstream was directly distracted to the
western edge region where it descended. Another airstream was advected around the
anticyclone center from the East while it moved quite far south (about 45°N) on its
way to the western anticyclone edge region (Figure 9e). This airstream descended
strongly some days before its arrival and picked up moisture close to the surface
(Figure 9f). Another small airstream entered the anticyclone at high altitudes in
the South and then strongly descended until its arrival (Figure 9e).

Between 750-850 hPa we see similar airstreams as for the layer below (Figure 9c)
but the influence from the southern airstream gained on importance. Additionally,
the airstream originating in the East moved further south (about 40°N) than it was
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Figure 8: The left column shows the eight-days backward trajectories, that arrived at 23
UTC on 28 July 2018, calculated with the COSMOjs, model for the eastern anticyclone
region (definition, see Section 5.3) and colored with the 6D signal. Only every third
trajectory was plotted for a better clearity. In the right column the MSD of the trajectories
is shown. The red contour shows the anticyclone mask.
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Figure 9: The left column shows the eight-days backward trajectories calculated with
the COSMO;g, model for the western anticyclone region (definition, see Section 5.3) and
colored with the 0D signal. Only every third trajectory was plotted for a better clearity.
In the right column the MSD of the trajectories is shown. The red contour shows the
anticyclone mask.
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the case on the lower pressure levels, leading to an enhanced moisture transport
from the warmer and more humid South into the western part of the anticyclone
(Figure 9d). As this air has its origin in warmer and more humid regions than the
air in the eastern edge region on the same pressure level, we see more humidity in
the western edge region than in the eastern edge region.

Between 500-700 hPa we observe that the airstream originating from the East lost
on importance (Figure 9a). Instead, most trajectories enter the anticyclone from the
West and the South. While the trajectories from the West do still not contribute
much to the moisture in the anticyclone (Figure 9b), the trajectories entering the
anticyclone in the South form a major moisture source. This airstream originated
in warmer and more humid regions.

Summary of the general circulation at 23 UTC on 28 July 2018

This Lagrangian analysis (backward trajectories and MSD) gave us helpful insights
into the general circulation of this anticyclone at 23 UTC on 28 July 2018. We
can conclude that for this specific day the inflowing air mainly originated in the
West because the anticyclone blocked the westerly jet stream. Due to the clockwise
circulation of the anticyclone, the air entered the anticyclone in the North. The
inflowing air consisted out of two to three different airstreams (depending on the
altitude one is looking at), some of them ascended and some descended while they
entered the anticyclone (Figure 6).

The air that was advected close to the anticyclone center descended while it twisted
clockwise around the core (Figure 6). During its descent close to the center it
warmed adiabatically. As warmer air can hold more moisture than cold air, the
relative humidity of the descending air decreased and the center was visible as a
cloud-free region. In contrast, the outside of the anticyclone was covered by clouds
which appeared as a cloudy ring around the anticyclone center. This air in the
center experienced only small horizontal but large vertical movement compared to
the air closer to the anticyclone edge.

Moreover, we clearly see different origins of the air-parcels arriving in the center
(Figure 6). Air-parcels in the MB came from warmer and more humid regions in the
South, while air-parcels in the DL came from colder and drier regions in the North.
This lead to the vertical structure that we saw in Figure 5 with a humid surface, a
dry layer above and again a moist layer on top of the dry layer. Air-parcels in the BL
picked up moisture from the surface, diverged from the core, while they still turned
in a clockwise direction, and moved towards the edge of the anticyclone. This air
was then influenced by the circulation along the edge of the anticyclone.

The air along the edge also turns in a clockwise direction around the center but with
a much larger radius. In the East, it descends very strong and moves to the South
and further to the West along the anticyclone edge. We sometimes also see that some
air from outside enters the anticyclone in the Southeast and South. Some of this
air (usually the one that entered more in the Southeast) is entering the descending
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circulation close to the center while some air (usually the air that entered more in
the South) is advected to the western anticyclone edge. This air usually brings in
warm and moist air, which leads to the observed spiral-shaped structure in specific
humidity and temperature, as we have seen in Figure 3.

In the West, the air ascends along the anticyclone edge and forms some clouds when
it reaches saturation due to the adiabatic cooling during its ascent. Finally, some of
the air at the western edge is leaving the anticyclone by ascending and moving to
the Northeast, out of the anticyclone.

In short, we can say that we have two main pathways of how air is circulating in
the anticyclone. First, we observe a ring-like circulation close to the core. Here
the air descends strongly independent of its location relative to the center while
circulating clockwise around the core. Second, we observe another circulation around
the core with a much broader radius along the anticyclone edge. Here, the air mostly
follows the isentropes. The isentropes rise towards the pole and sink towards the
(sub)tropics. Therefore, we see sinking air to the East and rising air to the West of
the anticyclone center.

6.2.3 Isotope analysis

After we investigated the circulation and the moisture sources in more detail, we
want to investigate the isotopic structure and its related moisture processes in a
next step. Therefore, we look at the same vertical cross section as we did in Figure
5a but this time for the stable water vapour isotopes. Figure 10 shows the vertical
zonal (from East to West) cross section through the anticyclone center colored with
the 0D signal.

The first thing that stands out in Figure 10 is that we see the vertical three layer
structure in the center again. The MB is clearly visible at around 500-700 hPa (pink
dashed circle). It is characterized by a higher 6D compared to the 0D on the same
altitude regions east and west of it. The center of the MB is situated at around 650
hPa and shows a value of about -200%¢. Below the MB in the center, at around
800 hPa (orange dashed circle), we observe a very low 6D signal compared to the
areas above and below it. The 0D decreases here to a value of about -260%0 and
is situated at the location of the DL. Right below the DL, we see that the dD in
the BL is enhanced again (yellow dashed circle). Moreover, we see that the 6D is
generally higher close to the surface and decreases steadily towards higher altitudes
at the eastern and western edge. In the West the 0D signal is higher than in the
East on the same altitudes.

To understand, why we observe this isotopic signal in the anticyclone, we will look
at the COSMOj, trajectories (colored with the dD signal) from Section 6.2.2 again.
Figure 6, Figure 8 and Figure 9 will help us to interpret the isotopic signal and link
it with the dynamics, circulation and moisture transport of the anticyclone.
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Figure 10: Vertical cross section through the anticyclone center from 0-100°E and 300-
1000 hPa, showing the 6D signal simulated with the COSMO;s, model. More redish
values are more isotopically enriched while more blueish values are more depleted in
heavy isotopes. Figure 4 shows the exact location of this zonal cross section (black line).
The red cross shows the location of the anticyclone center for the COSMOj5, model. The
pink dashed circle indicates the MB, the orange dashed circle the DL and the yellow
dashed circle the BL. Along the x-axis the regions are labeled.

Isotopic signal of the trajectories arriving in the center

We saw in Figure 6e,f that the two main airstreams arriving in the MB came from
southerly regions and that they show an enriched §D signal at around -220%¢. In
contrast, the main airstream in the DL (Figure 6¢,d) originated more poleward and
shows a more depleted 0D signal. This fits well with our observation from Figure
10.

Generally, we expect that the regions more poleward are more depleted in heavy
isotopes than the regions closer to the tropics. This is because the water vapour,
that evaporated in the mid-latitudes, is transported towards the pole by the global
atmospheric circulation. On its way, preferentially heavy isotopes are rained out
(see Section 2) which leads to a more depleted signal in the more poleward regions
compared to the regions closer to the (sub)tropics (fractionation).

Another factor that is important for the isotopic signal of an air-parcel is its altitude.

Generally, trajectories on a high altitude show a more depleted 0D signal as they lost
preferentially heavy isotopes during cloud formation and rain-out but they could not
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take up new heavy isotopes via surface moisture exchange or evaporation. This can
for example been shown for the trajectories arriving in the MB. These trajectories
showed a strong ascend of about 400 hPa about 100 to 75 hours before their arrival.
During this ascent the air cooled and saturated and lead to cloud formation and
precipitation. The precipitation decreased the dD signal, as preferentially heavy
isotopes were rained out.

Additionally, we see another phenomenon in the BL that strongly influenced the
0D signal. The airstreams arriving in the BL descended strongly in the center and
moistened close to the surface. This surface moisture was enriched in heavy isotopes
and therefore increased the 0D signal in the BL.

Isotopic signal of the trajectories arriving in the eastern edge region

We have seen in Figure 8f that the moisture between 900-1000 hPa in the eastern
edge region was mainly transported by the airstream originating from the East.
These trajectories increased their isotopic signature while they descended and took
up isotopically-enriched air via surface exchange (Figure 8e) as we have already seen
it in the center before.

Between 750-850 hPa we saw another moisture source along the coast of Greenland
(Figure 8d). This air is very depleted in heavy isotopes due to its northern location
(Figure 8c) and therefore reduces the dD signal in this layer compared to the layer
below (900-1000 hPa). The same can also be seen for the 500-700 hPa pressure level.

Isotopic signal of the trajectories arriving in the western edge region

In Figure 9c,e we saw that the trajectories in the layer between 900-1000 hPa and
750-850 hPa came from about 40-45°N, so from a region further south than the
trajectories that arrived in the eastern edge region. This explains why the 0D signal
in the West is more enriched on these pressure levels than in the Fast. Towards
the 500-700 hPa level the dD signal gets more depleted (Figure 10) because the
airstream entering the anticyclone from the South gains on importance and brings
some more depleted air into the western edge region (Figure 9a).

The knowledge we gained about the vertical structure of the moisture and isotopes
in the anticyclone will help us now to better understand the éD signal of the whole
atmospheric column, the so called column integrated 6D signal. This is the isotopic
signal that the satellite-based instrument TROPOMI measures and which we want
to better understand in this Master’s thesis.

Figure 11 shows the column integrated dD signal that was calculated with the
COSMOj,, model for 09 UTC on 29 July 2018. Note that for this analysis not 23
UTC on 28 July 2018 was chosen because the satellite with the attached TROPOMI
orbits the Earth during the course of the day and therefore does not cover our area
of interest continuously. 09 UTC on 29 July 2018 was the closest timestep where we
had data from the TROPOMI over Scandinavia and the Russian Arctic.
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Figure 12: Total column integrated 6D signal as retrieved by the satellite-based
TROPOMI for 09 UTC on 29 July 2018.
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We can observe a clockwise twisting, spiral-shaped 6D signal as we have already
seen it in Section 6.2.1 for the temperature and specific humidity (Figure 11). As
explained earlier, we expect the air further north to be generally more depleted in
heavy isotopes than the air in the South. According to the modelled isotopic total
column signal, the northern and southern air masses differentiate by about 130%o.
This spiral, twisting clockwise around the center, can also explain the higher 6D
values in the western edge region compared to the eastern edge.

Further, we observe that the region in the East is even more depleted than the center
itself. With our knowledge about the vertical isotope structure we know now that
the center is influenced by the MB that increases the total column §D signal in the
core but in contrast, in the East, where we do not have a MB and about the same
amount of specific humidity in the BL as in the center (Figure 10), the 0D signal is
decreased.

To end the description of this specific timestep, we will finally look at the TROPOMI
column integrated 0D signal (see Figure 12) and compare it with the COSMOjq,
column integrated 0D (Figure 11) to see how well the model fits with observational
data. As the TROPOMI only measures over land and in cloud-free regions, we have
only partial coverage in Figure 12.

We see that the general distribution of the heavy and light stable water vapour
isotopes in the TROPOMI fits quite well with the distribution in the COSMO;,
model. We observe a spiral-shaped dD signal in the TROPOMI data that recurves
clockwise around the center (Figure 12). Moreover, the isotopic signal from the
North is more depleted than the one in the South. We also observe that the center
(about -190%o) is less depleted than the region in the East (less than -250%0) due to
the MB in the center.

Nevertheless, the TROPOMI shows a much more depleted signal east of the center
than the COSMOj,, (more than 30%o difference) while the signal in the center seems
to be about 20%¢ lower in the COSMO;,,. The air with the enhanced 6D signal
(about -120%¢) in the South is more enriched in the TROPOMI by about 10-60%o
and covers a much larger area compared to the COSMO;,,. Furthermore, it seems
that the spiral is slightly shifted southward in the TROPOMI compared to the
COSMO;g, as some of the strongly depleted air from the East was advected south of
the anticyclone center and the more enriched air in the North reaches a little further
south.

To conclude this comparison between the model and observational column integrated
isotopic signal we can say that the general isotopic features are very similar between
the COSMO;s, and the TROPOMI but the TROPOMI shows higher (lower) val-
ues for the strongly isotopically enriched (depleted) regions. From this analysis it
is difficult to say which of the two signals represents the real state better. The
TROPOMI might have measurement uncertainties as it shows only few gradations
between the very enriched (-120%¢) and very depleted (-250%o0) signal, in the range
where most of the values lie in the COSMOj,, simulation. It would be nice to also
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have values over ocean, to better understand the northern anticyclone region with
the TROPOMI data and in cloudy regions, to better understand the western edge
of the anticyclone. On the other hand the COSMO;,, model might have errors as
well because of uncertainties in the model simulated meteorology.
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6.3 Anticyclone-centered perspective

We learnt a lot about the moisture structure, the circulation and the isotopic dis-
tribution in the anticyclone for 23 UTC on 28 July 2018. In a next step we want to
find out if these characteristics can be found during the whole July 2018 event. We
saw in Section 2 that the spiral-shaped structure in the temperature and specific
humidity can be observed over the whole event. At some days it is better visible
than on others when for example the anticyclone gets disturbed by the merging of
a second anticyclone.

In the following, we want to find out if the three layer structure in the center is
visible over the whole event and if the edge regions behave similar as for 23 UTC
on 28 July 2018. To do so, we used an anticyclone-centered perspective that shows
us the state of the anticyclone with respect to its core, independent of its location
on Earth. Figure 13 shows the anticyclone-centered vertical zonal cross section
through the center that was averaged over the July 2018 event. 0 indicates the
location of the anticyclone core. The definition of the center and the eastern and
western edge region (as labelled in Figure 13) is only an approximation because the
zonal extension of the anticyclone varied over the whole event.

We see, as is was the case for 23 UTC on 28 July 2018, that the moisture content is
largest close to the surface and that we see about 2 g kg™! more moisture in the BL in
the West than in the East and in the center (Figure 13). About 40° east of the center
we see a very low specific humidity at the surface. This can only be explained by an
extrapolation error and will therefore be excluded for the further analysis. Moreover,
the moisture decreases steadily in the East and West with increasing altitude.

What might surprise is that we do not see a MB in the center (Figure 13) and
therefore also not a clear three layer structure as it was the case for 23 UTC on
28 July (Figure ba). If we look at the center (0°) we see that the lines of constant
specific humidity are further away at about 600-800 hPa than compared to the
edge regions and the moisture decreases steadily with increasing altitude. This
characteristics appears when we calculate a mean cross section while the MB (and
accordingly also the DL below) move in altitude over the event. The MB and DL
are smoothed out. Only at around 780 hPa we observe a small local decrease in
specific humidity due to the DL that might have been located often a little above or
below this height and therefore marked this altitude with a locally reduced humidity
structure. Additionally, if we look at vertical cross sections from different timesteps
during the event, we see at most days a clear three layer structure in the center (not
shown), supporting our findings from Sections 6.2.

Instead of a MB it seems as if we would have a dry blob at around -10° in the center
(Figure 13). This dry blob is most likely the result of the recurving cold and dry
airstream from the East that originally originated in the more northerly regions.
The location of this dry blob fits well with the location of the cold and dry air west
of the MB that we have seen in Figure 5a.
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Figure 13: Mean zonal vertical cross section of the specific humidity through the core
of the anticyclone. The mean cross section was calculated from 00 UTC on 20 July 2018
to 23 UTC on 29 July 2018 while the 25 and 26 July were excluded due to the moisture
intrusion into the center from Southwest at these two days (see Section 2). The vertical
line indicates the location of the core (0° longitude). The x-axis indicates the longitudinal
distance (in deg) from the core. Negative values indicate regions located west of the core,
positive values indicate regions east of the core.

Although the MB and the DL were smoothed out in Figure 13 we want to know if
we can see a difference in the origin of the air and moisture on different altitudes in
the center. Thus, averaged trajectories over each day of the event were calculated
for the BL, DL and MB with the COSMO, (Figure 14).

We see that the air in the MB (Figure 14a,b,c) generally came from more southerly
regions (about -15° to -10°) than the air in the DL (Figure 14d,e,f, -15° to 0°).
Moreover, the region of origin of the MB was generally more humid and isotopically
enriched than in the DL (see Figures 14b,e and 14c,f). The air in the BL is more
humid and more enriched in 0D at its arrival in the center than in the DL, and MB
(Figure 14h,i).

Nevertheless, we do not really see that the air arriving in the MB is more humid
than in the DL (Figures 14b,e) and also the dD signal is not clearly higher (Figures
14c,f). This can happen when the MB and the DL overlap during averaging because
they changed their altitude during the course of the event.
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Figure 14: Anticyclone-centered averaged trajectories for each day of the event (in total
19 trajectories) arriving in one of the corresponding vertical layers (BL, DL or MB) in
the center of the anticyclone. 0 indicates the location of the core. The x-axis shows the
longitudinal distance from the core. The y-axis shows the latitudinal distance from the
core. The left column is colored with the pressure, the middle column with the specific
humidity and the right column with the §D signal.

After this anticyclone-centered Lagrangian perspective on the event we will finally
investigate the isotopic structure of the anticyclone. Figure 15 shows the same av-
eraged cross section through the center as Figure 13 but colored with the 0D signal.
As we have already seen in Figure 13 we can also not see a clear MB in the center in
Figure 15 because the MB and the DL are smoothed out but we observe a depleted
blob at about -10°. This depleted blob is most likely the result of the recurving
depleted airstream from the East that originally originated in the more northerly
regions. Moreover, we see that the surface is enriched in heavy isotopes while it
gradually decreases with increasing altitude along the eastern and western edge. At
about 40° east of the center we see a very enriched isotopic signal at the surface. As
already described in Figure 13 this is most likely an extrapolation error.

Surface isotopic signal

In Figure 13 and Figure 15 we saw that the surface layer has an important influence
on the total column 6D signal as it contains an important share of the moisture stored
in the whole atmosphere. Therefore, we want to investigate how the surface isotopic
signal changes between different locations in the anticyclone before examining its
importance for the column integrated 0D signal later.
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Figure 15: Mean zonal vertical cross section of the dD through the core of the anticy-
clone. The mean cross section was calculated from 00 UTC on 20 July 2018 to 23 UTC
on 29 July 2018 while the 25 and 26 July were excluded due to the moisture intrusion into
the center from Southwest at these two days (see Section 2). The vertical line indicates
the location of the core (0° longitude). The x-axis indicates the longitudinal distance (in
deg) from the core. Negative values indicate regions located west of the core, positive
values indicate regions east of the core.

Figure 16 shows the anticyclone-centered 6D signal at 950 hPa averaged over the
whole July 2018 event (00 UTC on 15 July 2018 until 23 UTC on 02 August 2018)
and calculated with the COSMO;,, model. We observe a clear spatial pattern in
the surface isotopic signal that follows a spiral-shaped structure again. The air to
the West of the center is much more enriched in heavy isotopes than the air in the
Northeast and East. This can be explained, as in Section 6.2.3, due to the generally
more enriched air in the South compared to the North, that is advected clockwise
around the anticyclone. The center on the other hand seems to be influenced by
both isotopic signals and shows a medium isotopic signal at around -130%e.

In a next step, we will compare this model-generated surface isotopic structure with
the ground-based isotopic measurements from the Finnish weather station in Pallas.
Figure 17 shows the 6D and specific humidity timeseries over the July 2018 blocking
event measured in Pallas.

We observed that Pallas was close to the anticyclone core at 23 UTC on 27 July 2018
(green vertical line in Figure 17) and moved towards the northwestern anticyclone
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Figure 16: Mean anticyclone-centered 6D signal at 950 hPa over the whole July 2018
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Figure 17: The 0D (red curve) and specific humidity (blue curve) timeseries measured
at the ground weather station in Pallas (Finland) for the July 2018 blocking event. The
green vertical line indicates 23 UTC on 27 July 2018 (minimum in éD) and the black
vertical line indicates 19 UTC on 30 July 2018 (maximum in 0D).
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edge until 19 UTC on 30 July 2018 (black vertical line in Figure 17). The locations
relative to the anticyclone core are colored in Figure 16 with green and black dots
accordingly. The observational data from Pallas fits quite well with the model output
from Figure 16. We see a more depleted dD signal when Pallas is closer to the center
(green line/dot) than compared to the time when Pallas is closer to the northwestern
anticyclone edge (black line/dot).

In between these minimum (green line) and maximum (black line) isotopic values
the 0D signal in Pallas (Figure 17) increased steadily with one more peak at 21 UTC
on 29 July 2018. This was the time when Pallas reached the isotopically enriched
northwestern edge but experienced shortly after again the influence of the center
before the 6D finally reached its maximum value a few hours later (black line). A

similar behaviour is observed in the specific humidity with a reduced signal at 23
UTC on 27 July 2018 and a higher signal at 19 UTC on 30 July 2018.

Although the isotopic signal between the model and the observational data seems
to fit quite well after this first rough investigations, we see that the difference in
0D is only small in Figure 16 between the two locations of Pallas (green (about
-122%0) and black (about -118%¢) dot) while the measurements in Pallas (Figure 17)
indicate a larger difference in the surface isotopic composition (about -170% and
-115%0). This difference can be explained because the modelled anticyclone-centered
low-level 6D signal (Figure 16) is a mean over the whole blocking event while Figure
17 shows the instantaneous isotopic signal at each day. We can therefore expect
that the isotopic signal in the core and in its near surrounding at 23 UTC on 27
July 2018 (green line/dot) was more depleted than indicated by the model-generated
mean anticyclone-centered plot. This is exactly what we see in the low-level isotopic
signal modeled with the COSMO,, model for 23 UTC on 27 July 2018 (not shown).

To conclude, we can say that beside the MB also the surface isotopic signal might
play an important role in influencing the total column 6D signal, as it shows large
variations depending on its location relative to the anticyclone core. Moreover, the
surface layer and the MB are the regions with the largest specific humidity values
and it is therefore very likely that both of them strongly influence the total column
isotopic composition. To check for this, we will in the following investigate the total
column 0D signal for the July 2018 event, first with the COSMO;s, model and after
with the observational data from the TROPOMI.

Total column integrated 6D signal

Figure 18 shows the anticyclone-centered total column dD signal averaged over the
whole July 2018 event and calculated with the COSMO;,, model. We see that the
structure of the column integrated éD signal is quite similar to the structure we
have seen at 950 hPa (Figure 16), indicating that the surface isotopic signal plays a
major role in defining the anticyclone-centered total column integrated signal.

We see that the region in the Southwest is stronger enriched (Figure 18) in relation
to the other anticyclone regions than it was the case at 950 hPa (Figure 16). This
can be explained by the fact that the western edge region contains a lot more moist-
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Figure 18: Mean anticyclone centered 6D signal over the whole vertical atmospheric col-
umn (column integrated) calculated over the whole July 2018 blocking with the COSMOjs,
model. As the anticyclone core changed its location over Earth strongly during the whole
event, the total column integrated 6D signal is shown here with respect to the anticyclone
core (red cross). The red rectangle indicates the domain we look at in Figure 19.
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Figure 19: Mean anticyclone-centered dD signal over the whole vertical atmospheric
column (column integrated) over the whole July 2018 blocking measured with the
TROPOMI. As the anticyclone core changed its location over Earth strongly during the
whole event, the total column integrated dD signal is shown here with respect to the
anticyclone core (red cross). The domain and the colorbar is different than in Figure 18.
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ure over the whole vertical column (and especially close to the surface) than the
eastern edge region and the center (Figure 15). As the western edge air mostly
consists out of heavy isotopes this sums up to an even more enriched signal in the
total column isotopic signal.

Furthermore, we see that the center is more depleted in D (Figure 18) in comparison
to the other anticyclone regions than it was the case on 950 hPa (Figure 16). This
is surprising because one might expect the center to be more enriched in dD due to
the MB that increases the total column 0D signal. This can be explained by the
fact that the eastern and western edge region generally contain more moisture (and
mainly enriched moisture) close to the surface (Figure 15) than the center which
sums up to a higher column integrated dD signal along the edge than in the center.
Although the MB increases the isotopic signal in the center it is not enough to
increase the total column integrated 6D value to a value higher than observed along
the edge.

To complete the analysis of this blocking event, we will finally compare the model
results (Figure 18) with observational data from the TROPOMI (Figure 19). Please
be careful when comparing the Figures as Figure 19 shows a smaller area of the
anticyclone than Figure 18 (red rectangle) and the colorbars are different.

Figure 19 shows the average anticyclone-centered 6D signal over the whole at-
mospheric column measured by the TROPOMI for the July 2018 event. As the
TROPOMI instrument is attached to a satellite that constantly orbits the Earth it
covers Scandinavia and the Russian Arctic only about once per day during daytime
and covers only a small band of the Earth surface. Moreover, it only measures over
land and in cloud-free regions which further reduces the available data. Therefore,
the data coverage is relatively small and will most likely not have covered the whole
anticyclone (Figure 19).

Nevertheless, we see that the dD north of the core is enriched in heavy isotopes
(about -80%o0) while south of the core the signal is more depleted with values around
-180%o (Figure 19). The center shows an intermediate signal at around -150%0. We
can identify the spiral-shaped signature in the isotopic signal too but due to the lack
of measurements along the anticyclone edges the spiral form is not very determined.
Surprisingly, it seems that the spiral is shifted because the depleted air south of
the core is located further south in the TROPOMI data than in the COSMO;y,
simulation.

Further, it is difficult to say something about the eastern and western edge in com-
parison to the center and the influence of the vertical structure as we are missing
data from the edge regions. Nevertheless, we see that the core shows a similar or
even a slightly higher 4D signal compared to the more depleted regions south of the
core which could be due to the influence of the MB. Thus, the core in Figure 19
shows a higher 0D signal compared to the other anticyclone regions than it was the
case in the model-output in Figure 18. Moreover, comparing the absolute 6D values
of the COSMOj,, and the TROPOMI we see that the COSMO;g, is generally more
depleted by about 40%o or even more.
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The observations made here fit well with the observations we already made in Section
6.2. Additionally, a small band of measurements that are at the edge to where
we have no measurements in Figure 19 seems to be enriched in all regions of the
anticyclone. I can not explain this with my knowledge about this blocking event
which let me expect that this is most likely an artefact of the retrieval.
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7 Conclusions and outlook

In July 2018 a particularly persistent anticyclone dominated the Eurasian Arctic
summer and lead to a strong heatwave, forest fires, dry fields, low river stages and
enhanced sea ice melt in the Russian Arctic and Scandinavia (Watts (2018), Sinclair
et al. (2019)). The goal of this Master’s thesis was to better understand the moisture
transport associated with this especially strong blocking event. Therefore, a detailed
analysis of the humidity and isotopic structure of the established anticyclone was
conducted for 23 UTC on 28 July 2018 based on ERA5 reanalysis data and an
isotope-enabled COSMO;,, simulation. Later, the analysis was expanded over the
whole event (00 UTC on 15 July 2018 until 23 UTC on 02 August 2018) by including
an anticyclone-centered perspective.

In our analysis of the moisture and D signature of the July 2018 Arctic anticyclone
we found a spiral-like structure with moist enriched air ascending from the Southwest
into the anticyclone and very depleted, dry air descending in the Northeast. The
western edge region was more humid (+2 g kg!) and enriched (+40%0), especially
at the surface, than the eastern edge region.

In my thesis, we also analysed the 3D structure of the July 2018 anticyclone. In the
central region of the anticyclone we found a relatively persistent three layer structure
with a lower tropospheric specific humidity and a D inversion. The lowest layer
is the moist and heavy isotopically-enriched BL and extends up to 900 hPa. Just
above the BL we found a very dry and heavy isotopically-depleted layer (DL) while
above the DL we found again a moist and heavy isotopically-enriched layer (MB).

The three layers differed in their origin of air and moisture. While the BL took up
its moisture very locally from the surface in the anticyclone center, the air from the
DL originated in colder, drier and more isotopically-depleted regions further north.
In contrast, the air from the MB arrived from relatively warmer, more humid and
isotopically-enriched regions further south. Since the air-parcels from all three layers
strongly descended and adiabatically-warmed in the anticyclone center, the center
appeared as a cloud-free region while along the edge a cloudy-ring was observed.

The anticyclone-centered perspective further revealed that the DL and the MB move
vertically in height over the course of the event. The level of the anomalously moist
layer (MB) in the lower free troposphere depends on the flow conditions and the
relative location of the warm-moist airstream forming the moist anomaly and the
cold-dry airstream forming the DL. If the warm-moist airstream recurves into the
anticyclone center, this leads to a moist layer (MB) forming in the center. The
arrival altitude of this airstream in the center varies in time. If the cold-dry airstream
originating from further north dominates, the center remains dry and no moisture
and 0D inversion forms in the lower free troposphere.

Different than originally expected, we found out that not only the moisture in the
surface layer, that follows a spiral-shaped structure too, influences the total column
isotope signal but that the MB further increases the isotopic signal in the center.
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Comparing the COSMO;,, and the TROPOMI column integrated 0D data we see
that the D minimum is shifted southward in the TROPOMI data. This southward
shift could be due to a slight shift of the anticyclone in the ERAb reanalysis as well
as in the isotope-enabled simulation, a misrepresentation of vertical mixing in the
lower free troposphere in the COSMO;,, model or due to uncertainties in the total
column 0D retrieval from TROPOMI. Further, the TROPOMI instrument shows
higher (lower) values for the strongly isotopically-enriched (depleted) regions than
the COSMO;,,. A very enriched moist ring can be observed in the TROPOMI data
at the edge of the anticyclone due to an artifact of the retrieval.

Beside these interesting findings, we still have open questions which need further
investigation:

e It would be interesting to investigate if we find similar moisture features as
for the July 2018 event also for other summer Arctic blockings. Concretely,
it would be interesting to conduct a quasi-climatological study over several
summers and different events to find out if the three layer structure in the
center is also visible for other summer blocking events, how the regions east
and west of the center behave and if we can see a spiral-like distribution in the
temperature, specific humidity and isotopes too.

e [t would be of interest to investigate why this event was so persistent. Steinfeld
(2019) stated that latent heating of air-parcels that ascends in the WCB could
play an important role. Air ascending in the WCB enhances the upper-level
ridge (and therefore also the blocking) by transporting low-PV air to higher
altitudes. It would be interesting to further investigate this latent heating of
air-parcels and its influence on the isotope signal associated with the blocking
event in July 2018. Moreover, it would also be interesting to see if diabati-
cally ascending air-parcels have a stronger influence on the persistence of the
blocking than air-parcels that follow the isentropes and ascend adiabatically.

e Another interesting feature would be to investigate the onset and break-up
of the blocking event in more detail and maybe also link it to latent-heating
and the adiabatical and diabatical transport of air-parcels to the upper tropo-
sphere.

e This Master’s thesis found out more about the moisture structure of the an-
ticyclone. In a next step it would be interesting to make a link between these
moisture features of the anticyclone and the extreme weather in Scandinavia
and the Russian Arctic. Was this extreme weather mainly due to the cloud-
free center and the therefore enhanced solar radiation or due to the reduced
precipitation? Which role does the dry core of the blocking play or was it an
interplay of multiple factors?

e [t would be interesting to investigate more recent summer blocking events over
the Eurasian Arctic with the new TROPOMI data (Schneider et al., 2021) that
also provides data over land and ocean regions covered by lower-clouds. This

47



is especially interesting as the TROPOMI dataset is very valuable for large-
scale investigations of the isotopic signal which can not be investigated with
ground-based station measurements for example.

e In the view of current global warming it would be interesting to find out if
the frequency of such summer blocking events will increase in future. Pfahl
and Wernli (2012) stated that rising temperatures and variations in the block-
ing dynamics can be crucial for regional changes of warm extremes in the
extratropics. This would also be crucial to protect the population from the
consequences of such events.

We saw that it is important to learn more about summertime blocking anticyclones
in the Eurasian Arctic to be able to better prevent the population and nature from
the dramatic impacts. Knowing about the changes in a warming climate is important
especially in the light of the Arctic amplification which leads to drastic changes in
the Arctic for nature, animals and people.
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