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Abstract

UNIVERSITY OF GRAZ

Wegener Center and Institute of Physics
Observing Atmospheric Rivers with Radio Occultation Data

Lucas Stephan Oppeneiger

Atmospheric rivers are a natural phenomenon and relatively narrow corridors of concen-
trated moisture in the atmosphere. Atmospheric rivers transport horizontally most of the
water vapor beyond the tropics. Because of the huge amount of water vapor, extreme
precipitation events as well as floodings in the mid-latitudes, including Europe and the

United States, occur.

To study atmospheric rivers, data with a high vertical and horizontal resolution, as well
as, global coverage are required. In this study, data gained with the Radio Occultation
method and processed with the WEGC occultation processing system, version 5.6, are

used. Further on, the vertical distribution of atmospheric rivers are studied.

In this thesis, four different atmospheric river events, with regard to the temporal evolution

and vertical distribution are examined.
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Zusammenfassung

UNIVERSITAT GRAZ

Wegener Center und Institut fiir Physik

Untersuchung atmospharischer Flisse mit Hilfe der Radio -
Okkultationsmethode

Lucas Stephan Oppeneiger

Atmospheric rivers sind Naturphdnome, welche im Speziellen relativ enge Bandern, beste-
hend aus konzentrierter Feuchtigkeit in der Atmosphére sind. Atmospheric rivers sind fiir
den horizontalen Transport von Wasserdampf aulerhalb der Tropen verantwortlich. Auf-
grund der groen Wasserdampfmenge in der Atmosphare treten extreme Niederschlagsereignisse
sowie Uberschwemmungen in den mittleren Breiten, einschlieflich Europa und den Vere-

inigten Staaten, auf.

Um atmospharische Fliisse zu untersuchen, sind Daten mit einer hohen vertikalen und
horizontalen Auflosung, sowie eine globale Abdeckung erforderlich. In dieser Arbeit wer-
den Daten verwendet, die mit der Radio-Okkultationsmethode gewonnen und mit dem
WEGC-Okkultationsverarbeitungssystem, Version 5.6, verarbeitet wurden. Weiterhin

wird die vertikale Verteilung der atmospharischen Fliisse untersucht.

In dieser Arbeit werden vier verschiedene Ereignisse, welche von atmosphérischen Fliissen
gepragt sind, hinsichtlich der zeitlichen Entwicklung und der vertikalen Verteilung unter-

sucht.
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1 INTRODUCTION

1 Introduction

The climate of the earth has always changed and the natural variability of the climate
plays an essential role. But it should be noted that the climate has changed significantly
and, above all, faster since the Industrial Revolution. This effect is referred to as the
anthropogenic green house effect and is described in dozens of theses.

An important contribution to this is provided by the so-called Intergovernmental Panel on
Climate Change [Stocker et al., 2013]. This 2013 report explains that the human impact
on the climate is clear and that anthropogenic greenhouse gases have peaked. A linear
trend reveals a surface temperature increase of 0.85 K 4+ 0.2 K from 1982 to 2012. This
trend suggests that the surface of the earth will continue to warm in the 21st century.
This climate change is always adding new risks to human habits and can lead to worse
disasters. Connected with increasing temperature, the potential of water vapor in the
atmosphere increases and severe catastrophes can be the result.

In order to understand Atmospheric rivers, it has become increasingly important to ob-
tain more accurate atmopspheric data, which provide global coverage. The method to
obtain data which are used in this thesis is based on the property of radio occultation
(RO). This measurement method has the properties that are required for a good data
evaluation, which would be, for example, long-term stability, all weather stability and a
high vertical resolution.

As our climate changes and the risk of natural disasters increases, it is all the more im-
portant to be in possession of this data. For this reason, RO data are also used for the

study of atmospheric river. But what exactly are atmospheric rivers?

Atmospheric rivers (AR) are very long, narrow bands with a very high concentration of
water vapor in the atmosphere. These bands move extreme masses of water vapor to
coastal areas, which can cause heavy rainfall and flooding. The water vapor is trans-
ported from the tropics in 400 to 600 kilometers narrow rivers to higher latitudes. These
atmospheric rivers can stretch up to more than 2000 kilometres and can even be seen on
satellite imagery (See Fig.: [1)).

These atmospheric rivers can occur anywhere on Earth, but some regions are more af-
fected than other regions of the world. Strongly affected regions are the west coast of the
US, especially California and Washington, as well as the western coasts of Europe, such
as Spain, the United Kingdom and Norway.

These extreme weather events can cause severe flooding, heavy snowfall and storms that

cause millions of dollars worth of damage. The researcher David Lavers from the Univer-
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Figure 1: A satellite picture showing an atmospheric river hit-
ting the west coast of the USA on February 22°4, 2017.

Source: [Dvorsky, 2017]

sity of Reading found that the most severe floods on the British Isles since 1970 were all

influenced by atmospheric rivers [Lavers et al., 2011a].

Some atmospheric rivers are so important to some regions that names have been given
to the water vapor bands. One of these atmospheric rivers is the so-called ,,pineapple ex-
press“. This natural phenomenon hits regularly the west coast of the US, causing severe
damage in this region. A closer look at this type of AR is given in chapter

The aim of this thesis is to investigate four different cases of atmospheric river events
with the RO method. The RO method is based on radio signals which penetrate the
Earth’s atmosphere. The phase change of the radio signal is measured at a Low Earth
Orbit (LEO) satellite and further processed to thermodynamic variables such as temper-
ature, pressure and density at different processing centers (e.g. Wegener Center at the
University of Graz (WEGC)). From these variables the precipitable water (PW) can be
calculated and thus atmospheric rivers can be studied.

Furthermore, the vertical distribution of AR’s are analyzed to show, how high the water
vapor extends into the atmosphere. This gives a closer look on the difference between the
ARs and the uniqueness of each event.

Chapter 2 discusses the properties of water vapor and introduces the important physi-
cal sizes, such as specific humidity, integrated water vapor (IWV) or precipitable water.

Chapter 3 contains the atmospheric rivers. It explains what the definition of atmospheric
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rivers is and where they can occur. Chapter 4 introduces the radio occultation method
and the retrieval of the variables is discussed. Chapter 5 takes a closer look at the used
data sets for the calculations. Chapter 6 shows the results for the four selected events.

Finally, a summary and an outlook on atmospheric rivers are given in Chapter 7.






2 WATER VAPOR

2 Water vapor

Water vapor is one of the most important and most abundant gases in our atmosphere.
Furthermore, it is the only molecule that can change the aggregate state in the atmosphere
and thus occurs in 3 phases, namely gaseous, liquid and solid. Although water exists in
the atmosphere as vapor, liquid, and solid, the vapor phase dominates. Further on, it is
a greenhouse gas, that has a tremendous impact on climate change and is therefore of
great importance to us humans. Each greenhouse gas, like water vapor, has its own global
warming potential. The available water vapor in the atmosphere accounts up to 60% -
70% of the greenhouse effect.

2.1 Properties of water vapor

Water vapor can be generated by evaporation or boiling of liquid water or by sublimation
of ice. Unlike other forms of water, water vapor is invisible. Under typical atmospheric
conditions, water vapor is continuously generated by evaporation and removed by con-
densation. It is lighter than air and triggers convection currents that can lead to clouds.
[Steiner et al., 2011]

Water vapor is the atmospheric constituent with the greatest effect on the dynamics,
thermodynamics, and radiation balance of the atmosphere, it is the most abundant of the
greenhouse gases in the atmosphere and the most important in establishing the Earth’s
climate.

The measurement of the amount of water vapor in a medium can be performed directly
or remotely with varying accuracy. Remote methods such as electromagnetic absorption
are possible from satellites to planetary atmospheres. Direct methods can use electronic
transducers, humidified thermometers, or hygroscopic materials that measure changes in

physical properties or dimensions.

2.1.1 Partial pressure of water vapor

The water vapor pressure e is the pressure that occurs when, in a closed system, a vapor
with the associated liquid phase is in thermodynamic equilibrium. The water vapor
pressure is the partial pressure of water vapor in the mixture of a gas and increases with
rising temperature.

The partial pressure, is the pressure of each constituent in a mixture of gases. It is
measured in hPa or mbar and can be described, as the sum of the partial pressures of

each component. The following equation is called ,,Dalton’s Law“and describes the overall
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pressure as the sum of each partial pressure in the system.

p=p1+Dp2+ps+.. (2.1)

where p is the total pressure of a mixture of non-reactive gases and p, are the partial

pressures of each component.

Phase Diagram for Water
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Figure 2: The phase diagram for water. The three different phases, solid, fluid and gas
form, are plotted over temperature and pressure. (Taken from |Auyeung, 2019D

Water can occur in three different stages: solid, liquid and gaseous. In figure [2| the phase
diagram of water is demonstrated. At the figure the pressure is a function of temperature
and the three different stages of water are shown. The three different lines are the vapor
pressure curve, the melting curve, and the sublimation curve. They indicate the phase
transition between the gaseous, liquid and solid phases. They meet in one point, called:
Triple Point, which means that, all three phases of water can occur. The phase diagram

is well suited to gain an overview of the phases in equilibrium under certain conditions.
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2.1.2  Absolute humidity

The absolute humidity p,, is the mass of water vapor in a given volume of air. It is usually
expressed in grams of water per cubic meter of air %. The absolute humidity is bounded
at the top by the maximum humidity py, max that prevails during saturation. The water

vapor pressure and absolute humidity are linked via the ideal gas law (equation of state):

e = pwRyT, (2.2)

where R, = %, with R" being the universal gas constant (8.314510 + 0.000070 Pa m?
K mol? or 8314.510 £ 0.070 J kmol K1), T the absolute temperature in K, and m,,
the molar mass of water vapor (18.01528 kg/kmol). [Foelsche, 2017]

2.1.3 Specific humidity

The specific humidity ¢ indicates the mass of water that is in a certain mass of humid air.
Hence, the specific humidity is the ratio of the mass of water vapor in a moist air parcel
relative to the total mass of the moist air, expressed in kg/kg or g/kg. The numerical
value range is 0 < s < 1, where s = 0 for dry air and s = 1 for air-free steam or liquid
water. If the volume of the air package increases, then both the (unchanged) mass of the
moist air and the (unchanged) mass of the water vapor are distributed to a larger volume,
but the ratio of the two masses in the air package remains the same.:
gy e
p mgp—(1—2%)e’

mq

(2.3)

where p is the density of moist air, mq is the molar mass of dry air (28.9644 + 0.0014
kg/kmol), my/mq = 0.62198, e is the partial pressure of the water vapor and p is the

total pressure of moist air. [Foelsche, 2017|

2.1.4 Mixing ratio

The mixing ratio (m) is the amount of water vapor that is in the air divided by the mass

of the dry air. It can be written as follows:

m = —, 24
Pd (24)
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2.1.5 Integrated water vapor

The integrated water vapor (IWV) is the integral over a unit area, with the upper boarder

of infinity. This represents the total water in the atmosphere and is measured in mm.

IWV = /000 pw(2)dz, (2.5)

2.1.6 Precipitable Water (PW)

The precipitable water is the integrated water vapor expressed as the height of the water
column, if all the water in that column was precipitated as rain. It is usually measured
in mm.
pw = V. (2.6)
P1
where p; = 998 kg/m? is the density of liquid water at 20 °C. [Foelsche, 2017

This equation is used to analyse atmospheric rivers in this thesis.

2.2 Water vapor in the atmosphere

Water vapor is one of the most important constituents of the atmosphere and passes
through evaporation into the atmosphere, where it transforms into clouds and precip-
itation. The water vapor content in the atmosphere varies according to latitude and
longitude and can account for about 4% of the total troposphere in the tropics. This
water vapor also has an extreme impact on our climate because it is one of the strongest
greenhouse gases. Without greenhouse gases, or rather the natural greenhouse effect, our
planet would be hardly habitable. Without this effect, the average temperature would be
instead of the pleasant 15° C at -18° C [Ma, 1998|.

Water vapor plays a very important role here, because if an increase in water vapor in
the atmosphere is measured, there is also a positive feedback of the greenhouse effect.
The positive feedback can be explained as follows: The higher the temperature, the more
water vapor can be stored in the atmosphere and the higher is the greenhouse effect.
The water vapor content in the atmosphere increased since 1988 per decade by about
0.41 kg/m?. This can not be explained with the natural variability in the Earth’s climate
system. A plausible explanation for this effect is the human influence on the Earth’s
atmosphere. [Staff, 2007
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2.2.1 Spatial distribution of water vapor

The air has only a limited storage capacity for water vapor, which depends strongly on
the temperature of the atmosphere. Looking at the water vapor concentration of the RO
measurements, one immediately sees that it follows a global pattern. The highest con-

centrations are found in the tropics, towards the poles the water vapor content decreases.

At the poles, the concentration of water vapor is under 1% [Markings, 2017]. The water

vapor concentration decreases not only with increasing latitudes, but also with the height.
This is because the temperature decreases with increasing altitude and thus the air can

not store as much water vapor.

10 20 30 40 S0 60 70 8O 90 100 110 120 130 140 150 160 170 180 180 200

mm/month

~TOU 908U =70 60 50 4U =30 20 =10 U 10 20 30 4U 50 60 70U B0 WU T0U ]
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(a) Precipitation in January.
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(d) Precipitation in October.

Figure 3: Distribution of water vapor between 1979 and 2013,

which is given in [mm/month|. (Taken from
2016)
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Figure [3] shows the water vapor content, during a year. In Figure [3]is the long term
mean precitable water for the January, April, July and October from 1979 until 2013. In
addition, it can be seen that the relative humidity over the oceans is higher than over land.
This can be traced back to a higher evaporation rate over the oceans. The relationship
between the evaporation and the surface temperature of the oceans can be described by

the following equation |Gaffen et al., 1992].
In(PW) = a+ bTk. (2.7)

The equation shows that there is an exponential relationship between the surface tem-
perature of the ocean 75 and the rate of the precipitable water, PW. |Gaffen et al., 1992
analysed radiosonde data from 50 stations during 1973 and 1990, which were globally
distributed and found out that the linear correlation coefficient between In(PW) and T
has a value of 0.94.

Further on, deviations from zone symmetry are related to the physiography of the Earth’s
surface.

Finally it is to mention, that the amount of rainfall over oceans is in general higher than

over the continents.

2.3 Precipitation

Precipitation is the general term for all forms of moisture that originate from clouds and
fall to the ground. It is that part of the water cycle in which atmospheric water vapor is
condensed and forming water droplets that are so large, that gravity makes them fall to
the earth.

The precipitation distribution looks similar to that of the atmospheric water vapor. About
66% of the total precipitation occurs in the equatorial region, more specifically between
30° north and 30° south latitude. Generally speaking, precipitation can not be grouped
into zones, as it can vary widely. There are areas in which almost no precipitation falls,
but elsewhere heavy precipitation can occur.

Extreme precipitation such as the global maximum in Cherrapunji, India, with more than
12 m per year, is always associated with advection and orographic effects [Liljequist and
Cehak, 1984].

Precipitation plays also a special role in North America, because most precipitation is
formed by water vapor from the warm waters of the Gulf of Mexico. Rainfall is trans-

ported deep into the interior of the country, providing rain in the United States.

11



2 WATER VAPOR

Moist warm air from the Pacific can not penetrate far into the interior, as the Rocky
Mountains run parallel to the coast and water vapor can not be transported across this
mountain range. The same phenomenon can be observed in South America near the An-
des.

On the east coast of the US, however, the deep penetration of water vapor into the interior

is possible because there are no high levels of interference [Peixoto and Oort, 1992].

12
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3 Atmospheric rivers

Atmospheric rivers are long, broad streams that can carry enormous amounts of water
vapor. This water vapor gets transported by the AR from the tropics towards higher
latitudes. The direction of the atmospheric rivers is influenced by the weather, especially
by low pressure areas and storms.

These rivers can be 400 to 600 kilometers wide and up to 2000 kilometers long and are
located in the lower part of the troposphere. Due to the extremely large amount of water
vapor, this natural phenomenon can be very dangerous for people who live in the affected
area. Atmospheric rivers can vary in length and width and are bound by no limits, except
in height, as the water content in the atmosphere decreases with altitude.

This means that no event is the same as the other and therefore each is individual and
unique. However, there are regions where this natural event occurs more often than in
others. This can be explained by the particular geographical regions.

When an atmospheric river hits land, large-scale floods, landslides, overflowing rivers, and
heavy precipitation in the form of rain or snow can be the consequences.

For this reason it is of great importance to be able to predict atmosperhic rivers and to
know more about them. The following section explains the science behind the atmospheric
rivers using as an example the United States of America (see subsection .[NOAA,
2015a)

3.1 Definition of an atmospheric river

For atmospheric rivers, there are a variety of definitions which have developed over time.
In 1962 an atmospheric river was mentioned for the first time and so the first definition
for an atmospheric river was introduced. The following table gives an overview of the
development of the definition of atmospheric rivers. The table is ordered chronologically,

starting with the oldest definition, which was mentioned in a scientific paper.

14
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Table 3.1: Definition of an atmospheric river

AR Definition References
»characterized by strong gradients in a southwest flow of moist | (Weaver, 1962) (p.
stable air from a rather distant low-latitude source, with a | 207)

minimum of interruption by intrusion of air from a more

northerly source*

,water vapor transport in the troposphere is characterized by
a filamentary structure®; ,,the fraction of the globe they cover

is 10% or less®

Zhu et al., 1992, (Zhu
and Newell, 1998)

»areas of strong winds (greater than 12.5 ms-1 wind speed |...])
with an Integrated Water Vapour (IWV) in the atmospheric

column of more than 2 cm*

Zhu and Newell 1998,
based on Newell and

Zhu 1992

»quite narrow (<1000 km wide) relative to both their length
scale (>2000 km) and to the width scale of the sensible com-

ponent of heat transport®

(Neiman et al., 2008b)

»|Pineapple express| ,steer warm, moist air from the tropics

near Hawaii northeastward into California“

Dettinger 2011, based
on Weaver 1962; Det-
tinger 2004

,they approach the west coast of North America, ARs are
typically 2,000 or more kilometers long but only a few hundred

kilometers wide*

(Dettinger, 2011)

,concentrate those fluxes into long (>2000 km), narrow

(<1000 km) plumes*

Neiman et al. 2011,

based on Bao et al.

2006; Stohl et al.
2008; Ralph et al.
2011

,narrow plumes of SSM/I vapor with values >2 cm that were

>2,000 km long and <1,000 km wide*

(Dettinger, 2011)

15
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,thousands of kilometers long and, on average, only 400 km | Ralph and Dettinger
wide* 2012

»a contiguous region >2000 km in length and <1000 km in | (Rutz and  Steen-
width containing IWV values >0 mm* burgh, 2012)

»long (>2000 km), narrow (<1000 km), low-level (below 600 | Neiman et al. 2013,
hPa) plumes of enhanced water vapor flux® based on Zhu and
Newell 1998; Ralph et
al. 2004, 2005, 2011;
Neiman et al. 2008a,
b; Smith et al. 2010

slong (about 2000 km), narrow (about 300-500 km wide) | Gimeno et al. 2014
bands of enhanced water vapor flux* (p.1), based on Newell

et al. 1992

3.2 Regions of atmospheric rivers

The beginning of atmospheric rivers is in the tropical regions, where warm, humid air is
available. Local storms or cold fronts transport this air to the north, resulting in a stream
of water vapor, which can transport the equivalent amount of water as the mouth of the
Mississippi river, which discharges 16 792 m? of water per second into the Gulf of Mexico.
[National Park Service, 2017]

If the atmospheric river hits land and there are mountains in the area, this can lead to
extreme events. The humid air rises up the mountainside and condenses as the tempera-
ture decreases.

This effect will be discussed in the following chapter ,, The Pineapple Express [3.3]".
Atmospheric rivers can occur all over the world, but there are areas where this phe-
nomenon is more common than in other regions. According to a new study, 300 million
people are directly affected by floods and droughts every year. [NOAA, 2015a]
Furthermore, it was found that 22 percent of the total water that flows on the Earth’s
surface comes from atmospheric rivers. In some regions, such as the East and West coasts
of the US, Southeast Asia or New Zealand, this amount may even exceed the 50 percent
mark.

In areas where the influence of the atmospheric rivers is greatest, this value can be up to

16
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80 percent. As a result more often extreme events occur, which can cause serious damage
in the affected areas. The propability of floods or droughts increases to 80% and 90%,
respectively, in these regions. Vice versa the absence of ARs can cause draughts. Should
this happen the likelihood of droughts in this affected region increases by 90%.
Furthermore, atmospheric rivers also occur in Europe, in particular along the European
Atlantic coast, the Iberian peninsula and in Scandinavia. [Ramos et al., 2016]

It was proven that eight of the ten heaviest precipitation events in Europe can be ex-
plained with atmospheric rivers. [Union, 2013] This number can be used to illustrate how
important ARs are to Europe.

The event in December 2015 in the UK and Norway was one of the most devastating dis-
asters triggered by an atmospheric river in Europe. Norway recorded the highest rainfall

ever recorded in 24 hours during such an event.

Atmospheric rivers are distributed all over the world, but occur very frequently in Cali-
fornia. In this region, they can be responsable for 30 to 50 percent of the rainfall.

There are some storms on the west coast of the US, but the most notorious storms are
the so-called ,,pineapple express“storms. These storms bring warm humid air from the
tropics over Hawaii (hence their name) to the American West Coast and can lead to heavy,
torrential rainfalls in these places. Most of these Pineapple express storms occur between
October and April and are therefore responsible for most winter storms. A feature of this
atmospheric river is that even on simple satellite images they are recognizable as long,

narrow cloud bands.|Dettinger, 2004]

3.3 Pineapple express

The pineapple express has its roots in the tropics and transports warm moist air masses
across the Pacific Ocean to the west coast of the USA. On the way across the ocean, the
water vapor conveyor reaches the area of the hawaiian islands. Therefore, the tropical
name " Pineapple Express” originates from its geography. The pineapple express usually
hits the east coast of the United States of America between 32° north and 52° north,
mostly in the region at a latitude of 40°.

17
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Figure 4: Satellite Image of a Pineapple Express. (Taken from |Chesters, 2014)

Figure {4] shows a Satellite Image of an AR event, hitting the West Coast of the United
States in December 2014. This AR is a type of the Pineapple Express, because the path
of the water vapor band touches the islands of Hawaii.

When this wet air belt hits land, this usually happens in a very densely populated area,
for this reason, this phenomenon enjoys a lot of attention and needs to be analysed to
predict such events. The damage that can be caused by such an event reaches in some
cases hundreds of millions Dollars.

To reach the American continent the AR has to travel for several thousand kilometres.
When the AR is located over the ocean, no obstacle is in the way and the AR can spread in
the direction, which is defined by the direction of wind and the actual weather conditions.
When the AR hits the mainland of the United States, massive obstacles block the way
for further travelling deeper into the country. The AR is blocked by the mountain chain
of the Rocky Mountains. Some AR can travel over the mountain chain, but they are
weakened by the obstacles.

As a result of the impact on the Rocky mountains, warm, humid masses of air rise up the
mountainside, and undergo adiabatic cooling with increasing altitude. Moisture begins
to condense with decreasing temperature and small water droplets form. A schematic
example of the process is shown in figure [3].

The precipitation caused by these ARs can be very violent and devastating. In the years
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from 1997 to 2006 it could be proven that each event of all 7 floods concerning the
Russian river were caused by an AR in this time period. The heavy precipitation forces
the Russian river in California to rise up to eleven meters, and thus overflow the shores

and flood surrounding areas. The normal water level for the Russian river is 2 meters.

[Dettinger and Ingram, 2013]

Rivers in the Sky

An atmospheric river is a narrow conveyor belt of vapor that extends thousands of miles from
out at sea, carrying as much water as 15 Mississippi Rivers. It strikes as a series of storms
that arrive for days or weeks on end. Each storm can dump inches of rain or feet of snow.

Originally produced for the January 2013 issue of Scientific American

Origin Buoyancy
Atmospheric rivers usual- The warm, moist air mass
ly approach California Orientation easily rises up and over a
from the southwest, If a river strikes perpen- - mountain range; as it

dicular to a mountain

bringing warm, moist air
from the tropics

Duration

A megastorm can last up
t0 40 days and meander
down the coastline.
Smaller rivers that arrive

range, much of the vapor
condenses out. If it strikes
at an angle (shown
below), a “barrier jet’ can
be created that flows
along the range, redistrib-
uting precipitation on the

does, the air cools and
moisture condenses into
abundant rain or snow. The
river eventually decays into
random local storms.

each year typically last two mountainside.
to three days; “pineapple
expresses” come straight

from the Hawaii region.

Vapor Transport
Moisture is concentrated in
a layer 0.5 to 1.0 mile
above the ocean. Strong
winds within the layer bring
very humid air from the
tropics, but the river can
also pull in atmospheric
moisture along its path.

Atmospheric river

Several inches of rain or.
feet of snow.can:fall under-
neath an-atmospheric

river each day. Moderate
storms can bring more
than 15 inches of rain.

Not to scale

Figure 5: Schematic drawing of an AR, which hits the East coast of America. A barrier
is drawn on the left side of the AR. (Taken from: [Fischetti, 2018)
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During winter the Pineapple Express storms carry twice as much water vapor in the
Sierra Nevada as normal cold fronts, which can occur. Furthermore they yield to warmer
minimum temperatures, and produce daily increases in streamflow that are an order of
magnitude larger than those from other types of storms. Furthermore in the Sierra Nevada
warmer minimum temperatures and an increase in the daily production of streamflow can
be measured. [Dettinger, 2004]

A storm of extreme magnitude can rage for up to 40 days, causing severe damage. The

amount of precipitation also depends on the direction of the atmospheric river. If a storm
hits a mountain range vertically, most of the water vapor condenses and precipitation
forms. However, if the impact angle does not correspond to 90°, a barrier jet can be
formed. A barrier jet is a small tributary of the atmospheric river that flows along the
mountainside, causing heavy rainfall in the affected area. A barrier jet is a relatively
strong wind, which is concentrated within a narrow stream, on the windward side of a
mountain chain. The barrier jet moves roughly parallel to the obstacle - in this case the
Rocky mountains. The cold air ascends the barrier and as a result a pressure-gradient-
force occurs, which points away from the mountains. (See figure |§[) If this situation lasts
longer as hours the Coriolis force, accelerates the stream in the perpendicular direction

to the pressure gradient, which is along the barrier direction. |[Seguin, 2012]

SW Pacific Ocean Coastal Ranges Central Valley Sierra Nevada NE

Figure 6: A schematic cross section through an AR event. (Taken from |Neiman et al.,

2013a)
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3.4

Extrem events caused by atmospheric rivers

To give an overview of the destructive power of AR, the most documented serious events

from the 1980’s up to now are briefly summarized. The events are given in a chronologi-

cally order:

3.4.1

3.4.2

11 - 24 February 1986 Northern and Central California
Event rainfall total of 49.6 inches at Bucks Lake in Feather River Basin
Several rivers above flood stage.
13 fatalities, 67 injuries
50,000 people displaced by flooding

$ 400 million in damages to property and infrastructure.

Leung and Qian, 2009

29 December - 4 January 1996/1997 Northern California and Western Virginia

Event rainfall totals of more than 24 inches in many locations throughout northern

California.

Heavy rain at high elevations in the Sierra Nevada fell on top of deep snow pack

exacerbated runoff and river flooding

San Joaquin, Sacramento, Feather, Cosumnes, and Toulumne Rivers heavily im-

pacted.

250 square miles inundated by flood waters

2 fatalities, 50 injuries

120,000 people displaced by flooding.

$ 1.6 billion in damages; 20000 homes and 1500 businesses destroyed or damaged.

Disaster areas declared in 43 counties in CA.
Leung and Qian, 2009, (Galewsky and Sobel, 2005
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3.4.3

3.4.4

7 - 11 January 2005 Southern California

Event rainfall totals of 10 - 20+ inches throughout southern CA, with heaviest

rainfall focused north and east of Los Angeles, CA.

14 fatalities, 9 injuries.

Several hundred people displaced by flooding.

$2007300 million in damages.

Several structures destroyed by flash flooding

Several road ways compromised by mudslides and flooding

Major mudslide at La Conchita in Ventura County, CA, resulted in 10 fatalities and
destroyed 15 homes

Ralph et al., 2011

13 - 14 2005 September Western Norway

Rainfall total of 6.16 inches in 24 h at the Bergen-Florida weather, the most daily

rainfall ever recorded at the site since observations began there.

Rainfall total of 7.06 inches in 24 h at Opstveit, the most daily rainfall ever recorded

in September in Norway.

Landslides at Hatlestad Terrasse near Bergen caused 3 fatalities and 7 injuries and

destroyed several homes, displacing several people

Flooding and landslides caused severe damage to buildings and infrastructure around

the city of Bergen.

Strong winds downed powerlines and trees, adversely affecting communications and
transportation.
Stohl et al., 2008
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3.4.5

3.4.6

29 December - 2 January 2005/2006 Northern California
Event rainfall totals more than 20 inches throughout the Sierra Nevada.

Locations in the Coastal Range in the Russian and Napa River basins received 18730

inches.

Widespread 24 h rainfall totals in excess of 5 inches on 31 Dec throughout Northern
CA.

Several rivers above flood stage throughout northern CA.

Recurrence intervals for peak discharges throughout northern CA ranged from 10-25

years.

Major flooding concentrated in Napa and Russian River basins.
No fatalities reported.

$300 million in damages.

10 counties declared federal disaster areas.

1000 homes were flooded in Napa, CA.

Various local evacuations, road closures, slope failures (i.e., mudslides).

Smith et al., 2010

6 - 7 November 2006 Western Washington and Northern Oregon
Event rainfall totals of 8 -20 inches over the Cascades and Coastal Mountains

Local rainfall maxima near 28 inches in the Coastal Mountains and near 24 inches

in the Cascades
Several rivers above flood stage in western WA.

Several stream gauges throughout the Coastal and Cascade mountain ranges in
western WA and northern OR recorded 1-day discharges in the top 1% of those

historically recorded, with 6 gauges reporting record discharges.

No fatalities reported.
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e $50 million in damages.
e Several roadways washed away by flood waters.

e Mudslides blocked roadways leading to road closures.

Neiman et al., 2008a
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4 GNSS Radio Occultation

In order to detect atmospheric rivers, data with a high vertical and horizontal resolution
available globally over Earth are required. There are several techniques for data collection,
and each method has advantages as well as disadvantages for this application. Radiosonde
measurement provides good quality data. However, with this method, the data sampling
is limited, because it is only possible to perform the measurements on land.

Hence, Global Positioning System (GPS) radio occultation (RO) data are used, because
of their global availability. RO data has a number of advantages over radiosonde measure-
ments, such as long-term stability, all-weather capability and very high vertical resolution
and accuracy. The measuring method is based on the principle of refraction. A GPS
satellite sends an electromagnetic signal to a Low Earth Orbit (LEO) satellite [Steiner
et al., 2011].The signal propagates through the Earth’s atmosphere and is delayed and
bent by it. How strong this effect is, depends entirely on the properties of the atmosphere.
As a satellite enters occultation, the Earth’s atmosphere is scanned from the ground up or
vice versa. These events are called either setting occultations or rising occultations.The
data quality, provided by the RO technique, is really good in the range from the upper
troposphere (altitude of 5 km) to the lower stratosphere (altitude of 35 km).

4.1 RO measuring technique

Initially, the concept of the radio occultation measurement method was developed in the
mid-sixties. The Mars and Venus atmosphere were measured using this measurement
principle as part of the Mariner IV and Mariner V missions. The data obtained were a
density and temperature profile of the two atmospheres [Fjeldbo et al., 1971]. Gradu-
ally, this concept was adapted to the Earth’s atmosphere and was first tested on board
the 1995 National Aeronautics and Space Administration (NASA) Microlab I spacecraft
Global Positioning System / Meteorology (GPS / MET) mission.

Two satellites are brought into space which orbit the earth at a certain distance. The
transmitter emits electromagnetic signals at a frequency of 1575.42MHz or 1227.60MHz,
as this is the frequency of Global Positioning Satellites (GPS).

The transmitter is a satellite of the Global Navigation Satellite System (GNSS). GNSS
includes the Global Positioning System (GPS) of the United States Department of De-
fense (DoD), the Global'naya Navigatsionnaya Sputnikovaya Sistema / Global Navigation
Satellite System (GLONASS), operated by the Russian Vyska Vozdushno-Kosmicheskoy
Oborony / Aerospace Defense Forces ( VKO), GALILEO as a joint project of the Eu-
ropean Union (EU) and the European Space Agency (ESA) and the Chinese BeiDou
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satellite navigation system. The GPS and the GLONASS system are currently in opera-
tion, whereas the BeiDou and the Galileo system are currently still under construction or
in partial operation. GALILEO and BeiDou are expected to achieve global coverage and
full operational status by 2020. [Hayes, 2012]

Currently only GPS satellites are used for RO measurement, but theoretically it would be
possible to use all satellites for the measurement method. There are currently 32 satellites
in orbit around the Earth in the mid-Earth orbit (MEO) at an altitude of approximately
20,200 km with an inclination of 55 °, and for that four satellites are always visible from
each point on the earth.

The radio signal propagates through the Earth’s atmosphere and is refracted and delayed
by the atmosphere’s density gradient (see Fig. . A receiver, i.e. a LEO Satellite mea-
sures the phase change between the intrinsic signal and the frequency shifted signal as a
function of time [Hajj et al., 2002]. This phase change measurements can be inverted to
vertical profiles of atmospheric parameters (such as bending angle, density, temperature
etc.).

GPS

LEO

Atmosphere

Figure 7: Schematic principle of RO. Within the influence of the Earth’s atmosphere the
signal between transmitter and receiver satellite is bent within the Earth’s den-
sity field whereas above the atmosphere it does not undergo refraction. Taken
from [Foelsche, 1999.

The phase change is dependent on the electron density in the atmosphere, the content
of the water vapor, the density and the temperature. A major impact on the bending

angle profile is, that an ionospheric influence occurs. This effect can be removed with the
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help of an ionospheric correction to first order. [Syndergaard, 2000] However, ionospheric

residuals remain in the data. [Danzer et al., 2013]

The bending angle « is a function of the impact parameter a, which is the perpendicular
distance between a ray asymptote and the refraction center (which is approximately in
the center of the earth) and is constant along the ray path (see figure . At the point
where the ray path is closest to Earth, a is given as n(r) r, where n is the refractive index

and r is the radius of the ray path.

I OPSv5.6 Input Data |

|

Correction of Earth’s Oblateness

|

Bending Angle Retrieval

Excess Doppler and Doppler Shift
Bendinz Angle
lonospheric correction
Bending Angle Bias , Nois2 and Observational Error

|

| Atmospheric Refractivity |

l

| Retrieval of Dry Atmospheric Parameters l

Dry Density
Dry Pressure
Dry Temperature
Derivation of Geopotential Height on Dry Pressure Levels

|

Moist Atmospheric Parameters

Figure 8: Scheme of the process for the retrieval of the moist at-
mospheric parameters. ﬂSchWérz et al., 2013].
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As the refractive index varies radially, the ray propagating through the atmosphere is
refracted. The bending angle is obtained by integrating the bending angle along the ray
path. Thus, bending angle profiles are converted by the Abel integral to refractive index
profiles. The Abel integral is given for the bending angle « as:

r=ee 1 din(n)

e Jn)E—@ dr

ala) = /Oa do’ = 2a dr, (4.1)

with the impact parameter a, the radius of the tangent point ry, and the refractive index
n [Kursinski et al., 1997].

In equation 4.1} the upper boundary of the integral is infinity. However the RO mea-
surements are only available up to 80 km. For this reason an upper boundary has to be
intitalized. The results of a bad initialization of the bending angle are errors in the re-
fractivity profile. Further effects of bending angles at high altitudes are high noise, which
also can be recognized by errors in the refractive profile. [Schwéarz et al., 2013]

In order to obtain the refractive index from the bending angle, it is necessary to form the

inversion of the integral (derivation from Steiner, 1998):

n(ry) = exp [—% /oo \/%da] : (4.2)

Instead of using the refractive index n, it is common practice to specify the refractivity

N, given by the following relationship:
N =(n-1)-10° (4.3)

From refractivity atmospheric parameters can be derives by the Smith-Weintraub For-
mula, to first order.
e n
N =77.62% 4 373,105 5 —4.03- 107 4+ 1.4W, (4.4)
Tdry T2 f2
with the atmospheric pressure p in hPa, temperature T in K, partial pressure of water
vapor e in hPa, electron density n. in electrons m™, transmitter frequency f in Hz, and
the mass of liquid water content in the atmosphere W in g m™.
The first term on the right side of equation represents the hydrostatic dry term, the
second term for the wet part, and the third term for the ionospheric part. The last part

takes into account the proportion of liquid water in the atmosphere.
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Since the proportion of liquid water in the atmosphere is very low and the ionospheric
correction has already been applied to first order. Hence, the last two terms of can
be neglected.

Dry Air Retrieval:

If interested in the dry atmosphere, the moisture can be neglected, so term number 2
dissapears. Therefore, equation is simplified to:

*

Pary R
N =776 =T77.6p4ry—, 4.5
Tdry pd dery ( )

using the ideal gas law, where R™ = 8.3145 J /(K mol) is the universal gas constant [Mohr
et al., 2008] and M = 28.964 kg kmol™! is the mean molar mass of dry air [Khélifa et al.,
2007]. The dry density can be calculated as follows:

M

(z)m (4.6)

p(z>dry =N

Once the density is calculated the pressure can be obtained from the hydrostatic equation

given by:

plz) = / " (6, )0l d= (4.7)

The pressure equals the weight of the air column, which lays over an area. The upper
boundary of the integral, which is theoretically infinity, is set to 120km (background
information) [Schwéarz et al., 2013]. As a final step, inserting density and pressure into

the ideal gas law yields the dry temperature:
T(z) = ——) (4.8)

To reduce noise, a Blackman filter is applied with 1 km filter width, to eliminate the nu-
merical noise. Because of the chosen filter width, the resolution is not degraded [Schwarz
et al., 2013]. A result of the calculation is, that the temperature does not decrease expo-
nentially with height. The minimum temperature can be found at the tropopause, which
is in a height of approximately 10 km. After the tropopause the dry temperature increases

again, because of the availability of ozone. (see figure [J])
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CHAMP, 30.09.2007, 00:09 UTC, 72.0°S, 176.8°W CHAMP, 30.09.2007, 00:09 UTC, 72.0°S, 176.8°W
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Figure 9: Comparison of dry temperature profiles of RO and ECMWF and ECMWF
physical temperature as a function of height. (Taken from [Schwérz et al.,
2013))

Moist Air Retrieval:

Once the dry parameters have been derived, the wet parameters can be calculated:

N = c1Rapasy = ¢1 - 22 (4.9)

which represents the relation of dry air to refractivity. Equation contains the dry air

equation of the state zjry

= RaryTary, where Rqyy = is the specific gas constant of

R
ry Mgy
the dry air. makes 1t possible to formulate the ratio of dry pressure pq, and dry

temperature Tg,, with respect to generic refractivity,

28— N,V p). (4.10)

The water vapor volume mixing ratio V, incorporates the water vapor pressure e, as well

as the pressure p and the specific humidity q, as follows

q

Vy=—"—,
aw + byq

(4.11)
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Oy VW

1= q+ bV’

(4.12)
where a,, = My /M = 0.6220 and by, = 1 - M, /M = 0.3780 are constants, where M, is
the molecular weight of water M,, = 18.0153 kg kmol™! . The R.H.S. of Eq. refers
in principle to any existing type of refractive relationship [Foelsche, 1999, Smith and
Weintraub, 1953].

With help of the Smith-Weintraub formula,

P e
N201?+02772, (413)
the R.H.S. of Eq. N, can be rewritten as
p cr
N(T,Vy.p) = N = —(1 ‘r W), 414
(T Vep)=N=al (1+ %V (119

where ¢t = cy/cy. Three equivalent forms can be written:

p cT
T:Tr—<1+—VW>, 4.15
dypdry T ( )

T~ T
V= Lo (4.16)
7L dry

B T
b= pdrdery (1 + C?TVW) )

(4.17)

Comparing the logarithmic values of dry pressure and pressure, the moist pressure vertical

increment dlnp with respect to the dry pressure increment can be expressed as follows:

dIn P Rdery
— 4.18
dIn pary  RaT(1+ cwq)’ ( )
and further on
Tq
dlnp=4d1l ——— 4.1
np npdyT(l—i-cwq) (4.19)
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With help of Eq. q can be converted to V,

bV 1420V,

1 4eg=1 _ ,
RIS A T s v BT N 72

(4.20)
the result is

Tary(1+ by Vy)
Inp— 9 1N pare. 421
dlnp T(1+ 26,V y) d 1 pary (4.21)

If q is given, the temperature T as well as the pressure p can be calculated. Further on

V, and p can be calculated, if T is given.

As starting values for the iteration process for the calculation of T, p and V,, the following

parameters are used:

g TO = Tdry

o Vo= dminE . ¢ . o =1516gkg!

aw

® Do = DPdry

Finally, after the iteration process, optimally estimated T and ¢ profiles are obtained.

The profile of the water vapor e is calculated as:

e=Vyp, (4.22)

The density profile p is computed by the following equation:

B p
T RyT(1+Cywq)

p (4.23)

In the following figure [10] the pressure profile is shown and an exponential decrease with
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altitude can be recognized.

sre [nPa] Pressure [nPa] : Pressure Difference [%]

Figure 10: Comparison of moist pressure profiles of RO and ECMWF physical pressure
and ECMWF dry pressure as a function of height. (Taken from [Schwérz et al.,
2013])

4.2 RO characteristics

Vertical and horizontal resolution:

The RO measurement method achieves a very good vertical resolution. How-
ever, the horizontal resolution during one satellite circulation is low. The hor-
izontal resolution becomes better, when the satellites cover the earth during
time. The resolution in the lower troposphere reaches about 60 km horizon-
tally and 100 m vertically in the lower troposphere. The horizontal as well as
the vertical resolution of the measurement in the lower stratosphere is about
300 km and 1.5 km. |[Kursinski et al., 1997, Gorbunov et al., 2004, Melbourne
et al., 1994]. However, with the help of wave optics into the retrieval, a vertical

resolution of 60 meters can be achieved.
Global coverage:

The location of the measurement is determined on the one hand by the orbit of

the transmitter, as well as, by the receiver satellite. Most RO satellite missions
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have a near-polar orbit for global coverage. However, GPS satellites have a
fixed inclination of 55 °. The International Radio Occultation Working Group
recommends at least 20 000 occultations measurements per day. Furthermore
they emphasize the need for global coverage as well as coverage of all local

times. The global coverage for the 13" Ocotber, 2009, can be seen at figure
L1l

Distribution of Ro-measurements for the 13.10.2009
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Figure 11: Distribution of RO - measurements for the 13'" October, 2009.

All-weather capability:

A big advantage of the RO measurement method is that it can be used in all
weather conditions. This is because GNSS signals can penetrate almost all
clouds and are not disturbed by sunlight. That means that measurements can
be made during the day as well as at night. It can happen that a large amount
of water vapor in the atmosphere leads to disruption and signal degradation
as a result [Gorbunov et al., 2000].

Self-calibration, long-term stability:

The measured quantity onboard a LEO satellite is the phase change as a
function of time between the intrinsically transmitted signal and the received

frequency-shifted signal. Assuming that the atmosphere does not undergo
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major changes during the measurement of a profile, the RO technique can be
called self-calibrating. This also implies that the measurements are long-term
stable, which allows to use measurements taken by different LEO satellites

without the need of inter-calibration [Foelsche et al., 2011].

Accuracy:

Accuracy of RO data depends on several parameters |[Kursinski et al., 1997]:

e quality of the instrument
e ionospheric conditions
e atmospheric conditions (WV ambiguity, atmospheric multipath)

e quality of the initialization of the Abel integral

In the Upper Troposphere - Lower Stratosphere (UTLS) region, temperature
errors rarely reach 1 K [Kursinski et al., 1997].
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5 Data Sets

In this work, data was used, which was calculated using the Wegener Center occultation
processing system version 5.6 (OPSv5.6). Specifically, data from the FORMOSAT-3 /
COSMIC mission was used. Data which can be received from the RO data are pres-
sure, density, temperature, Geopotential Height (GPH), and the water vapor. The exact
derivation of the parameters was explained in chapter [4.1} The profiles of the parameters
are a function of pressure. The vertical levels of the pressure grid can be calculated as

follows:
z

=), (5.1)

p(z) = poexp(
with p0 = 1013.25 hPa (standard surface pressure), H = 7000 m (constant scale height),
and altitude z ranging from the surface to 16km (corresponding to about 100 hPa) in
equidistant 200 m steps.

The highest accuracy of the data can be found in the upper troposphere, where there is
a temperature of 0.7 K and a geoid height of 10 m. [Scherllin-Pirscher et al., 2011]

Because the RO measurement data is randomly distributed, a grid of 2.5 x 2.5 degrees is
spanned over the Earth and a weighted average (see Eq.: in space and time is applied

to the measurement results. The formula for the weighted average is as follows:
Z wixi()\’, CI)/, d,)

xgrid == : Zw ) (52)

where Zgq(A, @, d) is a specific grid cell at longitude A, latitude ®, and day d. zi(N, ®', d')
denotes an individual atmospheric profile at the RO event location (N, ®’) and day (d’). It
is to mention, that all RO measurements, within +7.5° in latitude and 4+2° in longitude are
in the calculation considered. Further on every RO event within 2 days is also included.

The weighting function is a gaussian function, which can be written as:

wi:exp<—[[%]2+%]2}> (5.3)

where Ad =d—d', AA\=X— X, L =7.5"and D = 1 day. This resolution was chosen,

because of the minimisation of the number of empty grid cells. |[Brunner et al., 2016]
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5.1 RO missions

Initial RO measurements were first delivered in 1995 by the GPS / MET mission
et al., 1996]. Following on, more satellite missions were launched such as the Challenging
Mini-Satellite Payload (CHAMP) mission. In this work, we use data from the so-called
COSMIC mission.

This was one of the most important satellite missions over time, which was successfully
launched on April 15, 2006 by Vanderberg Air Force Station in California and placed in
an orbit of 516 km altitude. The FORMOSAT-3 / COSMIC (China Satellite-3 / Constel-
lation Observation System for Meteorology, Ionosphere and Climate) is an international
collaborative project between the NSPO (National Space Program Office) of Taiwan and
UCAR (University Corporation for Atmospheric Research) of the United States of Amer-
ica. Launched in December 1997, the project will launch a LEO constellation of six
microsatellites to collect atmospheric remote sensing data for operational weather fore-
casting, climate, ionospheric (space weather monitoring) and geodesy research. [Kramer,
2002]

Figure 12: Launch of the Formosat 3 satellite in Vandenberg in 2006. Source: [UCAR,
2017]

About 1,600 to 2,400 atmospheric and ionospheric probes per day can be performed on

this mission. The results of these measurements are vertical profiles that include temper-
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ature, pressure, density, water vapor, and electron density of the atmosphere.

It should also be noted that these vertical profiles can be measured around the globe in-
cluding the oceans [Anthes et al., 2000], to make more accurate predictions. Furthermore,
these measurements also play an important role in Numerical Weather Prediction (NWP)
and the prediction of typhoons, hurricanes and cyclones. [Anthes et al., 2008].

The results of these investigations showed that the mission delivered much better and
more accurate results than previous missions. In the near future, a variety of satellite
missions could be used to expand RO technology and achieve even better coverage |[Kuo
et al., 2004, Anthes et al., 2008]. In summary, the great success of this RO mission ushered

in a new era of real-time RO method transfer. [Kuo et al., 2004]
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6 Results

This chapter presents the results, which were achieved in this master thesis. Four AR
events were chosen and analysed in reference to height distribution as well as to the

development of the AR in the affected areas. The four selected events are:

1. 2006 western Washington and northern Oregon
2. 2009 Northern and central California
3. 2015 Great Britain

4. 2015 Norway

Each event is shown in a time series of plots, representing the integrated water vapor,
which is plotted over a map. So, the AR can be detected and tracked during its travel
path over the affected regions. Further on, some informations about the extent of the

damage for every AR in the affected area are given.

6.1 2006 western Washington and northern Oregon

In 2006, an atmospheric river influenced West Washington and North Oregon. A maxi-
mum precipitation of 71 mm in the coastal mountain and 61 mm in the Cascades (moun-
tain chain in California) could be measured. The results were violent floods and landslides,
which blocked various roads. Several measurements were carried out of the event, which
registered an absolute precipitation of the highest 1% of the measurements ever recorded.
The damages in these regions were estimated to be around USD 50 million and higher.
[Fears, 2015], |.Neiman et al., 2011]

The used data for this calculation were concentrated on ten days around the event. So
the observation period starts on the 2" November 2006 and ends on the 11*" November
2006. As a result the calculated precipitable water was plotted over the entire Earth, to
recognise the AR and show the vast impact of the phenomena on the affected area. If we
have a look at the plotted results of the calculations over time, the AR can be detected
very well. To make the AR even more visible, a smaller section with a latitude of 5° to
65° and a longitude of 120° east to 150° west degrees was selected. Furthermore the color
scale has been chosen differently, so that above a value of 25 mm, the values are marked

in dark red and the AR can be clearly recognised.
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Precipitable Water 2006-11-10

Figure 13: Plot of the precitiable water over the entire Earth in
November 2006. An AR is detectable on the east coast
of the United States of America.
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The previous plots in figure|13|show the precipitation distribution over the world. Because
of the loss of details at this kind of view, it is very difficult to detect the AR in Washington.
To emphasise the AR better, the area of interest is zoomed in (figure and the colorbar

is transformed as explained above.
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Figure 14: The event in 2006 is zoomed in to recognize the AR
better. On the 5" and 6" November the highest pre-
cipitable water was calculated on the east coast of the
United States.

The AR heads to the shore and develops like a wall which travels over the ocean and
brings massive precipitation in form of rain- and snowfall. On 4" November 2009 the
first harbingers of the AR hit the west coast of the United States of America. At the
6" and 7" November heavy rainfall destroyed parts of the affected regions. From 8™

November the AR begins to collapse and the precipitation gradually stops.
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In the next chapter the height distribution of the event is discussed, where an affected

region is chosen and the average of the moisture for every height layer is calculated.

6.2 Height distribution - 2006 western Washington and

northern Oregon

The vertical distribution of ARs is one of the main features of an event. This distribution
gives information about how high an event extends and in which height the most moisture
can be found. This perspective gives a closer look on an AR event, which is important,
because no event resemble one another. Some AR have a lower elevation and extend only
up to 2500m in height.

First of all, the distribution of moisture has to be calculated by the arithmetic mean for
the selected area of each altitude layer. All measurements in a specific height layer are
summed up and then divided by the amount of measurements in each height layer. So,
the result is a single value for each layer, which represents the amount of water in the
air. Afterwards the arithmetic mean is plotted over the time period, where an event took
place. With reference to the AR in western Washington and northern Oregon the time
axis is scaled from the 2" November to the 11*" November. The height is scaled from
0 to 5000 meters and consists of 25 values, which means that the vertical resolution is
about 200 meters.

The size of the area, where the arithmetic mean is calculated can vary from event to
event, because the affected area of every AR is different. At this case, an area of 7.5 x
7.5 degrees is selected, which refers to the coastal zone of impact. The selected area is
mapped at the following figure (figure [15).
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Figure 15: Map of the affected area, with the 7.5° x 7.5° grid for
the arithmetic mean calculations.

Fig shows the the vertical extent of the AR developing in time. The plot indicates
the event reaches its peak between 04.11.2006 and 08.11.2006. During this period, the
highest humidity values are reached at a height of approximately 2500 m.
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Figure 16: Height distribution of water vapor during the AR in
November 2009 affecting the East Coast of the United
States.

The AR builds up, and the amount of water vapour in the air rises. On the 2°¢ November
the most amount of water vapour can be found under 2000 meter. Until the 4" November
the biggest proportion of water vapour reached 4000 meter. This limit of 4000 meter
remained the upper boarder during the event. On 09.11.2006 the AR decays and the
specific humidity drops to a value of approximately 0.4 g / kg. Further on, the AR event
begins to build up at around 800m, reaching up to an altitude of about 1800m, during
this specific event.

Finally it is to mention, that this event was an AR from the type of a ,,Pineapple Express®,
which was discussed in chapter
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6.3 2009 northern and central California

A further event of an AR, which was investigated, is a event in 2009, which hit north-
ern and central California. The average amount of rainfall, which was caused by the
atmospheric river on 13" to 14 October, is significant. During this event, a maximum
precipitation of 48.26 mm was measured. The result of the heavy rainfalls were landslides
in the coastal Santa Cruz Mountains and Sequoia National Park in the Sierra Nevada.
The damage was estimated to $ 10 million. [Ralph et al., 2011].

To analyse this event, a time series of ten days was used, starting with the 9" October
2009 and ending with the 18% October 2009. In figure , ten plots are shown, with
the results of the precipitable water. If the calculated result is higher than a value of 25
millimetres, the color is dark red to show the AR event. [Behrangi et al., 2016]
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Figure 17: The AR event in 2009 which hit the East coast of the
United States of America.
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At the 13" October 2009 the AR reaches the west coast, where a precipitation over 25
mm is calculated. In the plots, a high concentration of water in the atmosphere over the
affected area can be recognized until the 18" October 2009. To make the AR more visible

a smaller area is chosen and the results are shown in figure
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Figure 18: The AR event in 2009 which hit the East coast of the
United States of America.

To analyze the AR better, the height distribution will be discussed in the following section.

6.4 Height distribution - 2009 northern and central California

At this event in northern and central California in 2009, the altitude distribution of water
vapor is very different from the previous event. Again, an area with a 7.5° x 7.5° grid
was selected, where the average of the water vapour was calculated for each altitude level.
This region is limited by Seattle to the north and by the San Francisco area to the south.
From the 9* to the 11" of October 2009 the first cloud front hit the coast, which can be
seen in Fig. and Fig. which is representing the height distribution of the water
vapor plotted over time. On the 13" October 2009, the AR met ashore, which lead to
extreme precipitation.

The concentration of water vapour reached up to 3 g/ kg, which was recorded at an al-
titude of approximately 900 meters. The upper boarder of the AR was around 3700m of
height. Hence, this event did not reach the same upper limit in altitude than from the
event in 2006, where a significant amount of water vapor reached an altitude of about
4000m.
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Figure 19: Map of the affected area, with the 7.5° x 7.5° grid for
the arithmetic mean calculations.

During this event, the most water vapor can be found in an altitude range between Om
to 2000m and after the 13" October 2019.
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Figure 20: Height distribution of the AR event in 2009, hitting the
East Coast of the United States, escpecially California.
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6.5 2015 Great Britain

A further event of an AR, was the winter storm ,, Desmond®, which hit the British and
Irish islands during the winter storm season in 2015, between the 4™ and 6'" December.
The most affected regions of the winter storm, were the Scottish boarders as well as the
northern areas of the United Kingdom, see figure [21]

A record amount of rainfall in 24 hours could be measured and therefore major floods
and landslides occured.

The effects of this winter storm were catastrophic. The damage amount to 500 million
pounds, and over 1000 people had to be evacuated. Because of the massive flooding and

wind speeds up to 39.3 m s, 60 000 people lost power and further on vegetation was

destroyed and ground was severely eroded and washed away. [Matthews et al., 2018]

More than 100 flood warnings and more than 70 flood alerts were triggered in northern
England on Saturday night, with more than 90 flood warnings and alerts in Scotland.
These numbers refer to the northern region of England. In Ireland, over 2,000 people were
left without power and around 700 in Wales.

The AR had it roots in the Caribbean, from where he transported moist warm air to

Europe, see figure 22l Because of these enormous masses of humid air, heavy rainfalls like

these can occur. [Geography, 201§]
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Figure 21: The most affected regions of the AR in the UK in 2015
are marked with the red square. Further on the rivers
Greta, Eden, Teviot and Kent were affected and caused

for even more flooding. (Taken from Google, 2019)
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On the 4" of December 341.4 mm of precipitation could be measured in Honister, Cum-
bria, which set a new UK record. The following figure shows our results of the calculated
precipitable water, concentrating on the time period from 3" December to the 12" De-
cember. The colorbar was adapted to detect the AR, whereby over a value of 20mm the
results are plotted in dark red. The AR builds up from the 3" December 2015 and reaches

the islands with its devastating energy on the 4** to 5" December.
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Figure 22: The AR event in 2015, where the United Kingdom as
well as Ireland were hit by the Atmospheric River.

In this particular event, the influence of the climate change was investigated by
enborgh et al., 2015, |Oldenborgh et al., 2015 used real time observations and weather

analysis, historical data and climate model output to calculate the effect of the climate

change. They used three different methods:

e Statistical analysis of observed trends
e coupled climate model simulations

e regional climate simulations

An area of 54°- 57°North and 6°West - 2°East is chosen, in which the likelihood, calculated
on the past trends in the observations, of a 1 in a 100 year event increases by the factor
of 1.3 to 2.8. The calculated factor with help of the coupled climate EC - Earth is 1.1 -
1.8 and with help of the regional climate simulations 1.05 - 1.8. So it is recognisable that

the climate change has a huge influence on the likelihood of extreme weather events, such
as, the AR event in 2015 in the UK. [Oldenborgh et al., 2015]
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6.6 Height distribution - 2015 Great Britain

The AR which hit Britain in 2015 was one of the strongest and most destructive storms
the island has ever hit. A 7.5° x 7.5° grid was created over this area and the water vapour
content of the atmosphere was calculated for every single point and every 200 meters in
height. The area has been chosen to cover the entire southern half of the island (see figure
and thus to draw conclusions about the impact of the atmospheric river on the affected
area. Furthermore, for each height layer, the average water vapour content in g / kg was
calculated and plotted over time.

The result is a plot, that allows accurate statements about the height distribution of the
water vapour over the time of the extreme event. It can be seen, hat the atmospheric river
is slowly building up above England and reaching full strength on 5" to 7" December
2015.

A feature of this event is that the highest concentration of the water vapour could be
measured near the ground. This is in contrast to the events of 2006 and 2009, where the

highest concentrations are reach in higher heights.
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Figure 23: Map of the affected area, which was hit by the AR in
December 2015 and which was used for the calculation
of the height distribution of the AR.
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Figure 24: Water vapor distribution for the AR event in December
2015 over the chosen area.

6.7 2015 Norway

The event in December 2015 in Norway was the continuation of the AR, which had pre-

viously hit the islands of the United Kingdom and Ireland. For this reason, the source as

well as the path of the AR are not described again, as this can be found in [subsection 6.5.

In some regions of the west coast of Norway, accumulated precipitation amounts of 300
mm could be measured. This led to numerous failures as well as disturbances in the traffic

as well as to extensive flooding. The winter storm that emerged from the AR was referred

to as ”Synne” by the Norwegian Meteorological Institute. [Thyness et al., 2016]

To investigate the event in this thesis, a period of 10 days was chosen, in which the
storm arrived on the west coast of Norway. The starting point was the 3*" December
2015, because the maximum precipitation of the AR was measured between the 5% De-
cember and the 6" December 2015.

The integrated water vapor was calculated and plotted in the following figure[25] In order
to assess the impact on the affected area better, the region of interest was zoomed in.
Furthermore, to detect the AR, the unit of the color bar for the precipitation water was
adjusted. Above 20mm of calculated precipitation, the results were shown in red on the

plot.
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Figure 25: The AR event in 2015, where the United Kingdom as
well as Ireland were hit by the Atmospheric River.

The next chapter treats the height distribution of the AR.

6.8 Height distribution - 2015 Norway

In order to examine the height distribution of the AR in Norway, a 3 x 3 grid has been set
up. This corresponds to a 7.5° x 7.5° grid on the Earth , which was laid over the coastal
region in the west of Norway. The grid extends from the north of Denmark to Molde,
Norway. The western and eastern border of the grid are Bergen and the swedish border.
It was precisely this area selected, where the AR hit land. A time series from the 3* to
the 12 December 2015 was chosen, as heavy rainfall was registered in Norway on the 7"
December. (see figure The height distribution of water vapor is similiar to the event
in Great Britain, altough the AR moved on for a few hundreds of kilometers. (see figure
7)

It can be seen that most of the water vapour can be found at an altitude up to 2000
meters. Concerning the absolute amount of water vapor, the event in UK, respectively
Norway, contained much less water vapor than the events in California. The maximum
amounts of water vapor in the atmosphere during the events in California 2006 and 2009,
were approximately 2 g/kg and 2.8 g/kg. At the event in the UK and Norway an absolute
amount of water vapor of 1.7 g/kg and 1.5 g/kg could me calculated.

60



6 RESULTS

Selected area

el W
5 ;

£
5 2
30°N 1\}

- ]
v\x N -~ = >

90°W 60°W 30°W

60°N

0° 30°E

Figure 26: Map with the grid, where the arithmetic mean for each
layer was calculated.
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Figure 27: Height distribution of water vapor for the event in Nor-

way 2015.
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7 Summary and Conclusions

Atmospheric rivers are weather events that can cause enormous damage and it is there-
fore important to understand the phenomenon and to know their properties. In this
thesis, these natural events were investigated and the role of AR for the people in the
affected areas was examined. Furthermore, several terms for AR were explained and a
short overview of the development of the definition of ARs was given.

In order, to be able to detect atmospheric rivers, data with a high vertical and horizon-
tal resolution are necessary. So far data from radiosondes were used, but they have the
disadvantage that these data are not globally available. For this reason, the Radio Oc-
cultation method is of particular interest. The main advantage of the approach to study
atmospheric rivers with Radio occultation data is, that the vertical distribution of an
atmospheric river can be investigated.

Further on, from the atmospheric parameters, the integrated water vapor was calculated.
Radio Occultation data were used to calculate the integrated water vapor, as well as, the
precipitable water. Four selected atmospheric river events were investigated in particular.

Attention was paid to the following characteristics of the AR:

e The four selected atmospheric river events were divided into two events hitting the

coast of Europe and two events hitting the western coast of the United States.

e Furthermore, attention was paid to the vertical distribution of the AR. The height
distribution provides information about the levels at which most of the water vapor

can be found.

e Finally, the temporal evolution of each event was addressed, which in turn has an

influence on the serious damage in the affected areas.

Each event of the four selected is different in its own way. However, looking at the
vertical distribution of the two events in Europe and the two events in the United States,
similarities between the two events of each continent are detected.

The water vapor in the atmosphere reaches much higher latitudes at the events in the
United states, than at the events in Europe. During the events in Europe, the most water
vapor is detected below 1000 m. During the events in the United States, the most amount
of water vapor reaches altitudes up to 2000 or even 3000 meters. An explanation for this
could be, that the Rocky mountains form an obstacle and therefore the water vapor is

forced to develop in higher altitudes.
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Furthermore, the maximum amount of water vapor in the atmosphere varies from event to
event. The highest concentrations of water vapor in the atmosphere was detected during

the event in 2009, where an amount of 3 g/kg on the 15" of October was detected.
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Acronyms

AR Atmospheric River

CHAMP Challenging Minisatellite Payload

COSMIC Constellation Observing System for Meteorology, lonosphere, and Climate

DOD United States Department of Defense

ECMWF European Centre for Medium-Range Weather Forecasts
EU European Union

ESA FEuropean Space Agency

GLONASS Global'naya Navigatsionnaya Sputnikovaya Sistema / Global Navigation
Satellite System

GNSS Global Navigation Satellite System
GPS Global Positioning System

GPS/MET Global Positioning System?Meteorology

IWYV Integrated Water Vapor

LEO Low Earth Orbit

MEO Mid Earth Orbit
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Nasa National Aeronautics and Space Administration

NOAA National Oceanic and Atmospheric Administration

PW Precipitable Water

RO Radio Occultation

US United States

USA United States of America

VKO Russian Voyska Vozdushno-Kosmicheskoy Oborony / Aerospace Defense Forces

WEGC Wegener Center for Climate and Global Change [University of Graz|

WV Water Vapor
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