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Abstract

The emission of anthropogenic greenhouse gases leads to a continuous increase in

average global surface temperatures. The radiative effect of the anthropogenic sources

is amplified by feedback processes, like the water vapor feedback. The rapid change in

climatic conditions is evident not only in the mean of the relevant weather parameters, but

also in the severity and frequency of extreme events. Extreme convective events in the

troposphere not only have immediate impacts on the surface, they can also influence the

dynamics and composition of the stratosphere. One major impact is the moistening of the

stratosphere by the transport of tropospheric air masses by overshooting convection and

pyro-convection. This effect plays a crucial role in climate feedback as small changes of

water vapor mixing ratios in the upper troposphere and lower stratosphere (UTLS) have

a large impact on the radiative budget of the atmosphere and hence have an additional

positive feedback on the changing climate.

In this thesis four cases are investigated in which water vapor was injected into the

stratosphere. Two of them are cases of convective overshooting and two are cases of

pyro-convection. In all of these cases, unusual values of water vapor were measured in

the stratosphere and a persistent dynamical signature (potential vorticity anomaly) was

produced. For the convective case, the measurements were made by the Cryogenic

Frostpoint Hygrometer (CFH) which requires Triflouromethane (R-23) as a cooling agent.

Since the year 2020, R-23 has not been acquirable in Europe. Hence, an alternative

cooling method for the instrument was successfully explored and tested.

The two cases of convective overshooting were investigated on two consecutive days in

the European mid-latitudes in early summer of 2019. Using balloon-borne instruments,

measurements of convectively injected water vapor in the stratosphere were performed.

The magnitude of the affected stratospheric water vapor reached up to 12.1 ppmv with

an estimated background value of 5 ppmv. The corresponding water vapor values mea-

sured by the Microwave Limb Sounder (MLS) satellite in the lower stratosphere (LS) are

lower than the in-situ observations and the fifth generation of ECMWF atmospheric global

reanalysis (ERA5) reanalysis overestimated water vapor mixing ratios. Backward trajec-



tories of the measured injected air masses reveal that the moistening of the LS took place

several hours before the balloon launch. This is in good agreement with the reanalysis

which shows a strong change in the structure of isotherms and a sudden and short-lived

increase in potential vorticity. Similarly, further satellite data show low cloud top bright-

ness temperatures during the overshooting event, which indicates an elevated cloud top

height.

The two pyro-convective cases caused by the wild fires in the year 2017 in Canada and

in the year 2019/2020 in Australia lead to water vapor mixing ratios of up to 19 ppmv and

20 ppmv at 100 hPa with background values at ≈ 5 ppmv. The plumes reached pressure

levels of 38 hPa and 12 hPa, respectively, as measured by MLS. The impact of these fires

is also evident in the ECMWF ERA5 reanalysis as an individual vortex (enhanced relative

vorticity) which was continuously heated due to black carbon loading. This caused the

strong rise of the plumes within the stratosphere and prevented the dilution leading to

particularly long survival times. In contrast to the convective cases, ERA5 does not show

elevated water vapor values associated with the air masses impacted by the forest fires.



Zusammenfassung

Der Ausstoß von anthropogenen Treibhausgasen führt zu einem kontinuierlichen An-

stieg der durchschnittlichen globalen Temperaturen in Bodennähe. Die rasche Verän-

derung der klimatischen Bedingungen zeigt sich nicht nur im Mittelwert der relevan-

ten Wetterparameter, sondern auch in der Schwere und Häufigkeit von Extremwetter-

ereignissen. Extreme, konvektive Ereignisse in der Troposphäre haben nicht nur unmit-

telbare Auswirkungen auf die Erdoberfläche, sie können auch die Dynamik und Zusam-

mensetzung der Stratosphäre beeinflussen. Eine wichtige Auswirkung ist die Befeuch-

tung der Stratosphäre durch den Transport von troposphärischen Luftmassen, verursacht

durch überschießende Wärmekonvektion und Pyrokonvektion. Dieser Effekt spielt eine

entscheidende Rolle bei der Klimarückkopplung, da bereits kleine Änderungen des Mi-

schungsverhätnisses von Wasserdampf in der oberen Troposphäre und unteren Strato-

sphäre (UTLS) einen großen Einfluss auf den Strahlungshaushalt der Atmosphäre und

somit eine zusätzliche positive Rückkopplung auf das Klima haben.

In dieser Arbeit werden vier Fälle untersucht, in denen Wasserdampf in die Stratosphäre

injiziert wurde. Zwei davon sind Fälle von konvektivem Überschießen und zwei weitere

sind Fälle von Pyrokonvektion. In all diesen Fällen wurden in der Stratosphäre ungewöhn-

liche Wasserdampfmischungsverhältnisse gemessen und anhaltende dynamische Sig-

naturen (potenzielle Wirbelstromanomalien) erzeugt. Für die konvektiven Fälle wurden

die Messungen mit dem Cryogenic Frostpoint Hygrometer (CFH) unter Verwendung von

Triflouromethan durchgeführt, auch bekannt als das Kühlmittel Flouroform (R-23). R-23

ist in Europa seit dem Jahr 2020 nicht mehr erwerbbar. Daher wird in dieser Arbeit eine

alternative Kühlmethode für das Gerät erfolgreich untersucht und getestet.

Die beiden Fälle von konvektivem Überschießen wurden an zwei aufeinanderfolgenden

Tagen im Frühsommer 2019 in den mittleren Breiten Europas untersucht. Mit ballonge-

tragenen Instrumenten wurden Messungen des konvektiv injizierten Wasserdampfs in

der Stratosphäre durchgeführt. Die Größenordnung des betroffenen stratosphärischen

Wasserdampfs erreichte bis zu 12.1 ppmv mit einem Hintergrundwert von ungefähr 5 ppmv.

Die vom MLS-Satelliten gemessenen, entsprechenden Wasserdampfwerte in der LS



sind niedriger als die In-situ-Beobachtungen. Die ERA5-Reanalyse überschätzte die

Wasserdampfmischungsverhältnisse. Die Rückwärtstrajektorien zu den gemessenen

tropospherischen Luftmassen zeigen, dass die Befeuchtung der LS mehrere Stunden

vor dem Ballonstart stattfand. Dies ist in guter Übereinstimmung mit der Reanalyse,

die eine starke Veränderung der Isothermenstruktur und einen plötzlichen und kurzzeit-

igen Anstieg der potenziellen Wirbelstärke zeigt. Ebenso zeigen weitere Satellitendaten

niedrige Wolkenobergrenzen-Helligkeitstemperaturen während des überschießenden Er-

eignisses, was auf eine erhöhte Wolkenobergrenze hindeutet.

Die beiden pyrokonvektiven Fälle, die durch die Waldbrände in den Jahren 2017 und

2019/2020 entstanden, führten zu Wasserdampfmischungsverhältnissen von bis zu 19

und 20 ppmv in 100 hPa und die betroffenen Luftmassen erreichten schließlich Druck-

niveaus von 38 hPa bzw. 12 hPa, wie vom MLS gemessen wurde. Die Auswirkun-

gen dieser Brände sind auch in der ECMWF ERA5-Reanalyse als individueller Wirbel

(erhöhter relativer Luftdruck) erkennbar, der durch die Aerosolbelastung kontinuierlich

aufgeheizt wurde. Dies verursachte den starken vertikalen Anstieg in der Stratosphäre

und verhinderte die Vermischung der Luftmassen mit der umgebenden Luft. Außerdem

führte dies zu langen Lebensdauern der Wirbel. Im Gegensatz zu den konvektiven Fällen

zeigt ERA5 keine erhöhten Wasserdampfwerte in Verbindung mit den Luftmassen, die

von den Waldbränden betroffen waren.
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Chapter 1

Introduction

The atmosphere of the Earth is structured in multiple layers which are defined by distinct

characteristics. The layer closest to the surface is called the troposphere. Its temper-

ature is decreasing with increasing height and it is in direct interaction with the Earths

surface, defining weather and air quality. A multitude of aerosols and trace gases vary

in concentration spatially and over time in the troposphere. Relatively low ozone mixing

ratios of 0 - 100 ppbv and high moisture levels of 100 - 50000 ppmv (Wallace and Hobbs,

2006) are prevailing there. Condensation of water vapor and cloud formation frequently

occurs in ascending air masses, due to the negative temperature gradient, and falls out

as rain or snow. This process is vertically limited by the tropopause, which is the tran-

sition region between the troposphere and the overlying layer of the atmosphere, called

the stratosphere. In the stratosphere the temperature gradient reverses and causes the

tropopause to be one of the coldest regions in the atmosphere. The tropopause is usu-

ally found at altitudes between 16 - 19 km in the tropics and between 6 - 9 km at the

poles. Exchange of air masses between these two layers is prevented by the character-

istic properties of the troposphere and stratosphere. The stable stratosphere creates a

boundary for the periodically unstable and dynamical active tropospheric air. Gettelman

et al. (2011) describe the tropopause as "a strong static stability gradient and dynamic

barrier to transport". In contrast to tropospheric air masses, stratospheric air masses are

rich in ozone, dry and have high potential vorticity values, which are a measure of the

1



absolute circulation of an air parcel between two isentropic surfaces. A vast majority of

the stratospheric air masses enter the stratosphere through the tropical tropopause layer

and join into the Brewer-Dobson circulation, where it gets distributed to higher altitudes

deep into the stratosphere as well as to higher latitudes (Newell, 1963). Finally, the air

masses descend over the polar regions and can reenter the troposphere.

Tropospheric air mass circulations lead to the different climate zones of the Earth. They

are ultimately driven by the radiation from the sun, As the air closer to the equator is

exposed to a stronger radiation and rises in the tropical regions. Combined with the Cori-

olis force this results in three cells on each hemisphere governing the global circulation

pattern in the troposphere. These cells lead to the formation of the polar and sub-polar

jets and separate the cold polar air from the warmer air at low and middle latitudes.

Radiative properties of the air, defined by the amount and composition of greenhouse

gases like water vapor (H2O), carbon dioxid (CO2) or methane (CH4), hence influence

the global warming. The trace gas CO2 makes up only a fraction of the major air con-

stituents and had mixing ratios between 180 and 300 ppmv over the past 800000 years

(Pachauri and Meyer, 2014; Lüthi et al., 2008). Methane concentrations varied between

300 and 800 ppbv in the 400000 years before the year 1880, but strongly increased to

1756 ppbv in 2003 (Hansen, 2005). Nowadays, the CO2 mixing ratio increased by 30% to

413.7 ppmv while methane mixing ratios more than doubled. Along with the increase of

other greenhouse gases, this induces crucial changes in the climate on the entire globe

(Pachauri and Meyer, 2014; Laboratory, 2021). The change in the concentration of green-

house gases results in a change of the radiative balance in the atmosphere leading to

increasing air temperatures. The ongoing climate change is responsible for an increase

in the mean surface temperature warming of 1.2 ◦C above pre-industrial times and is pro-

jected to rise up to between 1.4 and 5.8 ◦C in the next century (Pachauri and Meyer,

2014; Masson-Delmotte et al., 2021; Berkeley Earth, 2021). These values reflect the

mean global change including regional changes and the complex interactions between

the different compartments (soil, vegetation, oceans, cryosphere and atmosphere) of the

planet. While the change in the mean global temperature might impact the individual

2



Chapter 1. Introduction

climate variables on a longer term, short-term extreme weather events have a stronger

influence on the ecosystem and on the population (Ummenhofer and Meehl, 2017). When

events, which were previously considered extraordinary, become the new routine and in-

crease in frequency and strength, the real extent of the global climate change can be

felt. A warmer atmosphere can uptake a higher amount of water vapor which itself is a

strong greenhouse gas and further fuels the increase in air temperature. But not only

that, higher amounts of water vapor in the atmosphere lead to an intensification of the

hydrological cycle and hence to more latent heat in the troposphere and the development

of stronger storms. The insurance company MunichRE shows that the total number of

natural catastrophes increased from 249 in the year 1980 to 820 in the year 2019 with the

most significant increase seen in meteorological events (hail, tornadoes, thunderstorms,

winter storms, cyclones) and hydrological (floods, flash floods, storm surges) events (Mu-

nichRE, 2021). From chaos theory one can learn that increases in the extreme values

can be a precursor for a change of the system if thresholds are involved in the system

(Walsh et al., 2020). Our climate system is full of thresholds which are strongly inter-

connected. And hence we can not expect any part of the globe to stay unaffected by

the massive changes in the individual environment. Whether individual extreme events

can be attributed to the increase in average global temperature has long been unclear.

However, in the past years more and more cases could be attributed to anthropogenic

climate change. Peterson et al. (2012) report of the analysis of 6 extreme weather events

in 2011 and find that not all of the discussed events are driven by man-made climate

change. When identifying 29 extreme events, Herring et al. (2015) find that the probabil-

ity for extreme events which are directly linked to the increase in temperature, like heat

waves, is significantly increased due to anthropogenic climate change. For other extreme

events, like winter storms, the picture is more complex. While some specific events can

clearly be linked to the rising temperature of the troposphere, it is unclear for others. With

progressing time more and more extreme weather events can be attributed to climate

change. The latest publication reports about 16 different extreme weather events and

their link to global warming (Herring et al., 2021).

3



Most observations presented in this thesis were conducted in the framework of the Modular

Observation Solutions for Earth Systems (MOSES) platform. MOSES is a long-term ini-

tiative established by multiple Helmholz Centers who are involved in the research field of

"Earth and Environment". Its objective is to improve the understanding of short-term ex-

treme events on the long-term climate (Weber and Schuetze, 2019). The deeper insight

of extreme events shows that the impact of one extreme event is never limited to one

Earth compartment or even one research field. Atmospheric conditions have an effect

on the state of soil and water bodies in turn have an effect on biota and also vice versa.

Hence, it is indispensable to define the necessary parameters which are relevant for this

interaction and to collaborate with experts from different research fields. To structure

the collaboration of a large amount of research groups, four different event types were

identified: Heat waves and droughts, hydrologic extremes, abrupt permafrost thaw and

ocean eddies. All of these topics have two major aspects in common: firstly, all of these

event types include a variety of research topics and secondly, they are hard to predict

and hence it is a challenge to organize multiple research groups from multiple institutes

to operate on demand using mobile observation stations.

The aim of this thesis is to show the importance of convective overshooting and the re-

lated transport of moist tropospheric air masses into the Lower Stratosphere (LS). In

particular three goals were formulated: Firstly, to capture and analyze a water vapor

injection into the LS caused by overshooting convection. Secondly, to analyze the im-

pact of forest fires on the water vapor distribution in the stratosphere within two case

studies. And lastly, to develop an alternative to the cooling system for the stratospheric

balloon-borne water vapor instrument which is currently influenced by the cut in supply of

Trifluoromethane, also known as Fluoroform (R-23).

The thesis is divided into 6 chapters. The first chapter introduces the topic of water vapor

injections into the LS by convective overshooting caused by thunderstorms as well as by

forest fires. Chapter 2 describes the theoretical background of convective storm formation

followed by the 3rd chapter, which describes the used methods and instruments. Chap-

ters 4 and 5 show two case studies of water vapor injection into the stratosphere. Chapter

4



Chapter 1. Introduction

4 presents two different thunderstorm events observed during a measurement campaign

performed by the working group of the hydrological event chain within the MOSES initia-

tive and is published in Khordakova et al. (2022). Chapter 5 discusses the transport of

water vapor into the LS caused by two forest fires in summer 2017 in Canada and 2020

in Australia. Chapter 6 gives a summary and conclusion of the thesis.

1.1 Water vapor in the lower stratosphere

Stratospheric water vapor is determined by the entry mixing ratio of H2O at the tropopause

and a chemical contribution by the oxidation of CH4 to H2O (Randel et al., 1998). A

large fraction of air masses in the LS has previously passed the Tropical Tropopause

Layer (TTL) or has been transported horizontally into the extra-tropics. Zahn et al. (2014)

and Krebsbach et al. (2006) describe the water vapor distribution in the extra-tropical LS

throughout the annual cycle. In mid-latitudes during winter the gradient in water vapor

mixing ratios around the tropopause is steepest when the LS is rather dry with water

vapor mixing ratios of 4 - 6 ppmv. During summer, not only highest mixing ratios are

reached, but also the variation of water vapor mixing ratios maximizes. Through the anal-

ysis of multiple data sets, the water vapor background value in the LS is found to be

≈ 5 ppmv (Pan et al., 2000; Hegglin et al., 2009); any stronger enhancements of water

vapor in the LS are likely caused by in-mixing of tropospheric air masses (Smith et al.,

2017; Wang, 2003). Stratospheric water vapor influences the climate and the chemistry

of the atmosphere and plays a significant role in the positive feedback of global climate

warming (Smith et al., 2017; Dessler et al., 2008, 2013, 2014). The feedback effect of

water vapor in the stratosphere is about 0.24 W m−2 for each 1 ppmv increase assum-

ing an equal distribution globally (Solomon et al., 2010; Forster and Shine, 1999). Even

small changes of the water vapor mixing ratio in the Upper Troposhere / Lower Strato-

sphere (UTLS) result in large radiative effects (Solomon et al., 2010; Riese et al., 2012).

While the water vapor in the LS was found to increase by 1% (or 0.05 ppmv) per year

throughout the time period between 1954 and 2000 (Oltmans et al., 2000; Rosenlof and

Kley, 2001), Solomon et al. (2010) report an increase of about 1 ppmv between 1980 and

5



1.2. Convective storms in the extra-tropics

2000 and a strong decrease of about 10% between 2000 and 2010. This decreasing

trend is also found by Hegglin et al. (2014) for the lower and mid-stratosphere. However,

a good trend estimation in the LS is difficult and with further progress in climate change

other feedback mechanism like othershooting convection can even contribute to stronger

moistening of the LS. A moistening of the lowermost stratosphere also has an impact

on the chemistry of this region. Water vapor is a source of OHx radicals and enhances

the reactivity of stratospheric sulphate aerosol particles. Anderson et al. (2012) have hy-

pothesized that the moistening of the lowermost stratosphere by convective overshooting

can lead to severe ozone depletion in summer in the mid-latitudes via heterogeneous

chlorine activation. However, in a detailed analysis of the relevant chemical processes,

Robrecht et al. (2019, 2020) conclude that convective moistening only has a minor impact

on stratospheric ozone and the mid-latitude ozone column. It was shown in previous work

that deep convective events can penetrate the tropopause and have a significant impact

on the water vapor concentration in the lower stratosphere (Dessler et al., 2008, 2013,

2014; Smith et al., 2017).

1.2 Convective storms in the extra-tropics

Extra-tropical convective storms are a common phenomena especially during spring and

early summer season. They appear in a variety of structures and severity. The investi-

gation of severe convective storms has a long history (Doswell III, 2007) and still a lot of

questions remain unanswered. Browning and Ludlam (1961) and references therein de-

scribe the variety of convective storms. While single cells can dissipate within 10 minutes,

a severe thunderstorm may last up to 12 hours or more and can destroy entire land-

scapes. As average tropospheric temperatures rise due to climate change, it is also

expected that the amount of water vapor in the troposphere will increase as warmer air

can hold more water vapor compared to colder air (described by equation 2.4 in Chapter

2). Following the rate of change given by the Clausius–Clapeyron equation (CC) one can

assume a water vapor increase by 7% for every degree of increase in temperature (Tren-

berth et al., 2003; Pall et al., 2007; Lenderink and Van Meijgaard, 2008). Boer (1993)

6



Chapter 1. Introduction

shows with a global circulation model, that overall the average precipitation is expected

to rise by 3% - 15% in a scenario with a doubling of the CO2 mixing ratio. However,

multiple studies show that the relative rate of change for precipitation exceeds the one for

temperature. Berg et al. (2013) find that this is especially the case for convective storms

in contrast to stratiform precipitation.

Feng et al. (2016) use observational data to show that in the United States the rate of pre-

cipitation increase from mesoscale convective systems (MCS) is exceeding the increase

of overall precipitation. While precipitation from MCS increased by 28% per decade be-

tween 1997 and 2014 (25% per decade between 1979 and 2014), the overall increase

in precipitation reached 4% per decade (3% per decade between 1979 and 2014). A

possible explanation for this observation is the strengthening of the low-level jet coupled

with a transport of moisture. Additionally, it is shown that in large parts of Europe pre-

cipitation rates increase to almost 14% per degree change in temperature. One possible

explanation is the change in atmospheric conditions leading to convective storms, for ex-

ample a change in the atmospheric moist adiabatic lapse rate (Berg et al., 2013). Romps

(2011) argue that due to the change in moist adiabatic lapse rate, the amount of water

precipitated while moving from cloud base to a given higher level can be described as

the difference of saturation water vapor mixing ratio between both levels. Del Genio et al.

(2007) find that updrafts strengthen by 1 m s−1 in the same modeling scenario, caused

by a displacement of the freezing level towards higher altitudes. They further find that in

the western United States the frequency of lightning-producing storms that induce forest-

fires decrease, but when considering the most severe storms the occurrence increases

by 26%. Taszarek et al. (2020) perform a climatology of convective storms in the extra-

tropics, above the United States and Europe. While they find that extreme events are

more frequent in the United States, the destructive effects might lead to fiercer damage

in Europe due to higher population density. They find that over continental Europe the

most frequent convective events can be found in spring and over Mediterranean Europe

in fall. The peak activity is found to take place over mountains and over Italy. The total

duration of convective storms is ranging between 5 h and 100 h. These studies indicate
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1.2. Convective storms in the extra-tropics

the need for reinforced attention to the ongoing change in the occurrence of convective

storms. However, the impact of convective storms reaches beyond the local impact on

landscapes and immediate hazard to the population. The influence of convective storms

on long-term climate has to be considered. Severe convective events can also influence

the local UTLS by moistening the otherwise dry stratosphere. If convection penetrates

the tropopause and tranports air masses into the LS, it is referred to as overshooting

convection.

Cooney et al. (2018) analyze a 10 year data set of overshooting convection for the eastern

two thirds of the United States. They find that most overshooting events take place in May

- July and are most common in the central United States. Further, 45% of the overshoot-

ing events exceeded the 380 K potential temperature level and thus can strongly impact

the composition of the LS. Phoenix and Homeyer (2021) simulate two kinds of convection

- one representing spring time convective events and one representing convective events

typical for summer time. The study shows that the spring time convective events lead to

an increase of about 20% in the average water vapor mixing ratio in the UTLS while the

summer time convection leads to a lower increase.

The contribution of overshooting convection to the moisture budget of the lower strato-

sphere and a potential increase of overshooting convection with global warming is still

under discussion. It was shown that the primary region for direct convective hydration

of the extra-tropics is located over North America (Jensen et al., 2020). These direct

injections over the North American continent (NA) have been evaluated in several case

studies including an analysis of long-term behavior of injected air masses (Weinstock

et al., 2007; Homeyer and Kumjian, 2015; Homeyer et al., 2017; Smith et al., 2017). Cur-

rently, only limited amount of studies have been performed on the topic of overshooting

cloud tops produced by extreme convective events over Europe, although the necessity

to improve the understanding of the long-term impact of the water vapor transport into

the LS is crucial. Fischer et al. (2003) show data displaying troposphere to stratosphere

transport of tropospheric trace gases caused by convective storms over Italy. Further-

more, Hegglin et al. (2004) analyze a case study of tropospheric air injection into the LS
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Chapter 1. Introduction

by a large convective system over the Mediterranean area.

1.3 Pyro-convection in the extra-tropics

Wild forest fires are common events in late summer at high latitudes and are part of the

natural cycle which controls multiple ecosystem processes. With increasing global tem-

peratures, the frequency and intensity of forest fires is expected to increase especially on

the North American and the northern part of the Asian continent. The area affected by for-

est fires in Canada has increased in the past decades and it was shown to be influenced

by antrophogenic climate change (Stocks et al., 1998; Gillett et al., 2004; Kasischke and

Turetsky, 2006; Balshi et al., 2009; De Groot et al., 2013; Clements et al., 2018).

Similar to normal deep convection, pyro-convection also depends on favorable atmo-

spheric conditions. But the favorable conditions are greatly amplified by forest fires, due

to the heat released by the fire itself (Damoah et al., 2006). Additionally, the microphysi-

cal and radiative conditions are different due to the large amount of aerosols produced by

the fire. The aerosols suppress precipitation formation by reducing the cloud droplet size

and hence shifting the onset of precipitation to higher altitudes. This leads to a higher

amount of ice formation in higher altitudes as compared to regular convection. Therefore,

the amount of latent heat in higher altitudes increases (Andreae et al., 2004; Rosenfeld

et al., 2007). Rodriguez et al. (2020) report updrafts of up to 60 m s−1 and downdrafts of

30 m s−1 in pyro-convective storms which compares to tornadic supercell storms. Addi-

tionally, the fire plume of air is subject to further heating due to the absorption of radiation

by the black carbon particles leading to a further lifting and possible entering the UTLS

region. Multiple observations have shown that a transport of tropospheric air originating

from wild forest fires reached above the tropopause with potential temperatures of 380 K

penetrating the LS (Jost et al., 2004). Once the pyro-plume has crossed the tropopause it

can be horizontally transported throughout the hemisphere where it can have significant

radiative influence on climate (Fromm et al., 2010). However, not all forest fires reach

these altitudes and favorable meteorological conditions have to be met like the preceding

of a cold front.
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1.3. Pyro-convection in the extra-tropics

Recently, it was shown that pyro-convection can not only transport large amount of aerosols

into the UTLS (Soo Lee et al., 2020) but also water vapor (Pumphrey et al., 2011a; Kablick

et al., 2018). The water vapor is produced by the fire itself, due to the release of water

stored in the soil and vegetation. The fire also transports the water vapor aloft by the

updrafts. Pumphrey et al. (2011a) report water vapor enhancements at pressure lev-

els of 100 and 147 hPa as a consequence of the Australian bush fires in February 2009

(increasing from ≈ 2 ppmv to ≈ 5 ppmv at 100 hPa). Pumphrey et al. (2020) describe ele-

vated water vapor mixing ratios caused by a forest fire reaching a pressure level of 21 hPa

and Lestrelin et al. (2021) show a formation of a local vortex in the stratosphere caused

by the wild fire in Australia. While the immediate injection of carbon monoxide (CO) into

the stratosphere is significantly more dramatic in terms of relative values, the impact of

water vapor can be seen on a longer time scale due to the short lifetime of CO in the

stratosphere (Minschwaner et al., 2010). The plume in the stratosphere produced by the

forest fire can be traced for an extended period of time when considering elevated water

vapor values due to the longer lifetime of water vapor in the stratosphere which has only

sink regions in the mesosphere and at the stratospheric winter pole. The methods used

in these studies are also applied in Chapter 5.
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Chapter 2

Theoretical background of

convective storms

"Convection" by itself describes the transport of one quantity by a fluid - a gas or a liquid.

In most cases this quantity is heat. In meteorology this is mostly applied to the vertical

transport of heat in contrast to the global circulation when heat is transported horizontally

from the equator to the poles. Therefore, in atmospheric sciences convection refers to

the spatially limited local upward movement of air including transport of heat. On shorter

timescales one can assume that air parcels travel adiabatically through the atmosphere

if the air parcel is not exposed to external energy sources. This results in the assump-

tion that air travels along lines of equal potential temperature, the isentropes. Potential

temperature is defined as the temperature an air parcel would have if it was transported

adiabatically to the surface and can be calculated as:

θ = T ·
P0

P

 R
cp

(2.1)

where θ is the potential temperature, P0 is the ambient pressure at surface level, P is the

pressure at any given level, R is the universal gas constant and cp is the specific heat at

constant pressure for dry air. Throughout the troposphere θ only shows a slight increase

with altitude and can be considered almost constant relative to the steep increase that oc-
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Figure 2.1: Schematic illustration of radiative influence on air movement. Radiation from
the sun heats the air. Air above a water body contains more moisture compared to dryer
air above land. Both air parcels are lifted upon being heated, but at different rates which
results in different lifting rates.

curs above the tropopause, resulting in periodically unstable conditions where air parcels

can ascend and descent. In the stratosphere on the other hand, θ has a steep increase

resulting in very stable conditions where air parcels are inhibited from rising (Wallace and

Hobbs, 2006). This upward movement within convection is caused by a change of buoy-

ancy driven by the difference in density of an air parcel compared to its surroundings.

Buoyancy B is described as (Doswell III, 2001):

B = g · T − T
′

T ′
. (2.2)

Here, g is the gravitational acceleration, T the temperature of the air parcel and T ′ is the

temperature of the surrounding environment.

Convection is usually driven by the radiation from the sun, as an external source of

energy. Air in proximity to the ground is heated by sunlight and decreases its density

(schematically shown in Fig. 2.1). It is then lifted following the hydrostatic equation,

which is given as:
δp

δz
= −g · ρ (2.3)

where z is the altitude, p is the pressure which decreases with altitude, g is the gravita-

tional acceleration and ρ is the density of air. It is evident that as ρ decreases δz increases

and the air parcel is lifted (Wallace and Hobbs, 2006).

Convection can be distinguished in either dry or moist convection. In the first case, the
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Chapter 2. Theoretical background of convective storms

heated air is lifted without a relevant amount of moisture and would follow an isentrope

during ascent if no further radiation impacted the temperature or density. This type of

convection is not related to the appearance of storms and is rather relevant to aviation.

In the second case, water vapor in the air parcel is involved. First of all, humid air is less

dense then dry air leading to a stronger gradient in density and strength of the convec-

tion. Further, as the air ascends and cools, water vapor condensates and latent heat is

released, caused by the phase transition from vapor to liquid cloud droplets. Water vapor

condensates when the relative humidity above 100% is reached and Cloud Condensation

Nuclei (CCN) are available. These are aerosol particles with a size of about 0.2 µm and

are abundant in the troposphere. The relative humidity depends on the temperature of the

air parcel which cools as it ascends. The dependence of relative humidity on temperature

is given by the Clausius-Clapeyron equation (CC) which is described as:

δp

δT
=

∆Hvap

T · (v1 − v2)
(2.4)

where p is the partial pressure of water vapor, T is the temperature of the air parcel,

∆Hvap is the enthalpy of vaporization (latent heat) and v1 and v2 are the molar volumes

of both phases.

Neglecting the molar volume of the liquid phase and assuming that in the relevant temper-

ature range the latent heat ∆Hvap remains constant, one can use the following formula,

2.5, to describe the change in partial pressure in dependence on the change in tempera-

ture as compared to a reference state T ∗ and p∗:

p = p∗ · exp

(
−∆Hvap

R
·
(

1

T
− 1

T ∗

))
. (2.5)

The saturation water vapor es(T ) can be approximated by the integration of equation 2.5

which results in the August–Roche–Magnus formula as:

es(T ) = 6.1094 exp

(
17.625T

T + 243.04

)
(2.6)
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which is valid for ambient temperatures from -50 ◦C to 100 ◦C (Wiegleb, 2016).

When the water vapor condensates, latent heat is released and the air parcel is further

lifted. This leads to the difference between dry convection and moist convection which

is associated with thunderstorms, severe convection or deep convection. As the air rises

with strong updraft, a low pressure area develops at ground level leading to strong surface

wind gusts. Furthermore, downdrafts transport cold air from higher altitudes to the surface

reinforced by precipitation and the displacement of air at higher altitudes. The change

in buoyancy depends on the air parcel moisture and the lapse rate difference between

ambient air and the lifted air parcel. The lapse rate is the vertical temperature gradient

and depends on the relative humidity. The buoyancy can be rewritten as

B = − g

T ′
·
(
−δT
δz

+
δT ′

δz′

)
(2.7)

which equals to

B = − g

T ′
· (Γ− γ) (2.8)

where γ is the lapse rate of the ambient air, Γ is the lapse rate of the air parcel, T ′ is the

ambient temperature and T is the temperature of the air parcel. If the lapse rate of the

ambient air (γ) is higher then the lapse rate of the air parcel (Γ), the ambient air cools

faster then the air parcel and, thus, it is continuously transported upwards as buoyancy

B remains positive. The altitude at which an air parcel starts to be lifted adiabatically is

referred to as the Level of Free Convection (LFC). The level at which the buoyancy of an

air parcel becomes neutral and the air parcel is rising at the same rate as the ambient

air is called the Equilibrium Level (EL). At any given point on the surface, buoyancy can

be integrated vertically as it is shown exemplarily in Fig. 2.2. When the integration from

the LFC to the EL is performed, the result is known as Convective Available Potential

Energy (CAPE) which is given in units of J kg−1. This value is frequently used to predict

how severe a convection may get if it is initiated. Figure 2.2 shows exemplarily one ar-

bitrary Skew-T diagram. The dashed red line corresponds to the dry adiabatic cooling

which is the isentrope where potential temperature is constant and the dashed dark blue
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Chapter 2. Theoretical background of convective storms

line shows the moist adiabatic lapse rate. The solid dark green line represents the actual

humidity profile and the solid red line shows the actual temperature profile at the given

location. The air parcel follows the dry adiabatic lapse rate until the LFC and then further

follows the moist adiabatic lapse rate. The LFC may be found in a Skew-T diagram at the

intersection of the the dry adiabatic lapse rate of the air parcel at ground level and the

isohume (constant saturation mixing ratio, shown in Fig. 2.2 with green dashed lines).

The integral between the LFC and the EL, enclosed by the real temperature profile and

the moist adiabat starting at the LFC, yield the actual CAPE value (integrated buoyancy

of the air parcel, red area in Fig. 2.2). High CAPE values are expected with high moisture

at ground level and steep lapse rates conditions. Approximately at CAPE values greater

than 1000 J kg−1 a development of strong convection can take place. In this case a con-

siderable maximal vertical velocity Wmax of around 44 m s−1 can be reached by using the

approximation in dependence on CAPE:

Wmax =
√

2 · CAPE. (2.9)

However, high CAPE values alone cannot trigger convection by themselves but are an

indicator for strong updrafts in case of an initiation of convection. Multiple factors can

prevent the development of a convective storm. One of these factors is possible intrusion

of dry air into the convective cell, which is illustrated in Fig. 2.3. As convection develops,

dry air is mixed into the moist buoyant air which suppresses further convection devel-

opment, due to the reduction in relative humidity and thus less latent heat release. An

additional factor is Convective Inhibition (CIN) which is also illustrated in Fig. 2.2 as the

blue area below the red area in terms of altitude. The CIN prevents the initiation of a

convective storm as an air parcel needs to be lifted above that level to initiate the devel-

opment of convection. Possible causes for such a lift are fronts or convergence zones,

orography or boundary layer circulation. Therefore, lower CIN values and higher moisture

in the lower-level layers provide favorable conditions for the initiation of strong convection

in combination with strong CAPE values. Further, the wind speed and wind shear play
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Figure 2.2: Arbitrary Skew-T diagram with a high CAPE value, represented with the red
area and stable areas represented by the blue areas. The solid lines depict the measured
relative humidity (green line), and temperature (red line). The solid black line indicated the
theoretical ascend profile of a air parcel measured at the ground. The dashed lines show
the dry adiabatic cooling lines (dashed red lines), moist adiabatic lapse rate (dashed blue
line), and constant saturation mixing ratio (dashed green line). The barbs show the wind
speed and direction at each pressure level. In the upper left corner a wind hodograph is
given, indicating the wind speed and direction with increasing altitude.
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Chapter 2. Theoretical background of convective storms

Figure 2.3: Picture of a convection cell with a dissolving cloud top due to dry air entrain-
ment. Picture taken by Bernhard Muhr.

an important role in the development of a convective storm. On the one hand vertical

wind shear can inhibit the lift of an air parcel over the LFC. On the other hand the vertical

wind shear above the LFC leads to organized convective storm cells. A severe convec-

tive storm is build up from individual cells, where one cell typically consists of one updraft

and one downdraft. After the updraft is initiated, the air mass reaches condensation level

and a downdraft with strong precipitation is produced leading to a local equilibrium state

of the atmosphere. The cold air in the downdraft sinks due to the difference in density.

Combined with ongoing evaporation and sublimation of hydrometeors throughout the de-

scent the air mass is further cooled accelerating the downdraft velocity. Upon reaching

the surface, the cold air scatters at the ground creating a cold pool. In a single cell the

downdraft inhibits the development of further updrafts and ,hence, the convective storm

is terminated. However, in the presence of a vertical wind shear the precipitation is trans-

ported outside of the updraft area and does not mitigate further updraft. This way the

convective cell can survive much longer then a single cell. The downdraft of a convec-

tive cell at the presence of vertical wind shear further produces an outflow area which in
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Figure 2.4: Schematic of a squall line. Image adapted from Whidou (2015), CC BY-SA
4.0

turn can initiate new convective cells through the creation of meso-heights. This leads to

multi-cell clusters where multiple cells exist simultaneously at different stages of develop-

ment. Multi-cell storms can be distinguished by their different structures. The first option

is the squall line structure where the multi-cells are organized linearly, typically along or

ahead of cold fronts. A squall line can persist over multiple hours. Eventually, the cold

pool outruns the area of new cell formation and the squall line is slowly dissipating. Figure

2.4 displays the structure within a squall line. When the cold pool is preceding the squall

line, it lifts the warmer air which can lead to a shelf cloud.

Another type of convective storm development is a bow echo. Fujita (1978) first uses this

term to describe a Mesoscale Convective System (MCS) that appears like an archers

bow on radar images. Bow echos typically have a lifetime of 3 - 6 hours and are smaller

in their horizontal extend as squall lines. The descending rear inflow (referred to as rear

inflow jet) plays a crucial part in the formation of the bow echo. A strong rear inflow jet

strengthens the cold pool at surface level, resulting in a local high pressure area at the

surface and a local low in the middle levels, which further enhances the rear inflow jet.

The rear inflow jet reaches the convective edge and bows the storm system. As the jet

hits the front, on both ends of the squall line vortices develop. However, throughout the

lifetime of a bow echo the Coriolis force enhances the cyclonic rotation and decelerates

the anticyclonic rotation (Fujita, 1978).

Another type of multi-cell structure is the super-cell. The term "super-cell" was estab-
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Chapter 2. Theoretical background of convective storms

lished by Browning (1962) where it is defined as "[a] large cell which cannot be subdivided

into smaller units even when viewed at reduced gain: it develops from an amalgamation

of smaller cells. It is associated with a single extensive updraught." and has a the spacial

spread of "[a]bout 10 miles in diameter". Super-cells develop in the presence of extra

strong updrafts and intense vertical wind shear. In the presence of a strong wind shear in

speed and direction, a vertical tilt in the vorticity takes place which acquires the rotation

of up- and downdraft around each other. Due to the rotating convection, a persistent low

pressure system can enhance the updraft and maintain the updraft’s strength. A meso-

cyclone develops which is shown by a schematic in Fig. 2.5. The updraft is drawn into

the mesocyclone which transports the air upwards to the highest level of the convection.

There it gets distributed between the front and back side of the storm. A rear-flank and

a forward-flank downdraft develop (Fig. 2.5). The forward-flank downdraft forms from

high water loading which evaporates during descend, creating a cold pool and pushing

the warm air in front of it up and hence producing precipitation. Rear-flank downdraft

is caused by the inflow of dry mid-level air which is blocked by the mesocyclone and is

forced to descend. The gust front caused by the rear-flank downdraft is moving towards

the gust front created by the forward-flank downdraft, which leads to a reduction of the

updraft area and can result in the formation of a tornado as the cyclonic flow speeds up

with decreasing inflow area. If the updraft of the convection is strong enough, the con-

vection is producing an Overshooting Top (OT); an area of the higher-most clouds which

penetrates the tropopause reaching into the lower stratosphere.

The tropopause can be defined with different approaches:

• Cold Point Tropopause (CPT): The cold point tropopause is defined as the coldest

temperature level in the vertical profile between the troposphere and the strato-

sphere.

• Lapse Rate Tropopause (LRT): The World Meteorological Organization (WMO) de-

fines the lapse rate tropopause as the lowest level at which the lapse rate decreases

to 2 K km−1 and the average lapse rate from this level to any level within the next

higher 2 km does not exceed 2 K km−1.
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Figure 2.5: Schematic of the structure of a super-cell. Source: Mersereau (2014).

• Chemical Tropopause (CT): The chemical tropopause, also called ozone tropopause,

is defined by the rapid increase of the ozone mixing ratio from the tropospheric to

the stratospheric regime (Zahn et al., 2004; WMO, 1985).

• Dynamical Tropopause (DT): A threshold value of Potential Vorticity (PV) is defined

in order to separate the two regimes. Usually values between 2 and 4 Potential

Vorticity Units (PVU) are defining the tropopause while higher values are found in

the stratosphere (Hoinka, 1997; Kunz et al., 2011b; Reed, 1954).

The tropopause, which acts as a barrier between the two distinct atmospheric regimes,

can be disrupted when the air in this part of the convective storm is transported extremely

fast from the lower part of the troposphere to the LS above the level of neutral bouyancy

(Cooney et al., 2018; Homeyer and Kumjian, 2015). Whenever a convective storm is

strong enough to produce an overshooting top it is referred to as overshooting convection.

The air masses in this OT are typically colder compared to their surroundings and contain

significantly more ice water. The overshooting top causes a disruption in the isotherms of
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the atmospheric structure (Homeyer et al., 2017; Qu et al., 2020). This frequently leads

to gravity wave breaking behind the overshooting top allowing the intrusion and mixing

of tropospheric air into the stratosphere. There, ice particles evaporate in the warmer

air masses and moisten the LS. Air masses within the overshooting top contain a high

amount of ice water and tropospheric trace gases which can then be mixed into the LS

(Fischer et al., 2003). If this process is visible as a single cloud vertically exceeding the

anvil of the storm, it is referred to as a jumping cirrus (Fujita, 1982; Wang, 2003).



Chapter 3

Balloon-borne measurements

The use of air-balloons is dating back to the brothers Montgolfier, who performed the

first balloon flight in 1782 still believing that smoke was the driving agent for their as-

cent. Only shortly after that, Jacques Charles disproved their hypothesis by performing a

balloon ascent using hydrogen. Since then balloons were used for a variety of applica-

tions. Gustave Hermite introduced the use of unmanned weather balloons which carried

a self-recording thermometer and barometer in 1892. Already in the very beginning of

the use of weather balloons, the recovery of the payloads after landing relied on the help

of the public and was rewarded. Although a flight already in 1893 reached 14.7 km and

recorded an increase in temperature above 12.5 km, it took several more years until the

stratosphere was discovered. The discovery of the stratosphere was first presented in

1902 at the International Aeronautical Congress in Berlin (Hoinka, 1997; von Ehrenfried,

2021; Labitzke, 1999). Since then and until today the use of weather balloons in atmo-

spheric science is inevitable.

Today, weather services around the globe perform regular weather balloon soundings in

order to acquire data for weather prediction. The German weather service alone performs

30 balloon launches every day (Reinartz, 2020). Hereby, the size of the balloon and in-

strumental equipment (referred to as "payload") can vary as well as the gas used to lift

the balloon. Usually, Helium is used to fill the balloon. For information on the procedure

to fill the balloon with the right amount of gas to achieve the desired ascend rates see

22



Chapter 3. Balloon-borne measurements

Appendix A.

In the framework of this work, two kinds of weather balloons were used. The first version

is a 200 g latex balloon equipped with a Vaisala radiosonde RS41-SGP, which measures

the location of the balloon as well as the altitude, pressure, temperature and humidity of

the atmosphere and transmits the data to the ground station at the measurement site. The

second version is a 1500 g balloon additionally equipped with a payload carrying multiple

in-situ intruments. An Electrochemical Concentration Cell (ECC) instrument (Smit et al.,

2007) measuring ozone concentration is used together with a Cryogenic Frostpoint Hy-

grometer (CFH, Vömel et al. (2007)) which measures the low water vapor concentrations

prevailing in the tropopause region and in the stratosphere. The payload also contains a

Compact Optical Backscatter Aerosol Detector (COBALD) to measure the back-scattered

light from different types of particles during nighttime (Brabec et al., 2012). The COBALD

instrument is not further described in this work as no data of the instrument are shown.

The combination of the RS41, ECC, CFH and COBALD is referred to as ’large payload’

in the following. The large payload is adapted from the setup used by the Global Climate

Observing System Reference Upper-Air Network (GRUAN) setup (Dirksen et al., 2014).

Each instrument, which is part of the payload, is individually packaged in a styrofoam con-

tainer in order to thermally isolate the instrument from the cold conditions in the upper

troposphere and stratosphere during the flights. The individual containers are connected

with durable tape. Figure 3.1 shows a picture of a typical large payload. During the flight,

the payload is separated from the balloon by more than 60 m by using an unwinder. This

reduces the influence of the balloon itself on the sampled air mass in particular by out-

gasing of water vapor. Directly to the balloon a rope of 2 - 4 m length is attached, which

connects on one side the parachute and on the other the unwider. The unwinder is a

metal spool with 60 m of rope. It is constructed in a way that the rope unwinds slowly

and controlled after the launch of the balloon, which simplifies the balloon launch. The

unwinder is connected to the payload.

Several considerations must be taken into account when preparing a balloon launch.

Firstly, the air traffic regulation in Germany, where the balloon launches within this work
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Figure 3.1: "Large payload" used for balloon measurements. The individual instruments
are packed in styrofoam boxes and held together by tape. Through the white styrofoam
box of the ECC a white painted wooden stick is installed on each end carrying the ra-
diosonde and GPS, respectively. The instruments are connected electrically in line to the
radiosonde which transmits all data to the ground station.

took place, limits the maximum total weight of the payload to 4 kg. The weight of the

payload shown in Fig. 3.1 is ≈ 1.928 kg. In addition, the parachute used has a weight

of 200 g and the unwinder has a weight of 160 g. Further, additional weight is caused by

the cooling liquid of the CFH (further addressed in Section 3.3), but this has not to be

accounted for as it evaporates throughout the flight.

Furthermore, precautions have to be made for the recovery of the payload after the flight.

The radiosonde transmits the data measured by the in-situ instruments to the ground us-

ing a radio-signal. These data also include the GPS altitude and location of the balloon

during the flight. However, when the payload approaches the ground after the balloon

bursts, the radiosonde typically loses the radio connection at about 3 km above ground

level due to obstacles within the long distance of the ground antenna and the radiosonde.

This leaves a very wide area at which the payload could have landed. Hence, an addi-

tional independent Global Positioning System (GPS) tracker is attached to the payload

which uses iridium satellites for communication and provides an accurate position of the

payload after landing.
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Figure 3.2: Weather balloon and payload as used during the measurements described in
Chapter 4. The weather balloon with a parachute, unwinder and the large payload. The
picture was taken shortly after the launch. The unwinder is slowly increasing the distance
between the parachute and the payload, eventually reaching up to 60 m length.

The balloon trajectory during ascent and descent cannot be controlled but it can be pre-

dicted using wind models. A trajectory and landing position forecast is performed before

each launch in order to prevent payload landing in the area of dense population or air

traffic control areas. An information and contact note is attached to the payload for any-

one who might find the landed payload, quite similar to the notes added during the first

launches at the end of the 19th century. A balloon with a large payload shortly after

the launch is depicted in Fig. 3.2. In the following sections the individual measurement

instruments used in the frame of this work are described.

3.1 Vaisala Radiosonde RS41

The Vaisala Radiosonde RS41-SGP was introduced in 2014 and completely replaced

the RS91 precursor model in 2017. The temperature sensor is based on resistive plat-

inum technology. The manufacturer states that there is a combined uncertainty of 0.3 K

below and of 0.4 K above 16 km height. The response time of the temperature sensor
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is < 1 s and, thus, does not need to be considered in the following. The temperature

range is given as -95 ◦C to 60 ◦C with a resolution of 0.01 ◦C (Jauhiainen et al., 2014;

Vaisala, 2020). The humidity sensor is a thin-film capacitor. The combined uncertainty

of the humidity sensor is given as 3% of the prevailing Relative Humidity (RH) with a

resolution of 0.1%. Analogous to the temperature sensor, the response time of the hu-

midity sensor is < 0.3 s at 20 ◦C and < 10 s at -40 ◦C. The pressure sensor is a silicon

capacitor and is defined for a pressure range between surface pressure and 3 hPa while

the resolution is given as 0.01 hPa. Dirksen et al. (2020) found in experimental work

that the humidity sensor of the RS41 has an uncertainty of < 1.5% and a temperature

uncertainty of < 0.2%. Survo et al. (2014) also validated the uncertainty of the RS41

temperature and humidity data. No systematic drifts due to storage reasons were found

either in temperature or in humidity measurements. However, an increase of the tem-

perature uncertainty from 0.13 ◦C in the troposphere up to 0.3 ◦C at 30 km was found. A

relative humidity uncertainty below 1% relative humidity was found in the stratosphere.

Kawai et al. (2017) perform a comparison study of RS41 radiosonde data and its pre-

cursor radiosonde model RS92 and find that the difference for pressure and temperature

was smaller than the nominal uncertainty, but asserted a dry bias of the RS92 humidity

measurements above 17 km in the tropics, likely caused by an insufficient solar irradiation

correction of the RS92 which was improved for the RS41. Figure 3.3 displays all water va-

por profiles between 2018 and 2021 (26 profiles) which were measured and are available

for this work, with the RS41 and the CFH as a reference instrument (see Section 3.3).

When considering data up to 18 km altitude the correlation coefficient of the RS41 and

CFH data is 0.975. However, the deviation between both instruments increases above

≈ 18 km and the correlation coefficient of data is reduced to 0.52 for data points mea-

sured between 18 km and 35 km. In the mid-stratosphere the low humidity in combination

with low pressure and low temperature does not allow the RS41 to conduct reliable mea-

surements. Survo et al. (2014) show a temperature dependency of the humidity sensor

uncertainty, which does not exceed 3% RH at temperatures below -80 ◦C and RH below

30%. Therefore, these astonishingly good results offer reliability in acquiring accurate
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a) b)

Figure 3.3: a) Correlation of water vapor mixing ratios measured simultaneously by the
RS41 and the CFH. The color code represents the altitude of the measurement. All data
available for this work between 2018 and 2021 are used (26 flights). Altitudes up to 18 km
are used in panel a, while all altitudes are used in panel b.

RS41 humidity measurements up to a height of 18 km which are used in this study in the

case of flights without the CFH instrument.

3.2 Electrochemical concentration cell (ECC)

Electrochemical concentration cells (ECCs) are light weight in-situ ozone sondes that

have been used for multiple decades on weather balloons in order to investigate ozone

mixing ratio profiles and to monitor long-term ozone trends, for example in the southern

hemisphere within the Southern Hemisphere ADditional OZonesondes (SHADOZ) net-

work, (Thompson et al., 2019). The ambient air is pumped through a Teflon tube into

the reaction cell, which is filled with a potassium iodide (KI) solution, at a speed of about

29 s / 100 ml at ground conditions. In the reaction cell of the device, a chemical reaction

of the ambient ozone with KI produces iodine and two electrons for each ozone molecule

as follows:

2 KI + O3 + H2O→ 2 KHO + I2 + O2. (R1)
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3.2. Electrochemical concentration cell (ECC)

Thus, the resulting current is proportional to the partial pressure of ozone in the sampled

air and, hence, the partial pressure of the ambient ozone can be calculated from the

current produced by the cell as:

PO3 = 4.307× 10−4(I − IBG) · Tp · t100 · PCF (3.1)

where PO3 is the partial pressure of ozone in the sampled air, I is the current output by

the ECC, IBG is the background current of the ECC, Tp is the temperature of the ECC

pump, t100 is the flow rate time of the sampled air in seconds per 100 cm−3 and the Pump

flow Correction Factor (PCF), which is the inverse of the pump efficiency. Therefore,

the ECC does not need a calibration procedure prior to the balloon launch. However,

a conditioning procedure a few days before the launch is required in order to gain high

quality data. Komhyr et al. (1995) describe the ECC in detail. The pump efficiency was

provided originally by Komhyr (1986). The data was later updated in Komhyr et al. (1995)

which was used until recently and referred to as the "standard" PCF. Deshler et al. (2008)

evaluate the influence of different solution concentrations on the measurement precision

compared to a Dobson-spectrometer. They find the precision of all ozone sondes < 2 -

3%, but while the 1.0% solution overestimated the photometer and the ozone column,

the 0.5% solution agreed well with the photometer but underestimated the total ozone

column. Johnson et al. (2002) reevaluate this standard procedure for the ECC. New mea-

surements reveal PCF values between 2 and 15% higher at pressure levels of 100 and

5 hPa, respectively. In the same work, a new composition of the solution is recommended

as the additional buffers in the iodine solution were found to cause side reactions which

lead to an increase of the ozone sonde current output. The PCF given by Komhyr et al.

(1995) partly compensates this effect with smaller pump efficiency values. Johnson et al.

(2002) recommend using the provided new PCF values in combination with a solution

which consists of a 1% iodide solution and 1/10th buffer solution leading to the following

composition: 1 L pure water with Ω = 18.2MΩ·cm, 10 g KI, 25 g potassium bromide (KBr),

0.125 g sodium hydrogen phosphate hydrate (Na2HPO4· H2O), and 0.5 g Disodium phos-
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phate hydrate (Na2HPO4· 12 H2O). Vömel et al. (2020) evaluate the impact of a second

reaction in the ECC involving the buffers. This second reaction is taking place on slow

time scales compared to the main ozone-iodine reaction (R1). The contribution of the

second reaction was considered constant and was referred to as IBG previously. Hence,

the current output is rather a sum of two reactions and can be described as:

I(t) = I0ε
− t
τ + I

′
0ε
− t

τ
′ (3.2)

where I(t) is the current output in dependence of time, I0 is the current produced by the

fast reaction R1 and I
′
0 the current produced by the second slow reaction. τ and τ

′
are

the respective reaction times, determined in laboratory experiments to be ≈ 20 s for τ and

≈ 25 min for τ
′
. Vömel et al. (2020) provide an algorithm to eliminate the contribution of

the secondary reaction from the total current output of the ECC. While no change in the

total ozone column is reported, in the UTLS area ozone concentrations increase by up to

7% and above 30 km decrease by 7%.

To emphasize the difference between both methods, Fig. 3.4 displays the results exem-

plary for one flight performed on the 11 June 2019 at midnight. The absolute difference

between both methods can be neglected in the troposphere but increases with altitude

as shown in the lower left panel for the entire profile. It is especially visible in the UTLS

(upper left panel) that the strongest deviations take place at tipping points of the ozone

profile. Here, the relative change can even exceed 40%. Firstly, the strongest spikes in

relative change are at the transition from the tropospheric to the stratospheric regime and

slightly above a tipping point of a stronger ozone filament around 14 km. In both cases,

the newer method by Vömel et al. (2020) shows a faster reaction to an abrupt change

in ozone mixing ratios. As the focus of this study is on the fast, small scale variations

of ozone, we use a solution composition of 1/10th and a full buffer suggested by John-

son et al. (2002) together with the data analysis proposed by Vömel et al. (2020). This

is in contrast to the long-term measurement series that consistently uses one solution

combination suggested by Komhyr et al. (1995) and Smit et al. (2007).
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3.3. Cryogenic frost-point hygrometer (CFH)

Figure 3.4: Effect of different data processing methods for an ozone profile. Upper left
panel shows the data set analyzed with the two methods explained by Johnson et al.
(2002) (orange) and Vömel et al. (2020) (blue). The upper right panel shows the relative
difference of both methods in the UTLS. The lower panels show the absolute change (left)
and relative change (right) of the entire profile.

3.3 Cryogenic frost-point hygrometer (CFH)

The Cryogenic Frost-point Hygrometer (CFH) is a balloon-borne instrument based on the

cold mirror principle, which regulates the temperature of a mirror to the frost-point tem-

perature of the ambient air (Vömel et al., 2007). Like most frost-point hygrometers it does

only need calibration of the temperature sensor, which is typically long-term stable. How-

ever, a short conditioning, which includes a mirror cleaning and adjusting the set point of

the mirror reflectivity prior to the flight, is necessary. The CFH is considered to be one of

the few instruments capable of measuring both the tropospheric and stratospheric water

vapor mixing ratios (Nash et al., 2010). The setup of the CFH is schematically displayed

in Fig. 3.5. As the CFH rises after launch, lifted by the Helium balloon, the ambient air

flows through a 34 cm long inlet tube. Halfway through this tube a mirror is located and

on the opposite side an Light-Emitting Diode (LED) with a detector is positioned. The
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temperature of the mirror is regulated to match the dew or frost-point temperature of the

ambient air. This is achieved when the mirror is covered with a constantly thin dew or ice

layer. An LED-light source emits infrared light toward the mirror, which is reflected and

detected by a photo-diode. The percentage of the light reflected back to the detector de-

pends on the thickness of the ice layer coverage on the mirror. Without the presence of an

ice layer, the reflectivity is set to 88% in the lab prior to the start in order to ensure a stable

background. During the flight this reflectivity is measured and kept constant by regulating

the mirror temperature by a Proportional–Integral–Derivative controller (PID). Attached to

the gold coated mirror a copper cold finger extends into a container with a cooling agent.

The cooling agent would keep the temperature of the mirror at -80 ◦C if there were not

the counteraction of the heating coil, which is wrapped around the cold finger. The PID

controller links the detector signal to the heating coil and hence it defines the reaction

time of the mirror temperature to changes in the ambient humidity. The thermistor, which

is attached 2 mm to the side of the mirror center, registers the change in temperature

and is individually calibrated. The uncertainty of the thermistor is reported to be less

than 0.02 K (Stuefer and Gordon, 2018). The total uncertainty of the CFH is described in

Vömel et al. (2016) and summarized in Stuefer and Gordon (2018). The highest share of

the CFH total uncertainty is assigned to the stability of the controller and is estimated to

be less then 0.1 K. This results in a total uncertainty of less than 0.2 K under good con-

ditions, including systematic errors. This leads to a relative uncertainty below 4% in the

troposphere and below 10% in the stratosphere (Nash et al., 2010; Vömel et al., 2016).

Klanner et al. (2021) use the CFH in comparison with the water vapor lidar system at the

Zugspitze summit and find a very good agreement within their respective uncertainties

throughout the entire atmospheric profile. Further, the CFH was used for the validation

of the Far-Infrared Radiation Mobile Observation System (FIRMOS) instrument which

is a demonstrator instrument for a new European Space Agency (ESA) space mission,

the Far-infrared Outgoing Radiation Understanding and Monitoring (FORUM), aiming to

investigate the Far-Infrared Range (FIR) spectral radiances (Palchetti et al., 2021). A po-

tential additional uncertainty source of the instrument can be induced by liquid droplets
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Figure 3.5: Schematic setup of the CFH instrument adapted from Vömel et al. (2007).

covering the detector, the mirror, or the light source leading to a strong oscillating behav-

ior. Furthermore, liquid drops inside the inlet tube can distort measurement results by

outgasing. It is therefore recommended that the CFH is not launched during rain. The

CFH provides the dew-point or frost-point temperature which in turn is used to calculate

the partial pressure of liquid water or ice by applying the equations from Murphy and

Koop (2005), which is a numerical approximation of the CC and is given as:

ln(ew,sat) = 54.842763− 6763.22

T
− 4.210 · ln(T ) + 0.000367 · T

+ tanh(0.0415 · (T − 218.8))

·(53.878− 1331.22

T
− 9.44523 · ln(T )

+0.014025 · T )

(3.3)

for temperatures between 123 K and 332 K and

log(ei,sat) = 9.550426− 5723.265

T
+ 3.53068 ln(T )− 0.00728332 · T (3.4)

for the frost-point with temperatures above 110 K. The ew,sat is the saturation water vapor

pressure over water, T is the ambient temperature, and ei,sat is the saturation water
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vapor pressure over ice. As the CFH is designed to operate under conditions of low

pressure and low temperature, multiple aspects have to be considered. The insulation of

all electronic parts is achieved by the styrofoam housing.

Additionally, the above mentioned cooling agent must fulfill a number of criteria. Firstly,

it must not be flammable and not toxic for save operation procedures. Secondly, it must

remain in liquid state during the whole flight, at pressure levels ranging from surface

pressures down to at least 10 hPa and at temperatures ranging from the surface with up

to 40 ◦C to -60 ◦C, which is prevailing in the extra-tropical UTLS region. Further, the liquid

must maintain the cold temperature throughout the entire flight period which might take

as long as 2.5 hours. The desired cooling temperature at which the cooling agent has to

remain in liquid state is at least -80 ◦C at surface conditions and as low as -90 ◦C in the

UTLS region. Currently, the only substance fulfilling this criteria is the haloform gas R-23.

The transparent gas condenses at -82.1 ◦C releasing heat of evaporation, also know as

evaporation enthalpy, during the phase change. The evaporation enthalpy of R-23 at its

boiling point at normal conditions is relatively high with 16.7 kJ/mol. However, R-23 has

a very strong greenhouse warming potential of 13856 which means that it has the ability

to trap energy in the atmosphere 13856 times stronger compared to CO2. Therefore, it

is now strongly regulated and banned from the open market starting at 1 January 2020.

Since then it is impossible to purchase R-23 in the European Union (EU) (EU, 2014).

Due to this legislation a new cooling method had to be developed in the framework of this

thesis and will be discussed in the following section.

3.4 Towards the development of a new CFH cooling agent

With the legal validity of the R-23 ban in the EU, a new method for the mirror cooling has

to be developed. The requirements for a suited cooling alternative are summarized in the

following:

• Preserve liquid state throughout the flight in order to maintain a good heat conduc-

tion and maintain the general setup of the instrument.
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• The cooling agent must be neither flammable nor toxic for a safe handling.

• The cooling efficiency must be large enough to keep the mirror at the frost-point

temperature of the dry air masses in the stratosphere for the duration of the flight.

Hence, a high enthalpy of evaporation of the cooling liquid is favorable.

The evaporation enthalpy is not constant and depends on the ambient temperature and

can be calculated using the Watson equation as follows:

∆Hv2 = ∆Hv1

1− T
Tcrit

1− Tsp
Tcrit

n

(3.5)

with ∆Hv1 being the evaporation enthalpy at the boiling point, ∆Hv2 the evaporation en-

thalpy at the needed temperature, Tcrit is the critical temperature, Tsp is the temperature

at the boiling point and n can be calculated according to

n =

(
0.00264 · ∆Hv1 ·M

R · Tsp
+ 0.8794

)n
(3.6)

with R as the gas constant and M the molar mass of the investigated substance (Wat-

son, 1943). Using this equations the evaporation enthalpy in dependence on temperature

was calculated for a number of different cooling agent candidates in the relevant range

of temperatures (see Fig. 3.6). Finally, we found three possible candidates for replacing

R-23: frozen CO2, ethanol, and liquid nitrogen. While ethanol has a very high heat capac-

ity, it does not evaporate at the temperatures of interest with a boiling point at 78.32 ◦C.

CO2 on the other hand has a very similar evaporation enthalpy as R-23 but is in a solid

state at the temperatures and pressures of interest. As a result of this conditions, only

two possible solutions were identified. The first solution focuses on liquid nitrogen as a

cooling agent. At surface pressure nitrogen has its boiling point at -195.8 ◦C and remains

liquid until a temperature of -209.86 ◦C. However, with decreasing pressure the possible

temperature range for the liquid phase decreases until its triple point at a pressure of

125 hPa which equals to 0.1 atm (see Fig. 3.7). This leads the nitrogen to congeal during

the balloon flight in higher altitudes and thus disabling a good heat conduction between

the CFH cold finger and the solid nitrogen. Thus, this solution requires a closed vessel
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Figure 3.6: Enthalpy for R-23 (blue), CO2 (green) and nitrogen (orange) in the tempera-
ture range between 100 K and 300 K according to equation 3.5 and 3.6.

for the liquid nitrogen with additional pressure valves allowing the container to be relieved

from excessive pressures and preventing the container to burst, but keeping the pressure

in the container higher then 125 hPa. This would allow nitrogen to remain at liquid state

at ambient pressures as low as 10 hPa. This setup was tested in an environmental sim-

ulation chamber and showed promising results, but will not be further discussed in the

framework of this thesis, as the second approach was preferred.

Another solution would be solid CO2 (dry ice) placed in an ethanol bath, taking advantage

of its high heat capacity. In contrast to water, ethanol remains liquid in the temperature

range of -114.5 ◦C and 78.32 ◦C at surface pressure. This approach does not require

further modification of the CFH instrument. This method was also tested in the climate

chamber at the institute. The CFH was placed inside the atmospheric simulation chamber

and filled with ethanol and dry ice. A temperature sensor was placed in the CFH cool-

ing agent container and a pressure and temperature profile representing the atmosphere

was set for the experiment. The results can be seen in Fig. 3.8. As expected the tem-

perature of the ethanol decreased with decreasing pressure due to the reduction of the

dry ice sublimation temperature which in turn cools the ethanol. The temperature of the

CO2-ethanol mixture decreased continuously for 2.5 h reaching the lowest temperature at
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Figure 3.7: Phase diagram of N2. Image from CHEMIX Chemistry Software.

-98.3 ◦C before the temperature started to increase again with increasing chamber pres-

sure. Based on these promising results, tests were performed on several balloon-borne

flights. These test flights were performed with two CFHs attached to the payload together

with an ECC (see Section 3). The payload can be seen in Fig. 3.9a. Two CFHs were

attached to the ECC sonde in the middle. One of the CFHs was using R-23 as a cooling

agent and the other one was filled with the CO2-ethanol mixture. In each of the cooling

liquid containers a thermometer was placed (PT100-thermistor) in order to record the

temperatures of both cooling liquids. Figure 3.9b shows a close up picture of the cooling

liquid container with the CO2-ethanol mixture. Already within the previous experiments

in the atmospheric simulation chamber it was realized that the size and the density of

the dry-ice had an influence on the cooling efficiency. Too large pieces of dry ice did not

have enough surface contact to the ethanol bath and hence the cooling efficiency was

not strong enough. Too small parts of dry ice or even dry ice snow evaporate too fast and

the cooling effect did not last throughout the presumed flight time of 2.5 hours. For the

measurement using the CO2-ethanol cooling agent some adjustments of the PID con-

troller were necessary, as the temperatures of the dry ice-ethanol mixture do not reach

as low temperatures as R-23 and hence have a lower cooling efficiency. Therefore it is

necessary to adjust the PID circuit to react to temperature changes at the mirror. This
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Figure 3.8: Measurement results of the atmospheric chamber experiment with CO2-
ethanol cooled CFH instrument. The blue line shows the pressure set in the chamber
and the green line the pressure measured in the chamber. The yellow line shows the
temperature set in the chamber and the black line shows the actual temperature mea-
sured in the chamber. The red line shows the temperature of the CO2-ethanol in the CFH
measured with a PT100-thermistor.

was performed in close collaboration with H. Vömel at National Center for Atmospheric

Research (NCAR). The results of the first comparison flight can be seen in Fig. 3.10. The

upper left panel shows the entire profile of both CFHs throughout the flight. One can see

minor disagreements in the altitude levels between 5 and 15 km. The upper right panel

shows the absolute deviation between both CFHs. While rather large deviations are pre-

dominant in the troposphere, values around 0 can be seen above the tropopause. This

clearly results from high water vapor values in the troposphere, while the low water vapor

values in the stratosphere, around 5 ppmv, explain the low deviation in the stratosphere.

The mean absolute deviation throughout the profile is -1.1 ppmv and the standard devia-

tion 125.6 ppmv. The median is -0.4 ppmv which indicates that no significant systematic

bias by one of the CFHs is evident. In contrast, the relative deviation (lower right panel)

exhibits a more constant range throughout all altitudes with some exceptions between 4

and 10 km. The average difference between both CFHs is 26.9 % with a standard devi-

ation of 97.1 %, however the deviations at about 9 km have a strong influence on these
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a) b)

Figure 3.9: Payload of a CFH test flight. a) Two CFHs are attached to both sides of the
ECC box. In the cooling agent container temperature sensors were placed to record the
temperature of the R-23 (right CFH) and CO2-ethanol mixture (left CFH). In the yellow
Styrofoam box a camera is placed to film the flight. b) Close up picture of the dry ice size
and density in the cooling liquid container shortly before the test flight.

values. Due to this bias the median is more representative, which is -1.5 %. There is no

strong bias evident in the correlation between both instruments throughout all altitudes

with a correlation coefficient of 0.985 (lower left panel in Fig. 3.10). The analysis of the

flight data revealed that the cooling effect is not sufficient for fast changes of the water

vapor mixing ratio and thus fast changes of the mirror temperature. In particular, this is

evident on a closer look on the frost point time series of the flight (see Fig. 3.11). At

ambient temperatures of -15 ◦C and of -52 ◦C the CFH performs a reconditioning of the

ice layer to ensure a good coverage on the mirror surface. Therefore, the CFH first re-

moves the ice layer by performing a strong heating pulse and afterwards a strong cooling

to build a new ice layer. The data around the peak are usually excluded from the wa-

ter vapor measurements. However, for the characterization of the cooling efficiency at

the heating peak, it reveals how fast the CFH is returning back to equilibrium, where the

mirror is covered with a thin layer of ice again. The CFH-R23 achieves its equilibrium

17 s after the first heating peak at -15 ◦C ambient temperature and 30 s after the second

heating peak at -52 ◦C ambient temperature. The CFH-CO2 needs significantly longer

time with 77 s after the first and 292 s after the second heating peak. This demonstrates

that the heating rate of the CFH-CO2 is not sufficient to react fast enough to a small scale

variation of water vapor in the UTLS which is a crucial point for the CFH. The temperature
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Figure 3.10: Comparison of CFH-R23 and CFH-CO2 from the flight on 25 April 2020. In
the upper left panel the whole profile of the flight is presented, showing the water vapor
mixing ratios measured by both CFHs. In the upper right panel the absolute deviation
between both instruments in shown. The lower left panel shows the correlation plot of
both CFHs with altitude color-coded. The lower right panel shows the relative deviation
between both instruments with the average (red solid line) and standard deviation (red
dashed lines).

of the cooling agent mixture itself can be seen in Appendix B Fig. B.2. The ethanol-CO2

mixture reaches lower temperatures as previously measured in the atmospheric chamber
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Figure 3.11: Timeseries of the CFH-R23 and CFH-CO2 frost-point temperature from the
flight on 25 April 2020. The shaded regions mark the response times of the CFH-CO2
after the initial heating pulses.

Figure 3.12: Picture of the copper plate mounted to the cold-finger of the CFH-CO2.

with a minimum temperature of -116.18 ◦C, 17.88 ◦C less than inside the chamber. In or-

der to improve the efficiency of the cooling agent, a copper plate was mounted at the CFH

cold finger as shown in Fig. 3.12. Copper has a high heat conductivity of 386 W m−1 K−1

at standard conditions which increases with decreasing temperatures (Carvil, 1993). The

temperature heat conductivity dependence of copper is shown in Appendix B in Fig. B.1.

Within the temperature range relevant for atmospheric balloon profiles, the thermal con-

ductivity of copper slightly increases to 413 W m−1 K−1 at -73 ◦C. By enlarging the contact

area of the cold finger to the cooling agent with the cooper plate, the cooling efficiency is

expected to increase. With this modified CFH a second test flight was performed. The

results can be seen in the Fig. 3.13 and Fig. 3.14. As expected, the performance of this

test flight shows improved cooling efficiency of the CFH-CO2. The temperature of both
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Figure 3.13: Comparison of CFH-R23 and CFH-CO2 from the flight on 22 June 2020.
The left panel shows the correlation of both CFHs with altitude color-coded. The right
panel shows the relative deviation between both instruments with the average (red solid
line) and standard deviation (red dashed lines).

Figure 3.14: Timeseries of the CFH-R23 and CFH-CO2 frost-point temperature from the
flight on 22 June 2020 for comparison of the cooling efficiency. The shaded regions mark
the response times of the CFH-CO2 after the initial heating pulses.

cooling agents throughout the flight is shown in the Appendix B Fig. B.3. The correlation

of both CFHs can be seen in Fig. 3.13 lower left panel with a correlation coefficient of

0.994. The relative deviation values are shown in the lower right panel. The variation

of the relative deviation decreased significantly with relative mean deviation of -10.3%, a

median of -0.8% and a standard deviation at 62.35%. The statistical parameters clearly

show an improvement by the use of the copper plate and are summarized in Table 3.1.
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Table 3.1: Statistical evaluation of the comparison flights on 25 April 2020 and 22 June
2020. With the exception of the mean absolut deviation, all parameters improved on the
second flight when the copper plate was attached to the cold finger of the CFH-CO2.

Flight without copper plate Flight with copper plate
mean of absolute deviation -1.1 5.1

std of absolute deviation 125.6 70.8
median of absolute deviation -0.4 -0.2

mean of relative deviation -26.9 -10.3
std of relative deviation 97.1 62.4

median of relative deviation -1.5 -0.5
correlation coefficient 0.985 0.994

Figure 3.14 demonstrates, similar to Fig. 3.11, the frost-point temperatures of both CFH

mirrors with the two reconditioning peaks. The recovery time to equilibrium conditions of

the CFH-CO2 is again slower compared to the CFH-R23, however, it is much faster com-

pared to the first flight without the copper plate (Fig. 3.11). For the first heating peak at a

temperature of -15 ◦C, the CFH-R23 returns to equilibrium 13 s after the heating peak is

initiated, while the CFH-CO2 still needs 60 s. For the second heating peak at -52 ◦C, the

CFH-R23 returns to equilibrium 30 s after the reconditioning peak is initiated, while the

CFH-CO2 needs about 70 s. For the first heating peak the performance has improved by

17 s and for the second peak by 222 s.

While the cooling efficiency still needs further improvements to match the performance

of the CFH-R23, the addition of the copper plate already brought large and also promis-

ing improvements. The CFH-CO2 relative deviation of ≈ 10 % is in the range of relative

error of the CFH in the stratosphere. Further improvement could be achieved by a larger

copper plate or the use of a metal with a higher heat conductivity (e.g. silver) and an

better contact between the copper plate and cold finger by using cryogenic high vacuum

grease. A redesign of the cold finger as a whole with a larger surface within the cooling

agent would be another solution. Overall, it can be concluded that the experiment with

the ethanol-CO2 mixture as a replacement for R-23 was successful, but further modifi-

cations of the copper plate design and a PID controller adjustment are necessary before

a complete transition to this method can be implemented. As the purchase of R-23 is

already unfeasible in many parts of the world, this transition is unavoidable. However, it
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has to be mentioned that the minimum temperature reached by the ethanol-CO2 mixture

is ≈ 10 ◦C warmer at the tropopause compared to the temperature reached by the R-23

as can be seen in Appendix B, Fig. B.3. This might not be sufficiently low for the lower

tropopause temperatures in tropical regions.
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Chapter 4

Case study of the impact of severe

convective storms on the water

vapor mixing ratio in the lower

mid-latitude stratosphere observed

in 2019 over Europe

In this study data collected during a MOSES measurement campaign in 2019 to inves-

tigate the impact of convection on the lower stratospheric humidity is analyzed. The

content of this chapter is published in Khordakova et al. (2022).

The campaign took place from the middle of May to the end of July as part of a col-

laboration of 8 Helmholtz Association research centers. The objective of the measure-

ment campaign was to capture extreme hydrological events throughout the different Earth

compartments: atmosphere, ground and running waters. In the Eastern Ore Mountains

(Osterzgebirge) in Germany, close to the city of Dresden, a 3-month measurement cam-

paign with Intense Operational Phase (IOP)s, was performed. During these IOPs the
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teams operated on demand to capture the development and cycle of convective events.

The main measurement site was located adjacent to Börnchen village in the low moun-

tain range at 50.805 ◦N and 13.80 ◦E. The team from Forschungszentrum Jülich (FZJ)

focused on small-scale deep convective events and their impact on the stratosphere. As

showed in previous studies extreme convective events can transport moist and ozone

rich tropospheric air masses into the LS (Smith et al., 2017). The objective was to cap-

ture such an event in order to better understand the impact of convective storms on the

LS especially over Europe. During the campaign period two of these events occurred

and were observed with balloon-borne measurements. In this chapter a case study of

the water vapor transport into the extra-tropical lower stratosphere is presented. Water

vapor was injected by deep convective events over Europe. The analysis is based on

balloon-borne light-weight instruments, which recorded water vapor, ozone, temperature

and pressure immediately before and after a thunderstorm with strong convection that

passed the measurement site. Such observations can be rarely made due to the diffi-

culty to predict such events. Two cases of overshooting convection on two consecutive

days (10 and 11 June 2019) are discussed in this study. Both cases show that significant

amounts of water vapor can be transported into the lower stratosphere by deep convec-

tive events over central Europe and not just in the North American and Asian Monsoon

regions. It is shown that water vapor mixing ratios in the same order of magnitude as the

data recorded over North America can also be found deep in the extra-tropics over cen-

tral Europe. Using back trajectories as well as fifth generation of ECMWF atmospheric

global reanalysis (ERA5) and Microwave Limb Sounder (MLS) data, the entry point of the

tropospheric air masses transported into the stratosphere is analyzed. Section 4.1 intro-

duces the instruments and methods used, while sections 4.2.1, 4.2.2, and 4.2.3 describe

the two events and the results of the balloon profile measurements. In section 4.2.4 the

data are compared to ERA5 reanalysis, while in section 4.2.5 the time and location of

the origin is discussed using backwards trajectories and satellite data. In section 4.3 the

results are discussed, and section 4.4 concludes the outcome of the study.
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4.1 Data and methods

4.1.1 Balloon measurements within MOSES

Figure 4.1 schematically shows the measurement procedure. As a convective cell was

approaching the measurement site, two weather balloons were launched to measure

the state of the atmosphere. The first balloon was launched just before the convective

cell reached the measurement site; the second balloon was launched immediately after

the storm cell passed the measurement site as soon as the rain stopped. Two kinds of

measurement balloons were used. The first version is a 200 g latex balloon equipped with

a Vaisala radiosonde RS41-SGP, which recorded the location of the balloon as well as the

altitude, pressure, temperature and moisture of the atmosphere and transmitted the data

to the ground station at the measurement site. The temperature sensor of the radiosonde

has an uncertainty of 0.3 K below 16 km and 0.4 K above. The uncertainty of the humidity

sensor is given as 3% and the pressure sensor has an uncertainty of 1.0 hPa at ambient

pressure above 100 hPa; 0.3 hPa between 10 and 100 hPa and 0.04 hPa below 10 hPa.

Survo et al. (2014) report a temperature dependency of the humidity sensor uncertainty,

which does not exceed 3% RH at temperatures below -80 ◦C and RH below 30%. The

second version is a 1500 g balloon additionally equipped with a payload carrying multiple

in-situ intruments. An ECC (Electrochemical Concentration Cell) instrument (Smit et al.,

2007) was used to measure ozone mixing ratios with an uncertainty of ≈ 5% below 20 km

(Smit et al., 2007; Thompson et al., 2019; Tarasick et al., 2021), and a CFH (Vömel

et al., 2007) was used to measure the low water vapor concentration prevailing in the

tropopause region and in the stratosphere. The uncertainty of the CFH instrument is

given as 4% in the troposphere and below 10% in the stratosphere. The payload also

contained a COBALD to measure backscatter from different types of particles during

nighttime (Brabec et al., 2012). This is referred to as "large payload" in the following.

However, the measurements taken by the COBALD instrument were not used for the

analysis presented here. A picture of the entire payload with radiosonde, ECC, CFH

and COBALD is shown in Fig. 3.1. The payload is adapted from the setup used by the
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Figure 4.1: Schematic of the measurement strategy. A balloon is started right before and
immediatly after a deep convective event has passed the measurement site. On the right
hand side the approximate ozone (blue) and temperature (yellow) climatological profiles
are shown. The amount of water vapor transported into the stratosphere is investigated
by the difference between the two profiles above the lapse rate tropopause according to
the WMO definition.

GRUAN setup (Dirksen et al., 2014). A more detailed description of the instruments can

be found in the Chapter 3. During the first event, on 10 June 2019, one radiosonde and

one large payload was launched, while only 5 radiosondes were used during the second

event, on 11 June 2019 due to logistical reasons. In most cases, the balloons reached far

into the stratosphere reaching altitudes of up to 22 km with radiosondes only and up to

35 km with larger balloons, which were equipped with the above-mentioned instruments

and captured the entire UTLS region during ascent and descent. During the first balloon

launch of the first convective event the connection to the radiosonde was lost for about

20 minutes, and the data between 11 km and 18 km altitude were lost during the ascent,

but all other sounding data were complete.

4.1.2 Aura Microwave Limb Sounder (MLS)

The Microwave Limb Sounder is an instrument operating onboard the Aura satellite. The

sun-synchronous polar orbit satellite has an inclination of 98 ◦C and an equator-crossing
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time of 13:45 Coordinated Universal Time (UTC) ±15 min. It was launched on 15 July

2004 and has been operating ever since. The measurements are in limb-viewing geom-

etry on the A-Train orbit and are in the spectral range of thermal emission, thus day- and

night-time measurements are available. Temperature and pressure are retrieved from the

118 Gigahertz (GHz) band, water vapor from the 190 GHz band and ozone and CO from

the 240 GHz band (Schoeberl et al., 2006; Waters et al., 2006). In this work, data from

the version 4 retrieval algorithm was used to obtain the data presented. In this study

ozone, water vapor and CO mixing ratios are shown. MLS Version 4 data is provided on

36 different pressure levels ranging from 316 hPa to 0.002 hPa as described in Livesey

et al. (2017) and the data quality is described in Pumphrey et al. (2011b). One of the

main improvements of Version 4 is improved cloud detection, excluding cloudy radiances

causing corrupted profiles. This improvement increases the quality of the data set as the

area of interest is covered with clouds.

4.1.3 ECMWF ERA5

The European Centre for Medium-Range Weather Forecasts (ECMWF) produces numer-

ical weather forecasts and provides a meteorological data archive. In this study, ERA5

which is a global reanalysis covering the period from 1979 until present (Hersbach et al.,

2020) is used. The spatial resolution is about 30 km and contains 137 vertical levels

from the surface to an altitude of 80 km. In this work ERA5 reanalysis data from May

to June 2019 was used with hourly temporal resolution. The reanalysis data set was

interpolated to isentropic levels and potential vorticity (PV) was added to the individual

isentropic levels (Ertel, 1942). In the Northern Hemisphere PV values above 2 PVU are

typical for the stratosphere, while values below 2 PVU are typical for the troposphere,

where 1PV U = 1 · 10−6km2 · kg−1 · s−1 (Kunz et al., 2011a). Additionally, the vertical

gradient of potential temperature, which is part of the PV definition, defined as:

PV = −g · (ζ + f) · ∂θ
∂p

(4.1)
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is calculated, where g is the gravitational acceleration, ζ the relative isentropic vorticity, f

the Coriolis parameter, θ is the potential temperature and p is the pressure. The vertical

gradient of potential temperature is ∂θ
∂p and is hereafter referred to as dTheta. dTheta is

negative by definition, as with decreasing pressure the potential temperature increases

in a stable atmosphere. In the troposphere, potential temperature shows only a slight

increase and can thus be considered constant relative to the steep increase that occurs

above the tropopause.

4.1.4 Trajectory calculation

In order to calculate backward and forward trajectories of the measured air masses

the trajectory module of the three-dimensional chemistry transport model Chemical La-

grangian Model for the Stratosphere (CLaMS) (McKenna et al., 2002)) was used. The

trajectories were initialized at pressure levels between 135 hPa and 175 hPa in steps of

5 hPa which encompasses the pressure level of the maximum water vapor enhancement

measured for both cases using the same method as described in Rolf et al. (2018). Each

trajectory was calculated both for 100 hours backward and forward in time. The trajectory

calculation with CLaMS is based on the ERA5 horizontal wind fields and diabatic heat-

ing rates with an hourly output. In addition, temperature, pressure, PV, water vapor and

ozone mixing ratios as well as CAPE are interpolated from ERA5 onto the coordinate of

the trajectories.

4.2 Measurement results and analysis

4.2.1 Meteorological situation at the time of the case study

From 10 to 12 June 2019 multiple severe convective storms developed over Germany.

During these events, hail with a diameter of up to 6 cm was observed and heavy rain

with a daily amount of 100 mm was measured. Wilhelm et al. (2020) describe this series

of convective storms in detail. In this study, the events that precede the measurements

taken on the evening of 10 June 2019 are defined as Case 1 and the ones preceding
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the measurements taken in the evening of 11 June 2019, as Case 2. The storm of Case

1 passed the measurement site at approximately 20:00 UTC on 10 June 2019. On the

previous day, a low pressure system with warm and humid air was brought to Central Eu-

rope while a strong wind shear caused by a lee depression was located over the Czech

Republic. A first convective storm developed in the north-eastern part of Italy and pro-

gressed westwards until it started dissipating at around 08:00 UTC over the north-eastern

part of Italy. Later in the day, in combination with strong solar radiation, these storm pre-

cursors caused the first significant convective cell over Memmingen (southern Germany)

at around 16:00 UTC. This cell developed into a super cell and caused severe damage

in northern Munich at around 17:45 UTC. Multiple super cells subsequently formed, com-

bined over eastern Germany, and later moved towards Poland and the Baltic Sea. The

formation of super cells passed the measurement site in the Eastern Ore Mountains and

balloon profiles were taken before and after the storm cell passed. The first balloon

was launched at approximately 18:00 UTC (hereinafter referred to as "profile before")

equipped only with a radiosonde. The second balloon launch, with a large balloon pay-

load, took place at 01:00 UTC the next day, shortly after the thunderstorm passed.

On 11 June 2019, the already warm and humid air mass was heated up to 33 ◦C at

ground level in the afternoon. At 12:00 UTC a first convective cell developed over the

Slovenian/Austrian border and further developed over the next 7 hours to a mesoscale

convective system (MCS) covering almost all of Austria and Slovenia. With an offset of

approximately 1 hour another convective cell emerged over the center of northern Italy

and multiple smaller cells developed over the German-Czech border starting at around

15:00 UTC. All these convective cells increased spatially throughout the day and unified

to an MCS covering the entirety of eastern Germany. At around 17:39 UTC a first cell

developed between Dresden and Bautzen. Hail with particles reaching a diameter of up

to 4 cm was observed. This event, subsequently referred to as Case 2, was captured

only with radiosondes that were launched every 3 hours starting from 13:00 UTC until

midnight when the last radiosonde was launched after the storm had passed the mea-

surement site.
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4.2.2 Water vapor injection captured by balloon profiles

The measurement results of Case 1 and Case 2 can be seen in Fig. 4.2 and 4.3. The

measurements before and after the respective extreme convective event (hereinafter re-

ferred to as "the event") are displayed with ascending and descending profiles, where

available. The UTLS intercept is shown with pressure levels between 240 hPa and 90 hPa

and potential temperatures ranging between 320 K and 420 K. A sharp transition from the

characteristics of tropospheric to stratospheric air masses is clearly discernible in all fig-

ures. The lapse rate tropopause (LRT), as defined by the World Meteorological Organiza-

tion (WMO), is at a pressure level of 203 hPa before and at 196 hPa after the convective

event for Case 1 (see Fig. 4.2) and at 194 hPa before and at 200 hPa pressure level after

the event for Case 2 (see Fig. 4.3). In all cases, the cold point tropopause (CPT) is

slightly (4-20 hPa) above the LRT. For Case 1, the sharp transition from the troposphere

to the stratosphere is discernible by a distinct change in the course of the temperature.

Additionally, an abrupt increase in ozone and a decrease of the water vapor mixing ratio

towards the stratospheric background level below 5 ppmv show the difference between

the two regimes. Between pressure levels of 180 hPa and 162.5 hPa, which correspond to

potential temperature levels of 345 K and 357.5 K, the water vapor mixing ratio fluctuates

between 5 ppmv and 7.4 ppmv and between 6 ppmv and 14.5 ppmv as measured by the

radiosonde and the CFH respectively, before it attains the stratospheric background value

of ≈ 4-5 ppmv, which is reached within all Case 1 profiles below the 160 hPa/360 K level.

A background value of ≈ 5 ppmv agrees well with results of previous studies (Pan et al.,

2000). The ascent profile measured after the event shows a strong increase in water va-

por measured by the radiosonde as well as by the CFH above the level of 155 hPa/365 K.

The maximum value measured by the RS41 is 7.0 (± 10%) ppmv and the maximum value

measured by the CFH is 8.6 (± 6%) ppmv. The lagging response time of the RS41 may

explain most of the difference between the CFH and the radiosonde observations as de-

scribed in Chapter 3. Above the water vapor enhancement, at 143 hPa/375 K, the mixing

ratio decreases rapidly again to the background value below 5 ppmv. This peak is only

apparent in the ascending profile of the measurement. The descending profile shows
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no peak signatures either in the CFH or in the RS41 water vapor measurements. As

the horizontal distance between the location during ascent and descent at this altitude is

only 60 km and about 2 hours (00:59 UTC/02:49 UTC) time difference, the enhancement

in the water vapor mixing ratio observed during ascent, is a localized feature. In Fig.

4.2a and b, the vertical extent of the discussed water vapor peak are framed with a gray

background. A striking peak in the ozone profile is evident at a similar level as the peak

in water vapor. With a lower edge at 162 hPa/359 K and an upper edge at 145 hPa/373 K

the ozone peak starts at a lower level compared to the water vapor enhancement, but is

limited by the same upper edge. This ozone peak is not associated with the overshooting

event and the cause is discussed in Section 4.2.3. Within this peak a steep decrease of

the ozone mixing ratio occurs very sharply at the same potential temperature level as the

sudden appearance of the water vapor peak, which becomes especially evident in Fig.

4.3b. This is a major indicator of the in-mixing of tropospheric air into this level, which

has a low concentration of ozone and a high amount of water vapor. Figure 4.2b clearly

demonstrates that the air mass with increased water vapor also has diluted mixing ratios

of ozone as the ozone mixing ratio decreases sharply at the same level as the strong

increase in water vapor appears. Further evidence of the tropospheric origin of the air

mass can be seen when considering the temperature profile. The temperatures typically

increase with altitude throughout the stratosphere. In the measured ascent profile, after

the temperature dropped to 207.9 K at the CPT, it increases until it reaches 220.4 K at a

potential temperature level of 365 K where it declines sharply to 218.63 K. In Fig. 4.2b

it becomes evident that the larger temperature dip of ≈ 2 K occurs suddenly at 365 K,

the same level as the strong decrease within the ozone peak. The temperature drop

within the water vapor enhancement might be a result of mixing with the strongly adia-

batic cooled tropospheric air within the overshooting top and the warmer stratospheric

air masses in the surrounding. In addition, evaporation/sublimation of cloud particles in

this warmer and dryer mixing area around the overshooting top can also lead to further

cooling.

Case 2 presents a slightly different background atmosphere than Case 1. The transition
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from the tropospheric to the stratospheric regime proceeds less abruptly as is depicted

in Fig. 4.3a and b (the water vapor mixing ratios of the flight launched at 13:14 UTC

with the RS41 was corrected for an off-set bias). The CPT is further above the LRT and

the CPT temperature minimum is less distinct. For Case 2 multiple background profiles

exist, launched throughout the day, before the occurrence of the convective event in the

night. To simplify the figure, only the tropopause of the last profile before the event is

shown in Fig. 4.3a and b. The water vapor profile shows a similar feature as Case 1.

As the water vapor mixing ratio converges to the background value, it is first disrupted

by a peak reaching a value of 6.5 ppmv and returning to the background value at a pres-

sure/potential temperature level of 153 hPa/365 K, respectively. At this elevation a second

peak is discernible with water vapor mixing ratios of 12.1 ppmv (± 10%) at 143 hPa/371 K.

As multiple balloon launches were performed throughout the day, an increase of back-

ground water vapor mixing ratios with progressing launch time is evident. Balloon profiles

launched at 19:00 UTC and 22:00 UTC show a slight water vapor enhancement up to

5.5 ppmv (±10%) at the same level as the main peak measured in the ascending profile

after the event. The descending profile also shows an increase in water vapor mixing

ratio at the same pressure altitude as the ascending profile. However this peak is wider

and only about half the amplitude. Similar to Case 1 the temperature measured during

ascent shows a sharp decrease of 2 K at the potential temperature level of the highest

water vapor mixing ratio value of the peak. In Case 2 the water vapor peak is more spiked

compared to the rectangular profile visible in Case 1 (shown in Fig. 4.2a and b). It is of

further interest that all temperature profiles measured on 11 June 2019 clearly show a

second tropopause at about 110 hPa while the temperature profiles of Case 1, measured

only a couple of hours before do not show such a structure.

4.2.3 Source of the ozone peak at 150 hPa

Figure 4.2a shows the profile measured after the event of Case 1. A strong ozone peak

with values of up to 696 ppbv can be seen starting somewhat below the water vapor peak

at a pressure level of 150 hPa. Usually, it is expected to find a negative correlation be-
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Figure 4.2: Profiles measured immediately before and after the convective event (Case
1) at 18:00 UTC on 10 June 2019 and 00:00 UTC on 11 June 2019 in the UTLS region.
The water vapor measurements are shown in reddish colors for the RS41 and in black for
the CFH instrument. Ozone measurements are depicted in blue. Temperature is shown
in yellowish colors. a) Pressure is used as vertical coordinate. b) Potential temperature
is used as a vertical coordinate. The different tropopauses (LRT, CPT) are shown as
horizontal lines. The gray regions mark the level between 145 hPa and 165 hPa in a) and
between 365 K and 370 K in b) in which the water vapor enhancement is observed.

tween water vapor and ozone when tropospheric air masses are injected by overshooting

convection into the stratosphere. It is therefore unexpected to find such a strong increase

(about 300 ppbv) in ozone at the same level as the water vapor injection. Figure 4.2b

shows a steep decrease of ozone mixing ratios at potential temperature levels between

365 K and 375 K. This indicates a dilution of the ozone-rich stratospheric air with ozone-

poor tropospheric air. However, the origin of the ozone peak between the 160 K and 375 K

potential temperature level, has to be clarified. Multiple possible explanations might be

considered. One suggestion linked strong increase in ozone to the injection of increased

NOx produced by severe lightning (Seinfeld and Pandis, 2016; Bond et al., 2001; Cooray

et al., 2009). NOx is controlling the O3 concentration in the troposphere and is mainly re-

sponsible for the development of photochemical smog in the troposphere. However, the

increase of ≈ 300 ppbv cannot be explained by that because model simulations show that
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Figure 4.3: Same as Fig. 4.2 but for profiles measured immediately before and after
the convective event on 11 June 2019 (Case 2) that passed the measurement site in the
UTLS region.The water vapor mixing ratios is shown in red, measured by the radiosonde
before and after the event. a) Pressure is used as a vertical coordinate. b) Potential
temperature is used as a vertical coordinate.

the potential increase due to NOx would be in the order of 10 ppbv (DeCaria et al., 2005).

Another ozone source can be direct corona discharge during lightning leading to ozone

formation (Minschwaner et al., 2008; Bozem et al., 2014; Kotsakis et al., 2017). However,

the enhancement of ozone due to this process is reported to be in the order of about

50 ppbv and thus cannot explain the increase in the observed range. Figure 4.4a shows

the ozone profile measured after the event during Case 1 in comparison to the mean of

all ozone profiles (8 available profiles) with multiple balloon measurements in Germany

during spring and summertime measurements between 2018 and 2020. It is evident that

although the profile of Case 1 clearly exceeds the mean ozone profile at this altitude, it

is not out of the observed range analyzed here. Figure 4.4b displays the H2O - O3 distri-

bution of the same data as in the left panel. Here, the data from Case 1 (red dots) with

the high amount of ozone and water vapor diverge prominently from the typical L-shaped

data set (gray dotted data), which marks the tropospheric and stratospheric regimes. It is

not unusual that vertically thin filaments of ozone-rich stratospheric air masses are trans-

ported horizontally causing local ozone enhancements in vertical profiles. A model run
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Figure 4.4: Climatology of 8 ozone profiles measured during spring and summer 2018-
2020 a) Ozone profiles within the UTLS altitude range from 2018 to 2020 launched in the
mid-latitudes in potential temperature coordinates. The shaded area marks the measured
range of ozone mixing ratios. The blue line shows ascent and descent data from the from
Case 1 b) Tracer-tracer correlation of water vapor and ozone mixing ratios within the
UTLS altitude range for the data obtained from 2018 to 2020 in the mid-latitudes. The red
dots show the data from the ascent and descent from Case 1

with CLaMS using two different ECMWF reanalysis sets as input, shows an enhancement

of ozone between 100 hPa and 200 hPa (See Appendix C). This indicates the horizontal

transport of ozone-rich stratospheric air, as the CLaMS model does not account for over-

shooting events. Figure 4.5 presents the ERA5 reanalysis at the time and approximate

altitude of the observed ozone peak. A narrow ozone-rich filament extends eastward from

air masses with stratospheric origin towards the measurement location. Hence, there is

strong evidence that the ozone-rich stratospheric filament was transported horizontally

to the location where water vapor was injected by overshooting convection into the low-

ermost stratosphere. The location and development of the overshooting convection is

discussed in Sections 4.2.4 and 4.2.5.

4.2.4 Comparison to the ERA5 reanalysis

ERA5 is used to place the measured data in a wider context and to evaluate the events.

While ERA-Interim does not show any local signatures of the measured convection, the
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Figure 4.5: Horizontal map of ERA5 ozone mixing ratio at a pressure level of 148 hPa on
11 June 2019 at 01:00 UTC (Case 1). The measurement site is denoted by a purple star.

ERA5 reanalysis reveals the signature of a convective overshooting with multiple param-

eters. Here CAPE, PV, potential temperature, and the water vapor mixing ratio are con-

sidered, starting at midnight on 10 June 2019 until midnight on 14 June 2019. CAPE is

the integrated amount of energy that the upward buoyancy force would act on a air parcel

if it moves vertically. High CAPE values above 1000 J/kg show an increased probability

of strong convective storm development in the case that convection is initiated. Figure

4.6 panels a-c and Fig. 4.7 panels a-c display the distribution of CAPE at three cho-

sen points in time across Central Europe for Cases 1 and 2 respectively. The white line

marks the backward and forward trajectories which were initiated at the time and location

of the measured water vapor peak for Case 1 (discussed in Section 4.2.5), and the black

dot marks the location of the sampled air mass at the given time point according to the

calculated trajectories. Very high CAPE values at the coast of Slovenia and Croatia as

well, as the east coast of Italy and northern Italy, are evident in all chosen time frames.

Figure 4.6 panels a-b show that the air mass measured after the event of Case 1 is lo-

cated just above a strong maximum in CAPE over north Italy on the morning of 10 June

2019. Throughout the day, the air parcel moves close into regions of enhanced CAPE on

multiple occasions along the way to the measurement site, and finally reaching the center

of a region with high CAPE close to the measurement site (Fig. 4.6, panel c). Figures 4.7
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panels a-c depict the same scenario for Case 2. Here, the air masses crosses a location

with high CAPE for the first time at 06:00 UTC on 11 June 2019 over Slovenia. It remains

within the region of high CAPE until 13:00 UTC before it crosses the measurement site

at midnight. In contrast to the persistent wide-ranged horizontal distribution of elevated

CAPE values, a different structural evolution is observed in the PV and dTheta. When

considering dTheta at the altitude of the measured air parcel with enhanced water vapor,

a strong minimum can be seen, which coincides with the signature of PV for Case 1 and

Case 2. For Case 1, on the day before the measured event, no profound signature in

the dTheta structure is seen until 09:00 UTC on the morning of 10 June 2019 (Fig. 4.6d).

However, at 10:00 UTC (Fig. 4.6e) a spot signature in dTheta is apparent, leading to PV

values of up to 25 PVU in the region of high CAPE values over northern Italy. This is more

than twice as high as the surrounding PV values. The air mass later sampled is located

at the edge of the strong dTheta enhancement with still strong values remaining through-

out the next 10 hours. This signature subsequently weakens (Fig. 4.6e) but reappears

with increased intensity (Fig. 4.6f) and moves northwards until it dissolves at midnight.

The trajectory of the air parcel moves only slightly westward of this structure but remains

inside the enhancement of PV over the entire time, although never in the center.A similar

course of events can be observed for Case 2, as shown in Fig. 4.7. In comparison to

Case 1, the trajectory of the air mass measured in Case 2 approaches further from the

south. In the early morning hours of 11 June 2019, no significant structure or signal can

be seen in the area of interest (Fig. 4.7d). At 10:00 UTC a dipole structure in dTheta

appears leading to PV values of up to 30 PVU (Fig. 4.7e). Similar to Case 1, the signal

does not develop gradually nor is it transported horizontally into the considered area, in-

stead emerging on a very short timescale. The anomaly appears over Austria, northern

Italy and over the Czech Republic and therefore has 3 central points. The enhancement

over the Czech Republic dissolves in the following hour while the other two increase in

strength over the next few hours. However, all three centers dissolve until midnight when

the air parcel reaches the measurement site. In Case 2, the air parcel is also constantly

in the vicinity of at least one of the peaks in dTheta but never enters areas of the extraor-
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dinary high values. This signature in dTheta can be explained with the displacement of

the isentropes upward by strong updraft winds and local diabatic heating, which cause

an increase in the gradient of potential temperature, as has been shown by Qu et al.

(2020). In both cases considered here, the map of the dTheta is homogeneous before

convection appears until 09:00 UTC (Fig. 4.6 panels g-i). However, only 1 hour later, a

spot signal with values of up to -2.7 K hPa−1 appears, which is more than 3 times higher

than the surrounding values. In both cases, the peak in dTheta moves along the PV en-

hancement and also dissolves at the same time. Furthermore, the specific humidity in

ERA5 was analyzed. Figure 4.6 panels g-i show the specific humidity of ERA5 for Case

1. Figure 4.6g shows the hour before the first appearance of the signature of the con-

vective storm for Case 1 at 09:00 UTC on 10 June 2019. In total, two peaks can be seen

on the map but not close to the path of the air mass. Then, 1 hour later, at 10:00 UTC, a

water vapor peak emerges in the vicinity of the air mass (Fig. 4.6h) at the same location

as the enhancement in PV and dTheta. For Case 2 a similar picture is seen. While no

local enhancements in water vapor mixing ratios can be seen in the considered area at

09:00 UTC, only 1 hour later, at 10:00 UTC, a strong enhancement in water vapor is evi-

dent in the vicinity of the considered air mass. This signature of the local enhancement is

almost twice as high as the peak seen for Case 1. Similar to Case 1, the enhancement is

transported towards the measurement site throughout the day and remains close to the

measured air mass.

4.2.5 Origin and evolution of the water vapor enhancement along the CLaMS

trajectories

In order to determine the origin and evolution of the measured air masses containing the

water vapor enhancement, 100 h backward and 100 h forward trajectories were calculated

for both cases, as described in Section 4.1.4. The backward trajectories are not shown

before 06:00 UTC on 9 June 2019 as the points do not contain any relevant information

related to the measurements. The upper panel of Fig. 4.8 displays the water vapor mix-

ing ratios along the trajectory and the data points measured by MLS within 5 degrees of
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10 June 09:00 UTC 10 June 10:00 UTC 10 June 21:00 UTC

Figure 4.6: CAPE from ERA5 (a-c) vertical gradient of potential temperature (dTheta, d-f)
with PV contours at 12, 17, 20, 30 and 35 PVU, and specific humidity (g-i) at three cho-
sen time points for Case 1 (09:0 UTC and 10:00, UTC on 10 June 2019 and 21:00 UTC).
dTheta and specific humidity are displayed at a pressure level of 148 hPa. The hori-
zontal black dashed line denotes the latitude of the measurement site and the purple
star denotes the exact measurement location. The white line shows the trajectory of the
measured air parcel as described in Section 4.1.4. The black dot on the trajectory line
represents the calculated location of the air mass at the given point in time.
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11 June 09:00 UTC 11 June 10:00 UTC 11 June 18:00 UTC

Figure 4.7: The same as in Fig. 4.6 but for Case 2 with three chosen points in time
(09:00 UTC, 10:00 UTC and 18:00 UTC on 11 June 2019).
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latitude and longitude and an hour before or after the trajectory point (star symbols). The

ERA5 water vapor mixing ratio shows a sharp increase along the trajectory from values

around 7 ppmv to values up to 15 ppmv ≈ 10 hours before the balloon measurement took

place. The middle panel shows the mixing ratios of ozone and water vapor as well as PV

and CAPE values from ERA5 along the trajectory. The trajectory encounters high CAPE

values shortly before a steep increase in water vapor and PV appears on 10 June 2019

at around 10:00 UTC. The peak in CAPE is followed by a peak in PV almost doubling

the preceding values of around 8 PVU. This peak is in good agreement with an increase

in water vapor mixing ratios by 10 ppmv, which remains at the level between 12.3 ppmv

and 17.5 ppmv throughout the following 4 days of the trajectory (in contrast to the PV

enhancement which decreases shortly before the balloon observations to a background

value of 8 PVU). With a water vapor mixing ratio of 10 ppmv measured by the CFH at the

peak, the values obtained with the balloon payload are lower than the ERA5 values. The

ozone mixing ratios do not show an impact by the convective event but steadily decrease

throughout the trajectory. The lower panel of Fig. 4.8 shows MLS water vapor, ozone,

and CO mean mixing ratios for the nearest MLS point for each time step within 300 km

along the trajectory. Only seven measurement points were found to match the criteria.

Although multiple MLS data points were available, a clear increase in water vapor cannot

be seen in the available data. Overall, the values measured by MLS are much lower

compared to the ERA5 water vapor values, which range from 2 ppmv to 6 ppmv along

the calculated trajectory, while the ERA5 values vary between 5 ppmv and 18 ppmv. CO

and water vapor act as a tropospheric tracer, with sources at the surface and background

values in the stratosphere (Ricaud et al., 2007), and were considered here as a potential

additional tracer for convective overshooting. The nearest values of the individual data

sets do not show any increase in relation to the proposed convective event. This em-

phasizes the small scale of the overshooting event and the local scale of the water vapor

enhancement, as MLS only has a very coarse spatial resolution in the LS. While the ver-

tical extent of the water vapor peak is 800 m (600 m for Case 2), the vertical resolution

of MLS H2O measurement is 1.5 km. A similar picture appears for Case 2, as shown in
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Figure 4.8: Trajectory of the measured air mass for Case 1 with MLS data taken within 5
degrees of latitude and longitude of the trajectory. The upper panel shows the trajectory
on a map, with the color-coded water vapor mixing ratios along the trajectory. Additionally,
all MLS data points within a longitude and latitude of 5 ◦ degrees as well as within 1 hour
before and after the individual trajectory points are shown as star symbols. In the second
panel, the water vapor from ERA5 along the trajectory is displayed in red, ozone in blue,
PV in black and CAPE in orange. The time of the measurement and the observed maxi-
mum water vapor mixing ratio from CFH and RS41 within the pressure levels of 145 hPa
and 165 hPa are shown at the vertical blue line and with blue and red symbols, respec-
tively. The third panel displays the same time frame, with the nearest MLS measurements
of ozone in blue, water vapor in red, and CO in purple, within a radius of 300 km of each
trajectory point and 1 hour before or after the trajectory point.

Fig. 4.9. It must be noted that the scales differ in comparison to Fig. 4.8. In Case 2, at

midday on 10 June 2019 a series of peaks in CAPE emerge and persist throughout the

next 4 days. Shortly before the start of these variations in CAPE, a slight increase in PV

is evident and PV values subsequently show enhanced values although not exceeding

9.5 PVU at a background of 7.5 PVU. Water vapor along the trajectory remains constant

until midday on 11 June 2019 when it is slightly enhanced from approximately 6 ppmv to

10 ppmv shortly after CAPE and PV reach maximum values ≈ 11 hours before the mea-

surement took place. Similar to Case 1, the water vapor continuously remained at the

elevated mixing ratios throughout the end of the trajectory. For Case 2, only four MLS

measurement points were found within 300 km of the trajectory. A slight enhancement of

63



4.2. Measurement results and analysis

1 ppmv in the water vapor mixing ratio in the MLS data after the overshooting convection

and a 30 ppmv increase in CO, which remains enhanced between 55 ppmv and 65 ppmv,

together with a slight decrease in ozone mixing ratio by 20 ppbv can be seen. Here it is

emphasized that the overshooting event of Case 2 likely has a wider horizontal extent,

which makes it more suitable for detection by the MLS instrument. This is supported by

the fact that, in contrast to Case 1, both the ascending and descending profiles show

enhancements of tropospheric air in the lower stratosphere. The trajectories for the two

cases show an increase in the water vapor before the air parcel arrived at the measure-

ment site. The increase in water vapor is accompanied by an increase in PV and high

CAPE values. While in Case 1 the steadily decreasing ozone values along the trajectory

seem to be unrelated to the changes in the other trace gases, in Case 2, an increase

in ozone mixing ratios by 150 ppbv occurs at the same time as the increase in the PV

values. In contrast to Case 1, where the peak in PV initially decreases shortly before

reaching the measurement site and returns to background values 1 day later, in Case 2

the PV values keep increasing but never reach the high values of Case 1. In both cases,

the water vapor mixing ratios remain enhanced after the overshooting convection in the

model and shortly before reaching the measurement site. However, Case 2 shows lower

values at around 10 ppmv in comparison to 15 ppmv for Case 1. With these values, the

ERA5 water vapor value is greater than the measured value in Case 1 but is slightly below

the values measured in Case 2.

4.2.6 Overshooting events in satellite data

The satellite measurements of Brightness Temperature (BT) from geostationary Meteosat-

10 rapid scan data support the above-indicated tropospheric origin of the measured wa-

ter vapor enhancement in the lower stratosphere. Figures 4.10a-d show Meteosat-10

BT data using the Infrared (IR) 10.8 µm channel for two chosen times in Case 1. Figure

4.10a shows the data at 05:29 UTC on 10 June 2019. A cloud structure reaching a BT

as low as 205 K surrounds the air mass along the trajectory at this time. For Case 1, a

CPT of 208 K was measured and confirmed by the surrounding cloud-top BT between

64



Chapter 4. Enhanced water vapor in the LS caused by convective storms

Figure 4.9: Same as in Fig. 4.8 but for Case 2. The time of the measurement is marked
with a vertical blue line and the observed maximum water vapor mixing ratio from RS41
within the pressure levels of 139 hPa and 155 hPa, is shown with red star in each panel.

210 K and 216 K. It is, therefore, most likely that areas with a BT below 205 K resemble

areas of overshooting tops. These areas are circled in pink in Fig. 4.10. In addition to

the trajectories discussed in Section 4.2.5, further trajectories were calculated starting at

the same location but, at lower pressure levels, as both balloon profiles not only exhibited

a main peak at a pressure level of 149 or 144 hPa but also covered an underlying water

vapor enhancement at 165 or 155 hPa respectively, for Cases 1 and 2 (Fig. 4.2 and 4.3).

Trajectories initialized at 149, 155 and 165 hPa and at 144, 153 and 155 hPa, respectively,

for Case 1 and Case 2 were calculated and added to the satellite image. The air mass on

the trajectory starting at 149 hPa is located closest (only 50 km northeast) to the coldest

and therefore, highest point of the convective cloud, as can be seen in detail in Fig. 4.10a.

Considering the slight uncertainties in the trajectory calculation and in the meteorologi-

cal fields, this point in time is most likely responsible for the water vapor enhancement

detected later. However, the satellite images display the coinciding of the air mass and

the convective event 4 hours earlier compared to ERA5 and, therefore, further south-

west. Later in the day, the air mass location coincides with another overshooting cloud

at around 21:09 UTC (see Fig. 4.10b). Multiple areas exceed the tropopause height in

the convective clouds but none of the air masses on the trajectories seem to be very
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Figure 4.10: Brightness temperatures from geostationary Meteosat-10 satellite using the
IR 10.8 µm channel along trajectories for Case 1 during two different times (panel a at
05:59 UTC and panel b at 21:09 UTC on 10 June 2019). Air mass trajectories initiated at
different pressure levels (149 hPa, 155 hPa, and 165 hPa) are shown with gray to black
lines. Air masses with BT < 205 K are depicted with pink contours.

close to these areas. The trajectories for Case 2 pass by near to the convective events

as well; however these are at a greater distance from the overshooting tops (Fig. 4.11a

and b). For Case 2, Fig. 4.3b shows a temperature of 214 K at the tropopause height.

Trajectories initialized at pressure levels of 145 hPa, 150 hPa, and 155 hPa can be seen in

Fig. 4.11 and encounter the cloud-top height with temperatures 6 K below the tropopause

temperature. Similar to Case 1, in Case 2, an additional convective storm develops over

eastern Germany with overshooting tops. However, the air masses along the trajectories

do not encounter this convective cloud (see panel Fig. 4.11a and b). Thus, it is very likely

that the observed water vapor enhancement resulted from the overshooting event that

occurred over Austria on 11 June 2019 at around 14:24 UTC or 15:49 UTC.
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Figure 4.11: Same as Fig. 4.10 but for Case 2. Air mass trajectories initiated at different
pressure levels (144 hPa, 153 hPa and 155 hPa) are shown with gray to black lines. Air
masses with BT < 209 K are denoted with pink contours. Panel a shows the satellite
image at 14:24 UTC, and panels b at 15:49 UTC on 11 June 2019

67



4.3. Discussion

4.3 Discussion

The measurements presented here show a strong enhancement in water vapor above

the tropopause on two consecutive days, i.e., 10 and 11 June 2019. Both cases originate

from gravity waves breaking behind the overshooting top leading to in-mixing of tropo-

spheric air into the lower stratosphere several hours before the balloon launch. The water

vapor mixing ratio enhancement measured in Case 1 is located 40 K above the thermal

tropopause when using potential temperature as a vertical coordinate. This is compara-

ble to a study by Smith et al. (2017) where water vapor mixing ratio enhancements were

measured during multiple airborne missions above the North American continent. Smith

et al. (2017) use 370 K as a typical tropopause altitude and discuss water vapor enhance-

ments at a level between 400 and 410 K with values up to 6 ppmv above the background

values. Similarly, the water vapor values measured in Case 2 are of the same order of

magnitude. The maximum of the peak is approximately 40 K above the tropopause po-

tential temperature and reaches 7.5 ppmv above the background value. The same order

of magnitude was observed during the Studies of Emissions, Atmosoheric Composition,

Clouds and Climate Coupling by Regional Surveys (SEAC4RS) aircraft measurement

campaign with elevated water vapor mixing ratios of up to 10.6 ppmv in the lowermost

stratosphere at ≈ 100 hPa (Robrecht et al., 2019). The local injection of water vapor was

detected within a larger-scale peak in ozone for Case 1. This peak results from a hor-

izontal transport of stratospheric air masses with a strong stratospheric signature from

west to east. An edge of a filament from a front with high ozone values is stretched over

the measurement location. A map of ERA5 ozone at 145 hPa, as given in Fig. 4.5, shows

that the balloon measurement was at the edge of a front with higher ozone mixing ratios.

This explains the lower ozone values at the same pressure or potential temperature level

in the descending profile which was located further north. This is also supported by the

sparse data from MLS, which show higher ozone mixing ratio values westward of the

measurement site and lower values of about 200 ppbv east of the measurement site (see

Fig. 4.8). The ERA5 ozone values along the calculated trajectory of the measured air

mass further support this assessment. The moistening of the ozone-rich air mass lead
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to an unusual feature in the tracer-tracer correlation, as shown in Fig. 4.4b. Case 1 not

only shows a strong enhancement of water vapor mixing ratios in the ascending profile

of the balloon-borne measurement, but further expected indications of a tropospheric air

injection were also recorded. A sharp decrease in ozone mixing ratios occurs at the same

potential temperature level as the rise in water vapor. The drop in temperature is equally

sharp and aligned with the change in water vapor and ozone, albeit less prominent. The

elevated water vapor, decrease in ozone mixing ratios, and lower temperatures all indi-

cate the tropospheric origin of the measured air mass between the potential temperature

levels of 365 K and 375 K. The air mass is clearly different from the air masses above and

below to a degree that the profile of the water vapor peak appears to be square shaped

(see Fig. 4.2b). The fresh in-mixing and the tropospheric origin of the air masses is

also underlined by the small spatial extent of the enhancement. This is derived from the

following two observations: first, the balloon measurement does not show any enhance-

ment of water vapor in the descending profile, and second, no clear trace of the event can

be found in the MLS measurements due to the low vertical and horizontal (cross-track)

resolution at the limb tangent point of 1.5 km and 3 km, respectively. The tropospheric

source of the water vapor injection for Case 1 is supported by satellite BT measurements

of overshooting tops and by ERA5 displaying a local disturbance in PV and dTheta along

the trajectory of the discussed air mass. The dTheta anomaly is in good agreement with

the local enhanced water vapor mixing ratio in ERA5 (Fig. 4.6d - f). The BT satellite data

suggest that this coinciding of the measured air mass and the convective overshooting

event occurs ≈ 4 h earlier at 05:29:18 UTC further southwest, but otherwise both the re-

analysis and the observational data show a convective storm moving northwards, with

high-reaching cloud tops and BTs reaching as low as 205 K. Until this convective event

dissolves after 22:00 UTC, the measured air parcel remains close to its center. The air

mass along the trajectory starting at 149 hPa encounters a second, stronger, and more

spatially distributed convective event over the northeast of Munich (southeastern Ger-

many), in the evening at 18:19 UTC and 19:39 UTC where it also passes close to a cloud-

top height reaching 202 K BT (see Fig. 4.12). The air masses continue to remain in this
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Figure 4.12: Same as Fig. 4.10 but for a different point in time. Air mass trajectories
initiated at different pressure levels (144 hPa, 153 hPa and 155 hPa) are shown with gray
to black lines. Air masses with BT < 209 K are marked with pink contours. Panels (a)
and (c) show the satellite image at 18:19 UTC and panels (b) and (d) at 19:39 UTC on 10
June 2019.

growing convective cloud, which eventually covers the entirety of eastern Germany, un-

til the measurement site is reached. As described in Smith et al. (2017), Dauhut et al.

(2018), and Qu et al. (2020), the in-mixing of tropospheric air masses is caused by grav-

ity waves breaking closely behind an overshooting top into the surrounding stratospheric

air, which has a lower water vapor mixing ratio and a higher potential temperature. The

hydro-meteors from the injection sublimate and are mixed into the stratospheric air mass

on very small timescales under these strongly subsaturated conditions. It is, therefore,

consistent that the additional COBALD measurement (not shown) did not detect any cloud

particles in the measured profile. Additionally, the sublimating hydrometeors cool the air

mass. It is very likely that the air mass descended slightly due to the decreased potential

temperature after the mixing of tropospheric and stratospheric air and, therefore, reached

neutral buoyancy at a lower level than was later found in the balloon profiles. This pro-
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cess would not be evident in the calculated trajectories and, thus, slightly increases the

inaccuracy of the presented trajectories. However, the descent of the air mass due to

the adjustment of potential temperature is expected to be rather low due to the very hu-

mid conditions of the LS mixed-in tropospheric air mass. Furthermore, the existence of

sublimated hydrometeors in the entrained air masses result in a relatively low amount of

air that is ultimately irreversibly mixed within the LS. Case 2 shows a similar signature

but differs in several aspects. First, the balloon profile measurements in Fig. 4.3a and

b show that the water vapor enhancement is stronger and is located at a lower pressure

level (although the level of potential temperature remains almost the same). In contrast

to Case 1, only radiosonde measurements are available for Case 2, and thus, only wa-

ter vapor data measured by the radiosondes can be compared for both cases. While in

Case 1 the peak value is 7.0 ppmv, in Case 2 the maximum peak value reaches up to

12.1 ppmv. In addition, balloon measurements for Case 2 potentially indicate not only

a stronger but also a spatially larger event, as the descending profile reveals a peak in

water vapor that still reaches more than 7.5 ppmv but with a wider vertical spread. This

indication is supported by the MLS measurements. For Case 2, a slight increase in MLS

water vapor mixing ratios (≈ 1 ppmv) is visible after the balloon observation compared to

the MLS data point that was taken before the suggested convective event (see Fig. 4.9).

The development of the water vapor peak does not form a square shape when using po-

tential temperature as a vertical coordinate, and instead forms a sharp tip after a steep

water vapor increase. Slightly below this tip, a drop in temperature can be seen (Fig.

4.3b), with a similar decrease (by about 2 K) to that of Case 1. A further difference be-

tween the cases is the tropopause. While Case 1 shows a very sharp tropopause, Case 2

has a rather flat tropopause with an inversion layer at 125 hPa. In the temperature profile

obtained 2 h prior to the profile with enhanced water vapor (displayed in Fig. 4.3a and b),

a second tropopause is detected. Throughout the day of Case 2 (launched at 13:11 UTC

and 22:00 UTC on 11 June 2019) two profiles with double tropopause were measured,

which indicates a less stable atmospheric profile and possibly supports the findings of

Solomon et al. (2016), who found that the overshooting convection is more likely in cases
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of a present double tropopause. ERA5 also shows a difference between the two cases.

Case 2 shows a higher and wider spread of CAPE values before the overshooting event

throughout the day when compared to Case 1. The PV anomaly discussed in Section

4.2.4 shows a cluster of individual anomalies around the calculated trajectory instead of

a single event, as in Case 1. According to the satellite data the air mass measured in

Case 2 encounters a convective event once in the afternoon over Austria (see Section

4.2.6) but does not encounter a second event later, which is in contrast to Case 1. While

ERA5 shows a likely overshooting event for Case 1 4 h before, and slightly northwest

of the event observed by satellites, the convective event in ERA5 for Case 2 is 4 h later

than the satellite observation. Overall, the ERA5 data indicates that the measured air

parcels of both cases were moistened by the occurrence of an overshooting convective

storm, which caused a local nonconservative PV anomaly to appear at the level of the

measured air parcel. This PV signal was most likely caused by the upward displace-

ment and narrowing of the isentropes in combination with diabatic processes and related

small-scale mixing (Qu et al., 2020). The overshooting convection which moistened the

measured air parcel in the lower stratosphere occurred in the north of Italy several hours

before the convective event arrived at the measurement site as implied by satellite data

and ERA5. However, the moistened air parcels took a similar pathway in the lower strato-

sphere to the convection in the troposphere before both arrived at the measurement site

in eastern Germany. It is not clear from the data whether the air parcel was moistened

once during the first appearance of the convective storm in the northern part of Italy or

if it was moistened multiple times along the trajectory, as indicated by the satellite im-

ages over Bavaria to the south of the measurement site. In addition, the question as to

when exactly water vapor was injected into the lower stratosphere remains unanswered.

However, it is evident that the water vapor was injected into the lower stratosphere by

convective overshooting and is not caused by another mechanism, such as, for example,

the horizontal transport and the in-mixing of tropical air masses at the subtropical jet.

72



Chapter 4. Enhanced water vapor in the LS caused by convective storms

4.4 Conclusions

Overshooting convective events are known to inject water vapor into the lower strato-

sphere. However, their quantitative impact on the variability in water vapor mixing ratios

in the mid-latitudes requires further investigation. A number of case studies of over-

shooting tops and their vertical transport of water vapor were performed above the North

American continent. However, in-situ measurements over Europe are still sparse. In this

study, two cases of water vapor injection into the lower stratosphere over the German-

Czech border are presented. The balloon-borne in-situ measurements show water vapor

enhancements in excess of the background value of 5 ppmv by 3.65 ppmv for Case 1

and 7.1 ppmv for Case 2. Both cases show clear evidence for overshooting convection

and have a comparable scale to overshooting events measured in previous studies over

the North American continent. The findings of the in-situ balloon-borne measurements

are supported by ERA5 and by satellite data. It has to be emphasized here, that ERA5

includes the overshooting convection and moistening of the LS in both cases, which is in

contrast to ERA-Interim reanalysis. The location and timing of the observation was not

precisely matched by ERA5 but was, nevertheless, relatively close to the event observed

in the satellite data. It is shown that the measured enhancements of water vapor at a

pressure level of 149 hPa and 144 hPa, respectively, for Cases 1 and 2 were injected

into the lower stratosphere several hours before the measurement took place and were

horizontally transported to the measurement site. Stratospheric moistening through over-

shooting convection over the North American continent has already been reported (Smith

et al., 2017). Here, evidence demonstrating that stratospheric moistening also occurs by

overshooting convection over Europe is reported. The strength of the measured water

vapor enhancement shows that the role of overshooting convection over Europe and in

mid-latitudes in general as a contributor to the lower stratospheric water vapor budget

might be underestimated due to the sparse in-situ data. As it is expected that the fre-

quency and strength of extreme convective events will increase with advancing global

climate change, it is crucial to thoroughly understand and quantify the impact of these

events. MLS satellite measurements are not always suitable for detecting these small-
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scale water vapor enhancements, as shown especially in one of the two cases. Thus,

studies estimating the relevance of overshooting convection on the extra-tropical water

vapor distribution using satellite data might underestimate their effect in general and not

only over Europe. Therefore, because of the low resolution of satellite data, in-situ mea-

surements and future satellite missions with very high vertical resolution in the UTLS are

therefore required to understand the impact of such small-scale events like overshooting

convection.
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Chapter 5

Case study of highly enhanced

water vapor mixing ratios in the

stratosphere originating from forest

fires

In this chapter the impact of tropopause penetrating Pyrocumulonimbus Clouds (PyroCb)s

on the stratospheric humidity is analyzed using MLS and ERA5 data. For the two cases

analyzed here, the aerosol loading of the impacted air masses led to a rapid rising of the

air mass, which locally changed the chemical composition and dynamics of the strato-

sphere.

In 2017 Canada experienced 5611 forest fires with 3.4 million hectares of land burned.

1.2 million of these were located in British Columbia (Columbia, 2021). Peterson et al.

(2018) classify the PyroCb caused by the fires in British Columbia (BC) during August

2017 to be of the same order of magnitude in aerosol loading in the stratosphere as the

Kasatochi volcanic eruption in the year 2008. In fact they identify five individual PyroCb

updrafts which occurred nearly simultaneously on 12 August 2017. On this day, the first

fire broke out at 21:00 UTC and the last at 00:30 UTC and the fires were active overall for
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5 h. This event is hereafter referred to as BC2017.

The meteorological situation with dry surface air masses in the beginning of August 2017

caused an intensification of annual wild fires in BC. When the upper-level cyclone with

a surface cold front arrived at the west coast of North America, moist and unstable air

was transported over the dry and unstable boundary layer leading to a large rising mo-

tion in the middle and upper troposphere and to the initiation of PyroCb (Peterson et al.,

2018). These conditions apply well to the results shown by Peterson et al. (2017), where

it is found that PyroCb "[...] development occurs when a layer of increased moisture

content and instability is advected over a dry, deep, and unstable mixed layer [...]". The

thickness and height of these multiple PyroCb clouds broke a record, previously hold by

Australian forest fires in 2006 (NASA Earth Observatory, 2017). Kirchmeier-Young et al.

(2019) investigate the attribution of this event to anthropogenic climate change and find

that man-made climate change increases the probability of such events by 2 - 4 times

and increased the area affected by such events by a factor of 7 - 11. With proceeding

climate change this finding emphasizes the research relevance for this kind of events and

its possible future influence on the stratosphere. It can be expected that the extreme wild

fires as well as other extreme events will increase in strength and frequency in the future.

The lifting of the BC2017 smoke plume was strong enough to reach the stratosphere

as described by Khaykin et al. (2018). Peterson et al. (2017) estimate the total aerosol

loading transported into the LS to be 0.1 - 0.3 Tg. As the estimated total dry mass of the

burned area is about 0.02 - 0.26 Tg, the residual mass is caused by water evaporation

and uptake. Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIOP)

observation show a 1 km thick aerosol layer between 14 km and 19.8 km altitude in the

time frame from 24 August to 26 September, multiple weeks after the event over Southern

France with a maximal optical depth value of 0.21 (Khaykin et al., 2018). Kar et al. (2019)

analyzed the implications of BC2017 on the stratospheric aerosol loading by comparing

the retrieved extinction coefficients averaged over middle and high northern latitudes from

January 2007 to December 2017. The BC2017 event caused increased extinction coeffi-

cients reaching as high as preceding volcanic eruptions, like "Kasatochi", "Sarychev" and
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"Nabro".

From 29 December 2019 to 4 January 2020 Australia experienced intense bush fires in

the southern parts of the country. These fires were part of the Black Summer, a term

referring to a season of strong bush fires all over the country. In total, an area of 7.4

million hectares covered mainly with forests was burned (Boer et al., 2020). This resulted

in roughly 1.0 Tg of cumulative smoke which was finally transported into the stratosphere

(Peterson et al., 2021). This event even exceeds the previous record-high smoke mass

injection into the LS set by BC2017. Adapted from Peterson et al. (2021), this event

will be referred to as Australian New Year Super Outbreak (ANYSO) in the following. The

event led to the formation of multiple PyroCb outbreaks, with the two strongest happening

on 31 December 2019 and 1 January 2020. The opaque cloud produced by this PyroCb

event was observed by the CALIOP satellite based lidar instrument on the same day at

altitudes up to 17.6 km (Khaykin et al., 2020). Further PyroCb events also took place on

4 and 7 January 2020, however they did not match the severity of the event a few days

before. Hence, in the following only the PyroCb on 1 Januar 2020 will be investigated.

The effect of the injected aerosols by BC2017 which were transported over the en-

tire hemisphere and entered the Asian Monsoon Anticyclone (AMA) were described by

Khaykin et al. (2018); Peterson et al. (2018); Ansmann et al. (2018); Kloss et al. (2019);

Yu et al. (2019); Pumphrey et al. (2020); Werner et al. (2020) and Lestrelin et al. (2021).

Similarly, Boer et al. (2020); Khaykin et al. (2020); Kablick et al. (2020); Rodriguez et al.

(2020); Peterson et al. (2021); Khaykin et al. (2021); Lestrelin et al. (2021) described the

impact of the aerosol injection into the southern hemisphere caused by ANYSO. How-

ever, with this wild fire plume also water vapor has been injected into the stratosphere.

In this chapter, the focus is on the transport of water vapor into the LS by both events

(BC2017, ANYSO) and findings already published in the mentioned studies will not be

reported. Enhanced water vapor values caused by forest fires have been previously re-

ported by Pumphrey et al. (2011a). However, none of the studied events shows such

extraordinary values above the 100 hPa pressure level like the two cases BC2017 and

ANYSO (see below). The plumes produced by these fires led to water vapor mixing ra-
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tios in the stratosphere never seen before. Mixing ratios of up to 19 ppmv were captured

by MLS satellite observations at the 100 hPa level.

Events like BC2017, ANYSO or volcanic eruptions are not considered in climate projec-

tions, however, the remarkable input of aerosol, CO, and water vapor from this events

has to be investigated to understand the influence of such singular extreme events on the

climate.

5.1 Methods

The MLS and ECMWF-ERA5 data are already described in section 4.1.2 and 4.1.3. In

this chapter, data from the Version 4 retrieval algorithm is used. MLS Version 4 data is

provided on 36 different pressure levels ranging from 316 hPa to 0.002 hPa. Here we use

data at pressure levels of 121, 100, 82, 68, 46, 38, 31, 26 and 12 hPa with a vertical

resolution of about 1.5 km in this altitude range. The field of view at the tangent point

(measurement location) has a size of 165 km in the horizontal and 3 km in the vertical

direction. The improved cloud detection scheme in order to exclude cloudy radiances in

MLS V4 has significant impacts on the detection of the BS2017 event because the plume

is accompanied by severe smoke and opaque clouds.

5.1.1 Plume identification

In order to identify the measurement points which are affected by the forest fires in the

MLS data, the same method as introduced by Pumphrey et al. (2011a) is applied to the

MLS data set starting from 1 August 2017 to the 17 October 2017. To detect the BC2017

plume in the LS, observed CO mixing ratios are used. MLS data points which fulfill the

following condition are defined to be part of the BC2017 plume:

[CO]x > [CO]lat + 4.2 · std([CO]lat) (5.1)

The measurement point is considered to be part of the plume if its CO mixing ratio mea-

surements exceed 4.2 times the standard deviation above the average of the respective
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latitudinal band. Hereby, only data points measured at latitudes between 35 ◦N and 80 ◦N

for the BC2017 case and between 10 ◦ and 70 ◦S for the ANYSO case are considered.

For ANYSO, this method cannot be applied at pressure levels below 38 hPa, due to the

shorter lifetime of CO in the higher stratosphere. This causes increasingly lower CO mix-

ing ratios in the plume, with the result that condition 5.1 cannot be applied any more to

detect the plume at higher altitudes. In order to still identify the plume at higher altitudes,

the same method is used with water vapor as tracer instead of CO:

[H2O]x > [H2O]lat + 4.2 · std([H2O]lat). (5.2)

5.2 Water vapor signal in the LS

The BC2017 and ANYSO events significantly impacted the mixing ratios of trace species

in the stratosphere with each showing so far unobserved water vapor mixing ratio val-

ues at pressure levels up to 31 and 12 hPa, respectively. Figure 5.1a shows the timeline

of MLS water vapor mixing ratios over the entire northern hemisphere at latitudes above

35 ◦N throughout the years 2004 to 2020 at 5 different pressure levels. Figure 5.1b shows

the same time span of MLS data at latitudes between 0 ◦ and 70 ◦S at the same pressure

levels. In each panel the data at the individual pressure level and the smoothed water va-

por time series with an average of 500 data points within this time period are shown. The

imprint of the seasonal water vapor cycle, known as the tape recorder effect, is evident

with higher water vapor values during the winter months and dryer conditions during the

summer months at the 100 and 68 hPa pressure levels in both hemispheres (Mote et al.,

1996). In Fig. 5.1a the most prominent signature of the time line is the accumulation of

extraordinary high water vapor values during August 2017, which appears at altitudes up

to 38 hPa. These extraordinary values can be attributed to the BC2017 event and break

all previous records of stratospheric water vapor with maximum values of 19.0 ppmv at

the 100 hPa level on 25 August 2017. This exceeds the background value of 5 ppmv by

3.8 times and is 21 times outside the standard deviation. At the levels of 68 hPa and

38 hPa the maximum water vapor mixing ratio still reaches 17.2 and 11.1 ppmv, respec-
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BC2017 ANYSO

Figure 5.1: A timeline of water vapor mixing ratios measured by the MLS instrument over:
a) The northern hemisphere at latitudes between 35 ◦N and 80 ◦N at 5 pressure heights
b) The southern hemisphere at latitudes between 10 ◦S and 70 ◦S at the same pressure
level. The red lines represent the smoothed data sets.

tively. In Fig. 5.1b a similar feature with water vapor values reaching up to 19.5 ppmv at

the beginning of 2020 is found. In contrast to the BC2017 case (Fig. 5.1a), the striking

peak is evident at all shown pressure levels, with values not significantly decreasing with

altitude. These peak values can be attributed to the ANYSO event. The maximum water

vapor values are 18.4, 16.6, 19.1 and 18.4 ppmv at the pressure levels of 68, 38, 26, and

12 hPa, respectively. The mean, standard deviation, and maximum value for each event

and on each pressure level are summarized in Table 5.1. It is evident that in both cases

the maximum water vapor values at the 100 hPa level reach values almost 4 times as

high as the mean values and ≈ 20 times of the standard deviation. While the maximum

water vapor mixing ratios in the BC2017 case decrease with decreasing pressures, the

maximum water vapor mixing ratios remain at the same range until 12 hPa for the ANYSO

case. It has to be mentioned, that in all figures in this chapter MLS data masked by par-

ticles are excluded from the analysis. In the BC2017 case, water vapor values could not

be measured within the plume prior to 19 August 2017 due to the dense dust and ice
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Table 5.1: Statistical values of stratospheric water vapor distribution for the two wild fire
cases at different pressure levels. For the BC2017 event data measured between 1 July
and 30 October 2017 and for the ANYSO event between 1 December 2019 and 30 March
2020 are considered. All values are given in ppmv.

BC2017 ANYSO
level (hPa) mean std. max. level (hPa) mean std. max.

100 5.1 0.7 19.00 100 4.2 0.7 19.5
68 4.5 0.5 17.2 68 4.5 0.5 18.4
38 5.1 0.3 11.1 38 4.6 0.5 16.6
26 5.5 0.3 6.8 26 4.8 0.7 19.1
12 5.8 0.4 7.2 12 5.2 0.7 18.4

cloud which formed after the forest fires. In order to reliably identify measurement points

impacted by the individual wild fire events, the method described in Section 5.1.1 is used.

Figure 5.2a shows all MLS measurement points between 8 August and 30 October in

the Northern Hemisphere (between 35 ◦N and 80 ◦N) at the pressure levels of 100, 68,

46, 38 and 26 hPa as a tracer-tracer plot of water vapor and ozone. Figure 5.2b shows

this analogously for the ANYSO case between the 1 December 2019 and 1 March 2020

in the Southern Hemisphere (between 0 ◦S and 70 ◦S) at the pressure levels of 100, 68,

38, 26 and 12 hPa, respectively. The measurement points circled in black are identified

to originate from the individual forest fire plumes with the CO detection method as used

by Pumphrey et al. (2011a), while all other data represent the background values. Fig.

5.3a and b show the identified data without the background values for the BC2017 and

ANYSO case, respectively.

It is evident that also within the identified data points, the highest CO mixing ratios cor-

relate with the highest water vapor mixing ratios. This method confirms that almost all

above-average water vapor values can be attributed to the forest fires. One exception can

be seen in the lowermost panel of Fig. 5.2b, with data at the 12 hPa level in the ANYSO

case. For the BC2017 case, the impact of the fires disappears at the pressure levels be-

low 38 hPa (see lowermost panels of Fig. 5.1a and 5.2a). At the pressure level of 26 hPa

to little data points are identified to be part of the plume to be further considered. At all

other pressure levels, the regression line of the measurement points identified as part

of the fire plume shows a negative correlation between water vapor and ozone. Hereby,
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the data at the 46 hPa pressure level stand out with not only the highest anti-correlation

between the two species, but also with ozone mixing ratios in the plume (circled in black)

below the range of ozone values of the remaining data set at this pressure level. This is

a strong indication for the tropospheric origin of the plume. Although ozone is generated

when smoke plumes are exposed to sunlight in the upper layer of the plume, the expected

ozone mixing ratios are still below the usual range of ozone values at the given pressure

level. At the 38 hPa pressure level the ozone mixing ratios are within the usual range of

ozone mixing ratios. This suggests a mixing of the plume with surrounding air masses

as also the maximum water vapor mixing ratios decrease and a wild fire impact is not

traceable anymore at 26 hPa. Hence, the plume ascent is limited to an altitude between

the 38 hPa and 26 hPa level.

BC2017 ANYSO

Figure 5.2: Ozone versus water vapor mixing ratios of the MLS measurement points over
a) the northern hemisphere between 8 August and 30 October 2017 (BC2017) and b)
the southern hemisphere between 1 December 2019 and 1 April 2020 (ANYSO). The
points identified to be part of the plumes are circled in black according to Pumphrey et al.
(2011a). The regression line for these points is given in black. The color code represents
the mixing ratio of CO.

In the ANYSO case two water vapor peaks appear at the 12 hPa pressure level (see

lowest panel of Fig. 5.2b). One is found with on average lower ozone mixing ratios

(< 7.5 ppmv), the corresponding data points are represented by black circles and are
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identified to originate from the wild fire by the used method, and one with on average

higher ozone mixing ratios (> 7.5 ppmv) not identified by the method and hence without

increased CO mixing ratios. This is displayed in Fig. D.1 in more detail showing the time-

line of the ANYSO event at the individual pressure levels with CO as color code in Fig.

D.1a and O3 in Fig. D.1b, presented only for the first half of the year 2020. At the pres-

sure level of 12 hPa one can identify two water vapor enhancements close to each other

but separated by several days. The first enhancement has high CO and lower ozone

mixing ratios. Vice versa for the second peak. However, in both cases the ozone mixing

ratio is within the range of remaining ozone mixing ratios outside the plume, while CO is

clearly exceeding the background at each pressure level. As it can be assumed that both

enhancements originate from the ANYSO event, the method used by Pumphrey et al.

(2011a) can not be applied here. Hence, for pressure levels above 38 hPa the identifica-

tion method using water vapor mixing ratios was used (see Section 5.1.1). Additionally,

it has to be stated that while the identification method is reliably marking all data points

impacted by PyroCb, it can additionally include points which also have increased CO but

likely originate from other sources.

BC2017 ANYSO

Figure 5.3: The data points identified to be in the plumes according to Pumphrey et al.
(2011a), plotted as in Fig. 5.2.
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5.3 Horizontal plume distribution

Figure 5.4: Horizontal distribution of the plume at 6 different pressure levels as measured
by MLS for BC2017 from 8 August to 30 October 2017. The time of the measurement is
color-coded.

Figure 5.4 shows the horizontal distribution of the marked plume produced by BC2017

over time. At the 121 and 100 hPa pressure levels the plume is traceable within the first 5

days after the outbreak of the PyroCb on 12 August 2017 while traveling horizontally east-

wards from BC to central Russia. The trace of the forest fires during these days is also

evident at the 82 hPa pressure level. At the 68 hPa level the plume appears after 11 days,

on 23 August, over the Atlantic ocean and is evident until the 29 September after circling

around the hemisphere and reappearing over BC. At the 46 and 38 hPa level the plume

first appears after 15 days and remains at that level until it is mixed with the surrounding

air masses and is not traceable anymore. Throughout the horizontal transport the plume

splits up into two branches. At the 121 and 100 hPa pressure level one branch is first

transported southward to Greece and then northward over Russia, remaining at the pres-

sure levels between 121 and 82 hPa. It can be tracked until the first week of September.

The second branch, which can be tracked above the 100 hPa pressure level, but not at

84



Chapter 5. Highly enhanced stratospheric water vapor caused by forest fires

Figure 5.5: Horizontal distribution of the plume at 6 different pressure levels as measured
by MLS for ANYSO from 15 December 2019 to 1 May 2020. The time of the measurement
is color-coded.

the 121 hPa level, moves northwards first, over-passing Scandinavia and is then directed

southward into the AMA region as described by Kloss et al. (2019). The second branch is

rapidly lifted reaching a pressure level of 38 hPa with the beginning of September. There

it is distributed in a narrow latitudinal band over the entire hemisphere until 24 October.

These findings are in accordance with the one of Pumphrey et al. (2020), where a first

split of the plume is found at the 100 hPa level 10 days after the outbreak of the fire and

a second split at the pressure levels of 68 hPa and 46 hPa. At this level two branches are

breaking further into two additional arms, where the first continues to move eastwards

and the second reverses and starts to move westward. This event can be seen in the

46 hPa panel of Fig. 5.4. During mid-September (turquoise dots), parts of the plume

are evident over China as well as over Iran. Both paths meet again over Canada at the

pressure levels of 46 hPa and 38 hPa.

When considering the horizontal distribution of the wild fire plume in the ANYSO case,

it is immediately evident that significantly more MLS data points are affected by the wild

fire compared to the BC2017 case. While for the BC2017 case MLS has 830 data points

affected by the wild fires throughout 68 days on the 6 pressure levels between 121 hPa
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and 38 hPa, the ANYSO case has 2202 data points throughout 142 days. Figure 5.5

shows the horizontal distribution of the ANYSO plume with all identified measurement

points starting from the 15 December 2019 to the 1 May 2020. In the top two panels

displaying the measurements at 121 and 100 hPa, it is evident that within 3 weeks the

plume is transported throughout the entire Southern Hemisphere (SH). The plume first

appears over New Zealand on 31 December 2019. Similar to the BC2017 case the plume

is first transported eastwards. At these two levels the plume consists of two parts: one

part is transported eastwards remaining approximately at 40 ◦S and a second part of the

plume appearing at the 121 and 100 hPa level is located several degrees further north

at about 25 ◦S crossing over Brazil and is being diluted thereafter. The first branch of

the plume in turn is divided into two parts. While the first subbranch is transported east

on the 100 hPa level, circling around the hemisphere until it is diluted over the south of

Australia in the end of January, the second part at approximately 120 ◦W is lifted further

to 68 hPa and later up to the 26 hPa level. At these levels it is first transported further

east until it reaches the southernmost tip of the American continent, where the transport

reverses and is directed westwards. During this transport the plume rises and reaches

the 12 hPa pressure level. At all levels between 38 hPa and 12 hPa the plume is circling

westwards around the hemisphere. This reversal is caused by a change in wind direction

at these upper middle stratospheric pressure levels. Figure D.3 shows exemplarily the

stratospheric wind profiles at this location. Depending on the hour of the day the reversal

of the wind direction is taking place between 55 hPa and 30 hPa.

5.4 Vertical plume distribution

Figure 5.6a shows the vertical distribution of the water vapor in the plume as, observed

with MLS for the BC2017 case. Figure 5.6b shows the same, but as relative change

of water vapor mixing ratios of each point relative to the average water vapor mixing

ratios at the respective altitude and latitude. The plume caused by the BC2017 event

enters the stratosphere during the night of 17 August 2017. However, the air masses

containing strongly enhanced water vapor mixing ratios up to 19 ppmv are measured by
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Figure 5.6: Vertical distribution of the BC2017 event. The left panel shows the absolute
values of water vapor mixing ratios in the identified plume and the right panel shows the
relative increase of water vapor mixing ratios compared to the average at the respective
latitude.

MLS on 19 - 21 August 2017. It is evident that the plume of water vapor rapidly rises

up to a pressure level of 100 hPa within a few days after the entry into the stratosphere

and subsequently further rises to about 50 hPa, where it remains until the end of the

considered time period. The relative impact of this event to the water vapor background

in the stratosphere (Fig. 5.6b) reaches 240 % at pressure levels exceeding 100 hPa on 19

- 21 August when highest water vapor mixing ratios are measured. As the plume further

rises and distributes horizontally throughout the Northern Hemisphere (NH), water vapor

mixing ratios remain at values of about 10 ppmv which represents an enhancement of

about 80 % compared to the background value.

Figure 5.7 displays the vertical distribution for the ANYSO case. Similar to the BC2017

case, the plume caused by the Australian wild fires rises vertically up to the 100 hPa level,

within a week after the event. However, it further rises to a pressure level of 40 hPa until

mid-January when the ascent speed decelerates, but it is still rising to a pressure level of

12 hPa until the plume is not detectable any more in May. The absolute maximum water

vapor mixing ratios found within the stratospheric plume are comparable to the BC2017

case. However, the vertical extend and the time span until the water vapor are mixed

with the background exceeds the BC2017 case and, thus, more than 2.5 times more air

masses were affected by the plume.
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Figure 5.7: Same as Fig. 5.6 but for the ANYSO case.

5.5 PV anomalies in ECMWF ERA5

The injection of a high amount of aerosols into the stratosphere also has an effect on the

local dynamics of the air masses impacted by the fire. The black carbon loading produced

by the burning process changed the radiative balance which in turn led to changes in vor-

ticity. Similar to the convective case described in Chapter 4, this results in signatures in

the PV.

A zonal PV anomaly is observed in the ECMWF ERA5 data coinciding with the identified

plume measured by the MLS instrument. Figure 5.8 shows the PV anomaly with contour

lines and relative vorticity color-coded for the BC2017 case similar to Fig. 4.6 and 4.7 in

Chapter 4. The blue lines mark a negative PV enhancement of -8 and -5 PVU in com-

parison to the zonal average. The anomaly in PV is appearing at the time and location

of the fire plume entry into the stratosphere, on 17 August 2017, and it is consistently

moving with the plume (see Fig. 5.4). The air masses influenced by the pyro-convection

are associated with uncommonly low PV values at each pressure level. In contrast to

the dTheta and PV anomaly correlation found in the overshooting convection case (see

Chapter 4.2.4), no relevant change of the dTheta PV term is evident within the fire plumes

(see Fig. D.4). The change in PV is caused by an anomaly in the relative vorticity. As can

be seen in Fig. 5.8, a negative anomaly in relative vorticity coincides with the anomaly

in PV. The air masses affected by the forest fire are self-organized as anti-cyclonic vor-

tices initiated by the heating of the plume due to black carbon loading (Khaykin et al.,
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19.08. 12 UTC 20.08. 18 UTC 24.08. 08 UTC 28.08. 08 UTC

Figure 5.8: ERA5 PV anomaly shown with contour lines at -8 to -5 PVU and relative
vorticity color-coded at chosen times between the 16 August 2017 and 29 August 2017
and at chosen pressure levels of 121, 100, 82 and 68 hPa for the BC2017 case.

2020; Kablick et al., 2020; Allen et al., 2020; Lestrelin et al., 2021). This vortex formation

constrains the plume air and prevents dilution with the ambient air. The plume further

heats up due to black carbon loading and continuous solar irradiation. Hence, the plume

is self-sustaining causing the persistence of the plume.

After the first evidence of the PV anomaly at the 121 hPa level on 17 August, it rises to

the 100 hPa level on 22 August and finally appears at the 68 hPa on 24 August. At this

point the plume reduces its westward velocity and remains for several days over Spain

and England, afterwards it splits into three parts. The anomaly moves as described in

Section 5.3 with the plume. During its transport the vortex splits up two times in total as

can be exemplarily seen in Fig. 5.9 at the 68 hPa level, most likely caused by the prevail-

ing horizontal wind shear. However, while ERA5 data shows the vortex and the change

in vorticity caused by BC2017, the increase in water vapor mixing ratios as seen by MLS

are not evident in ERA5. Figure 5.10a and b depict water vapor mixing ratios and PV

anomalies at 100 hPa on 20 and 21 August. No increase in ERA5 water vapor values is

evident inside the plume which is marked by the PV anomaly. Figure 5.10c shows MLS
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Figure 5.9: ERA5 PV anomaly shown with -8 and -5 PVU contour lines and relative vor-
ticity color-coded at chosen times between the 27 August 2017 and 31 August 2017 at
the 68 hPa level of the BC2017 case.

Figure 5.10: Panels a) and b) show the ERA5 water vapor mixing ratio color-coded and
PV anomaly with blue contour lines at -5 to -8 PVU on 20 August and 21 August 2017 at
100 hPa for the BC2017 case. Panel c) displays the MLS water vapor measured in the
time period in between these two days at the 100 hPa level.

water vapor data in the time period between these two days. It is evident that while the

water vapor mixing ratios of about 7 - 10 ppmv south of Newfoundland agree reasonably

well between MLS and ERA5 (lower left corner of Fig. 5.10a and b compared to lower left

corner of Fig. 5.10c), the strong peak in water vapor produced by the forest fires, south

of Greenland, is not evident in ERA5, while MLS shows values above 15 ppmv. However,

the peak of water vapor mixing ratios in Fig. 5.10c coincides locally well with the PV

anomaly shown in Fig. 5.10a and b.

The same PV anomaly is found for the ANYSO case, as shown exemplarily in Fig. 5.11

regarding relative vorticity. The anomaly also coincides well with the location of the fire

plume measured with MLS. The vortex appears first on the 121 hPa pressure level on 3
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January 2020 at 12 UTC and there it is detectable until 5 January. The structure appears

first on 4 January at the 100 hPa level. From 6 January 18 UTC to 17 January the vortex

remains around 120 ◦E while it is vertically evident at pressures up to 38 hPa. This agrees

well with the MLS data shown in Fig. 5.7. Around 15 January the vortex in ERA5 data

splits vertically, with one part remaining at the 82 hPa level and moving eastwards after

crossing the tip of South America, where the relative vorticity enhances for ≈ 2 days. The

second part of the vortex reaches vertically up to 38 hPa. Allen et al. (2020) found that

the anticyclonic circulation reached a velocity of 15 m s−1 around the in diameter approx-

imately 1000 km large vortex.

ERA5 data show a local minimum in ozone inside the vortex which persists throughout

the lifetime of the vortex for both, the BC2017 and the ANYSO case. The ERA5 ozone

mixing ratios are shown in Fig. 5.12a and b at the 68 hPa pressure level for both cases,

respectively. Khaykin et al. (2020) suggest a combination of the tropospheric origin of the

air mass inside the vortex and ozone-depleting chemistry in the smoke loaded plume as

explanation for the negative ozone anomaly. While in the BC2017 case the local ozone

minimum is about 0.6 ppmv, it is about 1 ppmv in the ANYSO case. Figure D.5 shows

the change in ozone inside of the plume as measured by MLS. In agreement with ERA5,

MLS ozone shows a decrease at altitudes above 80 hPa. The minimum decline is at

about 75 % at the 38 hPa pressure level which roughly agrees with the change shown in

ERA5 data (Fig. 5.12).

Similar to the BC2017 case, ERA5 does not show any change in water vapor mixing ratios

related to the wild fire plume of ANYSO (not explicitly shown). It can be assumed that wa-

ter vapor is treated differently in ERA5 than ozone. While ozone is only assimilated from

satellite data, water vapor is simulated in the reanalysis which do not represent the ver-

tical transport processes of such extreme and rare cases as the two PyroCbs described

here.
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Figure 5.11: ERA5 relative vorticity color-coded with PV anomaly contours at 8, 10, 15
and 20 PVU, at chosen times between the 4 January and 6 February 2020, and at pres-
sure levels of 100, 82, 68, 46, 38 and 26 hPa for the ANYSO case.

5.6 Summary and conclusion

Two wild fire events in the past 5 years had a so far unobserved impact on the strato-

sphere. High aerosol loadings from both events are comparable to major volcanic erup-

tions and transport a large amount of chemicals originating from the fires into the strato-

sphere which apart from that is dynamically separated from the troposphere. The plume

of air impacted by the forest fires was identified by a method introduced by Pumphrey

et al. (2011a). The increased CO and H2O mixing ratios measured by MLS coincide with

ERA5 PV and relative vorticity anomalies yielding a comprehensive picture of the indi-
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BC2017 ANYSO

Figure 5.12: ERA5 ozone mixing ratios at the 68 hPa pressure level a) on 29 August 2017
for the BC2017 case with PV anomaly contours at -12, -8 and -6 PVU in blue (dashed)
and b) on 15 January 2020 for the ANYSO case with PV anomaly contours at 6, 8 and
12 PVU in blue (solid).

vidual plumes. While ERA5 does not show the observed water vapor anomaly related

to each of the wild fire cases, a negative ozone anomaly is evident in ERA5 for both

cases. Through the continuous heating of the black carbon aerosols inside the individual

plumes, the air masses could pass the barrier between the troposphere and stratosphere

and rise to pressure levels of 38 hPa and 12 hPa, respectively. The radiative absorbance

of the plumes leads to the formation of a vortex preventing the plume from dilution into

the surrounding air, sustaining further heating and rising of the plume.

In both cases similar maximum water vapor mixing ratios at 100 hPa of 19 and 20 ppmv

were reached. In the BC2017 case, the PyroCb took place on 12 August 2017 and in-

creased water vapor mixing ratios were first observed in the stratosphere by MLS on 17

August 2017 above Hudsonbai (northeast of Canada) together with an anomaly in rela-

tive vorticity and PV as the ERA5 reanalysis data shows. The BC2017 plume was evident

for 68 days using CO as a tracer in the MLS measurements between the pressure levels

of 121 hPa and 38 hPa. This exceeds the stratospheric lifetime of CO by 8 days defined

by Mauzerall et al. (1998) at 12 km altitude. However, the BC2017 plume rose to altitudes

above 20 km. This can be explained by a high concentration of black carbon which can

alter the photo-chemical reaction rate of CO and OH.

In the ANYSO case, the fire plume is evident for 142 days, starting at 31 December 2019
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to 21 April 2020 at pressure levels between 121 and 12 hPa in the MLS data as well as

in ERA5. The plume produced by ANYSO survived significantly longer and had a signif-

icantly higher aerosol loading (Khaykin et al., 2020). Another difference to the BC2017

case is the strength and the vertical and horizontal extend of the vortex which maintained

a more stable development without multiple splits. At the 12 hPa level the plume shows

an unexpected signature with two branches. On showing on average higher ozone val-

ues than the other. These branches are also appearing temporally separated at the MLS

12 hPa pressure level. The reason for this, is yet to be identified.

BC2017 and ANYSO are two cases of wild fires within the last 5 years which produced

PyroCbs strong enough to inject moist tropospheric air into the stratosphere. This could

have significant influence on the water vapor distribution and lead to further implications

for the radioactive budget of the stratosphere. Not only the extraordinary water vapor

mixing ratio values inside the plume, but also the surprisingly long time period until the air

masses in the plume are mixed in with the surrounding air, give reason to consider these

kind of events as a significant interference of stratospheric composition and dynamics. As

the probability for severe wild fires, like BC2017 and ANYSO, will increase in the future,

caused by the ongoing anthropogenic climate change, there is a great need for further

studies on PyroCbs.
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Chapter 6

Summary and outlook

Water vapor is one of the most relevant greenhouse gases in the atmosphere. Its mon-

itoring and accurate measurement is hence highly relevant for further understanding of

the on-going climate change, especially in the Upper Troposphere/ Lower Stratosphere

region. This work focuses on instrument tests and advancement of a balloon-borne wa-

ter vapor instrument as well as on four detailed process case studies of extra-tropical

troposphere-to-stratosphere transport of water vapor.

The first two cases are based on the balloon-borne cryogenic frost-point hygrometer

(CFH). They focus on the transport of water vapor caused by overshooting convection

of a summer storm. Balloon-borne measurements were used to capture the small scale

impact of the wave-breaking related mixing of tropospheric air into the dry stratosphere

caused by an overshooting top of two meso-scale convective systems which crossed

over Germany on two consecutive days, on 10 and 11 June 2019. The measurements

show an increase of water vapor mixing ratio up to 6 and 7 ppmv above the background

level at pressure levels of 149 and 144 hPa, respectively. Both enhancements are clearly

found in the lowermost stratosphere with 40 K of potential temperature above the thermal

tropopause. These values are comparable to Smith et al. (2017) and show the relevance

of overshooting events not only over Northern America but also over Europe. The air

masses captured by the balloon-borne measurement show in both cases a drop of tem-

perature at the level of the water vapor enhancement and in the earlier case diluted ozone
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values. The impact of these overshooting events is also evident in ERA5 reanalysis and

satellite data. ERA5 water vapor shows enhanced mixing ratios together with enhanced

potential vorticity values along backward trajectories of the measured air mass. The

change of potential vorticity originates from local changes of the vertical potential tem-

perature gradient triggered by the overshooting convection itself. Brightness temperature

data from the geostationary Meteosat-10 satellite show cloud top temperatures along the

air mass trajectories with values more than 6 K below the tropopause temperature mea-

sured by the balloon radiosonde. This finding strongly supports the evidence of an over-

shooting event causing the in-mixing of tropospheric air masses into the stratosphere.

Future balloon-borne observations have to be based on a new cooling concept for the

CFH. The frost-point-mirror instrument currently requires the cooling agent R-23 in order

to cool the mirror and obtain the frost-point of the sampled air. With the ban of the gas

due to its high greenhouse potential, an alternative had to be found in order to continue

this kind of high-precision measurements. The thesis presents possibilities for alternative

cooling agents. A combination of dry ice and ethanol is found to be a realistic replace-

ment for R-23 and could be used in future field studies after adjusting the PID controller

of the CFH. The implementation of a copper plate in order to increase the cooling rate

and hence to improve the performance of the CFH is successfully tested.

The second two case studies, discussed in Chapter 5, show two events of vigorous wild

fires causing water vapor transport into the stratosphere. The analyses are not based

on the CFH instrument but on the MLS satellite instrument. The first event occurred in

Canada in August 2017 (BC2017) and the second one in Australia between December

2019 and January 2020 (ANYSO). Both cases also lead to so far unseen aerosol loadings

in the stratosphere, which are comparable to aerosol loadings after volcanic eruptions.

The air masses impacted by the forest fires were heated due to radiative absorption of

the high black carbon loading and quickly rose to higher altitudes crossing the tropopause

and reaching pressure levels of 38 hPa in the BC2017 case and 12 hPa in the ANYSO

case. The air masses contained not only combustion products but also high amount of

water vapor. These exceptionally high water vapor values remarkably stand out of the
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MLS satellite based water vapor time series of the stratosphere. Maximum water va-

por mixing ratios at 100 hPa reach values of 19 ppmv and 20 ppmv, respectively. The

air masses affected by the wild fires can be tracked using a method by Pumphrey et al.

(2011a), which marks elevated CO values within the plume. In the ANYSO case however,

the wild fire plume survived longer then the stratospheric lifetime of CO and, hence, water

vapor has to be used as a tracer for the plume.

In both cases, the plume orbited the respective hemisphere within a few weeks. ERA5 po-

tential vorticity data shows anomalies which coincide with the plume measured by MLS.

The disturbance in the potential vorticity field is found to be caused by a change of rel-

ative vorticity. Continuous heating of the plume induces the formation of a stable vortex

which in turn prevents in-mixing of the plume with the surrounding air and leads to the

long lifetime of both plumes in the stratosphere. However, ERA5 does not show any en-

hancement of water vapor, while a negative anomaly in ozone mixing ratios is evident in

ERA5 for both cases. The local ozone minimum is most likely caused by a combination

of the tropospheric origin of the air masses and by local ozone depleting chemistry inside

the vortex.

Two different transport processes of tropospheric air masses crossing the tropopause

are discussed in detail in this work. Both transport significant amounts of water vapor

into the stratosphere, causing an anomaly in potential vorticity structure. While in the

case of overshooting convection the spatial extend of the water vapor enhancement is

limited and barely detectable by the MLS satellite, water vapor enhancements caused by

the two wild fires are not only detected by MLS but also break any before-seen record of

water vapor measurements at stratospheric pressure levels. While the air masses trans-

ported by the regular convection into the Upper Troposphere/ Lower Stratosphere region

roughly remain at the injected pressure levels, air masses which originated from the wild

fires quickly rise to high altitudes after crossing the tropopause and are traceable for a

long time period as mixing with surrounding air is prevented by a self-induced vortex.

This leads to a negative potential vorticity anomaly in contrast to the convective cases

which have a positive potential vorticity anomaly. ERA5 shows water vapor enhance-
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ments which correlate well with the balloon measurements, whereas no change of ERA5

water vapor is found in the pyro-convective cases. In summary, both types of convection

show the similarity to transport moist tropospheric air masses into the stratosphere, but

with different underlying dynamics. However, one aspect is similar for both: with proceed-

ing climate change the conditions favorable for both, extreme convective events and wild

fires, are increasing in frequency and it is expected that in the future stronger and more

frequent convective and pyro-convective events will occur. It can be assumed that the into

the stratosphere transported water vapor will be further fostering global warming leading

to a positive feedback loop. The further study of the global impact on both transport pro-

cesses is hence needed.

As is shown in this work, ECMWF ERA5 data is able to resolve the impact of small

scale convective overshooting and Pyrocumulonimbus on the stratosphere. Hence, it is

possible to recognize the small-scale changes in the atmospheric structure, which are

described in Qu et al. (2020), not only based on sparse local measurements but also

on a global scale. It would be of great impact to understand how the frequency and

strength of overshooting events changed over the past decades in order to understand

what could be expected for the future. The changes in occurrence and severity of con-

vective events might show different behavior in different parts of the globe and respective

analyses would strengthen the understanding of its positive feedback importance within

the progressing climate change.
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Appendix A

Theory of balloon-launching

operations and buoyancy

In order to understand how much Helium has to be filled in to the balloon one has to consider the

concept of buoyancy already mentioned in Chapter 2. Equation 2.2 shows buoyancy in depen-

dence of temperature, as for ambient tropospheric air temperature governs the density of the air

following the general gas equation:

p · V = n ·R · T (A.1)

which equals to

p = ρ ·Rs · T (A.2)

where p is pressure, V is volume, n is the amount of substance in units of mol, R is the general

gas constant and Rs is the specific gas constant, T is temperature and ρ is the density. Given

the same volume of a gas, the driving difference between two gases at the same pressure and

temperature is the density. Hence, on can define buoyancy as:

FB = (ma −mg) · g (A.3)

with g being the acceleration of gravity, ma the mass of air per cubic meter and mg the mass of

helium per cubic meter. The force pulling the balloon down can be accounted for with the mass of

the balloon itself as well as the payload attached to the balloon mG. The force which moves the
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Appendix A. Theory of balloon-launching operations and buoyancy

balloon upwards can then be described as the buoyancy force FL as:

FL = FB − (mG · g). (A.4)

Another force acting on the balloon is the friction force of the air surrounding the balloon, also

called the drag force FD.

FD =
1

2
· CD ·Ab · ρa · v2 (A.5)

where CD is the drag constant (= 0.3 for the balloon), Ab is the aerial cross section of the balloon

with Ab = π · (D2/4) (with D being the diameter of the balloon), ρa is the density of the ambient air

and v the vertical velocity. For a steady state between the buoyancy force and the drag force one

Figure A.1: schematic of forces acting on a weather balloon.

can solve in respect of velocity v of the balloon, using equations A.3, A.4 and A.5 as well as the

definition of the volume of the balloon VB = 1/6πD3 and the definition of the density ρ = m/V ,

and derive following formula:

v =

√
πD3(ρa − ρb) g

6 − (mB +mp)g

CDρaπ
D2

8

(A.6)

with ρb being the density of the gas inside the balloon. Figure A.1 schematically illustrates the

forces. Accordingly, in order to adjust the ascending speed of the balloon, assuming a known

mass of the payload, the diameter of the balloon before launch has to be calculated and the
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appropriate amount of gas has to be filled (Voss et al.). The most frequently used balloon start

is performed using 150 g - 200 g rubber balloons with a radiosonde attached in a 20 m - 50 m

distance to the balloon. The radiosonde has a weight of 100 g - 200 g in dependence on the

manufacturer. Assuming a balloon launch with a 200 g balloon and a 150 g payload and a desired

ascend rate of 5 m/s, 125 g of Helium would be needed. In the field however, it might be easier to

use the free lift FL in order to define the right amount of gas which has to be filled into the balloon.
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Supplements for Chapter 3

The following figures are supplementary material for Chapter 3.

Figure B.1: Dependence of thermal conductivity of copper on temperature (Ravikumar
et al., 2017).
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Figure B.2: Temperature of the new cooling agents during the flight on the 25 April 2020.
The temperature of the ethanol-CO2 mixture is given in red. The ambient temperature is
given in black and the pressure in yellow.

Figure B.3: Temperature of both cooling agents during the flight on the 22 June 2020.
The temperature of the ethanol-CO2 mixture is given in red, the temperature of the R23
is given in blue. The ambient temperature is given in black and the pressure in yellow.
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Supplements for Chapter 4

The following figures are supplementary materials for Chapter 4.

Figure C.1: Ozone enhancement in the CLaMS model driven with ERA5 (green) and
ERA-interim (blue) interpolated at the time and location of the balloon measurement.
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Appendix D

Supplements for Chapter 5

The following figures are supplementary materials for Chapter 5.

Figure D.1: Water vapor mixing ratios in 2020 in the SH with a) CO and b) ozone color-
coded with the focus on the water vapor enhancement caused by ANYSO.



Appendix D. Supplements for Chapter 5

Figure D.2: Same as Fig. 5.2 but for the pressure levels 26 and 12 hPa water vapor was
used as identification tracer as described in Section 5.1.1.
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Figure D.3: Profile of the east-west wind component exemplary on the 16 January 2020
at 60°S and 70°W between pressures of 200 and 0.01 hPa from ECMWF ERA5 data.
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16.08 18 UTC 19.08 00 UTC 22.08 12 UTC 29.08 18 UTC

Figure D.4: ERA5 dTheta data with PV anomaly as contour lines between 16 and 29
August 2017 for the BC2017 case.
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Figure D.5: Vertical distribution of changes in the ozone mixing ratios compared to the
average at the respective latitude in the ANYSO plume, as measured by MLS.
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