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ABSTRACT

Moisture enters the tropical tropopause layer (TTL) and lower stratosphere via differ-
ent pathways; be it as large-scale slowly ascending water vapor or by way of small-
scale processes such as convective overshoots, in-cloud upwelling, or turbulent mix-
ing. The partitioning between these different pathways is highly influenced by the
TTL’s character as a transition region between radiative-dynamically and convective-
radiative-dynamically controlled atmospheric regions. Volcanic eruptions or geoengi-
neering interventions based on stratospheric aerosol injection have the potential to
disturb the heating balance by injecting sulfur compounds into the tropopause layer
and stratosphere. The consecutively formed sulfate aerosol interacts with terrestrial
and solar near infrared radiation, heating up its surroundings. In this work the im-
pact of the corresponding temperature perturbation on the stratospheric water vapor
budget in the tropics is investigated.

As sulfate aerosol often interferes with water vapor measurements and the last strong
eruption occurred in a time with less observational data coverage in general, very lit-
tle data on the changes of stratospheric water vapor (SWV) after volcanic eruptions
exists. My first study therefore focuses on a direct quantification of changes in SWV
based on a simulation set of 100 ensemble members for volcanic eruption magni-
tudes ranging from 2.5Tg S to 40Tg S. The huge number of different realizations
allows for a deduction of those parameters which are important in determining the
impact of the radiative forcing on the SWV levels. A comparison between the 100
ensemble member simulations for the Mt. Pinatubo eruption and 5Tg S to 10Tg
S eruptions scenarios shows that the profile shape and height with respect to the
tropopause are of crucial importance. This finding highlights the pitfalls of prescrib-
ing aerosol at fixed height levels in models differing with respect to their tropopause
height. The study also identifies 10Tg S as the volcanic eruption strength at which
the volcanic signal dominates over internal variability of the SWV. At this eruption
magnitude the SWV forcing counteracts up to 4 % of the aerosol forcing in the trop-
ics. The dependence of important variables, such as the cold-point temperature and
the radiative forcing of SWV, on aerosol optical depth values is determined via curve
fitting.

In the second study the role of small-scale processes transporting frozen moisture
into the stratosphere is investigated. Here I present the first budget analysis based
on global convection resolving simulations for SWV changes after perturbations by
sulfate aerosol in the TTL. A moisture flux analysis relying on online budget calcu-
lations reveals an exceptionally robust 80:20 partitioning of water vapor and frozen
hydrometeor fluxes into the stratosphere - even under the substantial perturbations
the aerosol heating entails, such as a 9 K warming of the cold-point temperatures and
a downward shift of the tropopause by 1 km. The constant flux partitioning suggests
that the Clausius Clapeyron scaling for the water vapor fluxes can be extended to the
frozen fluxes as well. This greatly simplifies estimates of changes in moisture fluxes:
The frozen moisture flux is easily determined by the partitioning ratio and the slope
of the Clausius Clapeyron equation at the lowest cold-point temperatures.
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The third, ongoing investigation concentrates on the question which moisture path-
way - overshooting convection, in-cloud upwelling, or turbulent mixing - is responsi-
ble for the increases in frozen moisture fluxes after aerosol perturbations in the TTL.
Although I show that both turbulent mixing and in-cloud upwelling increase, the
main contributor to the flux and constant partitioning can be traced back to convec-
tive overshoots in the perturbed simulations.

In summary, this work enhances the understanding of the TTL and the stratospheric
water vapor budget under external perturbations. After starting from specific case
scenarios of volcanic eruptions, the work proceeds to set the focus on a conceptional
understanding of governing processes.

iv



ZUSAMMENFASSUNG

Feuchte kann {tiber verschiedene Wege in die tropische Tropopause oder den unteren
Teil der Stratosphére gelangen; sei es als grofiskalig langsam aufsteigender Wasser-
dampf oder {iiber kleinskalige Prozesse wie iiberschiefsfende Konvektion, Aufsteigen
innerhalb von Wolken, oder durch turbulentes Mischen. Die Aufteilung auf diese
Transportwege ist stark durch den Charakter der Tropopause als Ubergangsschicht
zwischen Regionen, die durch Strahlung und Dynamik kontrolliert werden sowie
Gebiete, die zusitzlich durch Konvektion bestimmt werden, gepragt. Vulkanausbrii-
che oder Geoengineeringinterventionen, die auf der Injektion von Schwefelderivaten
basieren, haben das Potential die Balance zwischen diesen Prozessen zu storen, in-
dem sie Schwefelderivate in die Tropopausenregion und die Stratosphére injizieren.
Das gebildetete Aerosol interagiert mit der terrestrischen und solaren Nahinfrarot-
strahlung und fiihrt zu einem Aufheizen der Umgebung. In dieser Arbeit werden
die Auswirkungen der entsprechenden Temperaturperturbation auf das stratospha-
rische Wasserdampfbudget in den Tropen untersucht.

Es existieren nur wenige Observationsdatensitze zu Anderungen von stratosphé-
rischem Wasserdampf (SW) nach grofien Vulkaneruptionen, da Sulfataerosol viele
Messungen von SW erschwert und bei der letzten starken Eruption allgemein we-
nige Messungen durchgefiihrt wurden. Die erste Studie dieser Arbeit liefert daher
eine direkte Quantifizierung der Verandungen des SW basierend auf einem Simula-
tionsset von je 100 Ensemblerealisierungen fiir Vulkaneruptionen zwischen 2.5 Tg S
bis 40 Tg S. Die grofie Anzahl an verschiedenen Realisationen erlaubt es diejenigen
Parameter zu bestimmen, welche wichtig fiir die Abschdtzung der Auswirkungen
des Strahlungsantriebs auf die SW-Niveaus sind. Durch einen Vergleich zwischen
100 Ensemblerealisierung fiir die Eruption von Pinatubo sowie den 5Tg S und 10Tg
S Szenarien zeige ich, dass die Form und Hohe des Aerosolprofils in Bezug auf die
Tropopause von entscheidender Bedeutung ist. Dies legt mogliche Probleme beim
Vorschreiben von Aerosol auf festen Hohenniveaus in Modellen, die unterschiedli-
che Tropopausenhohen besitzen, offen. Diese Studie weist auch nach, dass bei einer
Eruption von 10 Tg S das Vulkansignal {iber die interne Variabilitdt des stratosphéri-
schen Wasserdampfes dominiert und der Strahlungsantrieb durch den zusétzlichen
SW bis zu 4% des Aerosolstrahlungsantriebes in den Tropen entgegenwirkt. Um
eine einfache Abschdtzung der Auswirkung von Vulkaneruptionen auf den Wasser-
dampfgehalt zu ermoglichen, wird die Abhédngigkeit wichtiger Variablen fiir SW von
der optischen Dichte des Aerosol abgeleitet.

In der zweiten Studie wird neben dem Beitrag des grofiskalig langsam aufsteigenden
Wasserdampfes nun auch explizit die Rolle kleinskaliger Prozesse, die gefrorener
Hydrometeore beinhalten, fiir die SW-Werte untersucht. In dieser Arbeit prasentiere
ich die Ergebnisse der ersten Budgetanalyse fiir SW Anderungen nach Perturbatio-
nen mit Sulfataerosol in der Tropopause, die auf globalen konvektionsauflosenden
Simulationen basiert. Die Analyse des Feuchteflusses offenbart eine sehr robuste
80:20 Aufteilung des Feuchteflusses auf Wasserdampf und gefrorene Hydrometeore.
Diese Aufteilung bleibt selbst unter erheblichen Perturbationen wie einer Erhohung



der kéltesten Temperaturen zwischen Troposphére und Stratosphidre um 9 K und ei-
nem Absenken der Tropopause um 1km bestehen. Dieses Ergebnis legt nahe, dass
die Clausius Clapeyron Skalierung fiir die Wasserdampffliisse auf Fliisse gefrorener
Aggregatzustinde erweitert werden kann. Diese Erkenntnis vereinfacht die Abschit-
zung von Anderungen in Feuchtefliissen erheblich: Der bisher unsichere, schwer
zu bestimmende Beitrag der gefrorenen Hydrometeore kann durch Aufteilung der
Feuchtefliisse in Wasserdampf und gefrorene Hydrometeore sowie die Steigung der
Clausius Clapeyron Gleichung bei den niedrigsten Temperaturen in der Tropopau-
senregion bestimmt werden.

Die dritte, laufende Studie beschiftigt sich ndher mit der Frage welcher Weg - tiber-
schieffende Konvektion, Aufsteigen innerhalb von Wolken oder turbulentes Mischen
- fiir den Anstieg in Fliissen gefrorener Hydrometeore nach Aerosolperturbationen
in der Tropopausenregion verantwortlich ist. Obwohl ich zeige, dass turbulentes Mi-
schen und Aufsteigen innerhalb von Wolken zunehmen, kommt der Hauptbeitrag
zum Fluss durch eine Zunahme {tiberschieflender Konvektion zustande.

Diese Arbeit verbessert das Verstindnis der Tropopausenregion und des SW Bud-
get unter externen Perturbationen. Beginnend mit spezifischen Fallstudien fiir Vul-
kaneruptionen wird der Fokus darauf gesetzt das konzeptionelle Verstindnis der
bestimmenden Prozesse voranzutreiben.
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Part1

UNIFYING ESSAY






INTRODUCTION

This work investigates the relative importance of different pathways by which mois-
ture enters the tropical stratosphere. A special focus is laid on the question of how
moisture fluxes into the stratosphere are impacted by external forcing, such as vol-
canic aerosol heating, in the tropical tropopause layer.

1.1 IMPORTANCE OF STRATOSPHERE AND STRATOSPHERIC WATER VAPOR

The stratosphere, the so-called "sphere of layers", is the second lowest atmospheric
region after the troposphere. It owes its name to the fact that it is stably stratified
since temperature increases with height due to UV absorption by ozone. This char-
acteristic is in stark contrast to the troposphere, the "sphere of change", where tem-
peratures decrease with height. In the troposphere atmospheric conditions are not
only controlled by dynamical and radiative processes - as in the stratosphere -, but
also by convection, leading to more rapid changes. One should not be misled how-
ever by the etymology. Despite its "stratified" nature and elevated position in the
atmosphere, the stratosphere influences tropospheric conditions. For example, win-
ter surface weather on sub-seasonal to seasonal timescales (Domeisen et al., 2020a,

Domeisen et al., 2020b) is influenced by stratospheric dynamics. With respect to ra-
diative processes, the stratosphere is best known for the ozone layer which absorbs
part of the incoming solar UV radiation. The depletion of this layer, protecting living
organisms from harmful UV-C and UV-B, due to human activity led to international
efforts to restore the ozone layer (compare Montreal Protocol, 1987). Stratospheric
adjustments play an important role in the system response to external forcings, coin-
ing the definition of "stratospherically adjusted forcing" (Hansen et al., 2005). For
example, the stratospheric temperature reduction due to elevating CO; levels (Man-
abe and Wetherald, 1975) will further increase the instantaneous CO; forcing as it
additionally reduces outgoing longwave radiation. In the case of volcanic eruptions,
sulfur injected into the stratosphere resides longer than in the troposphere where it,
and its derivates, rain and sediment out within weeks. This longer residence time is
the prerequisite for oxidizing the sulfur and forming an aerosol layer leading to a
longer lasting forcing (e.g. Shindell, 2013).

A distinct feature of the stratosphere is its extreme dryness with mean water vapor
values only occuring in ppmv region (e.g. Seidel et al., 2001). This dryness is ex-
plained by the very low upper tropospheric temperatures which lead to strong freeze
drying restricting the amount of moisture entering the stratosphere (Brewer, 1949).
In spite of its low concentrations, stratospheric water vapor (SWV) is a vital player
in a number of processes which impact both stratospheric and tropospheric condi-
tions: First, SWV acts as a greenhouse gas (e.g. Forster and Shine, 2002, Solomon
et al.,, 2010). Second, strong increases in stratospheric water vapor can lead to circula-
tion changes, impacting the Brewer-Dobson circulation (BDC), the mean meridional
circulation within the stratosphere, as well as jets and storm tracks (Maycock et al.,

The stratosphere -
“sphere of layers”.

SWV acts as a
greenhouse gas,
participates in ozone,
sulfur, and methane
chemistry, and can
impact the circulation.
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1.2 TROPICAL STRATOSPHERIC WATER VAPOR BUDGET

2013). Third, SWV plays an important role in stratospheric chemistry since water va-
port, as a source of HO,, can promote ozone and methane depletion (Ko et al., 2013).
Additionally, stratospheric water vapor levels are critical in reactions of the strato-
spheric sulfur chemistry after volcanic eruptions (Rosenlof, 2018), since water is a
key ingredient both for the formation of H,SO4 and for the first step of SO, oxida-
tion which requires OH. Therefore, the aerosol particle formation, aerosol effective
radii, and development of the Aerosol Optical Depth (AOD) after a volcanic eruption
all depend on the moisture content in the lower stratosphere (LeGrande et al., 2016,
Clyne et al., 2021). Hence, volcanic aerosol forcing and its evolution are modulated
by stratospheric moisture.

1.2 TROPICAL STRATOSPHERIC WATER VAPOR BUDGET

Water vapor can enter the tropical stratosphere from the troposphere via different
pathways: on large scales by slowly ascending water vapor, and on small scales by
convective overshoots, in-cloud upwelling, or turbulent mixing. All pathways are
influenced by the characteristics of the tropical tropopause layer (TTL), the transi-
tion layer between radiative-convective-dynamically and radiative-dynamically con-
trolled atmospheric regions and as such the gateway to the stratosphere (Fueglistaler
et al., 2009).

In the inner tropics, the large-scale slowly ascending water vapor dominates the
moisture fluxes into the stratosphere (Brewer, 1949). As the temperature-dependent
saturation specific humidity constrains the maximum amount of water vapor, the
moisture entering the stratosphere strongly depends on the cold-point (CP) temper-
ature, the coldest temperature between troposphere and stratosphere. The seasonal
cold-point temperature variations influencing the water vapor amount entering the
stratosphere give rise to the renowned "tape recorder" signal. The name is inspired by
the CP temperature controlled alternating high and low water vapor values slowly
propagating upwards in the stratosphere (Mote et al., 1996) within the BDC (com-
pare Figure 1). Interannual variations in the cold-point temperatures and water va-
por entering the stratosphere can be traced back to variability of e.g. the BDC, the
El Nifio-Southern Oscillation (ENSO)* and the quasi-biennial oscillation (QBO)? (e.g.
Geller et al., 2002, Randel et al., 2004, Fueglistaler and Haynes, 2005, Randel et al.,
2006).

However, long-term water vapor trends can only be explained when also consid-
ering small-scale contributions (e.g. Fueglistaler et al., 2013, Dessler et al., 2016),
which arise mainly from the transport of frozen water into the TTL and lower strato-
sphere. The first source of frozen water, convective overshoots, are convective towers
with enough kinetic energy to reach the TTL and surpass the cold-point tropopause
(Dauhut et al., 2015, Dauhut et al., 2018, Bolot and Fueglistaler, 2021, Dauhut and
Hohenegger, 2022). A second, slower pathway, called in-cloud upwelling hereafter,
is moisture transport within ice clouds. The interaction of ice crystals with radiation
leads to local heating and an updraft within these ice clouds. This ascent may connect

El Nifio-Southern Oscillation is a pattern of changes in sea surface temperatures and winds in the
tropical Pacific ocean which affects rainfall patterns.

The QBO is an oscillation between equatorial easterly and westerly winds in the tropical stratosphere
with an average period of 28 to 29 months.
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Figure 1: The atmospheric tape recorder: Temporal evolution of tropical water vapor above
115 hPa showing the seasonal variations of cold-point temperature imprinted on
atmospheric humidity content as simulated in an idealized setup with the MPI-
ESM (EVAens with 0 Tg S, see Section 1.5). The height of the lapse rate tropopause
and cold-point tropopause are shown by a solid and dashed black line, respectively.

deep convective events with the main transporting circulation in the stratosphere, the
BDC (e.g. Corti et al., 2006), continuing the upwards transport of moisture. The third
pathway of moisture injection is turbulent mixing (e.g. Konopka et al., 2007, Bardeen
etal., 2013, Podglajen et al., 2017), which can be triggered by atmospheric instabilities
and vertical wind shear, if vertical moisture gradients are present. These gradients
exist in the TTL as the stratosphere is extremely dry and the convective tops reaching
up to the TTL carry with them considerable amounts of frozen hydrometeors.
Apart from upward transport from the troposphere, water vapor can also originate
from methane oxidation occurring in the stratosphere itself (e.g. Le Texier et al., 1988,
Rohs et al., 2006). This mechanism takes place in the middle stratosphere and leads
to a moistening comparable to 5% of the water vapor entering the stratosphere from
below. It is also responsible for the increased moisture contents at higher altitudes
visible in Figure 1.

1.3 STRATOSPHERIC WATER VAPOR BUDGET AFTER VOLCANIC ERUPTIONS

Volcanic eruptions can alter the stratospheric water vapor budget both directly, dur-
ing the eruption event itself by injecting moisture from within the volcanic plume,
and indirectly in the aftermath of the eruption as a result of the volcanic aerosol
forcing in the TTL.

The direct injection is a singular event with immediate effects. Since up to 81 %
of the eruption volume is water (Coffey, 1996), eruptions with high explosivity and
eruption volume could lead to a substantial moistening of the stratosphere directly
after the eruption event. However, freeze drying and sedimentation normally remove
around 9o % of the water vapor in the eruption column before it reaches the strato-
sphere (Glaze et al., 1997). In most cases, the direct injection will consequently only
lead to highly localized water vapor increases which disappear in the background

Methane oxidation
within the stratosphere.

Direct injection of
water vapor from
within the volcanic
plume.
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1.4 OPEN SCIENTIFIC QUESTIONS

noise within a couple of days to weeks (Murcray et al., 1981, Schwartz et al., 2013,

Sioris et al., 2016a). An exception is the recent eruption of Hunga Tonga-Hunga
Ha’apai in 2022, which led to a peak SWYV increase by up to 10 % of the total strato-
spheric water vapor content (Xu et al., 2022, Milldn et al., 2022). This amount is un-
precedented in previous records and was favored as Hunga Tonga—-Hunga Ha’apai
is an undersea volcano, leading to a massive increase in the water entrained within
the plume. Corresponding elevated water vapor levels persisted for months after the
eruption (Schoeberl et al., 2022) and were detectable for at least ten months (Zhu et
al., 2022), although with continuously decreasing impact. The final dissipation may
require years (Hall and Waugh, 1997).

In this work, the indirect effects of volcanic eruptions on the SWV are investigated
which can be attributed to heating-induced alterations of the atmospheric tempera-
ture profile occurring over a much wider time span. These indirect effects include
all changes in the large-scale slowly ascending water vapor as well as small-scale
contributions of convective overshooting, in-cloud upwelling, and turbulent mixing.
From these four processes only the slowly ascending water vapor has been studied
prior in the context of volcanic eruptions.

1.4 OPEN SCIENTIFIC QUESTIONS

The status quo of the research field on stratospheric water vapor changes after vol-
canic perturbations prior to this work is described in this section. In this general
survey open questions are identified which will be addressed within this disserta-
tion.

1.4.1 Large-scale slowly ascending water vapor at the cold-point and changes under vol-
canic perturbations

The physical mechanism for changes in slowly ascending water vapor after volcanic
eruptions is understood: the longwave and near IR heating by the volcanic aerosol
leads to elevated cold-point temperatures which translate into an increased satu-
ration specific humidity and thus more water vapor entering the stratosphere (e.g.
Considine et al., 2001, Joshi and Shine, 2003).

Despite the well-established knowledge of this mechanism, a direct quantification
of its impact on the SWV is complicated for a number of reasons. First, the measure-
ment accuracy required to determine SWV levels is comparatively high as values
normally lie in the ppmv range. Data coverage for the upper troposphere and lower
stratosphere is still not sufficient and often individual data sets disagree (Miiller et
al., 2016, Khosrawi et al., 2018). Second, the number of volcanic eruptions injecting
large amounts of sulfur into the stratosphere to investigate is limited. The main can-
didate, Mt. Pinatubo erupted in 1991, over 30 years ago. Third, for the small number
of relevant volcanic eruptions on record, internal variability often obscures the sig-
nal and observations are incomplete. In addition stronger events can lead to device
outages and disagreements between individual observational products.



1.4 OPEN SCIENTIFIC QUESTIONS

The eruptions of Mt. Pinatubo is the most relevant event for stratospheric water
vapor changes. During this period satellite based stratospheric water vapor measure-
ments were performed with SAGE II3(Thomason et al., 2004), UARS HALOE#(Russell
III et al., 1993) and UARS MLS5 (Livesey et al., 2003). Additionally, the Boulder bal-
loon data (e.g. Vomel et al., 1995) and measurements from three short term ATMOS
missions® (Michelsen et al., 2000), which are spatially and/or temporally limited, ex-
ist. Both SAGE II and HALOE retrievals failed or are biased due to the large aerosol
amount in the TTL region and can not be used without precautions (e.g. Hegglin
et al., 2014, Fueglistaler, 2012, Fueglistaler et al., 2013). Data from MLS is not flagged
as unreliable, but the record starts during the outage of SAGE II and HALOE, after
the eruption of Mt. Pinatubo, and only lasts until 1993 (Davis et al., 2016). Taken to-
gether, these measurements do not form a good basis for the most relevant volcanic
eruption within the last century.

As reanalysis data builds upon observations, this lack of data is also reflected in their
output. In addition, the stratosphere is typically not the main focus of assimilation.
The representation of SWV therefore is based on model physics rather than actual
observational data. As is, stratospheric moisture fields are consequently often tuned
to represent the average climatology, which reduces interannual variability consid-
erably. Even in untuned situations however, volcanic forcing is still often omitted
(Diallo et al., 2017). This leads to problems when comparing simulations to reanal-
ysis data in which the volcano was not explicitly accounted for (e.g. Loffler et al.,
2016) and inconsistencies between different reanalysis products describing the same
eruption (e.g. Tao et al., 2019). Some authors including those of the SPARC 20227 re-
port therefore discourage the usage of SWV fields from reanalysis in general (Davis
et al., 2017, Khosrawi et al., 2018, Fujiwara et al., 2022).

Additional complications can arise as the volcanic aerosol perturbs multiple phys-
ical processes which can alter the SWV content such as temperature and the BDC.
Consequently, their contribution can not be disentangled in some of the commonly
used regression methods (e.g. Dessler et al., 2014). Given all these complications it
remains unclear how large an eruption must be to lead to an easily detectable strato-
spheric water vapor increase, which other parameters are important to determine the
SWYV increase, and how SWV increases can be best estimated for a given eruption.

Many studies on stratospheric water vapor after volcanic eruptions are motivated
by the importance of SWV as a greenhouse gas. However, there is no study rigor-
ously investigating the temporal evolution of the SWV forcing in relationship to the
volcanic aerosol forcing. Joshi and Shine, 2003, calculate one global estimate for the
forcing by the additional SWV, but without information on either its temporal evolu-
tion or the scaling for different eruption strengths. In a subsequent study Joshi and

3 SAGE II stands for "Stratospheric Aerosol and Gas Experiment II". Measurements were performed
between Oct. 1984 and Aug. 2005.

4 UARS HALOE stands for "Upper Atmospheric Research Satellite Halogen Occultation Experiment".
Measurements were performed in the time frame between Oct. 1991 and Nov. 2005.

5 UARS MLS stands for "Upper Atmosphere Research Satellite Microwave Limb Sounder". Measure-
ments were performed in the time frame between Oct. 1991 and Oct. 1999.

6 ATMOS stands for "Atmospheric Trace Molecule Spectroscopy” and describes solar occultation mea-
surements with a Fourier transform infrared spectrometer. The instrument was taken on three short
term missions on a space shuttle in 1992, 1993 and 1994.

7 SPARC is short for "Stratosphere-troposphere Processes And their Role in Climate".
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1.4 OPEN SCIENTIFIC QUESTIONS

Jones, 2009, indirectly quantify the longwave forcing component for directly injected
water vapor, without analyzing the indirect pathway. Similarly, Krishnamohan et al.,
2019, used SWV to explain their top-of-atmosphere energy imbalance in a geoengi-
neering study, without directly quantifying the SWV forcing or separating it from
the volcanic aerosol forcing itself. This rather diffuse knowledge base complicates
the assessment of its importance for an accurate representation of forcing changes
after volcanic eruption.

In summary, the first part of this thesis pursues the following questions:

* What is the critical magnitude for a volcanic eruption to have a significant impact on
the stratospheric water vapor content by dominating over internal variability?

* By how much does stratospheric water vapor increase for different eruption magnitudes
if directly quantified, i.e. not from the residuum?

Which parameters are critical for a determining the SWV increase?

What is the contribution of the SWV forcing to the overall radiation budget?

Can cold-point temperature warming and SWV forcing be estimated based on eruption
magnitude or AOD? Is there an easy approximation for SWV increases?

The findings are outlined in Section 2.1 and summarized in Section 3.1.

1.4.2 The contribution of small-scale processes to the stratospheric moisture budget and
changes under volcanic perturbations

Even in the absence of volcanic eruptions, the composition of the stratospheric water
vapor budget is still a highly debated subject. Especially, the contribution of convec-
tion (e.g. Schoeberl et al., 2018, Bolot and Fueglistaler, 2021, Dauhut and Hohenegger,
2022) and turbulent mixing (e.g. Wilson, 2004, Konopka et al., 2007, Riese et al., 2012,
Podglajen et al., 2017) to the fluxes into the stratosphere remains unclear. The core
of the problem lies in the limitations and inaccuracies that currently used convective
parametrization schemes bring with them (e.g. Arakawa, 2004, Jones and Randall,
2011, Sherwood et al., 2014). To compensate for an imperfect representation of over-
shooting, regions like the TTL are also often tuned to match observational records.
Additionally some shortcomings of parametrization schemes are not immediately
apparent as often errors in process representation compensate for each other (Hardi-
man et al., 2015). This may lead to problems when studying the sensitivity of the
climate system to external perturbations, as tuning and compensating processes can
lead to bias corrections for wrong reasons.

The emerging convection-resolving simulations offer the unique possibility to study
moisture fluxes into the stratosphere without the impediments of convective para-
metrizations (e.g. Stevens et al., 2020). However, they bring with them their own set
of problems. Computation costs often require a reduction of the investigated domain.
Smaller domains restrict the study to small-scale processes, while the large-scale con-
tributions to the moisture budget need to be estimated. Sometimes the analysis of a
single convective event is extrapolated to the entire stratospheric water vapor bud-
get (e.g. Dauhut et al., 2015) in order to generate estimates for the frozen moisture
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contribution. Despite this extrapolation procedure being based on statistics of ob-
servational records for deep convection, it still leads to inaccuracies as convective
injections differ depending on their region of origin (Wright et al., 2011) and not all
overshoots are hydrating (Dauhut et al., 2018).

In summary, both most commonly used approaches, coarse simulations with convec-
tive parametrizations and single case studies with convection-resolving simulations,
compromise either on the inaccuracies introduced by convective parametrizations or
on those from estimating the moisture budget based on a single convective event.
Both problems can be overcome by relying on global convection-permitting simula-
tions with global extent. However, as this approach is computationally quite expen-
sive, only one study using this approach exists (Dauhut and Hohenegger, 2022).

The knowledge base on the sensitivity of frozen moisture fluxes in the TTL under
external perturbations is even more limited. Up till now, the sensitivity of overshoot-
ing convection, in-cloud upwelling, and turbulent mixing to volcanic aerosol heating
in the TTL has not been studied within a complete budget analysis relying on global
convection-resolving simulations. Consequently, it is even unclear if the contribution
of frozen hydrometeors to the total budget will increase or decrease and must be
examined.

In the following the different mechanisms which could influence the changes in
overshooting convection, in-cloud upwelling, and turbulent mixing are analyzed. All
three processes are influenced by changes in the large-scale temperature field. In the
upper troposphere and TTL the aerosol heating will lead to increased temperatures
which will directly translate into the saturation specific humidity. In saturated as-
cending air parcels the condensation, and with it the frozen moisture content, will
be influenced by the saturation specific humidity of the air parcels and the slope
of the Clausius Clapeyron equation. This would suggest increased condensation per
Kelvin decrease in temperature at slightly elevated temperatures.

For overshooting convection, the change in atmospheric stability will be an addi-
tional determining factor. The heating leads to an increase in atmospheric stability
which suggests that convection would not reach as high in a volcanically perturbed
scenario. On the other hand, the tropopause itself is shifted downward due to the
heating. In an unperturbed scenario deep convection would tie the temperature pro-
file to the moist adiabat which is very steep in the temperature range of the TTL, thus
essentially pushing the TTL upwards. If the kinetic energy of the convective events
does not change as drastically as the tropopause height, this lower lying tropopause
might - in contrast to the stability argument - allow for more convective overshoots
as the convection is working on reestablishing the original balance of moisture flux
partitioning.

In-cloud upwelling could increase, both because of an increase in the vertical ve-
locities resulting from the additional heating in the TTL, and because of increased
amounts of cloud ice due to larger relative changes in the ice content per Kelvin cool-
ing of the atmospheric temperatures. However, if overshooting were to be reduced in
the aftermath of volcanic eruptions this might also lead to a reduction in the cloud
formation and to a corresponding decrease of in-cloud upwelling. Similarly, if the
increased ice formation in the TTL led to larger ice particles which sediment out
faster, in-cloud upwelling would be reduced.

Depending on whether overshooting convection and in-cloud upwelling is increas-
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1.5 METHODOLOGICAL APPROACH TO RESEARCH QUESTIONS

ing or decreasing, the moisture gradients, and with them conditions for turbulent
mixing, would be altered. Here it is especially interesting which of the triggers for
turbulent mixing - atmospheric instabilities or wind shear - will dominate the picture
as both are known to change after volcanic eruptions.

In summary, in the second part of my work I address the following questions:

* Does the overall dependence of stratospheric water vapor on tropical cold-point temper-
ature change in the convection-resolving simulations compared to simulations relying
on convective parametrizations?

* What is the relative importance of water vapor versus frozen hydrometeors for the TTL
moisture fluxes?

* How do the respective moisture fluxes and their relative partitioning change under
external forcing such as volcanic aerosol heating?

* Do the individual contributions to frozen moisture fluxes and their relative importance
change under volcanic aerosol forcing and if so why? Specifically: What are the changes
in convection, in-cloud upwelling, and turbulent mixing?

The questions for this project on small-scale processes are answered in two steps:
First, the overall picture and partitioning between non-frozen and frozen moisture
is investigated for both a perturbed and unperturbed scenario (Section 2.2). Second,
first results of the analysis of the frozen moisture flux composition, focusing on the
contribution of overshooting convection, in-cloud upwelling, and turbulent mixing
are presented (Section 2.3). A summary can be found in Section 3.1.

1.5 METHODOLOGICAL APPROACH TO RESEARCH QUESTIONS

Depending on the research question and aim addressed within the respective subpro-
ject, models suited best for the respective purpose are chosen. The research questions
developed above have two distinct overarching themes:

1. Changes in the large-scale slowly ascending water vapor after volcanic erup-
tions and their forcing impact: Directly quantifying SWV changes after volcanic
eruptions of different magnitude.

2. Importance of small-processes such as convection, in-cloud upwelling, and tur-
bulent mixing for the SWV budget: Understanding the sensitivity of flux par-
titioning of frozen and non-frozen moisture into the TTL to external perturba-
tions and explaining possible changes.

This work therefore employs a two-fold strategy combining the benefits of coarse
and high resolution simulations. The following shows how the investigation require-
ments determined the model selection.

1.5.1 Addressing the changes in the large-scale slowly ascending water vapor after volcanic
eruptions

The study on the changes of the large-scale slowly ascending water vapor after vol-
canic eruptions addresses the magnitude of SWV changes as well as the forcing con-
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sequences of increased SWV levels after volcanic eruptions. To study the large-scale
picture, a range of different volcanic eruptions has to be simulated with many ensem-
ble members for each scenario. Large ensemble simulations offer the possibility to
study variability, whereas different eruption magnitudes allow the identification of
possible nonlinearities and empirical formulas to estimate the effect of an increased
aerosol optical depth (AOD) on SWV.

Coarse resolution simulations are the best model choice because they allow for
longer simulations with different eruptions scenarios while still capturing the es-
sential physical processes. The analysis relies on two different ensembles relying on
different aerosol input data:

e The MPI-GE historical simulations (Maher et al., 2019) consists of 100 ensemble
member runs using volcanic aerosol data based on historical observations, the
so called Pinatubo aerosol data set (PADS, Stenchikov et al. (1998), Driscoll et al.
(2012), Schmidt et al. (2013)). Each member of the 100 ensemble set starts from
its individual initial conditions. For this study the period from 1991 to 1993 is
investigated, which covers the eruption of Mt. Pinatubo in June 1991.

* The EVAens (Azoulay et al., 2020), where 100 ensemble member runs were con-
ducted for five different, idealized tropical eruptions ([2.5,5,10,20,40] Tg of in-
jected sulfur) and an unperturbed control. The volcanic aerosol data sets were
calculated offline with the EVA forcing generator (Toohey et al., 2016). These
simulations where branched off from the MPI-GE historical simulations in Jan-

uary 1991.

Both ensemble simulations were performed with the coupled, coarse resolution cli-
mate model MPI-ESM-LR®. The coupled model with 200 km horizontal resolution
includes the atmosphere component ECHAM (version echam-6.3.01p3, Stevens et al.
(2013)), the land component JSBACH (version jsbach-3.00, Reick et al. (2013), Sch-
neck et al. (2013)), the ocean component MPIOM (version mpiom-1.6.1p1, Marsland
et al. (2003), Jungclaus et al. (2013)), and the biogeochemistry component HAMOCC
(HAMOCCs.2, Ilyina et al. (2013)). The simulation of convective processes relies on
parametrizations which also describe overshooting convection (Mobis and Stevens,
2012). The overshooting mass flux is fully detrained in the two levels above the level
of neutral buoyancy. The overshooting fraction is hard-coded. Aerosol is prescribed
based on its optical properties.

The 1-D radiative convective equilibrium model konrad (Kluft et al., 2019, Dacie et al.,
2019) is used for radiative forcing calculations. This model is tuned to represent the
tropical atmosphere. The radiation is based on the Rapid Radiative Transfer Model
for General Circulation Models (RRTMG) (Mlawer et al., 1997). Tropospheric tem-
peratures are determined by convective adjustment to a moist adiabat, while strato-
spheric temperatures are calculated assuming radiative-dynamical equilibrium.

11

Experiment
descriptions MPI-GE
historical simulations,
and EVAens.

Model description for
MPI-ESM-LR.

Model description for
konrad.



1.5 METHODOLOGICAL APPROACH TO RESEARCH QUESTIONS

1.5.2 Addressing the importance of small-scale processes and their changes after perturba-
tions

Convection-resolving ~ For a study of small-scale processes such as convection and in-cloud upwelling it
simulations fora  is necessary to explicitly resolve convection in high resolution simulations. Because
combined investigation  oomputational constraints allow only for a short simulated time frame, it is essential
of large-scale and . S . .
small-scale processes. to generate a clear strong signal to gain insight into physical processes. Hence, a re-
alistic representation of a volcanic eruption is not the intention. The focus lies on an
idealized setup. This means, seasonal variations and influence of SST changes have
to be suppressed. The magnitude of the simulated eruption is chosen based on the
knowledge gained in the large-scale study, which identified the eruption magnitude
creating a signal stronger than internal variability.
Experiment  For the CaVE® simulations, which were conducted exclusively for this work, two sce-
description: CaVE.  narios are integrated: a scenario with o Tg S (Control) and a scenario with a tropical
eruption of 20 Tg S (Perturbed). As in the EVAens, aerosol is prescribed based on its
optical properties as calculated offline with the EVA forcing generator (Toohey et al.,
2016). In order to extract a clear signal without seasonal variations, the simulations
are performed in perpetual January mode. This also means that the aerosol layer
does not evolve over time but is set constant to the month with peak near IR extinc-
tion in order to maximize the heating effect in the TTL. As the focus of this study lies
exclusively on the effect of a heating source in the TTL, the SSTs of Perturbed are set
to the Control SSTs, which are kept constant over time. For both scenarios 60 model
days after a 150 day spin-up are are analyzed. In order to manage computational and
storage resources, a horizontal resolution of 10 km is chosen which has been shown
to realistically simulate overshooting convection (Hohenegger et al., 2020).
Model description: ~ CaVE employs high resolution, convection-resolving simulations with ICON-A™®
ICON-A. (Crueger et al., 2018, Giorgetta et al., 2018). ICON-A is an atmosphere-only model.
Within the sapphire setup configuration (Hohenegger et al., 2022), a one-moment mi-
crophysics scheme (Baldauf et al., 2011) and the Total Turbulent Energy (TTE) scheme
(e.g Louis, 1979, Brinkop and Roeckner, 1995, Mauritsen et al., 2007, Angevine et al.,
2010, Pithan, 2014, Zilitinkevich et al., 2009) are used. The aerosol is described by its
optical properties.
Method to obtain a  Analyzing the contribution of frozen and non-frozen hydrometeors to the total mois-
water vapor budget.  ture flux entering the stratosphere makes a budget analysis necessary. Special focus
is laid on ensuring mass conservation within the analysis to obtain reliable and re-
producible results. Additional output streams for the moisture fluxes are added to
ICON to avoid errors arising from offline calculations. Damping triggered by vi-
olations of the Courant-Friedrichs-Lewy criterion (Courant, 1928) is minimized by
restricting the model time step to a quarter of the time recommended for the used
resolution. All flux analyses are additionally performed on the native output grid as
mass closure can only be guaranteed on the original terrain-following coordinates.

8 short for: "Max Planck Institute - Earth System Model in its Low Resolution"

9 The simulation set was named "CaVE" as an acronym for "Convection after Volcanic Eruptions” inspired
by the famous pre 79 AD mosaic in Pompeii at the valley of the Vesuvius stating "Cave canem" - beware
of the dog - in strange irony as greater threats were slumbering nearby.

10 short for: "Icosahedral Nonhydrostatic Weather and Climate Model - Atmosphere"
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SYNTHESIS OF RESULTS

2.1 THE IMPACT OF VOLCANIC ERUPTIONS OF DIFFERENT MAGNITUDE ON
STRATOSPHERIC WATER VAPOR IN THE TROPICS

Related research questions: What is the critical magnitude for a volcanic eruption to have
a significant impact on the stratospheric water vapor content? That is, when do its effects
dominate over internal variability? By how much does stratospheric water vapor increase
for different eruption magnitudes if directly quantified, i.e. not from the residuum? Which
parameters are critical for determining the SWV increase? What is the contribution of the
SWYV forcing to the overall radiation budget? Can cold point temperature warming and SWV
forcing be estimated based on eruption magnitude or AOD? Is there an easy approximation
for SWV increases?

The first project (Kroll et al., 2021) investigates the impact of tropical volcanic erup-
tions of different magnitudes on the large-scale slowly ascending water vapor. As
described in Section 1.5 the analysis is based on the EVAens with eruption strengths
of 2.5, 5, 10, 20, and 40 Tg S and the MPI-GE historical simulations featuring the Mt.
Pinatubo eruption (1991-1993). The Mt. Pinatubo eruption with 7 Tg S (best estimate,
Timmreck et al., 2018) is best described by the (5 - 10) Tg S EVAens simulations. Ta-
ble 1 lists three additional historical volcanic eruptions to bring the magnitude of the
EVAens eruptions into context.

In order to determine the eruption magnitude leading to a significant impact on
the stratospheric water vapor content, the variability of the cold-point temperature
and stratospheric water vapor content in an unperturbed scenario (o Tg S) has to
be quantified. Figure 2 visualizes the tropical seasonal means (September-October-
November) in cold-point temperature and SWV content. Each point denotes a single
ensemble member. In my eruption set, the 10Tg S eruption marks the critical mag-
nitude at which 99 % of the ensemble members of the eruption event create SWV
values which does not show any overlap with the 2 o range of the control simula-
tions in the year of the eruption. Comparable events should be detectable without
additional postprocessing in observational records as well. This finding is consistent
with observational evidence as records of Mt. Pinatubo’s effect on stratospheric wa-
ter vapor exist. For example, SWV values even slightly larger than those of the 10Tg
S simulations were recorded in the Boulder balloon data (Oltmans et al., 2000). Also
the cold point warming of around 1.8 K fits observational records (e.g. Angell, 1997,
Santer et al., 2003).

The overall agreement between the Clausius Clapeyron saturation specific humid-
ity (orange dashed line) and the water vapor values from the model suggest a very
good description of the water vapor values in the stratosphere by the large-scale
slowly ascending water vapor. Together with the even simpler approximation of a
12 %/ K water vapor increase (grey dashed line), the Clausius Clapeyron relation
offers a first estimate of the water vapor increases after volcanic eruptions when
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2.1 THE IMPACT OF VOLCANIC ERUPTIONS OF DIFFERENT MAGNITUDE ON
STRATOSPHERIC WATER VAPOR IN THE TROPICS

the temperature increase is known. The good predictability of SWV increase based
on the mean cold-point temperatures in the tropics is surprising as it are often the
spatial minima of cold-point temperatures which determine the mean SWV entry
(e.g. Oman et al., 2008). Because of this inconsistency, the correlation between mean
cold-point humidity and mean cold-point temperature found in the MPI-ESM sim-
ulations with parameterized convection will be compared to the findings based on
convection-resolving simulations in the second part of this work.

SON 1991, [-5,5]° latitude SON 1992, [-5,5]° latitude
S 14 a .14 b| e 0Tgs
g_ g_ 2.5Tg S
212 g12 e 5TgsS
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Figure 2: Seasonal averages of water vapor at the cold point as a function of cold-point tem-
perature for September-October-November 1991 (a) and 1992 (b). Values for each
individual ensemble member are shown as dots for the inner tropics. An approxi-
mation for the Clausius Clapeyron equation at this temperature range with an 12 %
increase of water vapor per K is shown with a dashed grey line. The exact solution
for the Clausius Clapeyron Equation over ice by Murphy and Koop (2005) is calcu-
lated for the average ensemble cold-point temperatures and pressure and is shown
with a dashed orange line. The 2 o range for the cold-point temperature and water
vapor of the 0 Tg S ensemble is shaded in light blue.

The large number of ensemble members in the EVAens makes it possible to overcome
the problem that internal variability of the tape recorder signal obscures the signal
caused by the volcanic eruptions smaller than 10 Tg S. In the ensemble mean, in-
creases in the SWV content are detectable for all eruptions strengths - even at 2.5 Tg
of injected sulphur as shown in the top panel of Figure 3. As the values for SWV
increases may seem relatively abstract, Table 1 lists some examples for real physical
events leading to comparable SWV increases as observed for the various volcanic
eruptions. Increases range everywhere between the SWV changes attributed to the
QBO (Dessler et al., 2013) for the 2.5 Tg S ensemble to the summer time SWV back-
ground in the TTL for the 40 Tg S ensemble.

A direct comparison of the EVAens simulations and the MPI-ESM historical simula-
tions can be made when comparing the 10 Tg S ensemble mean to the simulations
employing the observational based PADS in Figure 3. The most prominent differ-
ence between both scenarios is the amplification of the SWV entry in the second post
eruption summer in the PADS simulations. This feature is not present in any of the
EVAens simulations, where the SWV signal already starts to decrease one year after
the eruption.
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Figure 3: Tropical average in [-23, 23]° latitude of WV anomalies (volcanically perturbed -
control simulation) above 140 hPa for the sulfur injections of 2.5 Tg S, 5 Tg S, 10
Tg S, 20 Tg S and 40 Tg S, as well as the PADS with a best estimate of 7Tg S.
The lowermost panel shows the MPI-GE historical simulations for Mt. Pinatubo.
The lapse rate tropopause pressure is indicated by a black line and the cold-point
pressure is shown as black dashed line. In regions not covered by black crosses,
statistically significant differences between water vapor values of the perturbed
and unperturbed runs (t-test at p=0.05) were found.
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2.1 THE IMPACT OF VOLCANIC ERUPTIONS OF DIFFERENT MAGNITUDE ON
STRATOSPHERIC WATER VAPOR IN THE TROPICS

This difference in the respective signals can be explained by the differing shape of
the aerosol profiles and their relative proximity to the tropopause. Whereas the EVA
forcing data sets create an idealized extinction profile of Gaussian shape, keeping the
peak height constant, the PADS shows variations in the shapes of the aerosol profiles.
Figure 4 shows the temporal evolution of the aerosol extinction in the strongest IR
waveband at the peak extinction and in the cold-point region. The peak extinction of
the Mt. Pinatubo simulation (PADS) with an estimated ejection of 7 Tg S mostly lies
between the 5 Tg S and 10 Tg S extinction values of the EVAens data. However, in
contrast to the EVA forcing data sets, the extinction remains at a relatively constant
level, ultimately even exceeding the 10 Tg S extinction by the end of the second post
eruption year. In the second post eruption summer a downward shift of parts of the
aerosol profile is taken into account as the sulphate particles slowly descend and fall
out. These differences lead to an enhanced longwave and near IR heating in the cold-
point region in the historical simulations based on the PADS, which is not present
in the EVAens. PADS based extinction values in the cold-point region thus are higher
than those of the 10 Tg S simulation. An immediate consequence of these differences
in aerosol profile shape is the different timing of the peak SWV enhancement.
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Figure 4: Temporal evolution of the aerosol extinction at the profile peak (a) and the cold-
point region (b) for the 8475-9259 nm IR waveband.

Finally, the radiative forcing due to the SWV originating from the indirect path-
way after the volcanic eruption has to be quantified. The stratospherically adjusted
forcing is determined by importing the tropical moisture fields into konrad and calcu-
lating the radiative fluxes there. For the 10 Tg S ensemble, a comparison of the SWV
forcing with the aerosol forcing reveals that the SWV forcing counteracts up to 4 %
of the aerosol forcing in the tropics for the 10 Tg S eruption scenario. For the 20 Tg
S and 40 Tg S eruptions, the global TOA imbalance in the third eruption year even
becomes positive. Part of this can be attributed to the SWV forcing slowly gaining in
relative importance globally, as the aerosol falls out while the elevated water vapor
levels are still present. An additional calculation for the 10 Tg S scenario, taking into
account clouds when determining the forcing, shows an increase in the SWV forc-
ing by around 0.1 Wm™? as the additional SWV leads to absorption of shortwave
radiation which would otherwise have been reflected by the cloud layer.
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2.1 THE IMPACT OF VOLCANIC ERUPTIONS OF DIFFERENT MAGNITUDE ON
STRATOSPHERIC WATER VAPOR IN THE TROPICS

Both cold-point warming and SWV forcing can be estimated based on AOD values.
Figure 5 shows a fit to the yearly tropical averages of the adjusted forcings due to
the additional SWV in all EVAens ensemble means as a function of AOD. For every
year, a power law is determined which can be used to estimate the yearly average
forcing for comparable eruptions’. As for the SWV increases, Table 1 lists the SWV
forcing and data from real events as references. For example, in the case of the 40
Tg S eruptions, the tropical SWV forcing would exceed the forcing by methane and
amount to one third of the present* CO; forcing (Myhre et al., 2013). As the SWV
increase is a consequence of the aerosol forcing, the SWV forcing reaches its peak
after the aerosol forcing. The delay of maximum forcing is additionally amplified
due to the slow transport of air masses within the BDC. At an average upwelling
velocity in the order of mm s ! (Fujiwara et al., 2022), the water vapor levels will be
prevalent in the tropical stratosphere for months and the forcing will reflect the total
SWV column.
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Figure 5: Yearly tropical averages of adjusted radiative forcing due to the additional SWV as
a function of AOD (IR, 8475-9259 nm) for the three years after the eruption (1991-
1993). A power function fit for each year with corresponding equation is shown.

1 A similar fit is obtained for the cold-point temperatures in the corresponding paper but not shown

here.

2 According to an analysis in the year 2013.
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TROPOPAUSE LAYER TO EXTERNAL FORCING

Related research questions: Does the overall dependence of stratospheric water vapor on
tropical cold-point temperature change in the convection-resolving simulations compared to
simulations relying on convective parametrizations? What is the relative importance of wa-
ter vapor versus frozen hydrometeors for the TTL moisture fluxes? How do the respective
moisture fluxes and their relative partitioning change under external forcing such as volcanic
aerosol heating?

The first part of this work (Section 2.1) reveals that a tropical eruption of 10 Tg S
would be the first eruption size in the investigated eruption set of [2.5, 5, 10, 20, 40]
Tg S which leads to a SWYV signal stronger than the internal variability of the o Tg
S ensemble. Therefore, to ensure that the water vapor signal should be detectable
even if the simulated time frame was shortened to cut computational costs, a 20 Tg
S eruption was chosen for the follow-up case study on moisture flux partitioning.

The EVAens simulations have shown a direct relation between the mean cold-point
temperatures and mean water vapor at the cold point (compare Figure 2). Since the
CaVE simulations have a twenty times higher horizontal resolution and do not rely
on convective parametrization, it is prudent to re-examine this relationship in the
CaVE simulations in order to see how both models compare with respect to their
description of the large-scale stratospheric moisture budget.

Figure 6 shows the respective mean and 10" percentile cold-point temperature as
well as the mean water vapor at the cold point for the o Tg S (blue) and 20 Tg S (red)
simulation of CaVE. Solid lines indicate the Clausius Clapeyron Curve for the two
atmospheric states. It is clear from Figure 6 that to get an accurate description of the
CP water vapor in CaVE Control and Perturbed, not the mean CP temperatures, but
the 10" percentile of the inner tropical CP temperatures has to be used. In the case of
Perturbed, the 10t™ percentile approximation lies slightly above the simulated water
vapor values. This difference to Control is caused by an increase in horizontal winds
and, as analyzed within the next project (Section 2.3), by overshooting convection
which leads to an increased modulation of the CP temperatures.

The theory of the last point of saturation (e.g. Sherwood, 1996) explains the cor-
relation of the cold-point water vapor with the large-scale temperature field: For
every distance traveled vertically, air parcels will travel a multiple of this distance
horizontally since horizontal motions exceed the average upwelling velocities by far.
Consequently, the air parcels will encounter a multitude of different temperatures,
the coldest of which will set its saturation water vapor. In the theory of the "point of
last saturation" frozen moisture is discarded immediately after formation. Although
in reality this does not have to be the case and sublimation and evaporation can oc-
cur, some imprint of the horizontal temperature field remains. Correspondingly, the
water vapor at the CP is often best estimated by using a lower percentile of the CP
temperature range (e.g. Fueglistaler and Haynes, 2005).

The signature of the coldest temperature percentiles is not found in the EVAens sim-
ulations (compare Fig. 2) for three reasons. First, the horizontal resolution employed
in the EVAens is much coarser leading to less variability over the same distance of
horizontal travel. Second, although a rudimentary description of overshooting con-
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2.2 THE SENSITIVITY OF MOISTURE FLUX PARTITIONING IN THE TROPICAL
TROPOPAUSE LAYER TO EXTERNAL FORCING

vection is included in the EVAens (Mobis and Stevens, 2012), the explicitly resolved
convection in the CaVE simulations represents convective cooling in the CP region
more accurately than the EVAens, leading to additionally increased variation in the
CP temperatures. Third, the explicitly resolved convection within the CaVE allows for
a more accurate representation of cloud fields. This will most likely lead to a better
description of dehydration events caused by air parcels passing thin cirrus clouds
located above anvils. Due to the screening of surface temperatures by the anvils,
the cirrus clouds above will lead to a radiative cooling of the passing air masses,
especially above the Western Pacific in Northern Hemispheric winter (Holton and
Gettelman, 2001, Hartmann and Larson, 2002), an area where indeed elevated frozen
moisture content is found in the CaVE simulations.

This first assessment of the relationship between cold-point temperatures and spe-
cific moisture already demonstrates that the CaVE simulations render a physical rep-
resentation of the water vapor levels in the TTL which is closer to the long known
dependence of the water vapor levels on the lowest, and not mean, cold-point tem-
peratures within the tropics (Newell and Gould-Stewart, 1981). These lowest temper-
atures - here given by the 10'" percentile of cold-point temperatures in the inner
tropics - can then be interpreted as the equivalent frost point temperature based on
which the average water vapor at the cold point in the inner tropics can be estimated.

To analyze the partitioning of moisture fluxes into large-scale slowly ascending wa-

Qsat, ice» Pcontrol

Qsat, ice« PPertrubed

qrerturbed

(:'C ontrol

water vapour volume mixing ratio

0.0110 pctl mean 10 pctl _mean
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temperature / K

Figure 6: Two-months average water vapor at the mean cold-point height for Perturbed (red)
and Control (blue) in the area [-5,5]°N, marked by horizontal dashed lines. The
average water vapor values are compared against the expected saturation specific
humidities at the mean cold-point temperature and the cold-point temperature at
the 10" percentile for Perturbed and Control, marked with arrows. The saturation
water vapor above ice as implemented in ICON (COSMO, Doms and Forstner,
2021) is calculated for Perturbed and Control respectively at the average cold-point
pressure p (solid line curves).

ter vapor and small-scale frozen contributions, two months of moisture fluxes enter-
ing the stratosphere through the average cold-point tropopause are analyzed for the
[-30,30]° N region, the suggested boundaries of the TTL (Fueglistaler et al., 2009).
Figure 7 displays corresponding results, Control is depicted in blue, Perturbed in
red. The water vapor flux is the dominating source of moisture amounting up to
around 80 % of the moisture entering the stratosphere in Control, whereas frozen
hydrometeors make up around 20 % of the moisture.
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Figure 7: Average net moisture flux through the cold-point tropopause due to water vapor
and frozen states of matter relevant for the TTL, as well as their total, between
[-30,30]° N. Control is shown in blue, the corresponding fluxes for Perturbed simu-
lation in red.

This analysis result is in good agreement with a study of the contributions to the

stratospheric moisture budget by Bolot and Fueglistaler, 2021, which is based on ob-
servations, but larger than those found by most trajectory studies. Reported values
from trajectory studies include Schoeberl et al., 2018, with 2 %, Ueyama et al., 2015,
with 14 %, Ueyama et al., 2018, with 15 % and Smith et al., 2022, with 26 - 32 %. How-
ever, trajectory studies are known to be biased towards lower frozen moisture values
as they are driven by coarse resolution wind fields which do not capture some of
the essential features of overshooting convection (Dauhut et al., 2018) and often only
quantify the frozen moisture flux indirectly.
Dauhut and Hohenegger, 2022, analyzed the moisture changes in the stratosphere in
the convection-resolving DYAMOND simulation of ICON (Stevens et al., 2019) find-
ing a frozen contribution of 11 %. They restricted their analysis to an OLR threshold
selecting only the deepest convective events. Without this threshold the contribution
of frozen hydrometeors would be 29.3 %. Their result is not be directly comparable
to the result of this study as they relied on a different physics package. Additionally,
they also performed an offline calculation based on horizontally remapped moisture
tendencies, in contrast to the work presented here, which relies on the online calcu-
lation of moisture fluxes on the native grid. Based on the experience gained when
performing the flux analysis, these differences in the analysis procedure could easily
lead to the discrepancy between the 20 % in this work and their 11 %. As the budget
is only closed on original model levels any remapping will not only smooth out con-
vective peaks but also lead to small inconsistencies which - in the dry region of the
cold-point tropopause - gain in relative magnitude. Moisture tendencies will addi-
tionally obscure the overall picture as they offer no information on the background
flow through the atmospheric columns.
In summary, inconsistencies between different methods and models remain. Whereas
some biases, as in the case of trajectory models, are known others may remain to be
found. The estimate of convective contribution to the total moisture flux in this study
is in the higher range of reported values but agrees with estimates derived from ob-
servational records (e.g. Bolot and Fueglistaler, 2021).
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2.2 THE SENSITIVITY OF MOISTURE FLUX PARTITIONING IN THE TROPICAL
TROPOPAUSE LAYER TO EXTERNAL FORCING

When comparing the TTL moisture flux partitioning in Control and Perturbed (Fig-

ure 7), its resilience becomes evident. Even under the strong perturbation, which
leads to a considerable TTL warming of around 9 K, the partitioning is conserved.
As the stability in the TTL is increasing, the found flux increase of frozen hydrom-
eteors seems counterintuitive at first thought, since fluxes of frozen hydrometeors
originate from overshoots and in-cloud upwelling in their surroundings and are nor-
mally associated with regions of reduced atmospheric stability. For example, the
cooling of the tropical upper tropospheric region is used to explain the associated
enhancement of convective overshoots in the case of sudden stratospheric warmings
(e.g. Kodera et al., 2015).

It has to be considered though that the height of the TTL itself is set based on a
balance between radiative-dynamically induced temperature changes in the higher
lying regions and temperature changes due to convective-radiative-dynamical pro-
cess from below (e.g. Fueglistaler et al., 2009). As such the tropopause temperature
depends on the interplay of a set of different parameters like CO, and ozone con-
centrations, the QBO phase, the strength of the Brewer Dobson circulation, and con-
vection (Manabe and Moller, 1961; Dobson et al., 1946; Gowan and Dobson, 1947;
Thuburn and Craig, 2002; Johnson and Kriete, 1982; Fueglistaler et al., 2009; Dacie,
2020). Consequently, the tropopause (height) is also coupled to the convection and
can not be seen as an independent parameter (Kuang and Bretherton, 2004, Hu et al,,
2021). The temperature increase induced by aerosol heating leads to a downward
shift of the tropopause in a region where convection would normally be more preva-
lent. At the top of convective events in the TTL, convection will lead to cooling (i.e.
Johnson and Kriete, 1982, Holloway and Neelin, 2007, Paulik and Birner, 2012) and
consequently push the tropopause upwards. Given that entrainment and sub-cloud
moist static energy do not change as drastically as the tropopause temperatures,
more convective events will reach the lower lying tropopause, counteracting part of
the heating effects and moving the tropopause upwards in height until a new bal-
ance is found. In this simulation the balance mirrors the original partitioning of the
moisture sources. When considering convection overshooting the CP tropopause as
primary source of frozen moisture two mechanisms might lead to the increased mois-
ture flux: a higher frequency of overshoots or overshoots transporting more frozen
moisture due to the elevated background temperatures and higher ice formations
per unit decrease in temperature.

The found constant partitioning may surprise at first, but is also supported by the re-
sults of a Lagrangian study (Smith et al., 2022) in which a near constant contribution
of convection to the stratospheric moisture budget in 2xCO; and 4xCO4 experiments
was found. Their convective contribution of 21 % - 35 % ranges within the largest es-
timates known to the author and shows a large spread in results.

Apart from perturbations due to external forcing, seasonal variations could also alter
the moisture partitioning. Based on the exceptional robustness of the flux partition-
ing revealed even under the strong perturbation in the cold-point region as employed
in this study, there is reason to expect the stable partitioning to hold also under sea-
sonal variations with minor modulations due to e.g. monsoons or ENSO. Before it
has been hypothesized that the differences in estimates for the partitioning of mois-
ture fluxes into large-scale and small-scale processes originates from differences in
the seasons investigated (e.g. Dauhut and Hohenegger, 2022). The corresponding rea-
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soning was based on studies showing the seasonal variation of mass transported in
the solid phase into the TTL which shows maxima in Northern Hemispheric spring
and autumn and minima in Northern Hemispheric winter (e.g. Liu and Zipser, 2005),
potentially indicating a varying contribution of convection to the total moisture bud-
get. Inferring the share of convective events to the total moisture budget based on
the transported share of ice mass with respect to its yearly total is however not as
easy because the transported water vapor also varies with season in form of the tape
recorder signal (Mote et al., 1996).

Additionally not all observation-based studies support the notion of season-depen-
dent moisture flux partitioning. A season-independent partitioning is indicated by
observational studies for MLS and HALOE data (Liu et al., 2010, Fueglistaler et al.,
2013). Furthermore two modelling studies (Ueyama et al., 2015; Ueyama et al., 2018)
support the notion of constant partitioning. They found an almost preserved parti-
tioning of the moisture fluxes in the winter and summer season with 14 % resp. 15 %
convective contribution.

Knowledge of a constant partitioning has the potential to substantially simplify the
estimation of changes in the stratospheric moisture budget under various pertur-
bations since it can be only realised when both the non-frozen and frozen moisture
follow Clausius Clapeyron scaling. The moisture budget can thus be described as the
saturation specific humidity at the equivalent frost point temperature, e.g. the aver-
age of lowest temperatures within the TTL, plus an additional temperature offset AT
which describes the contribution of the frozen moisture content according to the con-
stant partitioning ratio. This A T can be determined by using e.g. the 12 % increase
specific humidity per Kelvin increase in equivalent frost point temperature found in
this work for temperatures between 190K and 200K. In the follow-up project (Sec-
tion 2.3) changes in the contributions of the small-scale processes leading to fluxes
of frozen hydrometers in the stratosphere will be discussed consecutively.

2.3 THE IMPACT OF VOLCANIC AEROSOL HEATING ON TURBULENT MIXING,
IN-CLOUD UPWELLING AND CONVECTION IN THE TROPICAL TROPOPAUSE
LAYER

Related research questions: Do the individual contributions to frozen moisture fluxes and
their relative importance change under volcanic aerosol forcing and if so why? Specifically:
What are the changes in convection, in-cloud upwelling, and turbulent mixing?

The second study (see Section 2.2) already showed that the flux of frozen hydrom-
eteors into the TTL increases in consequence of an aerosol perturbation (see Figure
7). As frozen hydrometeors can originate from various small-scale processes a more
detailed analysis on their origin and distribution is needed. The following section
gives an overview over the ongoing investigations.
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Figure 8: Upper panel: Two-months average of vertically integrated ice above the cold point
in Control. Lower panel: Difference between the two-months averages of integrated
ice above the cold point in Perturbed and Control (Perturbed-Control).

The location of the frozen hydrometeors offers some insight on their origin. Figure
8 shows the cloud ice integrated above the cold point in a two-months average for
Control and the difference between Perturbed and Control. The locations of cloud
ice above the cold point shows strong, but not exact, correspondence with observa-
tional based studies on deep convection in the Northern Hemisphere winter season
(e.g. Liu and Zipser, 2005, Kim et al., 2018). The Maritime Continent East Asia and
South America comformably show especially pronounced ice levels, whereas the
levels over Africa are not as prominent and shifted towards Madagascar. The dis-
agreement over Africa may result from my analysis using the cold-point height as
reference, since it offers a clear physical characteristic essential for the moisture flux,
whereas in observational based studies other references, such as a reference height
of 14km, are used. The occurrence of ice in the convective areas suggests a connec-
tion to convective events and subsequent processes such as in-cloud upwelling or
turbulent mixing at the cloud top. Additionally, convection induced gravity waves
(e.g. Prasad et al., 2019, Atlas and Bretherton, 2022) may be creating some cloud ice
in the areas around convective events. In Perturbed the ice fraction above the cold
point increases by 60 %. The main areas of increase are located in the regions where
ice was already present in Control. This suggests that the main driving processes
remain the same and are merely amplified.

Based on this finding, convection will be investigated first, because it seems to
dominate the large-scale ice distribution, whereas in-cloud upwelling and turbulent
mixing are secondary processes following convection. The analysis is based on esti-
mators for the convective height after Fueglistaler et al., 2009: the equivalent potential
temperature at the surface (0¢ sv.rf), the air parcel’s level of neutral buoyancy (LNB),
and entrainment during the convection itself.

The first estimator is O¢ sy rf. In Perturbed he mean 6 ¢y r¢ of 348.0K is only re-
duced by around 1K compared to Control ¢ syr¢ Of 348.8K in the region between
[-30,30]° N. This reduction in 0 s, ¢ is anticipated since the sulfate aerosol scatters
the incoming solar radiation, reducing the energy input into the earth system, even-

24



2.3 THE IMPACT OF VOLCANIC AEROSOL HEATING ON TURBULENT MIXING,
IN-CLOUD UPWELLING AND CONVECTION IN THE TROPICAL TROPOPAUSE LAYER

Table 2: Summary of the results of the LNB calculations for the 2 m s~ and 5 m s~! ver-

tical velocity thresholds. Total number of analyzed events, number of potential CP
tropopause overshoots, and percentage of potential CP tropopause overshoots for
Perturbed and Control selected over two months in perpetual January mode.

total events overshoots overshoot percentages

ams ! sms! 1 1 1 1

2ms 5ms 2ms s5ms

Control 643080 87961 4026 833 0.63 % 0.95 %
Perturbed 587739 71769 5555 862 0.95 % 1.2%

tually leading to a surface cooling, which in turn reduces the maximum convective
height. As this idealized study focuses on the effect of possible heating in the TTL,
the SSTs are kept constant so that only land temperatures can adapt. The reduction
in O¢,surr may be consequently amplified in a non-idealized setup. The setup also
leads to an increased land-sea contrast, potentially causing a spatial redistribution of
convection which is not representative of a volcanic or geoengineering scenario with
longer lasting forcing. However, the spatial distribution of above CP cloud ice shows
that areas over land still exhibit increases and not decreases in CP cloud ice.

The second estimator for the convective height is the buoyancy of air parcels. Poten-
tial changes in the LNB and its relative distance to the CP tropopause are estimated
for two months of data in the region between [-30,30]° N both for Control and Per-
turbed. In the algorithm, the convective cells are selected based on their vertical veloc-
ity at a height of 10km. Thereafter their extent is determined recursively, and then
their average temperature profile and that of their surroundings computed. These
two average temperature profiles are used to estimate the LNB. This calculation is
based on snapshots of ongoing convective events. For each height and air parcel the
density based current buoyancy is estimated. Beneath the LNB all air parcels have
to be buoyant. Since the future development is not considered, neither further latent
heat release during the continued updraft nor possible entrainment are calculated.
The selection of events at 10km in height restricts the analysis to convective events
with the immediate potential to reach the tropopause in the simulation’s time step
and minimizes biases due to latent heat release or entrainment which could lead
to an under- or overestimation of the LNB. The results for Control and Perturbed
are listed in Table 2 for two velocity thresholds. In Perturbed the frequency of high
velocity events decreases. The reduction amounts to -9 % for the 2 m s~ threshold
and -18 % for the 5 m s~'. The decreased percentage share at the 5 m s~ threshold
also might suggest a decrease in the vigorousness of events. Despite the decrease in
frequency of events, the absolute number of LNBs above the CP tropopause is higher
in Perturbed than in Control. The percentage share of CP overshoots approximately
increases by 0.3 % for velocity thresholds of 2 ms~! and 5 ms~'.

The LNB calculation was only based on a snapshot of current atmospheric condi-
tions. It did not include entrainment, which could reduce the height of convective
tops nor did it consider future latent heat release which could increase the LNB. A
solid estimation of changes in the third factor, entrainment, and an inclusion of the
latent heat release would require a budget analysis of changes in moist static energy
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(e.g. Zhang et al., 2016), which is beyond of the scope of this work. Consequently, as
an alternative, the resulting final balance of parameters impacting the potential con-
vective activity is determined by directly investigating the convective changes via
moisture distributions in moisture space and velocity dependent cumulative mass
transport. Both will be discussed below.

Figure 9 shows the specific total frozen and liquid condensate as a function of height
binned according to percentiles of column integrated water vapor. Higher percentiles
of water vapor are used as an indicator of very deep convective systems (e.g. Schulz
and Stevens, 2018). In Perturbed the specific frozen moisture content above the LR
(dashed black line) and CP tropopause (solid black line) is increased compared to
Control. The increase in the higher percentiles indicates that the amount of frozen
moisture transported by overshoots to the LR or CP tropopause is elevated in Per-
turbed. This is consistent with the increase in CP overshoots in the LNB calculations
meaning that, even if entrainment increased, the convection is still reaching the TTL.
As the increase in overshoot numbers amounts to circa 0.3 % at the CP tropopause,
it is likely that the amount of frozen moisture transported within the overshoots
also plays an important role. The higher absolute temperature in the perturbed TTL
could lead to a higher absolute condensing mass per degree decrease in Kelvin in
saturated environments. This mechanism is currently under investigation.
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Figure 9: Left hand side: Specific hydrometeor content binned according to percentiles of
integrated water vapor content in the area of [0,10]° N for two months of data. The
average LR and CP tropopause are denoted with a dashed and continuous black
line. Right hand side: Close-ups into the TTL for Control and Perturbed are shown.

In addition to the dominant convection processes discussed above, in-cloud up-
welling can also be a way to bridge the vertical distance between convective outflows
and the CP tropopause (Corti et al., 2006). The radiative heating within the clouds
will lead to an updraft in the clouds transporting them further upwards. In ICON this
process can be simulated as cloud ice is coupled to the radiation scheme. Disentan-
gling deep convection and in-cloud upwelling is challenging though, as both tend to
occur at the same locations with high convective activity and the three hourly output
frequency does not allow for a trajectory analysis (e.g. Lang et al., 2022). However,
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the distribution of the vertical moisture flux over the vertical velocities is an alterna-
tive way to get new insight into the relative importance of in-cloud upwelling and
overshooting, as well as their changes under perturbations. In-cloud upwelling will
only occur at velocities in the mm s~ region (approximately [-4,4] mm s~ ). In con-
trast to this, overshooting convection will occur over a much wider velocity range -
from mm s~ ! for ceasing convective events to the m s~ region for convection which
did not reach its LNB and/or did not deplete its entire kinetic energy yet.
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Figure 10: Analysis of CP moisture fluxes in the region between [-30,30]° N (= investigated
area, IA). Upper panels: total moisture flux (left) and percentage of total absolute
moisture flux (right) for cloud ice, graupel and snow binned according to vertical
velocities (left) and absolute vertical velocity (right). For better visualization the
data was smoothed with a 1D Gaussian Filter.

Lower panels: Total cumulative moisture flux for cloud ice, graupel and snow
binned according to vertical velocities. The left panel shows the unnormalized
flux values. The right panel shows the cumulative flux normalized to the total
cumulative flux for each hydrometeor both for Control and Perturbed.

The upper panels in Figure 10 show the total vertical moisture flux at the cold point
for cloud ice, graupel and snow binned according to the vertical velocity between [-
30,30]° N. In Perturbed all moisture fluxes show in general the same behaviour as in
Control and are merely amplified. Cloud ice is the only hydrometeor, next to water
vapor, directly interacting with radiation and therefore capable of inducing in-cloud
upwelling. At low absolute velocities cloud ice is the dominating flux and it seems
to oscillate upwards and downwards. In order to estimate the net effect of the small
velocities, the moisture flux is binned according to absolute velocity and normalized
with respect to the total flux of cloud ice, graupel or snow (upper panel, right graph).
Graupel is the only hydrometeor with positive fluxes near the om s~ absolute ver-
tical velocity, indicating its prevalence in convective cores. In contrast, the contribu-
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tion of the [-1,1]cm s~ velocity bins of cloud ice to the total moisture flux is -0.7 %
in Control and -0.4 % in Perturbed. The flux becomes only positive at velocities of
30cm s~ !, which is outside the realm of in-cloud upwelling. Consequently, although
in-cloud upwelling is causing part of the steep slope around zero vertical velocity,
it and the ceasing convection is mostly counterbalancing the sedimenting cloud ice
at negative velocities of the same magnitude. The analysis therefore suggests that
in-cloud upwelling is very important to counterbalance part of the sedimentation in
subsidence regions but can not establish a positive total flux.

The lower panels in Figure 10 show the corresponding cumulative total vertical mois-
ture flux binned according to the vertical velocity between [-30,30]° N. The left panel,
with the absolute fluxes, demonstrates that some frozen moisture in the form of grau-
pel and ice is transported downwards in subsidence regions with negative vertical
velocity. This negative moisture flux is only counterbalanced by upward transport of
velocities between om s~! and 1m s~'. For Perturbed all cumulative fluxes in the
individual categories are around three times larger than in Control. To compare the
distribution of the moisture fluxes on the different velocities the right hand panel
shows the cumulative fluxes for the hydrometeors normalized, each with respect to
the their individual total cumulative flux. This comparison demonstrates that the dis-
tribution of moisture fluxes on different velocities is relatively constant for graupel
and cloud ice considering the strong perturbation the TTL is undergoing. Some dif-
ferences are visible though: The subsiding regions are less pronounced in Perturbed
and the compensation of the downward flux occurs at lower positive velocities cor-
respondingly. This is in accordance with increases in the vertical wind fields in the
TTL and lower stratosphere found in these simulations and also reported elsewhere
(e.g. Garcia et al., 2011, Diallo et al., 2017, Garfinkel et al., 2017). For snow changes
are more pronounced. The Perturbed simulation exhibits a stronger snow sedimen-
tation flux than the Control. This difference between cloud ice and graupel as well
as snow is most likely attributable to the sensitivity of snow sedimentation velocities
to temperature (Doms and Forstner, 2021).

Turbulent mixing is the last contributor to the cross CP moisture flux. It takes place
in areas with steep moisture gradients if triggered by atmospheric instabilities or
wind shear. Table 3 lists the average and median of water vapor and ice gradients at
the CP tropopause3. In Perturbed the moisture gradients are steeper than in Control.
The increases are especially pronounced for cloud ice. These steeper moisture gra-
dients in Perturbed can be explained by the increased number of and/or total mass
transported by, deep convective events in Perturbed. As convective influence ceases
in the TTL, the corresponding gradients will on average be negative, going from
regions of high frozen moisture content at lower altitudes to lower frozen moisture
content at higher altitudes. The reduced gradients for water vapor are linked to the
more homogeneous water vapor fields.

The increased moisture gradients in Perturbed should translate to an increase in
turbulent mixing at the CP tropopause if the atmospheric background conditions
are favourable with high wind shear or low atmospheric stability. Figure 11 shows
the advective and sedimentation fluxes as well as the turbulent mixing fluxes at the
CP tropopause. Two main observations can be made: First, the turbulent mixing is

Turbulent mixing is only applied to cloud water, cloud ice and water vapor in ICON, only the latter
two are relevant in the TTL.
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Table 3: Specific moisture gradients for water vapor and ice at the CP tropopause. Negative
values denote decreasing moisture with height, positive values increasing moisture
with height. All values are given in ppmm km~'. Abbreviations: |t = mean, % =
median.

Control Perturbed

v X v X

water vapor gradient -0.007 -0.004 -0.326 -0.307

cloud ice gradient  -0.316 -0.001 -1.041 -0.005

stronger for cloud ice than for water vapor even though individual cloud crystals are
heavier. This observation fits nicely to the stronger moisture gradients in the more
inhomogeneous cloud ice field, triggering a stronger increase in turbulent mixing
for cloud ice. Second, the influence of turbulent mixing is negligible compared to
the advection and sedimentation terms. Also this finding is in accordance with ex-
pectations. The diffusivities in the TTL decline rapidly (Podglajen et al., 2017). The
increasing scarcity of cloud ice with height will also reduce turbulent mixing.

cold-point tropopause

o
=]
(=]
[

mm Control
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Figure 11: Moisture fluxes by combined advection and sedimentation (adv+sed) and turbu-
lent mixing (vdf) through the cold-point tropopause due to water vapor and cloud
ice between [-30,30]° N in a two month average. Control is shown in blue, the cor-
responding fluxes for Perturbed in red.

In summary, the explanation for the constant partitioning offered in the second
study is supported by the in detail analysis of processes contributing to the frozen
moisture flux. Convection is the driving mechanism to transport moisture in the
TTL. A decreased distance between LNBs and downward shifted CP tropopause,
and possibly a temperature caused increase in frozen moisture transported within
the convective cores, dominate over a decrease in 0. s+ in determining the final
convective contribution to the stratospheric moisture budget. In-cloud upwelling and
turbulent mixing slightly increase in Perturbed but have negligible importance at the
CP tropopause. The relative importance of the different pathways is conserved in
Perturbed to first order, although a slight decrease in subsidence can be denoted.
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CONCLUSION AND OUTLOOK

3.1 ANSWERS TO RESEARCH QUESTIONS

The key findings to the governing questions of this work outlined in Section 1.4 are
summarized below. The first set of answers addresses the large-scale slowly ascend-
ing water vapor and its changes after volcanic perturbations which were investigated
with coarse resolution ensemble simulations:

1. What is the critical magnitude for a volcanic eruption to have a significant impact on
the stratospheric water vapor content by dominating over internal variability?
SWV and CP temperatures of single ensemble members up to an eruption
magnitude of 10 Tg S are within the 2 o range of the control. Starting from 10 Tg
S scenario a detection of the volcanic signal longer than a couple of weeks post-
eruption should be easier in observational records, even without additional
analysis.

2. By how much does stratospheric water vapor increase for different eruption magnitudes
if directly quantified, i.e. not from the residuum?
A direct quantification of increases in the SWV content for tropical eruption
magnitudes ranging between 2.5 Tg S to 40 Tg S reveals that, depending on the
eruption volume, SWV increases between o.1 ppmv to 5 ppmv can occur. This
is comparable to SWV variations due to the influence of the QBO and tropical
SWYV background levels in NH summer time.

3. Which parameters are critical for determining the SWV increase?
In order to estimate the SWV originating from the indirect pathway for a given
eruption, knowledge of the AOD or eruption volume, time, and location does
not suffice, since the aerosol altitude and profile shape also play a critical role.

4. What is the contribution of the SWV forcing to the overall radiation budget?

The tropical stratospherically adjusted forcing due to the additional water va-
por counterbalances a maximum of 4 % of the of total aerosol forcing in our ex-
periment setup one year after the eruption. For the 20 Tg S and 40 Tg S scenarios
the TOA radiative imbalance even turns positive within the third year after the
eruption. The additional SWV forcing may contribute to this positive imbalance.
The forcing due to the additional stratospheric water vapor reaches its peak
forcing after the volcanic aerosol forcing because the increases in stratospheric
moisture are a delayed consequence of the temperature increases caused by
volcanic aerosol heating. Since the stratospheric water vapor accumulates over
time, and is only slowly transported to the poles, it will also persist after the
volcanic aerosol is no longer present in the stratosphere.
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5. Can cold-point temperature warming and SWV forcing be estimated based on eruption
magnitude or AOD? Is there an easy approximation for SWV increases?
For an accurate prediction the location of the aerosol layer with respect to the
tropopause is an additional necessary parameter. For tropical eruptions, with
aerosol profiles at similar distance to the tropopause as those described in this
work, a power function relationship of the form aAOD® + ¢ between yearly av-
eraged tropical cold-point warming and adjusted SWV forcing on IR-AOD can
be deduced. Based on the water vapor at the cold point in an unperturbed case,
a 12% SWYV increase per K increase in cold-point temperature is a good first
estimate for eruption strengths up to 40Tg S. This approximation closely fol-
lows the Clausius Clapeyron equation for the saturation water vapor pressure
above ice in the cold-point temperature range.

The second set of answers addresses the importance of small-scale processes for
moisture transport into the stratosphere and how they are affected by perturbations:

1. Does the overall dependence of stratospheric water vapor on tropical cold-point temper-

ature change in convection-resolving simulations compared to simulations relying on
convective parametrizations?
The water vapor at the cold point is a function of the mean cold-point temper-
atures in the coarse resolution simulations (MPI-GE historical simulations and
EVAens). In the convection-resolving simulations (CaVE) the specific humidity
is set by the lowest cold-point temperatures which can be approximated by
the 10" percentile of inner tropical cold-point temperatures. The convection-
resolving simulations are thus in better agreement with observations. The dif-
ferent equivalent frost point temperature arise due to increased variability in
the calculated cold-point temperatures originating from a better representation
of convective overshoots, higher spatial resolution, and better resolved cirrus
cloud fields.

2. What is the relative importance of water vapor versus frozen hydrometeors for the TTL
moisture fluxes?
In the global convection-resolving simulations the water vapor flux amounts to
around 8o % of the moisture entering the stratosphere, while frozen hydromete-
ors contribute 20 %. These values lie within the range reported in the literature
for trajectory studies.

3. How do the respective moisture fluxes and their relative partitioning change under ex-
ternal forcing such as volcanic aerosol heating?
Both the upward fluxes of water vapor and frozen hydrometeors into the trop-
ical stratosphere exhibit increases due to the heating in the TTL. The parti-
tioning of the fluxes into the frozen and non-frozen moisture states however
remains constant, indicating a Clausius Clapeyron scaling both for the vapor
and frozen moisture fluxes.

4. Do the individual contributions to frozen moisture fluxes and their relative importance
change under volcanic aerosol forcing and if so why?
Considering the strong perturbation in the TTL, the relative importance of over-
shooting convection, in-cloud upwelling and turbulent mixing is relatively well
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conserved. Overshooting convection transports most of the moisture, followed
by in-cloud upwelling and turbulent mixing. The importance of in-cloud up-
welling is slightly enhanced and the importance of subsidence slightly extenu-
ated in the perturbed scenario. Additionally, the increase in TTL temperatures
favours sedimentation of snow in the low velocity range.

a) What are the changes in overshooting convection?

Different factors controlling the amount of overshooting convection are im-
pacted in Perturbed: The equivalent potential temperature at the surface,
Oe,surf, is reduced compared to the reference simulation and the stabil-
ity in the tropopause region is increased. However, the number of levels
of neutral buoyancy above the cold-point tropopause increases slightly,
exhibiting a constant or slightly increased potential for CP overshooting
events. The distribution of frozen hydrometeors in moisture space con-
firms that the increased frozen moisture flux is located in the areas of
deep convection. An investigation of the distribution of the moisture flux
binned according vertical velocities at the cold point backs up this find-
ing. This demonstrates that the convection still influences the setting of
the tropopause height and with it its moisture budget. Higher tempera-
tures in the TTL might lead to a larger amount of frozen moisture created
per Kelvin decrease in temperature, potentially leading convective events
injecting more frozen mass per convective overshoot.

b) What are the changes in in-cloud upwelling?

Although the dominant fraction of mass is transported in the low veloc-
ity range an investigation of the mass flux distribution on vertical veloci-
ties demonstrates in-cloud upwelling can not compensate the sedimenting
cloud ice. The net mass transport in the velocity range for in-cloud up-
wellng of [-4,4] mm s~ is negative. In the perturbed simulation in-cloud
upwelling is enhanced whereas subsidence is reduced. In-cloud upwelling
increases in relative importance compared to Control.

c) What are the changes in turbulent mixing?
The reduced distance between the convective top height and TTL creates
steeper humidity gradients in the TTL, which leads to more turbulent
mixing into the TTL. As turbulent mixing depends on steep moisture
gradients, its contribution decreases from the lapse rate to the cold-point
tropopause, where it is of negligible importance.

3.2 FINDINGS IN SCIENTIFIC CONTEXT AND OUTLOOK

This work investigated moisture pathways into the TTL and stratosphere along  First study

with their potential changes after volcanic eruptions. Both large-scale slowly ascend-  investigating all

ing water vapor and small-scale processes of overshooting convection, in-cloud up- Z;Otz:r”t‘;i i’f:;i’:y;eiz
welling, and turbulent mixing were considered. This goes beyond the scope of pre- unperturbed P
vious studies which focused solely on the effect of volcanic aerosol heating on the  ouditions and their
large-scale slowly ascending water vapor (e.g. Angell, 1997, Considine et al., 2001, changes due to volcanic
Joshi and Shine, 2003, Dessler et al., 2014, Loffler et al., 2016, Tao et al., 2019). This  aerosol perturbations.

work shows that volcanic eruptions lead to an amplification of all stratospheric mois-
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ture fluxes originating from the troposphere while the partitioning between frozen
and non-frozen moisture sources remains constant. The reasons for the increase are
summarized in the overview Fig. 12, which shows the considered moisture pathways
and how they are affected by (sulfate aerosol) heating in the TTL.
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Figure 12: Overview of the different pathways for moisture to enter the TTL and lower
stratosphere: slowly ascending water vapor, overshooting convection, in-cloud up-
welling and turbulent mixing. The effects of the volcanic aerosol on each process
are outlined with green writing. The overall effect is denoted with a plus resp. mi-
nus. Typical tropical temperature profiles as a function of height are shown on the
right for Control (black) and Perturbed (green). The height of the CP tropopause
is indicated with dashed horizontal lines.

Observational data showing the volcanic impact on SWV is extremely scarce. Con-
sequently, it was difficult to estimate which critical eruption magnitude first has a
significant impact on SWV content, what the radiative consequences of the SWV in-
creases are, and if there is a way to predict these effects. With my work I alleviate
uncertainties caused by the current scarcity of observational data by analyzing an
ensemble of realizations for various eruption magnitudes with varying background
conditions at the eruption time. My first study, which focuses on the large-scale
slowly ascending water vapor, offers a general model-based analysis on the changes
in stratospheric water vapor after tropical volcanic eruptions of different magnitudes.
The chosen approach of large ensemble simulations offers two main advantages over
preexisting case studies.

First, realisations with coincidentally strong background conditions, which domi-
nate the stratospheric water vapor or counteract the effect of the volcanic forcing are
equalized by other ensemble realisations. With the ensemble approach, a clear SWV
signal for an eruption with an aerosol amount corresponding to the Mt. Pinatubo
eruption could be found. Additionally, the spread in different initial background
conditions allowed me to identify the first eruption magnitude creating an SWV sig-
nal which is easily detectable above background variability.

The second advantage of my model approach is that it offers the possibility to
deduce and verify methods to estimate the impact of volcanic aerosol heating on pa-
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rameters controlling the SWV entry and the corresponding forcing consequences. I
have established a simple framework to estimate the changes in cold-point tempera-
ture, SWV levels, and SWYV forcing for tropical eruptions between 2.5 Tg S and 40Tg
S with aerosol profile located at similar proximity to the tropopause as in my simu-
lations. The resulting tool set, unlike other studies of individual past events, allows
one to quickly perform a first situation assessment for future eruptions.

My analysis shows that the tropical SWV forcing originating from the indirect path-
way is of secondary importance compared with the aerosol forcing. Despite this I
postulate that the changes in forcing due to SWV changes should be further investi-
gated for three main reasons. First, as my analysis focuses solely on the indirect SWV
entry while neglecting the direct SWV injection, it is a low estimate of the forcing.
Second, the SWV forcing is higher in the polar region (e.g. Forster and Shine, 2002).
The effect of the stronger forcing is amplified by the delayed transport of SWV to the
polar regions in a time frame in which the influence of volcanic aerosol is already
ceasing. This is also evident in my simulations, where the larger eruptions showed
a positive TOA radiative imbalance in the third eruption year. Third, apart from
the direct forcing effect, the additional water vapor will also impact stratospheric
aerosol formation (i.e. LeGrande et al., 2016) and ozone chemistry (i.e. Tian et al,,
2009, Rosenlof, 2018), indirectly modifying the forcing. This is especially important
in the case of directly injected water vapor as it has an immediate effect on the aerosol
formation process. For example, the handling of OH chemistry was identified to be
responsible for some of the inter-model deviations in the VoIMIP project (Clyne et al.,
2021).

I showed that the height of the aerosol profile with respect to the tropopause is crit-
ical for a realistic representation of the SWV increases after volcanic eruptions. This
finding is also relevant for model intercomparison projects. The conventional ap-
proach to integrate the optical properties of volcanic aerosol in models is to import
files with the aerosol characteristics set to a fixed height or pressure coordinates and
not relative to the tropopause height. However, since the tropopause height varies
within CMIP5 and CMIP6 models by up to 23 hPa (Wu and Reichler, 2020, Kim et al.,
2013), this procedure can substantially alter results as the aerosol is introduced in
physically different atmospheric regions. Based on my work, I therefore suggest to
report the actual distance of peak extinction from the CP tropopause in order to im-
prove comparability between models and yield a more realistic representation of the
SWYV changes caused by the volcanic eruption. Additionally, I propose to consider
the short aerosol lifetime of days to weeks in the troposphere in EVAens. Currently,
the EVAens aerosol layer extends far into the troposphere, leading to unphysical heat-
ing.

In my second project, I presented the first sensitivity study of TTL moisture fluxes
to external forcing in a global convection-resolving model. The resolution of 10 km
may be categorized by some high-resolution modelers as lying in the so-called "grey
zone". For my specific research question however it is adequate because it represents
deep convection realistically in ICON (Hohenegger et al., 2020). The paradigm to pre-
fer parameterizations over resolved convection at resolutions coarser than 5km has
been shown not to be justified, as convection-resolving simulations perform equally
or better at resolutions as coarse as 25 km (Vergara-Temprado et al., 2020). Increased
resolution can still be employed after gaining first understanding, if needed.
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3.2 FINDINGS IN SCIENTIFIC CONTEXT AND OUTLOOK

I showed that both the control and the perturbed simulation exhibit a 80:20 partition-

ing of non-frozen and frozen moisture fluxes into the stratosphere. In perturbed the
fluxes are only increased in absolute magnitude. While the percentage share might
be model specific and requires further observational constraint, the constant parti-
tioning can also be found in observational studies for different seasons (Liu et al.,
2010, Fueglistaler et al.,, 2013) and a trajectory study for climate change scenarios
(Smith et al., 2022), which increases the confidence in the result.

The constant partitioning found in my study is relevant for two reasons. First, as
detailed in Section 2.2, the constant partitioning allows for a description of both the
frozen and non-frozen moisture flux depending on the large scale temperature field.
The non-frozen flux is given by the Clausius Clapeyron scaling based on the equiv-
alent frost point temperature of the inner tropical TTL, whereas the frozen moisture
flux is described by an additional AT offset determined by the 8o:20 partitioning
ratio and the slope of the Clausius Clapeyron curve. As the contribution of frozen
moisture fluxes is considerably uncertain in the stratospheric moisture budget and
challenging to determine accurately, this flux calculation substantially simplifies es-
timating potential changes in stratospheric moisture. In addition, my finding may
be used to improve upon the parametrization of convective overshoots in general
circulation models - if the parametrizations are able to capture the cold-point tem-
peratures and their changes correctly. This constraint has to be investigated for every
model individually as the spread in the current generation of CMIP6 models can be
as large as 10K (Garfinkel et al., 2021).

Second, the constant partitioning found here does not seem to be exclusive to vol-
canic aerosol heating perturbations. It is also consistent with a season independent
partitioning in observational based studies (Liu et al., 2010, Fueglistaler et al., 2013)
which quantified the frozen moisture contribution from the residuum in their analy-
sis, and a coarse resolution climate change study (Smith et al., 2022), which relied on
trajectory tracking while explicitly considering the ice content of their air parcels. My
convection-resolving simulations and direct quantification increase the confidence
that the constant partitioning is not a product of parametrization biases or method-
ological approach.

In the final part of my work (see Section 2.3) I am currently investigating the individ-
ual pathways for frozen moisture to enter the stratosphere with a special focus on the
role of convection. My study showed that convection indeed plays the dominant role
in transporting frozen moisture into the stratosphere - also after volcanic perturba-
tions which increase the atmospheric stability in the TTL considerably. This finding
challenges the common perception of the TTL after volcanic eruptions or geoengi-
neering efforts. In the volcano and geoengineering community, a reduction of cloud
cover (Kuebbeler et al., 2012, Visioni et al., 2018, Saint-Lu et al., 2022) and an increase
in atmospheric stability have previously led to the assumption that the frozen mois-
ture flux into the stratosphere is reduced as well. This common assertion is tied to
the notion of a TTL which is fixed in height. On the contrary, however, the TTL is
formed by the interplay of radiative, dynamical and convective processes and should
be never considered as independent of convective influence (Kuang and Bretherton,
2004, Hu et al., 2021). However, under any perturbation, such as radiative heating,
a new tropopause height, influenced by convective cooling counterbalancing part of
the additional radiative heating, will be set. I could demonstrate that the distance
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between LNB and CP tropopause slightly decreases in volcanically perturbed simu-
lations. This suggests an increased or at least constant frequency of CP overshoots.
Additionally favouring the frozen moisture transport could be the higher tempera-
tures in the TTL which lead to a larger amount of frozen moisture generation per
Kelvin decrease in temperature. This would increase the amount of frozen moisture
per CP overshoot. A final analysis of the corresponding temperature and heating
rates is currently ongoing.

The role of turbulent mixing for the stratospheric moisture budget is debated (e.g.
Konopka et al., 2007, Podglajen et al., 2017, Bardeen et al., 2013, Pithan, 2014). In my
simulations, these processes do not play a major role for the stratospheric moisture
budget. However, during the model setup and analysis, I found a huge dependency
of the turbulent mixing fluxes on the tuning parameters of the model. This problem
is not exclusive to the TTE scheme in ICON. In the literature, there is considerable
disagreement on the importance of turbulent mixing, spanning everywhere between
less important than the mean tropical upwelling (Podglajen et al., 2017) to being the
main transport mechanism from the convective outskirts to the lower branch of the
BDC (Konopka et al., 2007). This is especially problematic as turbulent mixing in the
TTL is not well constrained by observations (Wilson, 2004). As is, my unperturbed
simulations capture the water vapor and cloud ice distribution as found in ERA5.1
reanalysis data, which increases the confidence in my results. However, considering
the disagreement between individual studies, additional measurements of diffusiv-
ities would enhance our understanding of the importance of turbulent mixing and
would help to optimize the description in models.

My thesis focused on the indirect pathway for moisture to enter the stratosphere
after volcanic eruptions. As detailed in the introduction, water vapor may also be
directly injected into the stratosphere from within the volcanic plume. To estimate
the relative importance of both processes, I will compare the SWV increase due to
Hunga Tonga, the strongest direct injection event recorded so far, with the SWV
originating from the indirect pathway for a volcanic eruption causing an equivalent
frost point temperature warming for the inner tropical CP region of 1 K. This 1K
warming would be smaller than the cold-point warming corresponding to the 10Tg
S eruption scenario (Kroll et al., 2021, Figure 16). Around goo Tg of water vapor
enters the stratosphere yearly from below (Sioris et al., 2016a). An increase of the
equivalent frost point temperature of 1K and a 12 % per Kelvin increase in specific
humidity (Kroll et al., 2021) would yield around 1008 Tg of water vapor. Taking into
account that the partitioning between water vapor and frozen moisture is 80:20, this
will result in a total moisture flux increase of 135Tg, in the first year alone. This
amount of water vapor injected indirectly is comparable to the Hunga Tonga values
of 50 Tg (Vomel et al., 2022) to 146 Tg of water vapor (Millan et al., 2022). However,
unlike the direct injection, the indirect pathway will be open for around 2.5 years and
most direct injections are much weaker than the Hunga Tonga. I would therefore es-
timate the indirect injection to be more important than the direct one - if the volcano
is not undersea, the aerosol reaches the stratosphere, and the cold point warming
reaches values of and over 1 K.
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3.3 FINAL REMARKS

In this work the sensitivity of moisture fluxes in the TTL to (volcanic aerosol) heat-
ing was investigated. All indirect pathways from large-scale slowly ascending water
vapor to small-scale processes of overshooting convection, in-cloud upwelling, and
turbulent mixing were investigated, finding an increase in the overall moisture trans-
port. The study also showed once again that perturbing the earth system is a reliable
method to gain insight into governing processes, which may promote our general
understanding of the climate system.
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THE IMPACT OF VOLCANIC ERUPTIONS OF DIFFERENT
MAGNITUDE ON STRATOSPHERIC WATER VAPOR IN THE
TROPICS

The work in this appendix has been published as:

Kroll, C. A., Dacie, S., Azoulay, A., Schmidt, H., and Timmreck, C.: The impact of
volcanic eruptions of different magnitude on stratospheric water vapor in the trop-
ics, Atmos. Chem. Phys., 21, 6565-6591, https://doi.org/10.5194/acp-21-6565-2021,
2021.
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ABSTRACT

Increasing the temperature of the tropical cold point region through heating by vol-
canic aerosol results in increases in the entry value of stratospheric water vapour
(SWV) and subsequent changes in the atmospheric energy budget. We analyze trop-
ical volcanic eruptions of different strengths with sulfur (S) injections ranging from
2.5 Tg S up to 40 Tg S using EVAens, the 100-member ensemble of the Max Planck In-
stitute - Earth System Model in its low resolution configuration (MPI-ESM-LR) with
artificial volcanic forcing generated by the Easy Volcanic Aerosol (EVA) tool. Signifi-
cant increases in SWV are found for the mean over all ensemble members from 2.5
Tg S onward ranging between [5,160] %. However, for single ensemble members the
standard deviation between the control run members (o Tg S) is larger than SWV
increase of single ensemble members for the eruption strengths up to 20 Tg S. A his-
torical simulation using observation based forcing files of the Mt. Pinatubo eruption,
which was estimated to have emitted (7.5 +2.5) Tg S, returns SWV increases slightly
higher than the 10 Tg S EVAens simulations due to differences in the aerosol pro-
file shape. An additional amplification of the tape recorder signal is also apparent,
which is not present in the 10 Tg S run. These differences underline that it is not only
the eruption volume, but also the aerosol layer shape and location with respect to
the cold point that have to be considered for post-eruption SWV increases. The addi-
tional tropical clear sky SWV forcing for the different eruption strengths amounts to
[0.02, 0.65] W m~2, ranging between [2.5, 4] percent of the aerosol radiative forcing
in the 10 Tg S scenario. The monthly cold point temperature increases leading to the
SWYV increase are not linear with respect to AOD nor is the corresponding SWV forc-
ing, among others, due to hysteresis effects, seasonal dependencies, aerosol profile
heights, and feedbacks. However, knowledge of the cold point temperature increase
allows for an estimation of SWV increases of 12 % per Kelvin increase in mean cold
point temperature. For yearly averages power functions are fitted to the cold point
warming and SWV forcing with increasing AOD.

A.1 INTRODUCTION

It has been established that the entry of water vapour into the stratosphere is largely
controlled by the temperature of the tropical tropopause (e.g, Brewer, 1949; Mote
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et al., 1996; Fueglistaler et al., 2009; Dessler et al., 2014). Following up on the discus-
sion of the long term increasing trend in stratospheric water vapor (SWV) observed
during the 1980s and 1990s it was proposed that volcanic eruptions could be influ-
encing the SWV budget (e.g, Rosenlof et al., 2001; Joshi and Shine, 2003). Mainly
two processes are considered: the direct volcanic injection from the volcanic plume,
and an indirect volcanic mechanism due to an increase of the tropopause tempera-
ture, referred to hereafter as the indirect volcanic pathway. The increased SWV levels
may remain in the stratosphere for more than 5 years (Hall and Waugh, 1997), even
though the volcanic aerosol sediments out of the stratosphere within 1 - 3 years
(Robock, 2000). However, the magnitude of the SWV increase and the contribution
from the different entry mechanisms are still unclear.

80 % of the eruption material is water vapour (Coffey, 1996), which could be di-
rectly injected into the stratosphere during an eruption event. But although the SWV
originating form the direct injection can be detected shortly after the eruption event,
it is a singular event. The corresponding elevated SWV levels are spread in the strato-
sphere and are not distinguishable from the background SWV anymore. Satellite ev-
idence for the direct injection events exist. It is discussed briefly by Schwartz et al.
(Schwartz et al. (2013)) and in depth by Sioris et al. (Sioris et al. (2016a), Sioris et al.
(2016b)). Based on a model study Joshi and Jones, 2009, hypothesized that the envi-
ronment surrounding the plume can also have a significant impact on the amount of
SWYV injected directly.

This study will focus on the indirect volcanic entry mechanism. In contrast to the
direct entry, it can act for months or even years after volcanic eruptions since it de-
pends on the heating caused by the aerosol layer in the stratosphere and not on
the eruption event itself. This indirect volcanic entry is caused by the terrestrial long
wave and near IR solar heating by the volcanic aerosol layer which leads to increased
cold point temperatures. Consequently, the saturation water vapour pressure at the
cold point is increased, thereby reducing the loss of WV due to ice formation and
fallout. This mechanism enhances the entry of WV into the stratosphere.

In an early, idealized study, Joshi and Shine (2003), underlined the importance of
the aerosol profile and corresponding heating in the tropopause region. Despite the
mechanisms being known, its analysis is still complicated as internal variability and
scarcity of observations has made it difficult to observe it in practice. Additionally,
even if SWV increases are recorded, the data usage might be discouraged, as was the
case for Mt. Pinatubo by SAGE II because discrepancies between different satellites
could not be satisfactory explained (Fueglistaler et al., 2013).

The scarcity of observational data is also reflected in the quality of the available re-
analysis products for SWV, the usage of which in general is discouraged in some
papers (e.g, Davis et al., 2017) and which sometimes do not implicitly account for
the volcanic forcing at all (Diallo et al. (2017), Tao et al. (2019)). The latter problem
was also indicated by Loffler et al. (2016) when discussing SWYV increases simulated
for the eruption of Mt. Pinatubo. Nevertheless, by performing a regression analy-
sis using a trajectory model fed by reanalysis data, Dessler et al. (2014) identified
a SWV peak partially overlapping with the aerosol optical depth (AOD) signal of
Mt. Pinatubo. As the SWV increase occurred before the eruption and AOD increase,
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the question remained if the peak in the residual might instead be caused by an-
other source of variability. Another possible issue in their analysis is that some of the
effects modeled by the regressors are themselves influenced by volcanic eruptions,
which may lead to the volcanic signal being attributed to a different source. An ex-
ample are the increases of the Brewer Dobson circulation (BDC), which, in the case
of a volcanic eruption, can be partially caused by the heating due to the aerosol layer.
Tao et al. (2019) also undertook an indirect quantification of the SWV increase after
volcanic eruptions via another regression analysis, explicitly accounting for volcanic
source terms. They found a clear volcanic signal in the expected time frame, but the
magnitude of the SWV increase differed strongly between the individual reanalysis
data sources.

After entering the stratosphere, the additional SWV affects both stratospheric
chemistry with respect to ozone loss (Robrecht et al. (2019), Rosenlof (2018), Tian
et al. (2009)) and SO, oxidation (Bekki (1995), LeGrande et al. (2016)), as well as the
radiative budget of the entire atmosphere (Solomon et al., 2010). Despite the forc-
ing originating from the additional SWV often being mentioned as a motivation for
studies, few studies exist on the forcing effect of the SWV increase after volcanic
eruptions. Independent of volcanic eruptions, Forster and Shine (2002) analysed the
forcing impact of SWV changes in an artificial SWV profile. In a study focusing on
the Mt. Pinatubo eruption, Joshi and Shine (2003) calculated the additional global
forcing originating from the post eruption SWV increase. As this was a side study
of their paper, they did not investigate the temporal evolution nor the impact of dif-
ferent eruption strengths. In a study on the direct injection, Joshi and Jones (2009)
quantified the long wave component of the SWV forcing indirectly, but their setup
did not allow for a quantification of the additional contribution of the indirect vol-
canic pathway. Most recently Krishnamohan et al. (2019) attributed changes in their
TOA imbalances for different geoengineering scenarios to a large influence of SWV.
However, they did not separate the contributions of aerosol forcing and SWV.

So far, the questions remain open what the critical magnitude is for an eruption
to have a significant impact on SWV content, what the radiative consequences of the
SWYV increase are, and if these effects can be predicted based on eruption magnitude
or AOD. In this study we therefore investigate the changes in stratospheric water
vapour originating from the indirect volcanic pathway using a large ensemble of
coupled climate model simulations with 100 ensemble members each for five erup-
tion strengths described by changing amount of stratospheric sulfur and a control
run, called the EVAens (Azoulay et al., 2020). The idealized setup using forcing files
generated with the Easy Volcanic Aerosol tool (EVA) offers the unique opportunity
of a direct comparison between the different eruption strengths, since the date and
location of the eruptions are identical and all ensembles have the same set of starting
conditions. By comparing with the control run a direct quantification of the SWV
increase is possible. The large ensemble size allows us to perform an analysis of
the sensitivity of the increase in stratospheric water vapour to the eruption strength
along with its statistical significance. The critical eruption strengths that cause strato-
spheric water vapour perturbations beyond the internal variability of the model are
identified when analyzing the individual ensemble members.
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A.2 METHODS
A.2.1 The EVAens ensemble and the GE historical simulations

This study is based on large ensemble simulations covering the time frame of January
1991 to December 1993 using two different volcanic forcing data sets: the EVAens
(Azoulay et al., 2020) and a subset of the Max Planck Institute Grand Ensemble
(MPI-GE) historical simulations (Maher et al., 2019).

Both ensemble simulations are performed with the Max Planck Institute - Earth Sys-
tem Model in its low resolution configuration (MPI-ESM-LR) (version, MPI-ESM
1.1.00p2). We apply an intermediate model version between the CMIP5 version (Gior-
getta et al., 2013) and the CMIP6 version (Mauritsen et al. (2019)) of the MPI-ESM,
with a behaviour closer to the CMIP6 version. The MPI-ESM itself is a coupled model
including the atmosphere component ECHAM (version echam-6.3.01p3, Stevens et
al. (2013)), the land component [SBACH (version jsbach-3.00, Reick et al. (2013), Sch-
neck et al. (2013)), the ocean component MPIOM (version mpiom-1.6.1p1, Marsland
et al. (2003), Jungclaus et al. (2013)), and the biogeochemistry component HAMOCC
(HAMOCCs.2, Ilyina et al. (2013)).

In the model setup the atmosphere is run in a T63L47 configuration corresponding
to a horizontal resolution of about 1.9 ° with 47 pressure levels up to 0.01 hPa. The
influence of the sponge layer in the uppermost model layer reaches down to a height
of 65 km with continuously decreasing impact. As the MPI-ESM-LR does not in-
clude interactive atmospheric chemistry or aerosol, the volcanic aerosol is prescribed
by the monthly zonal mean values of their optical properties - the extinction, single
scattering albedo, and asymmetry factor - in 16 long wave and 14 short wave bands.
During the simulation these monthly aerosol properties are interpolated linearly in
time.

In the MPI-GE historical simulations the optical properties of the volcanic aerosol are
prescribed with an updated version of the PADS data set (Stenchikov et al. (1998),
Driscoll et al. (2012), Schmidt et al. (2013)). The Mt. Pinatubo eruption in June 1991
lies in the investigated time frame.

In the EVAens the setup of the MPI-GE historical simulations was kept, changing
only the stratospheric aerosol representation. The respective forcing files were gen-
erated using the Easy Volcanic Aerosol (EVA) forcing generator (Toohey et al., 2016).
Six 100 member ensembles were created: A control run with zero sulfur emission
only using the EVA background aerosol and five volcanic eruption runs (2.5 Tg S, 5
TgS,10Tg S, 20 Tg S, 40 Tg S) with both the EVA background aerosol and a volcanic
eruptions occurring in June 1991 at the equator, each with 100 ensemble members.
Every ensemble member was started from one of the different and independent runs
of the MPI-GE historical simulations in 1991 (Maher et al. (2019)). Beside the volcanic
aerosol, the forcing files include an aerosol background for the industrialized period
supplied by EVA.

The aerosol optical depths (AOD) for the five different eruption strengths of the
EVA forcing along with the PADS Mt. Pinatubo forcing are shown in Fig. 43 for the
550 nm waveband. All EVA aerosol distributions have very similar patterns, but dif-
fer in magnitude and duration of elevated AOD levels. Whereas the 2.5 Tg S run
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Figure 13: Time evolution of the aerosol optical depth (AOD) for the five volcanically per-
turbed EVAens runs (2.5 Tg S, 5 Tg S, 10 Tg S, 20 Tg S and 40 Tg S) and the PADS
Mt. Pinatubo compilation. The zonal average AOD is shown for all latitudes con-
sidering the 550 nm waveband (441 nm - 625 nm).)

returns close to background conditions within 3.5 years after the eruption, the 40 Tg
S run only declines to the peak values of the 2.5 Tg S run within this time.

The PADS data set has a higher background AOD level than the EVA data sets in
the months before the eruption. With a sulfur amount of (7.5 £ 2.5) Tg (Timmreck
et al., 2018) the Mt. Pinatubo AOD should be comparable to the 5 Tg and 10 Tg EVA
data set (compare Table 4). Generally, the AOD in the PADS data set does not spread
as fast to higher latitudes after the eruption. Additionally, the AOD values tend to
be slightly higher than the values for the 10 Tg EVA data set and persist longer at
elevated levels.

As we merely prescribe the aerosol, only the indirect volcanic pathway, which in-
cludes cold point warming and overshooting convection, and not the direct injection
or aerosol chemistry is simulated in the EVAens.

In the following work all anomalies will be defined as the value difference between
the volcanically perturbed (P) and unperturbed o Tg S (U) ensemble means (P-U).
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Table 4: List of tropical volcanic eruptions with location, eruption date, and estimated
amount of emitted sulfur. The sulfur amounts in parentheses represent the best esti-
mates.

Mt Agung 8°5,115°E 17 Mar 1963 2.5-5 (3.5) Timmreck et al., 2018
and therein

El Chichén  17°N, 93 °W 4 Apr 1982 2.5-5(3.5) Timmreck et al., 2018
and therein

Mt Pinatubo 15 °N, 120 °E  15Jun 1991 5-10 (7)  Timmreck et al., 2018
and therein

Tambora 8 °S, 117 °E April 1815  15-40 (30) Marshall et al., 2018

and therein

A.2.2  Stratospherically adjusted clear sky forcing calculations

The stratospherically adjusted clear sky radiative forcing, as defined by Hansen et
al. (2005), originating from the increase of stratospheric water vapour due to the
indirect volcanic pathway (i.e. via tropopause warming by the aerosol layer), is cal-
culated using the 1D radiative convective equilibrium (RCE) model konrad (Kluft
et al., 2019, Dacie et al. (2019)). Konrad is designed to represent the tropical atmo-
sphere. It uses the Rapid Radiative Transfer Model for GCMs (RRTMG) and a simple
convective adjustment that fixes tropospheric temperatures up to the convective top
according to a moist adiabat, whereas the temperatures in the higher atmospheric
levels are determined by radiative-dynamical equilibrium. Being a 1D model, kon-
rad employs a highly parameterized "circulation", i.e. an upwelling term constant in
time which only causes adiabatic cooling. As the temperature above the convective
top can adjust, this does not mean that the dynamical heating is fixed (compare Fels
et al. (1980)).

In order to calculate the stratospherically adjusted SWV forcing, the following pro-
cedure is employed: For each eruption strength, including the o Tg S eruption, the
ensemble mean of the clear sky humidity profile in the tropical region [-5,5]° latitude
is determined from the EVAens output. In order to compute the adjusted radiative
forcing due to the increased SWYV, the difference between the fluxes in an equilibrated
atmosphere with and without the additional SWV must be calculated. To determine
the equilibrated reference without additional SWV, konrad is run to equilibrium with
the humidity profile and chemical composition of the atmosphere fixed to the values
from the o Tg S runs. The final surface temperature lies between [298-301] K. Starting
from this equilibrium state, only the SWV profile is replaced by the volcanically per-
turbed EVAens humidity profile and a new equilibrium is calculated while keeping
the surface temperature fixed, but allowing for the temperature above the convective
top to adjust. Using both equilibrium states, the adjusted SWV forcing is determined
from the flux differences at the top of the atmosphere. The corresponding instanta-
neous forcing as defined by Hansen et al. (2005) is calculated as the difference of
tropopause fluxes obtained without running the perturbed atmosphere into equilib-
rium.
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For the all sky case the contribution of clouds is investigated by additionally taking
a 20 % fraction of high level clouds between 200 hPa and 300 hPa into consideration,
while low levels clouds are considered in the albedo settings.

In order to relate the SWV forcing to the aerosol forcing, the instantaneous aerosol
forcing is calculated using a double radiation call in the MPI-ESM. For the double
radiation call fluxes are calculated for each time step once using the atmospheric
conditions with and without aerosol. The stratospheric background aerosol is cor-
rected for by additionally calculating the forcing for the corresponding o Tg S run
and subtracting it.
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A.3 RESULTS
A.3.1 Effects on the time evolution of TOA radiative imbalance and surface temperature

In order to relate the amount of emitted sulfur to its impact on the energy budget
of the system, we analyze the top of the atmosphere (TOA) radiative imbalance after
the volcanic eruptions as well as changes in surface temperature. The time span of
negative global radiative TOA imbalance after the volcanic eruptions, during which
more energy leaves the earth-atmosphere system than is taken up lasts between 17
and 28 months (Fig. 14). For the lower emissions (2.5 Tg S - 5 Tg S) the standard error
of the negative TOA imbalance permanently overlaps with zero imbalance. Conse-
quently single ensemble members of the o Tg S can produce similar signals to these
lower emission runs due to internal variability. Overall the TOA imbalance exhibits
a roughly linear relationship with respect to the emitted sulfur mass (see Fig. A.6).
As a consequence of the negative TOA imbalance the surface temperatures in the
volcanically perturbed runs decrease. The range of ensemble mean maximum global
temperature decrease for the EVAens is -[0.09, 1.30] K (Fig. 14). As the surface temper-
ature follows the TOA imbalance, the change in surface temperature is also roughly
linear with respect to the emitted S mass (Fig. A.6).
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Figure 14: Global top of the atmosphere (TOA) radiative imbalance and anomaly of surface
temperature in the five volcanically perturbed EVAens runs (2.5 Tg S, 5 Tg S, 10
Tg S, 20 Tg S and 40 Tg S). For each run the standard errors of the mean are shown
as shading. The vertical blue line marks the eruption time. The plots also show the
values for the MPI-GE historical simulations (PADS).

In addition to the EVAens results, the TOA imbalance and global surface tempera-
ture changes for the historical Mt Pinatubo eruption are shown in black in Figure 14.
The global TOA imbalance, peaking at -2.4 W m™~2, compares favourably with the
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approximately -3 W m~2 from Earth Radiation Budget Satellite observations (Soden
et al., 2002) when considering the standard deviations of our ensemble. The average
surface cooling between June 1991 and December 1993 is -0.26 K with a maximum
cooling of -0.36 K in our simulations, whereas the cooling documented by satellite
measurements from the microwave sounding unit (MSU) was -0.3 K between June
1991 and December 1995 after ENSO removal and reached a peak cooling of -0.5 K
(Soden et al., 2002).

A.3.2  Effects on the cold point temperature

In the following analysis the cold point is estimated as the lowest temperature in the
TTL lying on full pressure levels of model output remapped to a vertical spacing of
10 hPa in the tropical tropopause region. The associated errors in average cold point
temperature lie below + 1.1 K.

The effect of the volcanic forcing on the inner tropical temperature profile is visu-
alized in Fig. 15 showing the EVAens ensemble mean of the temperature profiles
three months after the eruption. The month of September was chosen as an example
since it lies in the season of relatively large water vapour entry into the stratosphere
due to a maximum cold point temperature in boreal autumn and winter. Due to the
location of the aerosol peak above the cold point the largest temperature changes
occur in the lower stratosphere, with increases up to 24 K in the 40 Tg S ensemb]e.
The cold point warming reaches maximum values of 8 K in the case of the 40 Tg S
run. Also visible in the figure is the downwards shift of the cold point with increas-
ing sulfur burden caused by the stratospheric warming. This effect is amplified by
tropospheric cooling (compare surface cooling in Fig. 14) due to the back scattering
of solar radiation through the volcanic aerosol.
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Figure 15: Inner tropical average of the temperature profiles for the five volcanically per-
turbed EVAens runs (2.5 Tg S, 5 Tg S, 10 Tg S, 20 Tg S and 40 Tg S) in September
1991 (three months after the eruption). The temperature of the respective cold
point (CP) is indicated in the legend. The solid line represents the ensemble mean,
the error bars symbolize the ensemble standard deviations. The 550 nm extinction
values for the 10 Tg S aerosol profile are shown with a dashed black line.

Figure 16 shows the temporal evolution of the surface temperature (a), cold point
temperature (b), and 70 hPa water vapour (c) as the difference to to the zero emis-
sion run in the inner tropics. Whereas the surface temperature decreases due to the
scattering of incoming shortwave radiation by the volcanic aerosol, the cold point
temperature increases due to warming of the tropopause layer by absorption of ter-
restrial long wave and solar near-IR radiation by the aerosol layer.
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Figure 16: Temporal evolution of the inner tropical mean anomaly in surface temperature,
cold point temperature, and stratospheric water vapour between volcanically per-
turbed and unperturbed ensemble runs. The ensemble means are shown with
their standard errors. The time of the volcanic eruption is indicated by a vertical
blue line.

When considering the ensemble mean and its standard error even the temperature
changes of the low emission runs (2.5 Tg S and 5 Tg S) are significantly different
from the control run for short periods of time. With a maximum value of 0.99 K
the ensemble mean for the cold point temperature of the 5 Tg S is the lowest sulfur
emission to reach a mean warming above the control run standard deviations, which
are ten times larger than the standard error for our 100 member ensemble and reach
maximum values of 0.73 K. Cold point values below the standard deviation range
could be found for single control run ensemble members due to internal variability.
The higher emission scenarios (20 Tg S and 40 Tg S) have longer periods with cold
point temperature changes above the normally observed internal variability. In ad-
dition the 40 Tg S emission group shows a second amplification peak of the yearly
cycle of the cold point temperatures between May and September 1992.

The monthly changes in cold point temperature are not linear, neither with respect
to emitted sulfur mass nor to AOD in the prominent IR waveband (compare Fig. 30,
31). Additionally the transient behaviour of the volcanic forcing - the build up phase
in 1991, the approximately constant forcing in 1992, and the declining phase in 1993,
which also differ between the individual eruption sizes - leads to a hysteretic be-
haviour. Nevertheless, when partitioning the cold point warmings into these individ-
ual phases, the dependence of the cold point warming on IR-AOD can be described
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with a power function of form aAOD? + ¢ for the years 1991, 1992 and 1993 (Fig. 17).
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Figure 17: Yearly averages of adjusted tropical cold point temperature increases as a function
of tropical AOD (IR, 8475-9259 nm) for the three examined years (1991-1993). A
power function fit of form aAOD? + ¢ for each year with corresponding equation
is shown.

The found cold point temperature increases are accompanied by an increase in the
saturation water vapour pressure, reducing the "freeze trap" drying in the cold point
region. The increased saturation water vapour pressure enables more water vapour
to enter the lower stratosphere as shown in Fig. 16 (c). Consequently, the evolution
of the additional stratospheric water vapour closely follows the evolution of the cold
point temperature changes.

A.3.3 Effects on the tape recorder signal

The manifestation of the annual cycle of the tropical SWV as seen in the vertical
profile is often described as the tape recorder signal (Mote et al., 1996): The varia-
tions of the tropical cold point temperatures controlling the water vapour entry into
the stratosphere via the saturation water vapour pressure is imprinted on the strato-
spheric water vapour as music is imprinted on a tape. This leads to an annual cycle
of bands of high and low water vapour content propagating upwards in the strato-
sphere with the BDC.

As the heating by the volcanic aerosol will lead to increased tropical cold point tem-
peratures, an increase of stratospheric water vapour is expected after volcanic erup-
tions with stratospheric aerosol. As shown in Sect. A.3.2 the water vapour shows an
enhancement which does not stay constant and then declines but has an annual cycle
like the tape recorder. In the following section we will investigate the seasonal cycle
more closely.

Figure 18 and 19 show absolute SWV and the differences in the SWV content above
140 hPa with respect to the control run for all five eruption strengths. The maximum
increases are found in the eruption year itself ranging from o.1 ppmv for the 2.5 Tg
S eruption to more than 5 ppmv for the 40 Tg S eruption. This corresponds to 5 %,
respectively 160 %, of the unperturbed SWV values (see Fig. 34). The larger the erup-
tion, the earlier the increase becomes visible and is significant. The additional SWV
also follows the annual cycle of the tape recorder (Mote et al., 1996), showing max-
ima in the SWV enhancement around September which then propagate upwards.
This seasonal variation is also apparent in the behaviour of the tropopause and cold
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point heights: for scenarios with at least 10 Tg S onward the tropopause pressures
and cold point pressures are higher in the northern hemispheric autumn; whereas in
the 20 Tg S and 40 Tg S runs the volcanic forcing leads to higher pressure levels of
the cold point from September 1991 until the end of 1992 accompanied by a seasonal
signal in the SWV anomalies. Allowing for more water vapour to transit to the lower
stratosphere.

In the 40 Tg S ensemble mean the second seasonal cycle is associated with an up-
ward propagation of the SWV increases above 4 ppmv to even lower atmospheric
pressures than in the preceding year. This behaviour can be attributed to the persis-
tence of the high levels of aerosol in combination with the already enhanced SWV
levels due to the presence of the aerosol in the previous year, the additional warming
caused by the SWV and the lower lying cold point.

Shortly after the eruption a decrease in water vapour content above 50 hPa is visi-
ble. At these altitudes SWV increases with height due to its production by methane
oxidation, which is parameterized in the MPI-ESM (Schmidt et al., 2013). Heating in
the aerosol layer below leads to lofting of air parcels, bringing lower humidity air
upwards to higher altitudes, where it causes a net reduction in humidity. However,
this effect never exceeds 0.8 ppmv and is offset as soon as the lifted air becomes more
moist due to enhanced SWV entry through the tropopause region.
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Figure 18: Tropical average in [-23,23]° latitude of WV above 140 hPa for sulfur injections of
25Tg S, 5TgS, 10 Tg S, 20 Tg S and 40 Tg S as well as the PADS dataset. The
WMO-tropopause pressure is indicated by a black line and the cold point pressure
is shown as black dashed line. Absolute values are shown. In regions not covered
by black crosses statistical significant difference between water vapour values of
the perturbed and unperturbed runs (t-test at p=0.05) were found.
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Figure 19: Tropical average in [-23,23]° latitude of WV anomalies above 140 hPa for the sulfur
injections of 2.5 Tg S, 5 Tg S, 10 Tg S, 20 Tg S and 40 Tg S as well as the PADS
dataset. The lowermost panel shows the MPI-GE historical simulations for Mt.
Pinatubo using the PADS forcing data set discussed in Sect. A.3.5. The WMO-
tropopause pressure is indicated by a black line and the cold point pressure is
shown as black dashed line. Differences with respect to the o Tg S control run
are shown. In regions not covered by black crosses statistical significant difference
between water vapour values of the perturbed and unperturbed runs (t-test at
p=0.05) were found.
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A.3.4 Intra-ensemble variability

The investigation of single ensemble members is of interest because - unlike for the
ensemble mean - their physical characteristics would actually be "observable". Fig-
ure 20 shows seasonal averages of the water vapour at the cold point as a function
of cold point temperature for the inner tropical average in 1991 and 1992. The sea-
son SON was chosen, as it follows the period where the entry value of stratospheric
water vapor is highest, leading to the highest SWV in the tropical lower stratosphere.
Each point in Fig. 20 symbolizes one single ensemble member. Orange crosses show
the theoretically possible maximum water vapour curve calculated as the saturation
humidity for water vapour over ice at the average cold point temperature, using the
corresponding exact solution for the Clausius Clapeyron equation by Murphy and
Koop (2005)*. An approximation for the Clausius Clapeyron Equation at this temper-
ature range with a 12 % increase of water vapour per K is shown with a dashed grey
line. This approximation is based on the assumption that the atmosphere around
the cold point is saturated in the o Tg S run. The single ensemble members follow
the slopes and values of the calculated water vapour amount at saturation in the
inner tropics ([-5,5]° latitude). In addition to water vapour, sublimated lofted ice can
also contribute to the SWV leading to higher values than expected based on the sat-
uration water vapour alone. Overshooting events are considered in our convective
parametrization (Mobis and Stevens, 2012). However, at the location of the cold point,
this lofted ice would still be in the ice state and not accounted for in the water vapour
term.
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Figure 20: Seasonal averages of water vapour at the cold point as a function of cold point
temperature for SON 1991 (a) and 1992 (b). Values for each individual ensemble
member are shown as dots for the inner tropics. An approximation (see text) for
the Clausius Clapeyron equation at this temperature range with an 12 % increase
of water vapour per K is shown with a dashed grey line. The exact solution for the
Clausius Clapeyron Equation over ice by Murphy and Koop (2005) is calculated
for the average ensemble cold point temperatures and pressure and shown in
orange.

1 Formula (7) giving the saturation water vapour pressure above ice pice as pice = exp(9.550426 —
5723.265/T + 3.53068In(T) — 0.00728332T) is used. This formula is valid for temperatures above 110
K. With the knowledge of pic. and the respective total pressure a calculation of the water vapour is
possible.
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In the inner tropics the simulated water vapour values agree nicely with those from
the Clausius Clapeyron equation and its approximated WV dependency of a 12 % in-
crease of SWV per Kelvin. Considering the simplification of taking the average cold
point temperatures between [-5,5]° latitude instead of the minimum cold point tem-
peratures this agreement is surprisingly good. Oman et al., 2008, for example, only
found good agreement when considering the minimum cold point temperatures in
the tropics. As they were analyzing a band between [-10,10]° latitude, a factor con-
tributing to the difference to our result could be that the main contribution to dehy-
dration of air parcels during their horizontal motion in the vertical ascent takes place
in the inner tropics (Schoeberl and Dessler, 2011), the region to which our study is
restricted. Consistent with this analysis is the stronger discrepancy of approximately
1.6 ppmv between the SWV values predicted using the Clausius Clapeyron equation
and the SWV output by the model when averaging over the entire tropics (compare

Fig. 35).

In the first SON after the eruption in 1991 the SWV values and cold point temper-
atures are larger than in 1992. Additionally the separation by sulfur content is more
pronounced in 1991. Table 5 lists the number of individual ensemble members lying
within two standard deviations of the temperature or humidity value spread of the
control run. In 1991 several individual group members up to the 5 Tg S run overlap
with the control run spread as far as changes in cold point temperature and humidity
values are concerned. The 10 Tg S run marks the emission strength at which single
ensemble members start to be significantly different from the control run as only one
ensemble member can not be distinguished from the control run using only the tem-
perature values. The 20 Tg S run is the first emission strength with no control run
overlap and for which all individual ensemble members show significant increase of
SWYV content and cold point temperatures in 1991 and even in 1992 where the lower
emission runs start to show an increasing number of ensemble members overlapping
with the control run values again. This analysis shows the difficulty to register the
SWYV increases in observational data which collect data for a single realisations of a
volcanic eruption. Although signals similar to those of individual eruptions can be
produced by internal variability of an unperturbed scenario, our larger ensemble size
allows to extract a robust signal which may be obscured in one single observational
record.

A.3.5 Comparison to the MPI-GE historical simulations (Mt. Pinatubo)

The importance of the aerosol profile shape and particularly the extinction at the
cold point for the SWV entry becomes apparent when comparing the results of the
EVAens members to the Mt. Pinatubo period in the MPI-GE historical simulations.
In terms of the amount of emitted sulfur the EVAens simulations for 5 Tg S and
10 Tg S can be seen as bounds of recent estimates of the sulfur emission of the Mt.
Pinatubo eruption of (7.5+ 2.5) Tg S (Timmreck et al., 2018). As the PADS data set
describing the Mt. Pinatubo eruption is based on observational evidence rather than
simulation results, as is the case for the EVA data sets, only a range and not a set
amount of emitted sulfur is given.
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Table 5: Number of ensemble members lying within the two standard deviations of the cor-
responding control run values with respect to temperature (T) or water vapour (Q)
or their union (Q U T) in 1991 and 1992.

Case 25TgS 5TgS 10TgS 20TgS 40Tg$S

Q1991 93 76 0 0 0
Tr991 92 79 1 o Y
(QUT)1991 93 82 1 o o
Q1992 97 89 52 0 0
Ti992 98 90 65 0 o
(QUT)1992 99 90 65 0 0

In Fig. 14, which shows the global mean TOA radiative imbalance for the MPI-GE
historical simulations along with the EVAens simulations, the values for the Mt.
Pinatubo eruption in the MPI-GE historical simulations lie between the 5 Tg S and
the 10 Tg S imbalances in 1991. In 1992 the mean MPI-GE TOA imbalance is slightly
more negative than the ensemble mean of the 10 Tg S run, but overall the deviations
between the 10 Tg S run and Mt. Pinatubo run in the MPI-GE historical simulations
are small compared to the standard error of the ensemble means.

However, the tropical 1992 SWV anomalies in the historical simulations show a
stronger increase than in the 10 Tg S EVAens simulations (absolute values are shown
in Fig. 19, for percental changes see Fig. 34). In particular, the SWV increases show
a seasonality enhancing the tape recorder amplitude in the historical simulations
which is not present to that extent in the EVAens simulations. Notable is also a
stronger SWV increase of 1.2 ppmv in the Mt. Pinatubo simulations of 1992 ex-
ceeding the 1.0 ppmv of 1991. The heights the corresponding SWV increases reach
also differ: the 0.7 ppmv signal propagates upwards to 20 hPa in the historical run,
whereas in the 10 Tg S run the 0.7 ppmv signal only reaches pressure levels of up to
50 hPa.

The higher SWV values are caused by a stronger heating of the atmospheric region
around the cold point, controlling the indirect volcanic SWV entry. Fig. 21 shows
cold point temperatures for the example of SON 1992. Mt. Pinatubo in the MPI-GE
historical simulations reaches values lying between those of the 10 Tg S and 20 Tg S
run. This can be understood when comparing the aerosol extinction profiles of EVA
and PADS as proxy for the heating generated by the aerosol layer (Fig. 22).

Although the PADS data set Mt. Pinatubo forcing has a peak value lying between
the 5 Tg S and 10 Tg S EVA extinctions, the extinction at the tropopause and cold
point pressure is slightly higher than the 10 Tg S extinction in September 1991 (Fig.
22a and 22¢). In September 1992 the PADS data set reaches values of the 20 Tg S
EVA in the cold point region and a peak extinction comparable to the 10 Tg S profile
(Fig. 22b and 22d). A similar behaviour is apparent in the solar extinction bands (s.
Appendix 37). As the warming of the cold point determines the SWV entry anomaly,
the extinction values at this point will have a significant impact.

In 1991 the 10 Tg S EVA extinction values at the cold point are only slightly weaker
than the extinction values of the PADS forcing set. The SWV values in the MPI-GE
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Figure 21: Average cold point temperature in the inner tropical region [-5,5]° latitude as a
function of emitted sulfur for all EVAens members in SON 1992. Each point sym-
bolizes one ensemble member, the horizontal lines denote the ensemble mean.
The average cold point temperature range for the historical Mt Pinatubo erup-
tions (PADS) is shown as a grey line, the shaded region shows the extent between
corresponding maximum and minimum cold point temperature.

historical simulations are nearer to, but not equal, to those in the 10 Tg S as the
peak extinction values in the 10 Tg S are more than two times larger than the PADS
extinction values and partially compensate the lower values at the cold point. In 1992
the situation changes and the MPI-GE shows higher SWV values than the 10 Tg S
ensemble. The amplification of the SWV entry in the second SON after the eruption
can be attributed to three phenomena. First, the heating was only building up in the
northern hemisphere summer of 1991 and had not yet reached its maximum value,
as can be seen in the plot for the cold point temperatures (Figure 16). Second, the
peak extinction values of the PADS data set start to exceed the 10 Tg S values in 1992,
which may lead to higher SWV-entry values (Figure 23a). Third, the LW-extinction
at the cold point reaches a second, larger maximum around the northern summer of
1992 with values comparable to the 20 Tg S. This second maximum is not represented
in the EVA-forcing (Figure 23b) and goes along with a decrease in the peak forcing
difference in the EVAens, which lead to higher SWV entry values in the EVAens in
1991. The larger difference between peak extinction and extinction at the cold point
compensated for the very similar extinction values at the cold point in 1991.
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Figure 22: Average tropical aerosol extinction in the 8475-9259 nm infrared waveband from

EVA for 5 Tg S, 10 Tg S, and 20 Tg S emissions as well as from PADS in September
1991 and 1992. The horizontal lines indicate the pressure levels of the cold point
in the region between [-5,5]° latitude for each eruption strength. (a) and (b) show
the entire profile. (c) and (d) are zooms on the cold point region.
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Figure 23: Temporal evolution of the aerosol extinction at the profile peak (a) and the cold

point region (b) for the 8475-9259 nm IR-waveband.
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A.3.6 Adjusted forcing caused by the SWV increases

In the following the adjusted SWYV forcing is investigated using the one-dimensional
model konrad, as described in Sect. A.2.2. Fig. 24a shows flux anomalies between an
unperturbed run and a run perturbed with the increased SWV levels of the 40 Tg
S run but without the volcanic aerosol. Although SWV levels are increased within
the complete stratospheric column, the main flux changes occur in the tropopause
region where the enhancement is largest, the atmosphere denser, and the effect of
stratospheric water vapour on the radiative forcing strongest (Solomon et al., 2010).
In this region, the incoming solar radiation (SWd) is reduced by absorption, while
at lower altitudes there is no difference in the shortwave flux. This is caused by the
SWYV absorbing part of the solar spectrum which, amongst others, tropospheric water
vapour completely absorbs at lower altitudes in the unperturbed run. The reflected
solar radiation (SWu) at the surface is only changed negligibly since A SWd at the
surface is also negligible.

Consequently, the SW contribution (SWd-SWu) to the adjusted forcing at the TOA
is very small and negative - accounting for a slightly increased scattering due to the
SWV.

The emitted long wave radiation (LWu) near the surface is unchanged. This is due
to our setup: As the surface temperature is fixed in the perturbed run, the surface
LWu is fixed as well. The SWYV leads to an increase in the tropopause temperatures,
following this increase the emitted long wave radiation at the main SWV levels is
also increased, as can be seen in the increased downward long wave radiation (LWd).
The outgoing long wave radiation (LWu) above the tropopause region is substantially
reduced as the SWV acts as a greenhouse gas and traps part of the outgoing radiation.
This leads to the characteristic net positive forcing of the greenhouse gas at the TOA.
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Figure 24: SW and LW contributions to the total adjusted SWV radiative forcing in the trop-
ical stratosphere [-5,5]° latitude for November 1992 of the 40Tg S eruption. The
upward fluxes are in solid lines and positive upward, the downward fluxes are in
dashed lines and positive downward. The difference between the perturbed and
unperturbed equilibrium state are shown. (a) adjusted forcing (b) instantaneous
forcing.

A comparison to the instantaneous forcing (Fig. 24b) shows that the temperature

adaptations in the stratosphere significantly amplify the SWV forcing. Whereas the
atmospheric levels with increased SWV are warmed, stratospheric cooling is found
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in higher atmospheric levels, reducing the LWu. This effect has to build up though
and consequently is more pronounced in the adjusted SWV forcing. If addition to
the stratosphere also the troposphere were allowed to adjust, part of this effect may
be counterbalanced (Huang et al., 2020).

The temporal evolution of the adjusted inner tropical SWV forcing is shown for

all five eruptions strengths in Fig. 25. The adjusted forcing caused by the SWV, corre-
sponding to the 2.5 Tg S to 10 Tg S run, is below the maximum fluctuations caused
by internal variability denoted by the grey line in Fig. 25. The forcing found for these
runs could be found for one ensemble member in the o Tg case as well, although the
time span in which it would occur would most probably be shorter. The adjusted
SWYV forcing for the 40 Tg S run reaches values of up to 0.65 W m~2
The signal evolution, especially in the 20 Tg S and 40 Tg S cases, matches the evolu-
tion already observed for the SWV increases in the tropical region, with two seasonal
peaks. However, since also SWV at pressures lower than 100 hPa contribute to the
total forcing - although to a smaller extent - and the transport out of the tropical
region with the BDC is slow, the first peak forcing times are longer than the peak
water vapour values at 100 hPa in Fig. 16.
When considering clouds the stratospherically adjusted forcing caused by the ad-
ditional SWV is slightly increased by 0.1 W m~2 at most (compare Appendix Fig.
38). As the clouds reflect part of the down coming SW radiation, some of the SW
bands, which could be completely absorbed while traveling through the complete
stratosphere and troposphere, are not absorbed entirely. The additional SWV in the
stratosphere increases the absorption in these bands and reduces the outgoing SW
radiation. This leads to an increase of the forcing.
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Figure 25: Time evolution of the TOA adjusted clear sky forcing in the tropical region [-5,5]°
latitude for the ensemble mean SWYV increases caused by all eruption strengths.
The blue line marks the eruptions time, the dashed grey line shows the threshold
up to which deviations in radiative fluxes can be caused by internal variability.
Shaded areas indicate the flux anomaly range originating from the standard devi-
ations of the SWV profiles are plotted to visualize the signal range.

The monthly SWV forcing does not exhibit a linear behaviour with respect to the
mass of emitted sulfur or main IR AOD waveband (Fig. 32, 33) as was to be expected
since the monthly cold point temperatures also did not change in a linear manner
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Figure 26: Yearly averages of adjusted forcing due to the additional SWV as a function of
AOD (IR, 8475-9259 nm) for the three examined years (1991-1993). A power func-
tion fit for each year with corresponding equation is shown.

with respect to the emitted sulfur mass and the temperature increases showed a
hysteretic behaviour. However again, when averaging out the seasonal dependencies
and partitioning the time after the eruption in the signal build up phase (1991, after
the eruption), the phase of approximately constant forcing (1992) and the phase of
declining signal (1993), the relationship can be fitted to a power function of form
aAODP + ¢ in the region of interest. Compared to the cold point - AOD relation the
signal build up and relaxation back to the ground state is damped as the transport of
the SWV into the stratosphere and out of the tropical region takes place over longer
timescales than the cold point warming or cooling respectively.

As the SWV forcing counteracts the volcanic forcing, its relation to the aerosol forc-
ing is of interest. Fig. 27a shows the tropical aerosol forcing as calculated using the
double radiation call in the MPI-ESM. For the evaluation of the forcing in the double
radiation call different conventions exists as far as the evaluation at the TOA or the
tropopause are concerned (e.g. compare Forster et al. (2016)). As the double radia-
tion call is used to determine an instantaneous forcing, the readout at the tropopause
level would be following the standard convention as defined by Hansen et al. (2005)
or in the IPCC. However, we present both values for the entire and inner tropics to
allow for an easy comparison to other studies. The relative magnitude of the SWV
adjusted forcing with respect to the aerosol forcing increases approximately linearly
until September 1992 and then reaches a constant values of around 2.5 % for the
readout at the tropopause and 4 % percent for the readout at the TOA (Fig. 27b).
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Figure 27: (a) Time evolution of the tropical aerosol forcing for the 10 Tg S run as calculated
using the double radiation call in the MPI-ESM. The forcing is evaluated for the
inner and entire tropics at the tropopause and the TOA. (b) Time evolution of the
percentage of aerosol forcing counterbalanced by the SWV forcing in the inner
and entire tropics .

A.4 DISCUSSION
A.4.1  Magnitude of SWV increases due to indirect volcanic mechanism

In general, the annual cycle of the tropical tropopause temperatures accounts for a
variation of the SWV content of & 1.4 ppmv around the mean background at 110 hPa
in SAGE II data of the early 1990s (Mote et al., 1996) and + 1.0-1.3 ppmv based on
the SPARC Data Initiative multi-instrument mean (SDI MIM) at 100 hPa in 2005-2010
(Davis et al., 2017). In the MPI-GE the variation in the SWV tape recorder signal at
the same height reaches up to & 1.1 ppmv. This is in accordance with the SDI MIM
and only slightly lower than the SAGE II data. The slightly higher values reported
for early 1990 fall into the era of the Mt. Pinatubo eruption, however, and may be
increased compared to the multiyear mean due to an amplification of the seasonal
signal by the presence of the aerosol layer. This effect led to maximum deviations of
up to £ 1.6 ppmv in the 10 Tg S scenario of the EVAens simulations.

In the case of volcanic perturbations, the alterations in SWV content caused by the
indirect temperature controlled entry mechanism via tropopause warming after vol-
canic eruptions can surpass the SWV variations due to the annual cycle. In our sim-
ulations deviations of more than + 1.1 ppmv are produced in the simulations for
emissions equal to or larger than 10 Tg S eruption, which is an upper bound of the
emission estimate for the Mt. Pinatubo eruption (Timmreck et al., 2018). The SWV
anomaly caused by the 2.5 Tg S eruption is comparable to changes caused by the
Quasi Biennial Oscillation (QBO), which are [0.16-0.32] ppmv according to the re-
gression analysis by Dessler et al. (2013), whereas the 10 Tg S has an impact stronger
than the changes in the BDC (maximum 0.65 ppmv).

In climate change studies, the stratospheric water vapour is also affected by doubled
CO; concentrations. The SST increase leads to a consequent atmospheric humidity
increase, amounting up to 6-10 % in the stratosphere, with values exceeding 10 % in
the lower stratosphere (Wang et al. (2020)). These changes of SWV due to increased
CO; levels are comparable to increases caused by the smaller eruptions of 2.5 Tg S
and 5 Tg S. However, the SWV changes due to volcanic eruptions are only temporary.
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A.4.2  Comparison to studies based on observations and reanalysis data

While our model study has the advantage that the large ensemble size allows de-
termining the statistical significance of SWV increases, and the spread of responses
to a volcanic eruption due to internal variability of the earth system, a model study
is always limited by the ability of the model to represent the earth system realisti-
cally. Individual models may differ in the parameterization of convection, the entry
of water vapour into the stratosphere and tropopause height. The aerosol profiles
used in this study are artificial in case of the EVAens and will include uncertainties
of the retrieval in case of the PADS data set. As our results are therefore at first only
representative for the model used in our study, a comparison to results based on
or derived from observational evidence of SWV changes after volcanic eruptions is
desirable.

During the Mt. Pinatubo period, observations of SWV are scarce, especially as
solar occultation measurements by HALOE and SAGE II suffered from aerosol inter-
ference in this time period. Therefore, the data usage is discouraged (e.g. Fueglistaler
et al. (2013)). Although Fueglistaler et al. (2013) mention "anomalously large anoma-
lies" of SWV values shortly after the Mt. Pinatubo eruption in SAGE II data, they also
warn that the measurements may be biased by aerosol artifacts since the SWV signal
is not present in the HALOE data. However, in the Boulder balloon data a 1-2 ppmv
increase of SWV at 24-26 km and 18-20 km levels is registered for 1992 (Oltmans et
al., 2000). Most likely due to additional contribution from e.g. methane oxidation or
ENSO signals, the maximum increase is slightly larger than the 1.0-1.2 ppmv shown
for the tropical region in Figure 19 or the value of approximately 0.5 ppmv at 70
hPa at corresponding latitude (compare Appendix 39). Santer et al. (2003) discuss
a global warming of the lower stratosphere caused by the eruption of Mt Pinatubo
amounting to 0.75-1.5 K as measured by MSU. Angell (1997) reports the stratospheric
warming due the eruption of Mt. Pinatubo based on radiosonde data. The warmest
seasonal anomaly in the 100-50 hPa layer at the equator reached (2.0+0.8) K, where
we find 1.8 K for the 5 Tg S and 5.2 K for the 10 Tg S scenario in OND 1991. The
corresponding SWV increase at background levels of 4.5-5 ppmv can be estimated
to be 1.13-1.3 ppmv based on a 12 % increase of SWV per Kelvin. These values are
consistent with our findings (Figure 19).

As more regression analyses exist based on reanalysis data, we now compare our
results not directly to observations but to the outcome of two regression analysis
studies of SWV entry fed by the reanalysis input by Dessler et al. (2014) and Tao
et al. (2019). Dessler et al. (2014) studied the different contributors to SWV entry at
82 hPa slightly above the tropical tropopause in their model by using a regression
analysis on data output from a trajectory model fed by MERRA reanalysis input (Rie-
necker et al., 2011). They found a maximum increase of 0.34 ppmv in the residual,
which partially overlapped the AOD increase caused by the Mt. Pinatubo eruption.
This value is lower than our finding of up to (0.8-1.1) ppmv increase in the first and
second post eruption year. Our higher value may be explained by the different quan-
tification approaches: whereas Dessler et al. (2014) indirectly quantified the SWV
increase due to Mt. Pinatubo in the residuals after subtracting contributing terms
like the BDC, we directly quantified the additional SWV entry by taking the differ-
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ence between the MPI-GE historical ensemble with volcanic aerosol and the EVAens
control run. This allowed us to avoid the subtraction of SWV entry caused by the
volcanic eruption but attributed to other sources. For example, in the Dessler et al.
(2014) study, the BDC term is described by the heating in the 82 hPa region, but part
of this may be caused by the presence of the volcanic aerosol layer. Our method also
eliminates other sources of SWV that may have caused the SWV increase prior to
the Mt. Pinatubo eruption in the residual of Dessler et al. (2014). Additionally, the
tropopause in our historical simulation is located at pressures larger than 100 hPa.
Dessler et al. (2014) report that 82 hPa is slightly above the tropopause. Their possi-
bly higher lying tropopause may also explain part of the difference.

Tao et al. (2019) use MERRA-2 (Gelaro et al., 2017), JRA-55 (Kobayashi et al., 2015)
and ERAinterim (Dee et al., 2011) reanalysis data for the Mt. Pinatubo eruption
in their trajectory model. The SWV increase attributed to the volcanic eruption
ranges between 0.4 ppmv (ERAinterim) and 0.8 ppmv (MERRA-2 and JRA-55). Only
MERRA-2 explicitly accounts for the volcanic aerosol (Fujiwara et al. (2017)): their
corresponding 0.8 ppmv SWV increase is in good agreement with the SWV increases
found in the first post eruption year in our historical simulations, although our SWV
increase in the second post eruption year of 1.1 ppmv is larger. As analyzed in Sect.
A.3.5, this higher increase is mainly caused by the height of the aerosol layer with
respect to the cold point. Since the aerosol profiles are imported on fixed pressure
levels, without prescribing the distance between the tropopause and the aerosol layer,
and the tropopause heights differ amongst various models, the comparison between
different studies and models would be facilitated if not only the total volcanic forcing
but also the heating in the region were reported when quantifying and comparing
volcanically induced SWV increases. A tropopause located at larger pressure in the
second post eruption summer in the reanalysis data could explain the differences
between the maximum values of 0.8 ppmv by Tao et al. (2019) using the MERRA-2
reanalysis and our results amounting up to 1.1 ppmv in the second post eruption
summer, as it would lead to a lower heating rate in the cold point region and con-
sequently a reduced water vapour entry compared to the control years. Addition-
ally, our model does not include interactive chemistry - H, O sinks could reduce the
amount of water vapour and especially the build up in the second post eruption
summer. However, Loffler et al. (2016) also found a stronger SWV increase in the
second post eruption summer when investigating the perturbations of stratospheric
water vapour using nudged chemistry-climate model simulations with prescribed
aerosol for the Mt. Pinatubo eruption. The SWV increases for the Mt. Pinatubo erup-
tion reach values of up to 35 % compared to the unperturbed run in the inner tropical
average. Thus, our finding of an increase of 25 % above the unperturbed levels for
the historical simulations (compare Fig. 34) lies between the estimates from reanaly-
sis data by Tao et al. (2019) and the chemistry climate studies by Loffler et al. (2016).
In the EVAens, where the temporal evolution of the extinction profile does not lead
to as drastic changes in the vertical shape as in the PADS forcing data set, the tem-
poral evolution of the increase in SWV is similar to the evolution found by Tao.2019,
with only one prominent maximum. Maximum values of SWV increase are in the
range of 0.3 ppmv and 1.1 ppmv for the 5 Tg S and 10 Tg S EVAens runs - covering
the estimated sulfur emission range of Mt. Pinatubo and in agreement with Tao.2019.
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A.4.3  SWV contributions due to the indirect volcanic and direct volcanic injection

Unlike the direct volcanic mechanism the indirect volcanic pathway is active for the
entire life time of the volcanic aerosol in the lower stratosphere, whereas the direct
volcanic injection is a singular event. There is no study known to us comparing the
SWYV entry due to both events within one framework. Although up to 8o % of the
eruption volume can be water vapour (Coffey (1996)), rapid condensation can re-
move 80-90 % of this humidity on the way to the stratosphere (Glaze et al. (1997)).
There are only a few cases of direct volcanic injections reported, which cover rela-
tively small eruption events. The water vapour within the eruption column reaching
the stratosphere did not lead to elevated SWV above background for more than a
week locally in the few cases reported, i.e the eruption of Kasatochi (2008) with max-
imum SWV content of 9 ppmv (Schwartz et al., 2013) lasting for around 1 day, the
eruption of Calbuco (2015) with 10 ppmv values for approximately a week (Sioris
et al. (2016a)), and the eruption of Mt. Saint Helens with (64 £ 4) ppmv (Murcray
et al. (1981)) detectable above background for around a week, but only on local and
not global scale. In the case of the Mt. Pinatubo eruption the model estimates for the
direct volcanic injection tended to have a larger range and maximum values than the
estimates based on observational data (Joshi and Jones, 2009). In contrast, the indi-
rect volcanic pathway allows for slower, but more continuous, raised stratospheric
water vapour levels ultimately spreading throughout the globe but with lower peak
values. These enhanced SWYV levels are detectable in our ensemble mean even years
after the actual volcanic eruption if the emitted sulfur amount is larger than 10 Tg
S. Depending on the explosivity of the volcano, the relative contributions of the di-
rect and indirect volcanic injection mechanisms to SWV increases should change: for
small eruptions the direct volcanic injection will lead to a relatively high increase
in SWV, which is short lived and spatially confined. For the larger eruptions this
short lived SWV enhancement is followed by a relatively stable increase of SWV
which spreads throughout the entire globe, dominating the SWV increase due to the
volcanic eruption.

A.4.4 SWV Forcing

In our simulations the stratospherically adjusted forcing caused by the increase of
SWYV in the tropical region amounts to maximally 2.5 to 4 percent of the tropical
aerosol forcing over the time frame for the 10 Tg S eruption. However, although a
decline of the tropical forcing within the three year time-frame is found, the forcing
around the complete globe will last longer than the impact of the volcanic aerosol.
The decline in tropical stratospheric water vapour is caused by its transport to the
poles by the BDC, leading to a regional shift of the location of the SWV forcing
(see Fig. 39). Forster and Shine (2002) found the polar SWV forcing to be 2.5 times
stronger than the tropical forcing: Since in the polar region the tropopause height is
lower and the water vapour content is generally lower, SWV increases of the same
magnitude have a much larger impact there than in the tropical region. Based on the
factor of 2.5, the 40 Tg S run 1993 values would cause an adjusted forcing of up to 0.5
W m~2 in the polar region, whereas the aerosol forcing is back to the levels of the 2.5
Tg S run by 1993. This shift in relative magnitude is one of the factors contributing
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to the positive TOA imbalance at the end of 1993 (for 20 Tg S and 40 Tg S in Fig. 14).

For the eruption of Mt. Pinatubo, with (7.5 & 2.5) Tg S emitted, earlier estimates
of SWV forcing exist. Joshi and Shine (2003) calculated the global SWV forcing to be
0.1 W m~2. Our 10 Tg S adjusted forcing results of up to 0.11 W m~2 are nearer to
the estimate by Joshi and Shine (2003) than our 5 Tg S results of up to 0.03 W m~2.
In 1992, the adjusted forcing in the inner tropics lies between [0.02 - 0.03] W m—2 for
the 5 Tg S and [0.06 - 0.11] W m~ 2 for the 10 Tg S scenarios. The better agreement
of our 10 Tg S adjusted SWV forcing with Joshi and Shine (2003) value for the Mt.
Pinatubo SWV forcing can be attributed to two points: First, the form and location
of the forcing profile with respect to the cold point is crucial when comparing model
results of increased SWV levels and the consequent changes in SWV forcing (s. Sect.
A.3.5). This may contribute to differences between our values and the ones in the
Joshi and Shine (2003) analysis. Second, the polar forcing will be stronger than the
tropical forcing which was calculated with konrad. Using the ratio of polar forcing
to tropical forcing by Forster and Shine (2002), the polar estimate would be [0.05 -
0.08] W m~2 for 5 Tg S and [0.15 - 0.28] W m—Z for 10 Tg S.

In their study on direct volcanic SWV entry for the Krakatau eruption Joshi and
Jones (2009) found a LW-forcing of +(0.33 + 0.09) W m~2 for a direct volcanic entry
above 100 hPa of 1.5 ppmv using the downward TOA heat flux, climate feedback pa-
rameter, and near surface temperature changes. They chose a relatively high estimate
of SWV increase, which would approximately correspond to the SWV increases in
our 20 Tg S eruption run. As the TOA-SW contribution to our forcing is negligible
(s. Fig. 24) a comparison to our total forcing is possible. The corresponding value of
[0.21 - 0.33] W m~? is in the lower part of the range found by Joshi and Jones (2009),
which is likely caused mainly by the restriction of our study to the tropical region.

Krishnamohan et al., 2019 also mentioned the contribution of aerosol induced SWV
changes to the flux changes at the TOA in a geoengineering study, however they did
not explicitly calculate it. The amount of short wave forcing they attribute to ad-
ditional SWV is much higher than our value and also positive. Presumably these
differences are caused by the forcing including tropospheric adjustments and using
a 2 x CO; reference frame and thus can not be compared to our study.

In order to put the adjusted radiative SWV forcing due to the indirect volcanic
pathway into a broader context we compare it with SWV forcing due to anthro-
pogenic CO; and methane releases: the rate of radiative forcing increase due to CO;
in the 2000s? reached values of almost 0.03 W m~2 year—! and a total of (1.82 + 0.19)
W m~2 for the 1750 to 2011 time frame, whereas the additional radiative forcing due
to methane in the same time frame is (0.48 & 0.05) W m~2 (Myhre et al., 2013)3. The
forcing caused by the SWV entering the stratosphere via the indirect volcanic entry
mechanism exceeds the yearly increase of forcing due to CO; in the 2000s starting
with the 5 Tg S run. The peak adjusted tropical SWV forcing for the 40 Tg S scenario
amounts to one third of the total CO, forcing (due to the accumulated emissions

2 Atmospheric CO, concentration increased from (278 + 2) ppmm to (390.5 £ 0.2) ppmm.
3 Methane concentration increased from (722 + 25) ppb to (1803 + 2) ppb.
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from 1750 to 2011) and is larger than the forcing due to methane emissions for the
same period.

A.4.5 Predictability of responses

The increase in cold point temperature and SWV are delayed events. Time is required
for it to build up the signals as the aerosol warms the cold point region allowing more
water vapour transit into the stratosphere. An approximately stable phase with fluc-
tuations due to the seasonal cycle is attained a couple of months after eruption. The
cold point warming has stabilized. The SWV forcing is mainly determined by the
additional SWV entering the stratosphere each month as the tropopause region is
the region in which WV has the strongest radiative effect. The corresponding build
up of tropical SWV forcing due to an accumulation of SWV in the stratosphere is
therefore counteracted by the transport to higher altitudes and to the polar region
by the BDC.

Due to the transient character of the processes - the build up of the forcing and
the consequent decline as well as the time shift between effect and response - our
analysis showed that a linear relationship between AOD and cold point warming,
or SWV, can not be determined for the entire era after the volcanic eruption. Time
phases have to be considered as well to account for the resulting hysteresis. Other
parameters additionally constrain the cold point warming and SWV response. The
season during which the eruption occurs will influence the impact of the aerosol: The
CP warming will be most effective during the peak times of the tape recorder signal
around September. Each volcanic eruption is different and parameters like the erup-
tion location, amount of emitted sulfur, and specifically the location of the aerosol
layer will have a massive influence both on cold point warming and SWV entry/forc-
ing. Feedbacks like the SWV forcing in the TTL will enhance the CP warming and
lead to higher SWV forcing at same AODs eventually before the aerosol falls out.
Nevertheless, approximately a power function relationship of form aAODP® + ¢ can
be found in our simulations for CP warming and SWV forcing with respect to IR-
AOQOD after the volcanic eruptions when taking yearly averages. These results however
must be interpreted with care and the derived formulas are only applicable for trop-
ical eruptions occurring in June and reaching to similar heights in the stratosphere.
Generally, the knowledge - both of the respective CP warming in the inner tropics
for a specific volcanic eruption and the respective background SWV in the cold point
region - allows for a relatively accurate prediction of the inner tropical increases in
SWYV levels when using a 12 % SWYV increase per Kelvin warming in the mean CP
values.

A.5 CONCLUSION AND OUTLOOK

Our study of EVAens and the historical simulations led us to draw the following
conclusions:

1. The analysis of the ensemble runs showed the difficulty to extract the volcanic
signal in the SWV if only individual observations are available as internal vari-
ability of SWV in the control run could produce SWV values as large as the
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variation found for some of the 10 Tg S ensemble members in our simulations.
Ensemble mean SWV increases are already significant (T-test with p=0.05) in
the 2.5 Tg S eruption.

2. The increase in stratospheric water vapour does not remain constant through-
out year, but can vary with the seasons. An amplification of the seasonal cycle
could be observed, especially in the 20 Tg S and 40 Tg S scenarios.

3. The average WV at the cold point entering the stratosphere after volcanic erup-
tions can be approximated with only minor errors using the mean saturation
water vapour pressure over ice at the respective average tropical cold point
temperature for all investigated aerosol profiles of the EVAens. When given a
base value of an unperturbed atmospheric state, a 12 % SWV increase per K in-
crease in cold point temperature is a good first estimate for eruption strengths
up to 40 Tg S.

4. The comparison of the idealized EVAens simulations and MPI-GE historical
simulations of Mt. Pinatubo show that neither the simulated TOA radiative
imbalance nor the estimated amount of emitted stratospheric sulfur suffice to
constrain the SWV increases. However, the aerosol layer shape and height with
respect to the tropopause play a crucial and dominating role when estimating
the SWV increases.

5. The adjusted tropical forcing caused by the additional SWV last longer than
the forcing caused by the aerosol layer itself and its contribution to the total
volcanic forcing grows with time as the aerosol falls out. For the 20 Tg and
the 40 Tg scenarios the TOA radiative imbalance shows a positive value by the
end of the simulation. Part of this positive TOA radiative imbalance can be
attributed to the forcing by the additional SWV.

6. When considering also the time dependence a power function relationship of
form aAODP + ¢ between yearly averaged tropical cold point warming/ad-
justed SWV forcing and IR-AOD can be deduced. This relationship however
only holds for comparable eruptions occurring at the same time of the year
in the tropics. Additionally, the final eruption height and aerosol profile shape
has to match the one used within our framework.

Based on our study follow up questions for future investigations arise. Our study
only focuses on the indirect temperature controlled injection and, although other
studies focus on the direct injection, no study known to us combines both effects
allowing for a direct comparison within one single framework. Using integrated
plume models for a combined study would allow the quantification of the entire
SWYV changes and for an estimation of their relative importance. As we use no in-
teractive chemistry, the H>O value determined by us might be overestimating the
SWYV from the indirect volcanic injection remaining in the stratosphere. A study us-
ing interactive chemistry would allow the assessment of the impact of H,O sinks on
the volcanically induced SWV increase and ozone chemistry. Of particular interest
are the impact of the additional H,O on the oxidation process of SO, as well as on
sulfate particle formation and growth. A follow up study on this topic could give
a lower boundary estimate for the SWV increases and the changed aerosol lifetime
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(compare Case et al., 2015, Kilian et al., 2020). Additionally, the mechanism of the
indirect volcanic injection has implications beyond that of a volcanic eruption: As
geoengineering scenarios also apply sulfur derivatives in the stratosphere, an inves-
tigation of the long term SWV signal within these scenarios may be of interest as
well (e.g. Boucher et al. (2017)).

Code and data availability. Primary data and scripts used in the analysis that may

be useful in reproducing the author’s work are archived by the Max Planck Insti-
tute for Meteorology and can be obtained via https://pure.mpg.de/pubman/faces/
ViewItemOverviewPage.jsp?itemId=item_3270686.
A more comprehensive description of the EVAens is provided by Azoulay et al.,
submitted to JGR (2020). Further information was archived by the Max Planck Insti-
tute for Meteorology under http://hdl.handle.net/21.11116/0000-0007-8B38-E.
The 1D RCE model konrad is available online under https://github.com/atmtools/
konrad.
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A.6 APPENDIX A: SCALING OF DIFFERENT PHYSICAL PARAMETERS ALTERED

BY THE PRESENCE OF VOLCANIC AEROSOL

Following the discussion in Sect. A.3.1, A.3.2 and A.3.6 the graphs for TOA imbal-
ance (Fig. 28), surface temperature (Fig. 29), cold point temperature changes (Fig.
30) and SWV forcing (Figure 32 ) are shown. Each ensemble mean is divided by the
mass of emitted sulfur. In case of the cold point temperature changes and the SWV
forcing the dependence of monthly mean values of cold point temperature change
and SWYV forcing are shown as a function of AOD in the IR waveband of [8475,9259]

nm in Fig. 31 and 33.
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Figure 28: Scaled global all sky TOA imbalance for the five volcanically perturbed EVAens
runs (2.5 Tg S, 5 Tg S, 10 Tg S, 20 Tg S and 40 Tg S). The ensemble means are
shown. The vertical blue line marks the eruption time. All surface temperatures

are divided by the mass of emitted sulfur.

scaled A surface temperature

0.00  —
~ _ —0.01
< |
(@)]
T F —0.02
§ v
™ -0.03
—0.04 —
o) oY 02 02 o> 02, 02, O
- - - - - - - - &r
time

2.5Tg S run
—— 5Tg Srun
—— 10 Tg Srun
—— 20Tg S run
—— 40Tg Srun
—— volcanic eruption

Figure 29: Scaled surface temperature for the five volcanically perturbed EVAens runs (2.5
Tg S, 5 Tg S, 10 Tg S, 20 Tg S and 40 Tg S). The ensemble means are shown. The
vertical blue line marks the eruption time. All surface temperatures are divided

by the mass of emitted sulfur.
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Figure 30: Scaled temporal evolution of the mean CP temperature anomaly. The time of the
volcanic eruption is indicated by a vertical blue line. All changes in cold point
temperature are divided by the mass of emitted sulfur.
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Figure 31: Scatter plot of AOD in the IR waveband (8475-9250 nm) and CP temperature
anomaly for all time steps in the first 2.5 years after the eruption.
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Figure 32: Scaled time evolution of the adjusted clear sky SW-forcing in the tropical region
[-5,5]° latitude for all eruption strengths. The blue line marks the eruptions time.
All clear sky forcings are divided by the mass of emitted sulfur. Incoming fluxes
are defined positive, outgoing fluxes are defined negative.
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Figure 33: Scatter plot of AOD in the IR waveband (8475-9250 nm) and the clear sky SWV
forcing for all time steps in the first 2.5 years after the eruption.

75



A7 APPENDIX B: PERCENTAL CHANGES IN THE TAPE RECORDER SIGNAL

A.7 APPENDIX B: PERCENTAL CHANGES IN THE TAPE RECORDER SIGNAL

Complementary to the plot in Sect. A.3.3 we show the differences in water vapour
between perturbed and unperturbed state with respect to the unperturbed state in
percent.
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Figure 34: Percental difference in water vapour above 140 hPa in the tropical average over
[-23,23]° latitude for the pure sulfur injections of the EVAens (2.5 Tg S, 5 Tg S,
10 Tg S, 20 Tg S and 40 Tg S). The lowermost panel shows the MPI-GE historical
simulations for Mt. Pinatubo using the PADS forcing data set. The height of the
WMO-tropopause is indicated by a black line, the cold point pressure is shown
as black dashed line. In regions not covered by black crosses statistical signifi-
cant difference between stratospheric water vapour values of the perturbed and
unperturbed runs (t-test at p=0.05) were found.

A.8 APPENDIX C: INTRA-ENSEMBLE VARIABILITY IN THE ENTIRE TROPICS

Here we show the complementary plots to those in Sect. A.3.4 for the intra-ensemble
variability in the entire tropics [-23,23]° latitude.
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Figure 35: Seasonal averages of water vapour at cold point as a function of cold point tem-
perature for SON 1991 (a) and 1992 (b) accounting for the entire tropics. Values
for each individual ensemble member are shown as dots for the entire tropics.
An approximation (see text) for the Clausius Clapeyron equation at this tempera-
ture range with an 12 % increase of water vapour per K is shown with a dashed
grey line. The exact solution for the Clausius Clapeyron Equation over ice by
Murphy.2005 is calculated for the average ensemble cold point temperatures and

pressure and shown in orange.

A.9 APPENDIX D: AEROSOL EXTINCTION PROFILES - 550 NM SOLAR WAVE-
BAND

Complementary to the discussion on the infrared extinction profiles in Sect. A.3.5
the 550 nm solar waveband is shown in the following plots.
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Figure 36: Tropical average of the aerosol extinction profile in the 550 nm solar waveband for
the EVA forcing corresponding to 5 Tg S, 10 Tg S and 20 Tg S as well as the PADS
forcing for the Mt. Pinatubo eruption.

A.10 APPENDIX E: SWV FORCING - SW COMPONENT
Fig. 37 shows the very small contribution of the SW component to the total adjusted

SWYV forcing presented in Sect. A.3.6. The total forcing and its SW component for
the cloudy sky case as discussed in Sect. A.3.6 is shown in Fig. 38.
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Figure 37: Time evolution of the SW-component to the adjusted clear sky forcing in the trop-
ical region [-5,5]° latitude for the ensemble mean SWV increases caused by all
eruption strengths. The blue line marks the eruptions time. The flux range origi-
nating from the standard deviations of the SWV profiles are plotted to visualize
the signal range.
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Figure 38: Time evolution of the (a) total (b) SW-component to the adjusted all sky forcing in
the tropical region [-5,5]° latitude for the ensemble mean SWV increases caused by
all eruption strengths. The blue line marks the eruptions time. The flux range orig-
inating from the standard deviations of the SWV profiles are plotted to visualize
the signal range.

A.11 APPENDIX F: GLOBAL SPREAD OF THE STRATOSPHERIC WATER VAPOUR

Figure 39 shows the spread of the additional SWV around the globe as mentioned
in the Discussion Sect. A.4.4.
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A.11 APPENDIX F: GLOBAL SPREAD OF THE STRATOSPHERIC WATER VAPOUR

difference in stratospheric water vapour at 70 hPa
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Figure 39: Difference in stratospheric water vapour content at 70 hPa as a function of time
and latitude. Black crosses mark the regions of statistical significance of the data
(Mann Whitney U Test at p=0.05).

Author contributions. CK, CT and HS designed the study. CK conducted the anal-
ysis/investigation and wrote the paper. SD contributed to the development of the
methodology to calculate the SWV forcing with konrad and the interpretation of the
corresponding result. AA set up the EVAens simulations. CT, SD and HS contributed
to the writing of the paper.

Competing interests. The authors declare that they have no conflict of interest.

Acknowledgements. This research has been supported by the Deutsche Forschungs-
gemeinschaft (DFG) Research Unit Vollmpact (FOR2820) within the projects Vol-
Dyn (TO 967/2-1) and VolClim (TI 344/2-1). SD and CK were/are members of
the International Max Planck Research School (IMPRS). The data was processed us-
ing CDO (https://code.mpimet.mpg.de/projects/cdo/embedded/cdo.pdf) and us-
ing the computing facilities at the Deutsche Klimarechenzentrum (DKRZ). We thank
Lukas Kluft for advising us on the usage of the 1D RCE model konrad.

8o


https://code.mpimet.mpg.de/projects/cdo/embedded/cdo.pdf

THE SENSITIVITY OF MOISTURE FLUX PARTITIONING IN THE
COLD-POINT TROPOPAUSE TO EXTERNAL FORCING

The work in this appendix has been submitted as:
Kroll, C. A., Fueglistaler, S., Schmidt, H., Kornblueh, L., Timmreck, C.: The sensitiv-

ity of moisture flux partitioning in the1 cold-point tropopause to external forcing,
submitted to GRL, 2022

81



THE SENSITIVITY OF MOISTURE FLUX PARTITIONING IN THE COLD-POINT
TROPOPAUSE TO EXTERNAL FORCING

The sensitivity of moisture flux partitioning in the
cold-point tropopause to external forcing

Clarissa Alicia Kroll'2, Stephan Fueglis’caler3 , Hauke Schmidt', Luis Kornblueh?,
Claudia Timmreck'

"Max Planck Institute for Meteorology, Hamburg, Germany
2International Max Planck Research School on Earth System Modelling
(IMPRS-ESM), Hamburg, Germany
3Program in Atmospheric and Oceanic Sciences, Princeton University, Princeton,
NJ, USA

ABSTRACT

The dryness of the stratosphere is the result of air entering it through the cold tropical
tropopause layer (TTL). However, our understanding of the moisture flux partition-
ing into water vapor and frozen hydrometeors is incomplete. This raises concerns
regarding the ability of General Circulation Models (GCM) to accurately predict
changes in stratospheric water vapour following perturbations in the radiative bud-
get due to volcanic aerosol or stratospheric geoengineering. We present the first re-
sults using a global convection-resolving model to investigate the sensitivity of mois-
ture fluxes within the TTL to an additional heating source. We address the question
how the partitioning of moisture fluxes into water vapour and frozen hydrometeors
changes under perturbations. The analysis reveals an exceptional resilience of the
TTL, keeping the flux partitioning constant even at an average cold-point warming
exceeding 8K. In both simulations, water vapour contributes around 80 % of the
moisture entering the stratosphere.

PLAIN LANGUAGE SUMMARY

The stratosphere is an extremely dry region since all moisture entering it from be-
low has to pass the cold-point, a temperature minimum between troposphere and
stratosphere. The very low temperatures lead to ice formation and sedimentation of
moisture. Frozen water forming within convective clouds can pass this temperature
barrier and be injected into the stratosphere, where temperatures increase again, pro-
moting the melting and sublimation of ice crystals. However, little is known about
the sensitivity of the split of moisture entering the stratosphere in frozen and non-
frozen states of matter, especially under external influences, like heating by volcanic
aerosol or stratospheric geoengineering efforts. Conventional simulations with Gen-
eral Circulation Models (GCMs) heavily rely on parameterizations and tuning, which
leads to biases in their representation of convection. The emerging cloud-resolving
simulations, which explicitly resolve the physical processes, offer the unique possi-
bility to study moisture fluxes under external forcing while circumventing the down-
sides of parameterizations and tuning. In this work, the sensitivity of the partitioning
of moisture fluxes into non-frozen and frozen components to external forcing in the
form of an additional heating source is studied for the first time in global cloud-
resolving simulations. The analysis reveals an unaltered flux partitioning even at an
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average cold-point warming exceeding 8 K due to the additional heating source. In
both, the control and perturbed simulations, water vapour contributes around 8o %
of the moisture entering the stratosphere from below.

KEY POINTS:

¢ Slowly ascending water vapour dominates the stratospheric water vapour bud-
get with a contribution of around 80 % in global convection-resolving simula-
tions.

¢ The partitioning of stratospheric moisture fluxes into vapour and frozen hy-
drometeors remains stable even under large perturbations of the temperature
profile.

B.1 INTRODUCTION

Stratospheric water vapour is important both as greenhouse gas (Forster and Shine,
2002, Solomon et al., 2010) as well as a reactant in stratospheric ozone chemistry (Ko
et al., 2013). Volcanic eruptions or geoengineering interventions using sulfate aerosol
perturb the stratospheric moisture budget. The model intercomparison projects for
volcanoes and geoengineering, VoIMIP (Zanchettin et al., 2016) and GeoMIP (Kravitz
et al., 2015), both rely on GCM simulations. It is unclear how reliable their moisture
budgets in the stratosphere are, particularly with respect to the frozen moisture con-
tent as they do not resolve deep convection. Consequently, the partitioning of mois-
ture fluxes into water vapour and frozen hydrometeors and possible changes in the
partitioning under corresponding perturbations are unclear. In this study we analyse
how the phase partitioning of moisture fluxes into the stratosphere is changed under
a strong perturbation of the tropical tropopause layer (TTL).

The stratosphere is extremely dry because virtually all moisture entering it from be-
low has to pass the cold-point tropopause. This temperature minimum between the
troposphere and stratosphere causes freeze drying of air on its upwards journey, re-
stricting the vapour content entering the stratosphere (Brewer, 1949). The correlation
between specific humidity entering the stratosphere and cold-point temperatures is
also evident in the well known "atmospheric tape recorder" signal (Mote et al., 1996)
formed by alternating bands of lower and higher specific humidity which are dic-
tated by seasonal variations of the cold-point temperature. This correlation of cold-
point temperature and specific humidity however, does not give information on the
partitioning of moisture fluxes into large-scale upwelling water vapour and small-
scale processes such as overshooting convection, in-cloud upwelling, and turbulent
mixing. This adds uncertainty to estimates of the stratospheric water vapour bud-
get as these small-scale processes have been recognized as a non negligible source
of moisture (i.e. Fueglistaler et al., 2013, Dessler et al., 2016). Efforts to quantify the
contribution of frozen hydrometeors often rely on an indirect quantification of the
contribution of frozen moisture with the help of trajectory models. Corresponding
estimates for the frozen contribution to the moisture flux can have a low bias if coarse
scale wind fields are used. Reported values include Schoeberl et al., 2018 with 2 %,
Ueyama et al., 2015 with 14 %, Ueyama et al., 2018 with 15 % and Smith et al., 2022
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with 26 - 32 %.

The large spread of estimates demonstrates the difficulties in representing small-
scale processes, especially in GCM model simulations. The situation is complicated
by the fact that the convective parameterizations used in the current generation of
GCMs do not reproduce all essential features of convection (i.e. Arakawa, 2004, Jones
and Randall, 2011, Sherwood et al., 2014). For a description of the stratospheric wa-
ter vapour budget an accurate representation of thin cirrus clouds and overshooting
convection is essential however. Additionally some shortcomings of parametrization
schemes are not immediately apparent as errors in process representation often com-
pensate for each other (Hardiman et al., 2015).

Since computational resources are becoming more readily available and convection-
resolving simulations are emerging, this problem can finally be alleviated by employ-
ing high resolution simulations which do not depend on convective parametrizations
(i.e. Stevens et al., 2020). Based on the analysis of a single storm Dauhut et al., 2015
estimate a frozen moisture contribution of 18 %. Dauhut and Hohenegger, 2022 re-
port a frozen moisture contribution of 11 %, which is the only estimate based on
direct quantification using a global convection-resolving simulation. Additionally,
Bolot and Fueglistaler, 2021 presented the first results based on observational data
with a frozen contribution of around 18 %.

Apart from unperturbed scenarios, the explicitly resolved convection offers the pos-
sibility to predict the sensitivity of the TTL moisture fluxes to external forcing more
reliably. The TTL sensitivity will be of special interest in a future where the TTL
is affected by climate change and the potential employment of solar radiation man-
agement methods relying on sulfate aerosol in the lower stratosphere. We use this
unprecedented opportunity and investigate the question how the moisture flux parti-
tioning changes under perturbation. To address the question we set up a simulation
pair consisting of a control and perturbed simulation in which the TTL is disturbed
by introduction of a large heating source. This simulation pair allows us to address
the question how the moisture fluxes into the stratosphere are partitioned between
water vapour and frozen hydrometeors within one single framework. Additionally,
the sensitivity experiment will shed light into changes of the flux partitioning at the
cold-point tropopause under external perturbation. In order to get a clear signal we
deliberately choose a strong forcing even if it may not be encountered in nature in
this form.

In the following Section B.2 the model experiments and the analysis methods are
described. Section B.3 summarizes the results of the study: first a quantification of
the perturbation, followed by a description of the dependence of the water vapour
content on the large-scale temperature field, and a discussion of the flux partitioning
under perturbations. The results are discussed in Section B.4.
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B.2 METHODS
B.2.1 Model simulations

B.2.1.1 Model setup

We use the atmosphere model of the Icosahedral Nonhydrostatic Weather and Cli-
mate Model (ICON) (Crueger et al., 2018; Giorgetta et al., 2018) and an approximately
isotropic horizontal grid of 10km. At this resolution the model can explicitly resolve
deep convection and no convective parametrization is employed (Hohenegger et al.,
2020,Vergara-Temprado et al., 2020). The model encompasses ninety vertical levels
up to the model top at 75 km. The sponge layer reaches down to 44 km with continu-
ously decreasing impact. We use the sapphire physics setup (Hohenegger et al., 2022)
with the PSrad radiation parametrization (Pincus and Stevens, 2013) and the one mo-
ment "three category ice scheme" (an updated version of Baldauf et al., 2011), which
considers six water categories: water vapour, cloud water, rain, cloud ice, graupel
and snow.

B.2.1.2 Experiments

Two experiments are investigated: an unperturbed run (CTL) and a run perturbed by
the introduction of an additional heating source in the TTL and lower stratosphere
(PTB) with SSTs fixed to those of the control run. Both CTL and PTB run in perpetual
January 15* 2020 mode. In PTB, the additional heating source is realized by adding
sulfate aerosol represented by two dimensional fields of zonal and monthly mean
optical properties for all radiation bands of the model. The corresponding forcing
tields were generated offline with the Easy Volcanic Aerosol (EVA) forcing generator
(Toohey et al., 2016). EVA simulations were performed for an idealized equatorial
volcanic eruption with 20 Tg S corresponding to twice the Mt. Pinatubo eruption.
With the objective to generate a large tropopause perturbation the month with the
highest near IR extinction was selected and set constant throughout the simulations.
Our analysis is based on a 60 day average after 150 days of spin-up.

B.2.2 Budget calculations

In order to investigate the different contributions to the fluxes in the TTL a budget
analysis of the states of matter relevant for the TTL, i € {water vapour, cloud ice,
graupel, snow}, is performed. The changes in specific moisture content are described
by the continuity equation

0pqi _ <apﬁliu IRCLCIA apqu) B (apqiwsedi,i

ot ox dy oz 0z )+V(DVPqi)+0'i/ (1)

where the first three terms on the right hand side of the equation describe the ad-
vective transport of the specific moisture q; through the atmosphere of density p,
the fourth term the flux due to the sedimentation velocity Wseqi i, the fifth term
the parameterized component of turbulent mixing with diffusion constant D, and
oy accounts for the sources and sinks of moisture due to microphysical conversion
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processes between water vapour, cloud ice, graupel and snow. We consider the re-
spective vertical fluxes for all four tendencies. In order to evaluate the contribution
of frozen hydrometeors to the total the fluxes of cloud ice, graupel, and snow are
combined into one class hereafter.

Special care is taken to ensure mass conservation within the analysis. We circum-

vent issues arising from the mixing of variables calculated in different subsequent
calculation steps, by adding advection and sedimentation fluxes, as well as the mi-
crophysical tendencies, as output streams to ICON allowing for a direct online cal-
culation. The quality of our analysis also depends on the handling of the Courant-
Friedrichs-Lewy criterion (Courant, 1928) and the choice of model surface on which
the analysis is performed. Possible damping by the CFL criterion is reduced by using
a quarter of the time step recommended for the used resolution. All calculations are
performed on the native grid to ensure a closed budget.
ICON was used by Dauhut and Hohenegger, 2022 as well. Our 20 % contribution of
frozen moisture (see Section B.3.3) lies between their estimates of 11 %, when only
considering the deepest convection, and 29 %, when considering all hydrometeors.
The calculations are not directly comparable though as they relied on a slightly dif-
ferent physics package and based their analysis on tendencies calculated offline and
indirectly inferring the frozen moisture contribution, rather than directly calculating
fluxes online as in our study.

B.2.3 Choice of reference height

The moisture budget calculation is carried out at the reference level of the cold-point
tropopause. The latter is defined here as the lowest temperature between troposphere
and stratosphere on height levels of around 500 m - 700 m spacing in the TTL. Any
reference to the tropopause in the text hereafter consequently refers to the average
cold-point tropopause.

B.3 RESULTS
B.3.1 Quantifying the perturbation

Figure 40 shows the inner tropical (potential) temperature and lapse rate profiles
of the Control (CTL, blue) and Perturbed (PTB, red) simulations. The effects of the
heating start to take effect at a height of around 12.5km, but are most prominent
in the TTL and lower stratosphere. Table 6 summarizes the changes in the physical
parameters of CTL and PTB relevant for this study: The cold-point tropopause height
is shifted downwards by 1.1km and the mean cold-point tropopause temperature
rises by 8.9K. The increases in saturation specific humidity caused by the elevated
cold-point temperatures enhance the specific humidity values at the cold-point by
more than 200 %. To put these values in context, both the changes in cold-point
temperature and specific humidity, are between three and four times larger than the
amplitudes of their seasonal variations at the cold-point tropopause (i.e. Seidel et al.,
2001).
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Figure 40: Left panel: temperature (solid line) and potential temperature profile (0, dashed
line). Right panel: lapse rate profile for temperature. An average over the inner
tropical region between [-5,5]°N is taken for both plots. Control is shown in blue,
Perturbed in red. The dotted line indicates the height of the cold-point tropopause.

Table 6: Two-monthly average [-5,5]°N tropical cold-point tropopause height, temperature,
10" percentile temperature and specific humidity in the control and perturbed sim-

ulations.
CIL PTB A (PTB-CTL)
tropopause height [km] 17.5 16.4 -1.1
tropopause temperature [K] 189.3 198.2 +8.9
10" percentile of tropopause temperature [K] 186.8 195.9 +9.2
tropopause water vapour [ppmv] 2.1 6.7  +4.6 (+ 219 %)

B.3.2 Water vapour distribution at the cold-point tropopause

Figure 41 visualizes the average water vapour at the cold-point for CTL (blue) and
PTB (red) in relation to the temperature dependent saturation water vapour mixing
ratio as implemented in ICON (Doms and Forstner, 2021). In PTB the average wa-
ter vapour is circa three times higher than in CTL due to the cold-point warming.
Nevertheless, the large-scale picture of the dependence of the average water vapour
on the cold-point temperature remains unchanged. In line with previous studies, the
model results show that the vapour at the cold point scales well with an equiva-
lent frost point temperature. The water vapour at the cold point is dictated by the
lowest temperatures in the inner tropics (Fueglistaler and Haynes, 2005). Here the
10" percentile of cold-point temperatures in the region between [-5,5]°N describe
the vapour values for CTL and PTB. For PTB, the estimate using the 10" percentile
of cold-point temperatures slightly exceeds (about 2.5 %) the model’s water vapour
mixing ratio. This discrepancy may be explained by an increase in the horizontal
velocities at the cold-point tropopause (+14 %) and enhanced variability of the cold-
point temperatures (£ 4 %). Nevertheless, the correlation between saturation water
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vapour mixing ratio and the 10'" percentile of cold-point temperatures remains a
good indicator to estimate the average water vapour at the cold-point, also for the
perturbed case. It is only shifted according to the 9K AT of cold-point warming
(compare Table 6). The 10" percentile of cold-point temperatures in Control and
Perturbed can consequently be seen as the equivalent frost point temperature of the
TTL in this simulation.

Qsat, ice. Pcontrol

Qsat, ice. PPertrubed

C-;.DE'T'.:"'DE'J"

Acontrol

00410 pcltl mean 10 pctl mean

185.0 187.5 190.0 192.5 195.0 197.5 200.0 202.5 205.0
temperature / K

water vapour volume mixing ratio

Figure 41: Two-months average water vapour mixing ratio at the mean cold-point height for
CTL (blue) and PTB (red) in the inner tropics between [-5,5]°N, marked by hor-
izontal dashed lines. The average water vapour values are compared against the
expected saturation water vapour mixing ratio at the mean cold-point tempera-
ture and the 10" percentile of cold-point temperatures for CTL and PTB, marked
with arrows. The saturation mixing ratio above ice as function of temperature at
the cold-point pressure as implemented in ICON (COSMO, Doms and Forstner,
2021) is plotted for CTL and PTB.

B.3.3 Change in flux partitioning

Figure 42 shows the contribution from water vapour and frozen hydrometeors to the
total flux for CTL (blue) and PTB (red)’. A first inspection of the CTL data reveals
that frozen moisture flux of 0.0006 kg m~2 year—' contributes with around 20%, a
value which is well within the value spread reported in previous studies. The leading
order term however is the water vapour flux of 0.0021 kg m~2 year ! contributing
around 80 % to the total flux. The computed water vapour and water vapour flux
at the cold point is also consistent observations in January (Fueglistaler et al., 2009,
Sioris et al., 2016a). In PTB the water vapour flux is enhanced to 0.0081 kg m ™2
year~! by a factor of four. However, the flux of frozen hydrometeors is increased by
almost the same factor to 0.0023 kg m~2 year—'. This means that the partitioning
into fluxes of water vapour and frozen hydrometeors remains virtually unchanged
despite the strong perturbation of the TTL in the PTB experiment.

B.4 DISCUSSION

We used ICON, a convection-resolving global model, to study the sensitivity of the
moisture flux partitioning in the TTL to external forcing. The base simulation is in

The plot shows unrounded values, the calculated percentage changes therefore deviate slightly from
those calculated based on the values reported in the text.
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Figure 42: Two-month average of the moisture fluxes at the average cold-point tropopause
in the region between [-30,30]°N. The contribution of water vapour and frozen
hydrometeors is shown along with the total. The control simulation is shown in
blue, the perturbed simulations in red. Above the bars the corresponding percent-
age share to the total moisture flux is shown.

line with previously published data on moisture flux partitioning in non-frozen and
frozen contributions. The analysis shows that in response to the strong tropopause
perturbation, the moisture flux partitioning remains almost constant - even for a
very strong perturbation with a change of cold-point temperatures by over 8 K. The
constant share of frozen moisture to the total moisture entering the stratosphere
underlines the character of the TTL as a region which is set based by a balance
between radiative-dynamically induced temperature changes in the higher lying re-
gions and temperature changes due to convective-radiative-dynamical process from
below (Fueglistaler et al., 2009).

The result of roughly constant partitioning may surprise at first, but is consis-
tent with a trajectory model based climate change study (Smith et al., 2022), where
ice content was explicitly tracked. Studies analyzing the annual cycle (Liu et al,,
2010, Fueglistaler et al., 2013) also found a constant frozen hydrometeor contribu-
tion, which they calculated from the offset between observed and modelled water
vapour values. Here the frozen moisture flux is calculated directly. The agreement
on the constant partitioning despite the different analysis method indicates that the
robustness of the moisture flux partitioning in the TTL is not exclusive to a perturba-
tion in form of an heating layer, as in our volcanic or geoengineering scenarios, but
has also holds for other disturbances such as seasonal variations and climate change.
The constant partitioning of moisture fluxes into frozen and non-frozen states of
matter demonstrates that the large-scale temperature field determines both moisture
fluxes entering the stratosphere for these various perturbations. Frozen and non-
frozen moisture follows the Clausius Clapeyron scaling. Consequently, the total flux
can be thought of as a water vapour flux controlled by an equivalent frost point tem-
perature, whereas the flux of frozen hydrometeors is given by an additional constant
temperature offset AT. Based on a 12 % increase of specific humidity per Kelvin in
the cold-point region (Kroll et al., 2021), this offset gives an estimate of the constant
relative contribution of frozen moisture to the total budget.

The contribution of frozen moisture to the total stratospheric moisture budget is still
largly uncertain, especially in the current generation of GCMs. The agreement on
the constant partitioning between our direct quantification in a convection-resolving
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framework and the indirect quantification in a framework relying on convective
parametrization (Smith et al., 2022) is therefore encouraging. Provided that GCMs
can correctly represent (changes in) the cold-point temperature, the AT offset would
also offer the possibility to improve currently used parametrization schemes. As the
current generation of CMIP6 models (Garfinkel et al., 2021) still show a cold-point
temperature spread of around 10K, this approach would require improvements in
the parametrizations of some models. If the underlying problem is found to be
capturing the influence of convective heating in the TTL, the usage of convection-
resolving models might be inevitable.

In summary, the result of the analysis shows that the moisture flux partitioning at
the cold-point tropopause is robust, even under large perturbations. The explicitly
resolved convection in our numerical model increases the confidence that this result
is not a model artifact. The actual numbers presented in this study may be model
specific, further constraints of the percental contribution of frozen moisture to the
total flux based on observations are needed.

OPEN RESEARCH

The ICON model is available to individuals ( https:/ /mpimet.mpg.de/en/science/modeling-
with-icon/code-availability). Simulations were carried out with the code version in

branch icon-aes-CaVE-testoos. All data shown in the figures and scripts needed to
generate the figures in this work available under https:/ /hdl.handle.net/21.11116 /0000-
000B-5D17-4.
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THE IMPACT OF VOLCANIC AEROSOL HEATING ON
TURBULENT MIXING, IN-CLOUD UPWELLING AND
CONVECTION IN THE TROPICAL TROPOPAUSE LAYER

In this appendix some additional figures for the analysis of a manuscript in prepara-
tion are shown:

Kroll, C. A., Fueglistaler, S., Schmidt, H., Kornblueh, L., Timmreck, C.: The impact
of heating in the tropical tropopause layer on turbulent mixing, in-cloud upwelling,
and convection, in preparation for ACP, 2023
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The impact of heating in the TTL on turbulent
mixing, in-cloud upwelling, and convection

Clarissa Alicia Kroll'2, Stephan Fueglis’caler3 , Hauke Schmidt', Luis Kornblueh?,
Claudia Timmreck'

"Max Planck Institute for Meteorology, Hamburg, Germany
2International Max Planck Research School on Earth System Modelling
(IMPRS-ESM), Hamburg, Germany
3Program in Atmospheric and Oceanic Sciences, Princeton University, Princeton,
NJ, USA

In the following some figures and analysis results are presented which are part of
the above manuscript in preparation and were not presented in Section 2.3.

C.1 MODEL SETUP

Figure 43 shows the distribution of volcanic aerosols. Table 7 gives information on
the volcanic aerosol forcing.

— LR tropopause
E 3 pop
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Figure 43: Zonal mean distribution of the volcanic aerosols in the volcanically perturbed sim-
ulations (Vol) visualized using the extinction values in the strongest IR waveband
([8475-9259] nm). Indication of the lapse rate tropopause height (LR tropopause)
with a red line.

Table 7: Volcanic aerosol forcing as calculated using the double radiation call (DR call) for
all sky and clear sky conditions as well as the estimates according to Marshall et al.,
2020, and Hansen et al., 2005.

forcing Fi DR call F; DR call Fi Fa
all sky clear sky Marshall et al. Hansen et al.
forcing / Wm—2 -9.15 -13.80 -12.88 -10.70
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C.2 HEIGHT DEPENDENT MOISTURE DISTRIBUTION

Changes in moisture distribution and their dependence on the chosen vertical coor-
dinate are visualized in Figure 44 and Figure 45.
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Figure 44: Two-months average of the atmospheric moisture as a function of height for all
states of matter in the region between [-30,30]° N of Control and Perturbed. The
height of the CP tropopause for Control is shown in black, for Perturbed in grey.
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Figure 45: Two-months average of the atmospheric moisture fluxes as a function of height
and moist static energy for all states of matter in the region between [-30,30]° N
of Control and Perturbed. The height of the CP tropopause for Control is shown
in black, for Perturbed in grey.
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C.3 HEIGHT DEPENDENT MOISTURE FLUXES

The height dependent moisture fluxes for Control are shown in Figure 46, which
also offers two close-ups into higher altitudes and the TTL. Figure 47 visualizes the
moisture fluxes for all moisture forms relevant at the LR and CP tropopause for

Control and Perturbed.
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Figure 46: Two-months average of the atmospheric moisture fluxes as a function of height for
all states of matter in the region between [-30,30]° N of Control. For each state of
matter the contribution of advection is considered; for all states of matter, except
for water vapour and cloud water, sedimentation is subtracted, and in the case of
lightest contributors, cloud ice, cloud water and water vapour, turbulent mixing
is taken into account in the budget. From left to right the zoom into the TTL is
increased. The LR tropopause is indicated with a dashed, the CP tropopause with
a solid, line. Positive fluxes are directed upwards, negative fluxes downwards.
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Figure 47: Average net moisture flux through the lapse-rate (upper panel) and cold-point
tropopause (lower panel) due to the states of matter relevant for the TTL, as well
as their total, between [-30,30]° N. Control is shown in blue, the corresponding
fluxes for the perturbed simulation in red.
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C.4 CONVECTION IN ICON

Fig. 48 and Fig. 49 give an overview over important characteristics of the convec-
tive cells selected during the LNB calculations described above. For all figures one
specific convective event was selected without spatial or temporal averaging.
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Figure 48: Example snapshot of one single specific convective cell. Display of the vertical
wind, meridional northward wind, cloud ice flux, specific cloud ice, graupel flux,
specific graupel, snow flux, and specific snow content in a single convective event.
The cell which was used to detect the convective event is marked with a vertical
black line, the cold point height is denoted with a black line.
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Figure 49: Example snapshot of one single specific convective cell. Display of the vertical
wind, temperature lapse rate, water vapour flux, specific humidity, rain flux, spe-
cific rain, cloud water flux, and specific cloud water content in a single convective
event. The cell which was used to detect the convective event is marked with a
vertical black line, the cold point height is denoted with a black line.

C.5 SUBLIMATION ABOVE THE COLD POINT TROPOPAUSE

Table 8 lists the microphysical conversions integrated above the CP tropopause giv-
ing insight of sublimation and condensation processes above the CP.
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Table 8: Two-monthly average of vertically integrated microphysical tendencies for the states
of matter relevant for the TTL between [-30,30]°N evaluated one level above the

average CP tropopause. Negative values denote loss of the corresponding state of
matter, positive creation of the respective state of matter.

integrated pure microphysical tendency / 10 ' kgm~2s~! Control Perturbed

water vapour 0.0353 0.2580

cloud ice -0.0214 -0.1916
graupel -0.0053 -0.0186
snow

-0.0075 -0.0477
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