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Abstract

The West African Monsoon (WAM!?) is one of the most prominent atmospheric features of the
West African climate. It represents the main source of rainfall over the semi-arid Sahel zone
and thus has a crucial impact on the socio-economics of these regions, which primarily rely on
agriculture. However, the complex interaction of large-scale circulation and microphysical rain
and cloud processes poses a substantial challenge to reliably quantify the atmospheric branches
of the hydrological cycle during the WAM.

This thesis aims to promote the understanding of the variability of tropospheric water vapor and
its control mechanisms over the Sahel during the monsoon period. This is achieved by jointly
studying abundances of the stable water isotopologues H,O and HDO (denoted as standardized
ratio product 8D), as these contain fundamental information about moisture pathways and
processes.

In a three-step concept, this thesis exploits observational and model-based {H,O, 6D} pair
distributions for identifying effects of transport and moisture processes associated with the
WAM. The first step includes the generation of a novel, global and daily dataset of tropospheric
{H20, 6D} pairs based on remote sensing measurements from the satellite sensor Metop/IASL
For making data from isotope-enabled models comparable to these remotely sensed results,
a so-called retrieval simulator is developed. As second step, a model-based framework using
Lagrangian trajectory information is built for allowing meaningful interpretations of {H,O,
OD} pairs over the Sahel. Based on this framework, the third step performs an extensive and
multi-scale analysis of IASI {H,O, §D} pairs over the Sahel. This includes various simulations
from the isotope-enabled models ICON-ARTjs, and COSMOj;, as well as additional rainfall data
from GPM IMERG. This synthesis allows to identify characteristic {H;O, D} signals during the
WAM and to attribute those to clear effects of air mass mixing and microphysical processes such
as condensation, evaporation and equilibration of rain drops.

Overall, this study reveals the potential of using {H,0, D} pair data from IASI together with
high-resolution modeling and process attribution methods for investigating the tropospheric
moisture budget and its dominant control mechanisms. Such a joint analysis holds great promise
for evaluating and improving numerical weather and climate models in the long run. Ultimately,

this thesis underlines the general potential of isotopic analyses to study the hydrological cycle.

!Further abbreviations are explained in Appendix C.
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Zusammenfassung

Der westafrikanische Monsun ist einer der markantesten Bestandteile des Klimas iber West-
afrika. Er ist die Hauptquelle fiir Regen tiber der semi-ariden Sahelzone und hat damit einen
entscheidenden Einfluss auf die Sozio6konomie dieser Regionen, die grofiteils auf Landwirtschaft
angewiesen sind. Allerdings stellt das komplexe Zusammenspiel der groffiraumigen Zirkulation
mit kleinskaligen Wolken- und Regenprozessen eine grofie Herausforderung dar, die atmospha-
rischen Zweige des Wasserkreislaufs wiahrend des Monsuns verldsslich zu quantifizieren.

Der Fokus der zugrundeliegenden Arbeit liegt daher auf der Analyse von troposphérischem
Wasserdampf und seiner Einflussfaktoren wéahrend des westafrikanischen Monsuns. Fiir diesen
Zweck werden Verteilungen der Wasserdampfisotopologe H,O and HDO (standardmaflig als D
angegeben) gemeinsam betrachtet, da diese fundamentale Riickschliisse iiber Feuchtepfade und
-prozesse ermoglichen.

In einem dreistufigen Konzept nutzt diese Arbeit beobachtungs- und modellgestiitzte {H,0, 6D}
Verteilungen zur Analyse von Effekten von Transport- und Feuchteprozessen im Zusammenhang
mit dem Monsun. Im ersten Schritt wird ein neuartiger Datensatz von tropospharischen {H,O,
dD}-Paaren auf der Basis von globalen and téglichen Fernerkundungsdaten des Satellitensensors
Metop/IASI erzeugt. Um Isotopendaten aus Modellanalysen mit diesem neuen Datensatz ver-
gleichbar zu machen, wird ein sogenannter Retrieval Simulator entwickelt. Der zweite Schritt
zielt auf eine modellgestiitzte Prozessanalyse unter Verwendung von Luftmassen-Trajektorien,
um eine aussagekréftige Interpretation von {H,O, dD}-Verteilungen zu erméglichen. Darauf
aufbauend wird im dritten Schritt eine umfangreiche und mehrskalige Analyse der IASI {H,O,
OD}-Verteilungen tiber der Sahelzone mit Fokus auf den Monsun durchgefiihrt. Dies beinhaltet
Simulationen mit den numerischen Wettermodellen ICON-ART;s, und COSMO;,, sowie Nie-
derschlagsbeobachtungen von der NASA (GPM IMERG). Die Synthese dieser Datensétze und
Methoden erméglicht, charakteristische {H,0, §D}-Signale tiber der Sahelzone zu identifizieren
und diese auf eindeutige Effekte der Luftmassenmischung und mikrophysikalischen Prozesse
wie Kondensation, Verdunstung und Aquilibrierung von Regentropfen zuriickzufiihren.
Insgesamt verdeutlicht diese Studie das Potential von {H,O, D}-Verteilungen von IASI zusammen
mit hoch aufgeldsten Modellrechnungen sowie detaillierten Prozessanalysen zur Untersuchung
des troposphérischen Feuchtebudgets. Damit unterstreicht diese Arbeit den grundsatzlichen

Wert der Wasserdampfisotopologie fiir die Analyse des hydrologischen Kreislaufs.
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Part 1.

Introduction






1 Introduction

The meteorology and hydrology over West Africa is mainly governed by the complex West
African Monsoon (WAM!?) system (Fink et al., 2017). Over the semi-arid Sahel zone, it causes
a tremendous annual cycle from very dry winter months to a wet and intense rainy season,
which has enormous socio-economic impacts on rural areas (Sultan et al., 2005, Berntell et al.,
2018). From a climatological perspective, changes in the WAM system are critical for the degree
of desiccation (Hulme, 2001) and the greenhouse effect (Spencer and Braswell, 1997) of West
Africa. In addition, the WAM system is also found to affect weather systems in remote areas
through dynamical teleconnections, such as over the North Atlantic and Europe (Bielli et al., 2010,
Gaetani et al., 2011, Pante and Knippertz, 2019). However, the lack of observational networks
(Parker et al., 2008) as well as the poor performance of numerical weather and climate models
(Roehrig et al., 2013, Vogel et al., 2018) hamper a detailed analysis of the still poorly understood
tropospheric moisture budget over the Sahel.

During the last decades, the analysis of stable water isotopologues in atmospheric water vapor
and precipitation has been established as a powerful tool for investigating atmospheric moisture
pathways. As each water isotopologue (hereafter referred to as water isotope) is associated
with characteristic binding energies and diffusivities, the ratios of different isotopes are altered
during phase changes. Therefore, the paired analysis of the light water isotope H,O against its
heavier HDO (given as standardized ratio D) provides strong potential for evaluating effects
of tropospheric moisture processes (e.g. Worden et al., 2007, Noone et al., 2011, Noone, 2012,
Bolot et al., 2013, Gonzalez et al., 2016, Schneider et al., 2016, Lacour et al., 2018). So far only few
studies have investigated tropospheric distributions of stable water isotopes during the WAM.
Observational and model-based studies underlined the strong influence of large-scale dynamics
and microphysical processes on the isotopic composition of rain and water vapor (Risi et al.,
2008b, 2010a, Tremoy et al., 2012, 2014). However, Risi et al. (2010b) concluded that quantifying
the individual effects of the different moisture processes remains a major challenge.

The aim of the thesis is to advance the understanding of the variability of tropospheric moisture
during the WAM. For the first time, paired distributions of H,O and 8D (referred to as {H,O, 6D}

pairs) in Sahelian water vapor will be used to systematically investigate the hydrometeorological

! Abbreviations are explained in Appendix C.



1. Introduction

Isotopic analysis of tropospheric moisture during the West African Monsoon

Remote sensing data

Model-based framework

Process analysis of Monsoon

Figure 1.1. lllustrative scheme of the three-step concept, as followed throughout the thesis and described

in Sect. 1.

control mechanisms of the WAM. This serves to further highlight the general value and potential
of {H,0, 8D} pair distributions for studying tropospheric moisture pathways.

This research goal is pursued within this thesis in a three-step concept (Fig. 1.1). As first
step, the lack of continuous and dense water vapor measurements over West Africa is filled
by generating a novel and comprehensive dataset of observational {H,O, 6D} pair data for the
mid-troposphere. For this purpose, radiance measurements from the thermal infrared sensor
IASI are used, which offers a global scanning of the Earth’s atmosphere multiple times per
day. Optimal {H;0O, 6D} pair information is achieved by post-processing the individual H,O
and éD retrieval results for the aforementioned period, which are provided within Schneider
et al. (2021c) and developed during the MUSICA project (Schneider et al., 2016). Additionally, a
so-called retrieval simulator is developed and evaluated. Its purpose is to harmonize data from
isotope-enabled models according to the vertical characteristics of the MUSICA IASI {H,O0, 6D}
pair product, which is crucial for meaningful direct model-to-satellite comparisons.

The second step develops a model-based framework for improving the interpretation of
observed and modeled variability in the paired {H,0O, 6D} phase space. The basis for this is the
analysis of Lagrangian backward trajectories that indicate the pathway of an air parcel through
the atmosphere. The approach is to track the isotopic evolution along these trajectories and to
attribute characteristic {H,O, dD} signals to idealized effects of mixing and microphysical cloud
and rain processes (Noone, 2012). This allows to interpret the Sahelian moisture by means of
moisture processes that have occurred during the history of observed air masses.

Finally, as third step, the {H,O, dD} pair data from IASI as well as from the isotope-enabled
models ICON-ART;s, and COSMOj,, are brought together in order to perform a multi-scale

process analysis of the WAM. The aforementioned trajectory results in addition to global satellite-



based rainfall measurements from GPM IMERG support the attribution of the observed {H,O, 6D}
pair signals over the Sahel to underlying dynamical and microphysical processes. This allows
to use the isotopic perspective for evaluating the impact of different model configurations to
the simulated representation of the WAM system, such as horizontal resolution and convection
treatment.

This work is structured as follows: Chapter 2 provides an overview on the WAM development
and mechanisms on a climatological perspective as well as for the monsoon season 2016. This
specific season is characterized in detail during the field campaign DACCIWA and will therefore
serve here as a target period for detailed monsoon studies. Chapter 3 discusses the general
physics and tropospheric datasets of stable water isotopes and concludes with emphasizing the
research goals of this thesis (Sect. 3.3). The three-step analysis discussed above is realized in
Chap. 4, which includes the description of the full MUSICA IASI {H;O, éD} pair processing, Chap.
5, which demonstrates the Lagrangian process attribution exemplarily for the WAM season
2016 and Chap. 6, where the WAM is analyzed on the annual, seasonal and convective scale.
Chapter 7 concludes with a final summary of the main research highlights and discusses future

perspectives.
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2 Characterization of the West African

Monsoon

This section provides an overview of the West African Monsoon system. The focus herein lies on
its general meteorological features, the dominant transport patterns that affect the tropospheric
moisture budget over the Sahel as well as on convective squall line systems. Furthermore, a
particular focus will be set on the monsoon season 2016, which will be investigated in detail in

the context of this work.

2.1. General Meteorology

During the monsoon period between June and September, the meteorology and hydrology of
West Africa is dominated by the complex West African Monsoon (WAM) system. While the sun
migrates smoothly northwards and shifts the zonal belt of tropical convection from the eastern
Tropical Atlantic towards the West African coast, there is typically in the beginning of the boreal
summer an abrupt jump of maximum precipitation from the Gulf of Guinea to the semi-arid
Sahel zone (Sultan and Janicot, 2003, Hagos and Cook, 2007). The shift of convective activity
up to 15-20° N marks the onset of the WAM and initiates intense precipitation events over the
Sahel throughout the whole monsoon period.

This phenomenon is mainly driven by contrasts in near-surface temperature, pressure and
moisture between the eastern Tropical Atlantic and the Sahara. Equatorial upwelling of cold
water leads to relatively low sea surface temperatures, which is accompanied by tropospheric
subsidence (Atlantic Cold Tongue (ACT); Caniaux et al., 2011, Druyan and Fulakeza, 2014). The
main counterpart of the ACT is the so-called Saharan Heat Low (SHL), a lower tropospheric
thermal depression in the Saharan desert west of 10° E, where high solar insolation and low
surface evaporation lead to an intense surface heating (Lavaysse et al., 2009). As the SHL deepens,
it further intensifies the thermal contrast between the Sahara and the eastern Tropical Atlantic
and generates a weak cyclonic circulation near the Saharan surface, which is linked to dry
convection (see arrow I in Fig. 2.1a). This circulation is a key driver for the northward shift
of the monsoon precipitation and analogously the so-called Intertropical Discontinuity (ITD).

The latter marks the northernmost position of the monsoon precipitation (Fitzpatrick et al.,



2. Characterization of the West African Monsoon

925 hPa 600 hPa
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Figure 2.1. Overview of the dominant dynamical structures during the West African Monsoon (figure
taken and adapted from Fig. 4 in Cook, 1999). The thin black arrows indicate the total wind vectors
(the reference length of the black arrow represents 10ms™!) and the contour lines indicate the
geopotential height (contour interval of 10 gpm), based on a reanalysis climatology for July at (a)
925hPa and (b) 600 hPa. The large colored arrows point towards the cyclonic circulation due to
the Saharan Heat Low (I, blue), the southwesterly monsoon flow (II, blue), the dry northeasterly
Harmattan winds (I, blue), the African Easterly Jet (IV, red) and the anticyclonic circulation linked
to the Saharan high (V, red). The black box covers the Sahel region, where the monsoon convection

is strongest.

2015), as it represents the near-surface confluence of the moist southwesterly monsoon flow
(arrow I in Fig. 2.1a) against the dry Harmattan, the dry northeasterly trade winds originating
from the Mediterranean Sea (arrow III in Fig. 2.1a; Sultan and Janicot, 2003, Tyrlis and Lelieveld,
2013). Accordingly, the ITD is characterized by large gradients in humidity, temperature, vertical
stability and dust content. As response to the SHL development, the ITD shifts from its winter
position near the Guinea Coast to the Sahel with maximum latitudes up to 20° N (Lélé and Lamb,
2010).

The strong meridional temperature (and moisture) gradients in the lower troposphere cause
a marked thermal wind at around 600 hPa and 15° N (arrow IV in Fig. 2.1b Cook, 1999). This
so-called African Easterly Jet (AEJ) is a prominent zonal wind feature that dominates the mid-
troposphere over West Africa during the monsoon period. Its intensity and altitude is strongly
influenced by deep moist convection around the ITD and by dry convection within the SHL
(Thorncroft and Blackburn, 1999). In turn, the AE] is associated with horizontal and vertical
wind shear and thereby creates an environment, which favours the development of so-called
African Easterly Waves through barotropic and baroclinic instabilities (AEW; e.g. Thorncroft and
Hoskins, 1994, Thorncroft et al., 2008, Leroux and Hall, 2009). AEWs are westward propagating

10



2.2. Dominant Moisture Transport Pathways

synoptic-scale wave disturbances in the lower troposphere of northern Africa with a period of
3-5 days (Carlson, 1969, Burpee, 1972). They are found to be in close interaction with organized
deep convection over Central Africa (Berry and Thorncroft, 2005, Mekonnen et al., 2006, Hsieh
and Cook, 2008, Berry and Thorncroft, 2012) and modulate the West African precipitation by
fostering the development of highly organized, long-lived Mesoscale Convective Systems (MCS;
e.g. Gu et al,, 2004, Fink and Reiner, 2003, Skinner and Diffenbaugh, 2013, Crétat et al., 2015).
Over West Africa, more than 40 % of all MCSs are related to AEWs (Fink and Reiner, 2003).
This emphasizes the complex coupling of the mid-tropospheric AEJ with the development of
the Sahelian precipitation (Sy et al., 2018, Niang et al., 2020). Further, the low-level SHL is
associated with a mid-tropospheric high pressure system leading to a divergent flow within an
anticyclonic circulation over North Africa (arrow V in Fig. 2.1b; Chen, 2005). This circulation
feeds extra-tropical air masses into the Sahel, thereby it is found to contribute to the maintenance

of the AEJ and to modulate its intensity (Thorncroft and Blackburn, 1999, Niang et al., 2020).

2.2. Dominant Moisture Transport Pathways

The complex mechanisms of the WAM are associated with distinct transport pathways, which
lead to high levels of air mass mixing in the Sahelian troposphere (e.g. Niang et al., 2020). These
large-scale atmospheric features of the WAM system are found to be in close connection with
the precipitation and low-level moisture over West Africa (Lélé and Leslie, 2016). Water vapor
can be transported from remote areas along the pathways marked in Fig. 2.1, which either
moisten the otherwise dry Sahel directly, or lead to a recycling of the transported water vapor
through rainout and continental evapotranspiration over West Africa. The latter is particularly
essential for determining the low-level moisture over the Sahel (e.g. Cadet and Nnoli, 1987, Gong
and Eltahir, 1996, Fontaine et al., 2003, Koster et al., 2004, Nieto et al., 2006). The following
paragraphs provide an overview of studies that address the large-scale moisture transport along
the pathways from Fig. 2.1. A more detailed and systematic moisture analysis of the individual
pathways is performed in Chap. 5.

The main sources of water vapor in the Sahelian troposphere are represented by the near-surface
features marked in Fig. 2.1a. A simple yet powerful method for estimating robust source-sink
relationships of atmospheric moisture is the analysis of net change due to the combined effects
of evaporation and precipitation (Stohl and James, 2004). For instance, during the monsoon
period, when the southwesterlies reach the coastal zones of West Africa, the dominant source of
Sahelian moisture is the eastern Tropical Atlantic (Cadet and Nnoli, 1987, Fontaine et al., 2003).
The subsidence associated with the cold surface waters of the ACT suppress the convective
activity over the eastern Tropical Atlantic, such that the monsoon southwesterlies can get largely

moistened through local evaporation over the Gulf of Guinea and transport the water vapor

11



2. Characterization of the West African Monsoon

towards the Guinea Coast. As response to the SHL, this moisture can then be advected to the
Sahel zone (Thorncroft et al., 2011). A further moisture source for the monsoon system is the
North Atlantic (e.g. Fontaine et al., 2003, Grams et al., 2010). Nieto et al. (2006) identified a band
of evaporation along the North Atlantic from the Sahel latitudes up to the Iberian coasts. The
northerly trade winds transporting the evaporated water over the North Atlantic are then pulled
towards the Sahel by the cyclonic circulation of the SHL. Another evaporative source of lower
tropospheric moisture over the Sahel is the Mediterranean Sea (e.g. Fontaine et al., 2003, Nieto
et al., 2006). Here, the increase of sea surface temperatures is found to be positively correlated
with the Sahelian moisture and precipitation, which is in agreement with the fact that warmer
sea surfaces lead to enhanced local evaporation (Rowell, 2003). The evaporated water from the
Mediterranean Sea is then transported by the northeasterly Harmattan trade winds towards the
Sahel without experiencing any significant precipitation.

In contrast, the impact of the mid- and upper-tropospheric features marked in Fig. 2.1b to the
Sahelian moisture is not as clear as for the low-level transport pathways. For instance, the AE]
appears rather dry, as it remains constantly around 600 hPa, and yet it is associated with an
easterly moisture flux in the mid-troposphere (Cadet and Nnoli, 1987). On the one hand, upper
tropospheric water vapor that was lifted within the Indian Monsoon can be mixed into the
mid-tropospheric AE] (Sy et al., 2018, Niang et al., 2020). This water vapor is then transported to
the Sahel, where it might represent only a minor contribution compared to the lower tropospheric
moisture fluxes, but appears to be correlated with the Sahelian precipitation (Sy et al., 2018).
On the other hand, the monsoon southwesterlies from the Gulf of Guinea are found to feed
moisture into the AE]J, when they are lifted over the Sahel through convection to altitudes of
the AE] (Cadet and Nnoli, 1987, Niang et al., 2020). The other feature shown in Fig. 2.1b is the
transport pathway as response to the divergent anticyclonic flow at the Saharan high. This flow
is associated with relatively dry air from the extra-tropical upper troposphere. Roca et al. (2005)
documents that through occasional Rossby wave breaking the polar jet can feed on its southern
side at 50° N and 250 hPa very dry air masses into this anticyclonic flow over North Africa. Along
its propagation over the Saharan regions, this flow can receive an input of low-level moisture as
result of enhanced boundary layer mixing, as during summer the top of the Saharan boundary
layer can reach altitudes up to 5-6 km (Hall and Peyrillé, 2006). But still the anticyclonic flow
over North Africa does not constitute a significant moisture source for the Sahel. Nevertheless,
both discussed mid-tropospheric flows together with their dry and unsaturated air masses can

be essential for the development of MCSs, what will be discussed in the following section.
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2.3. Structure of Squall Lines
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Figure 2.2. Schematic cross-section of a tropical squall line (adapted from Fig. 1 in Houze et al., 1989).

The black dashed arrows indicate the dominant flow patterns within the convective system.

2.3. Structure of Squall Lines

As previously discussed, the Sahel represents a region, where air masses with markedly different
pathways and moisture contents come together and hence induce high levels of convective insta-
bility and vertical wind shear. A prominent example of MCSs that develop in this environment
are so-called squall lines with a characteristic north-south orientation and a fast westwards
propagation (Houze, 1977, Houze et al., 1989, Fink and Reiner, 2003). Such squall line systems
are found to generate up to 80 % of the annual rainfall over the Sahel (Dhonneur, 1981, Fink et al.,
2006) and are therefore a key driver of monsoon precipitation.

Following the conceptual model of Houze et al. (1989), Fig. 2.2 provides a schematic cross-section
through a squall line, which typically consists of a leading convective zone followed by a strati-
form cloud shield. Near-surface moist air masses (e.g. the monsoon southerlies) inject moisture
into the system and foster the development of convective updrafts. Here, the moist convection
induces the intense formation of precipitation and clouds reaching up to the tropopause. The
trailing stratiform part is characterized with a slowly ascending front-to-rear flow that emerges
from the upper portion of the convective part and advects detrained ice particles rearward.
During the ascend, these particles grow through vapor deposition and eventually fall out of

the cloud shield. This results in moderate stratiform precipitation in the stratiform zone of the
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Figure 2.3. Horizontal distribution of mean precipitation during the four DACCIWA phases (a—d), as
described in Sect. 2.4. The underlying data are based on the precipitation product TRMM and given
in mm per hour. Figure is taken from Knippertz et al. (Fig. 6, 2017).

squall line, accounting for 40 % of the total rain from the squall line system (Houze, 1977). An
additional rear-to-front flow (e.g. the AE]) penetrates dry and unsaturated air masses into the
rear of the system below the stratiform cloud shield. This fosters the evaporation of falling rain
and the development of unsaturated downdrafts through the evaporative cooling of surrounding
air masses. These downdrafts generate a near-surface cold pool and can be injected into the

convective updraft, thereby fostering the formation of new convective cells.

2.4. The Monsoon Season 2016

As the West African area lacks of dense and operational measurement networks, various large
international field campaigns have been organized in the past in order to advance the general
understanding of the WAM and its controlling factors. For instance, the African Monsoon
Multidisciplinary Analysis (AMMA) program was a comprehensive field campaign that was
carried out in the Sahel in 2006 aiming at the documentation of the WAM climate system
(Redelsperger et al., 2006). Details about related water isotope studies performed in this context
will be presented in Sect. 3.3.

In this work, a main focus will be on the WAM season 2016, which was studied and documented
in detail during the Dynamics-Aerosol-Chemistry-Cloud Interactions in West Africa (DACCIWA)

project (Knippertz et al., 2017). This included extensive field measurements in the coastal West
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Africa as well as radiosonde and aircraft measurements (Flamant et al., 2018). As part of this
project, Knippertz et al. (2017) performed an in-depths characterization of the meteorological
conditions during the early WAM season 2016 and divided the temporal WAM evolution in four
different phases (see Fig. 2.3), which will be the basis for the monsoon analyses in Chap. 5 and in
Sect. 6.2 and 6.3.

During the pre-onset stage (Phase 1, 01-21 June 2016, Fig. 2.3a) the rainfall maximum lied over
the Guinea Coast and was characterized by several rainy episodes associated with synoptic-scale
disturbances (e.g. see Maranan et al., 2019). Just before the monsoon onset, the northern African
regions were affected by a substantial extra-tropical disturbance inducing strong northerlies
towards the Sahel zone and thereby suppressing the Sahelian precipitation. This feature was
accompanied with an unusually strong and eastward shifted SHL, until an abrupt ventilation
from the Tropical Atlantic weakened the SHL. After a subsequent gradual intensification of
the SHL, a shift of maximum rainfall to the Sahel took place and initiated the post-onset stage
(Phase 2, 22 June-20 July 2016, Fig. 2.3b), with more or less climatological, undisturbed monsoon
conditions. That is, the monsoon onset was associated with the development of strong southerly
monsoon winds that transported moisture to the Sahel and thereby created a northward shift of
the ITD up to 20° N. In contrast, the Guinea Coast was rain-free and anomalously dry during this
period. In Phase 3 (21-26 July 2016, Fig. 2.3c) again an SHL breakdown occurred and subsequently
an unusual wet westerly wind regime formed. This caused widespread precipitation over large
parts of West Africa, shifting the maximum rainfall southwards to the Guinea Coast. The return
of the circulation to undisturbed monsoon conditions took place in Phase 4 (27-31 July 2016,

Fig. 2.3d), with the SHL and maximum rainfall returning to conditions similar to Phase 2.
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3 | Stable Water Isotopologues in the
Troposphere

An atom of a given element is uniquely defined based on the amount of protons and electrons,
however, the number of neutrons and therefore the mass may differ for different atoms of the
same element. These variants of a given element are called isotopes, and a molecule that consists
of different isotope combinations is referred to as isotopologue. For instance, the naturally
most abundant isotopes of hydrogen are 'H (in the following denoted as H) and 2H (deuterium,
denoted as D) and of oxygen °0O (denoted as O), 7O and 0. Together these isotopes can
form different isotopologues of water (in the following denoted as water isotopes) with relative
abundances given in Table 3.1. The most frequent water isotope is the light H;°O (denoted as
H,0) with making up more than 99 % of all water isotopes, whereas the heavier water isotopes
show maximum occurrences of up to 0.2 %. In general, the water isotope occurrences decrease
with increasing molecular masses. For describing distributions of water isotopes the §-notation
(in %) is commonly used, for instance between H;O and the heavier HDO, with both given as

volume mixing ratios:

HDO/H,0

Rvsmow

8D = ( 1) - 1000 (3.1)

Rysmow 1s the isotopic ratio of the Vienna Standard Mean Ocean Water as defined by the Interna-
tional Atomic Energy Agency (IAEA) (see Table 3.1; Hagemann et al., 1970). Analogous to Eqn.
3.1, §'80 refers to the ratio of H}*O to H,0. Even though HDO is not the most abundant heavy
water isotope, the focus of the following study will be on ratios of H,O against 6D, as these two
water isotopes are best retrievable from remote sensing observations (see Chap. 4).

The subtle differences in the molecular structure cause that different water isotopes react slightly
different to atmospheric processes that depend on the individual atomic masses, e.g. phase
changing processes. This behaviour makes the analysis of different water isotopes extremely
useful for investigating the hydrological cycle, as each phase changing process leaves individual
imprints on the ratio of different water isotopes. To emphasize the potential impact of such an
analysis, Fig. 3.1 extends the schematic overview of a squall line system as given in Fig. 2.2 with

those processes that alter the ratio of light and heavy water isotopes. The dominant processes
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3. Stable Water Isotopologues in the Troposphere

Table 3.1. Natural relative occurrences of the most abundant stable water isotopes in the atmosphere

(Galewsky et al., 2016).

Water Isotope Occurrence (%)

H1°0 99.73
H}*0 0.199
H)’O 0.038
HD'*O 0.031

are surface and rain evaporation as well as rain condensation, which are in close connection
with the dynamical features of the WAM. It underlines the variety and complexity of processes
that affect abundances of water isotopes and thus requires careful analyses for disentangling the
individual effects of each process to the isotopic composition of water vapor. Throughout this
work, this figure will be discussed in detail.

The following sections provide insights into common theories describing the behaviour of dif-
ferent water isotopes by emphasizing the paired analysis of light and heavy isotopes (Sect. 3.1).
Furthermore, the observation of tropospheric water isotopes from space-based remote sensing
and different modeling approaches will be motivated (Sect. 3.2). Section 3.3 presents results from
previous studies investigating abundances of stable water isotopes during the West African
Monsoon in order to motivate and highlight the key objectives of the thesis as well as the datasets

considered for addressing the presented research targets.

3.1. Theory for Interpreting Paired {H,0, D} Distributions

Throughout the last decades, the paired analysis of stable water isotopes has proven highly
valuable for retrieving information about atmospheric moisture processes (e.g. Worden et al.,
2007, Noone et al., 2011, Gonzalez et al., 2016, Schneider et al., 2016, Lacour et al., 2018, Eckstein
et al., 2018, Graf et al., 2019). As a theoretical basis for interpreting paired distributions of H,O
(given in volume mixing ratios) and 8D in water vapor, Noone (2012) compiled a set of idealized
process curves to describe how different tropospheric moisture processes are reflected in the
{H,O, 6D} phase space. In this work, the focus is on those process curves that govern the isotopic
variability in the Sahelian troposphere during the West African Monsoon, as summarized in
Fig. 3.2. This section provides the theoretical background for the individual process curves, for

which observational and model-based evidence will be given in the course of this study.
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Convection Stratiform zone
Storm 12 km = — e . e .
movement
<:| Frozen prec. /
6km - - - L _ L ———.
Mixed-phase QJ
prec.
4KM - - e e Q <«
Equilibration . Synczptlc-s'cale
Subsidence @in evaporation Rain . dry intrusions
_ evdporation
3 Mid-level Q
~ liquid prec.
Rayleigh
1kme — - — -/ & condensation ' |,
Surface evaporation .
Moist advection Low-level Rain ! Unsaturated
_____/ Liquid prec. evapqration downdrafts

Figure 3.1. Schematic cross-section of a tropical squall line (adapted from Fig. 4a in Risi et al., 2010a).
The blue arrows denote dry air intrusions into and within the system and the red one the moist
contributions (analogous to Fig. 2.1). The dark and light green arrows illustrate the occurrences of

microphysical rain processes for the different precipitation zones (described in grey).

3.1.1. Air Mass Mixing

First, let’s assume that two air parcels with the specific moisture contents g, and q,; and the
isotopic compositions Dy and §D; mix without fractionation (i.e., no phase changes during the

mixing). The mixed moisture composition g, and 6D then result as follows:

v = fCIUO + (f - l)qul (3.2)
5D = fq005D0+((£,_1)qv15D1 (3.3)

with f indicating the relative contribution of the two air masses (Noone et al., 2011). Note
that the subscript v is used for the vapor phase and c for the condensate throughout this work
(the only exception is made for H,O and 6D that both refer to the vapor phase, if no further
subscript is given). Later, the distinction will be made for different categories of condensate,
namely rain (r), snow (s), liquid (I) and ice (i) clouds. While g, exhibits linear mixing, 6D follows
a hyperbolic curve, as the ratio between light and heavy isotopes is dominated by the moister air

mass (Noone, 2012). The position of the hyperbolic curve in the {H,0O, D} diagram is determined
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Figure 3.2. Overview of idealized process curves for paired distributions of H,O and 6D according to
Noone (2012). The colored arrows indicate process curves that are found to represent the isotopic
composition of the Sahelian troposphere during the WAM season 2016. (a) Effects of air mass mixing,
where the blue (orange) curve indicate mixing between the end members x; and x; (y; and y3). (b)
Effects of microphysical processes, where the dark green line marks a Rayleigh process with initial
conditions of Ty = 30° C, RHy = 90 %, and 6Dy = —80 %. and the light green lines Super-Rayleigh
signals starting at two different positions of the Rayleigh line (z; and z;). The colors are chosen in
agreement with Fig. 3.1. Note that (b) only shows a subset of (a) marked by the black box in the top

right corner of (a).

by the isotopic composition of the moist and dry end members. For instance, Fig. 3.2a shows
the mixing curves for a dry mixing process, where the dry end member is located at very low
H,0 and 6D (orange curve), and for a moist mixing process with both end members (x; and
x,) being relatively moist (blue curve). For instance, the dry mixing curve is representative for
air masses that originate from dry regions of the upper troposphere (mixing member y,) and
become more humid while they are subsiding into lower altitudes (mixing member y,), whereas
the moist mixing curve illustrates a near-surface moistening due to surface evaporation (blue

and red arrows in Fig. 3.1, discussed in Sect. 5.3 and 5.4.2).

3.1.2. Isotopic Fractionation

Second, if microphysical processes take place and induce a phase change of atmospheric water,
fractionation between H,O and HDO occurs. Since the HDO molecule has higher binding energies
in the condensed phase than H,O, the two isotopes have different saturation vapor pressures
leading to equilibrium fractionation (Urey, 1947, Bigeleisen, 1961). Additionally, differences in

molecular mass leads to non-equilibrium fractionation due to differing diffusivities. The former
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refers to a reversible isotope separation under thermodynamic equilibrium between a condensate

(isotopic ratio R.) and the ambient vapor (isotopic ratio R,) according to the fractionation factor:
R

Qeqe = R—C (3.4)

0

The values for a,q, vary with temperature as also the saturation vapor pressure does and were
determined for liquid and ice condensation in various laboratory studies (e.g. Merlivat and Nief,
1967, Majoube, 1971, Horita and Wesolowski, 1994). Non-equilibrium fractionation is assumed
to occur in addition to equilibrium fractionation for processes that enforce a fast isotope flux

between vapor and liquid, for instance in case of ventilation or undersaturation.

3.1.3. The Rayleigh Model

A simple framework for the isotopic fractionation in a precipitating air parcel is the Rayleigh
distillation process (Rayleigh, 1902, Dansgaard, 1964). In this model, a moist adiabatic ascent is
assumed with immediate removal of the condensate (Johnson et al., 2001). As soon as the dew
point temperature is reached, condensation begins and condensate forms from ambient vapor
under equilibrium conditions. While this process enriches the condensate with heavy isotopes,
the ambient vapor gets depleted according to

In (1%) = (@eg-1)In (%) (3.5)
The conditions at the starting point of the ascent are defined by g, and the isotopic ratio Ry.
For condensation above the frost point (263 K, according to Noone (2012) and Ciais and Jouzel
(1994)) the fractionation factor for liquid water is used (Eqn. (3.4)) and at colder temperatures, the
factor over ice is applied. A typical Rayleigh line for convective condensation over West Africa

is shown in dark green in Fig. 3.2b (dark green arrows in Fig. 3.1, discussed in Sect. 5.3 and 5.4.3).

3.1.4. The Super-Rayleigh Regime

If a liquid hydrometeor falls into unsaturated air, evaporation takes place and acts as a reversed
distillation process (Bony et al., 2008), i.e. in case of the rain drop fully evaporating the isotopic
composition of the vapor resembles that of the rain (Risi et al., 2008a). During partial evaporation
of rainfall the lighter isotopes evaporate preferentially (Lee and Fung, 2008, Risi et al., 2008a,
Noone, 2012). While enriching the rain water, the ambient vapor content increases due to the
input of relatively more depleted evaporated rainfall water. In the {H,O, 5D} space this leads to a
drop below the Rayleigh curve (Dansgaard, 1964, Rozanski et al., 1992) and creates a so-called
Super-Rayleigh signal, representing a Rayleigh process with an increased fractionation factor
(Noone, 2012):

a > Geq (3.6)
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Starting at different positions of the Rayleigh curve, this creates signals indicated by light green
arrows in Fig. 3.2b. As will be shown in Chap. 5, these curves correspond to rain evaporation
in mid-levels (4-6 km) and near-surface sub-cloud areas (0—1.5 km) over the Sahel (light green
arrows in Fig. 3.1).

In saturated conditions (RH = 100 %), equilibrium exchange of water molecules between
vapor and liquid may affect their isotopic compositions, because saturation does not necessarily
imply that an equilibrium between liquid and vapor is reached immediately for HDO as well.
Particularly in the case of a fast process such as during the fall of a droplet, the isotope composition
of the vapor can be altered by equilibrium exchange with the falling droplet. If an isotopic
disequilibrium between the ambient air (§D) and the rain drop (6D,) exists, an HDO flux works
towards equilibrating both phases (Stewart, 1975, Lawrence et al., 2004). For instance, if rain
drops with low 8D fall through saturated areas with a relatively more enriched vapor, a net
isotopic flux from the vapor to the condensate occurs, while g, remains constant. This leads to a
lowering of D at constant q,. Thereby, {H,0O, 6D} signals develop, which lie below the Rayleigh
curve (light green lines in Fig. 3.2, light green arrows in Fig. 3.1, discussed in Sect. 5.4.4).

The disequilibrium between rain and vapor can be approximated as follows (e.g. Tremoy et al.,

2014, Aemisegger et al., 2015, Graf et al., 2019):
8Dy deg = 8D — 8Dy eq = 8D — [@eq(8D, + 1000) — 1000] (3.7)

0Dy eq is the isotopic composition that the vapor would have if it were in isotopic equilibrium
with the rain drop (subscript r stands for rain). In a saturated and equilibrated state, 5D, geq
tends towards 0 %., whereas partial rain evaporation (both equilibrium and non-equilibrium

fractionation) generates a negative disequilibrium.

3.1.5. Paired Interpretation Using Frequency Contours

For an improved, paired interpretation of different water isotopes, various studies have proposed
the use of two-dimensional distribution functions that statistically summarize given point clouds,
for instance, in the paired {H;O, 6D} phase space (e.g. Worden et al., 2007, Noone, 2012, Schneider
et al., 2017). This is particularly useful, if large datasets are investigated, where a traditional
scatter plot would become easily cluttered.

The thesis relies on the framework of Christner et al. (2018) and Eckstein et al. (2018), where
the {H,O, D} pair data are summarized in relative normalized frequency distributions. To
compute these, the H,O and éD distributions are binned on a chosen grid and evaluated with a
two-dimensional histogram. The histogram counts are smoothed with a Gaussian filter with a
chosen standard deviation (in this work, typically a value of 15-25 bins, depending on the data

ensemble size). Afterwards, the smoothed histogram counts are normalized according to the
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Figure 3.3. Relative normalized frequency distributions describing an exemplary {H,O, dD} pair dataset
from the Metop/IASI sensor (see Sect. 4.3). (a) Contour lines describing a two-dimensional histogram
that indicates the relative normalized frequencies of the {H,O, 6D} data points binned on a uniform
grid (50 bins between the min-max-values of H,O and 100 bins for D). The colored lines correspond
to the normalized frequencies of 0.05 (orange), 0.5 (red) and 0.9 (dark red). (b) Use of the colored
relative normalized frequency contours from (a) to interpret the two-dimensional {H,0, 6D} data.
For this purpose, the normalized frequencies are transformed to the corresponding data fractions
that are summarized by each contour: The orange contour summarizes 95 % of all data, the red one

50 % and the dark red contour the main 10 %.

sum of the histogram and its maximum value (Fig. 3.3a).

An example of how these histogram diagnostics can be used is given in Fig. 3.3b, where a point
cloud in the {H,0, 8D} phase space is summarized by three different relative normalized frequency
distributions (also denoted as two-dimensional histogram contours). The contour corresponding
to the normalized frequency of 0.05 (0.5, 0.9) is used to indicate the distribution of the main
95 % (50 %, 10 %) of all considered data points. The 95 %-contour displays the overall shape of
the full point cloud and captures also robust, outlying structures, whereas the 50 %-contour
represents the median amount of the paired {H,O, 6D} data points. The weighted maximum of

the frequency distribution is indicated by the 10 %-contour.

3.2. Tropospheric {H;0, 5D} Pair Datasets

Nowadays, a variety of observational platforms as well as atmospheric models are capable

of providing reliable information about isotope abundances in tropospheric water vapor and
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precipitation. Examples for the former are paleoclimatic records of 5D and 630 from archives
such as glaciers, ground ice, speleothems, corals, trees and marine sediments (e.g. Past Global
Changes (PAGES) Iso2k project; Konecky et al., 2020), global station-based measurements of
isotopes in precipitation (Global Network of Isotopes in Precipitation (GNIP) by IAEA and the
World Meteorological Organization), a global laser-based network of isotope measurements in
water vapor (Stable Water Vapour Isotope Database (SWVID); Wei et al., 2019), campaign-based
and long-term aircraft and ship measurements (e.g. Brenninkmeijer et al., 2007, Dyroff et al., 2015,
Renfrew et al., 2019) as well as infrared remote sensing platforms capturing isotopes in water
vapor from ground (Network for the Detection of Atmospheric Composition Change (NDACC)
and Total Carbon Column Observing Network (TCCON); e.g. Rokotyan et al., 2014, Schneider
et al., 2016) and from space (e.g. Worden et al., 2006, Frankenberg et al., 2009, Boesch et al., 2013,
Schneider et al., 2016). In the meantime, various Global Circulation Models (GCM; e.g. Yoshimura
et al., 2008, Risi et al., 2010c, Werner et al., 2011, Eckstein et al., 2018) as well as Regional Climate
Models (RCM; e.g. Sturm et al., 2005, Pfahl et al., 2012) have been successfully equipped with the
fractionation physics of stable water isotopes. Joint efforts for creating unified and merged model
products were realized within the project Stable Water Isotope Intercomparison Group (SWING;
Risi et al., 2012). Additionally, work has been done towards developing so-called retrieval
simulators that merge model output according to characteristics of space-based remote sensing
products (e.g. Field et al., 2012, Schneider et al., 2017). Another powerful tool for investigating
the sources and pathways of air masses and thus to better understand its isotopic composition
is the use of Lagrangian models. In contrast to Eulerian models that simulate the atmosphere
for fixed, discrete grid points and volumes (such as GCMs and RCMs), Lagrangian models are
used to calculate the propagation of infinitesimal small air parcels through the atmosphere (e.g.
Sodemann et al., 2008, Diitsch et al., 2018).

As this thesis aims at cross-comparisons between modeled and remotely sensed {H,0, 5D} pair
data, the following section will provide further information for related data platforms and

introduce the considered models.

3.2.1. Remote Sensing Products

During the last decades the space-based remote sensing of tropospheric water isotopologues has
progressed considerably in terms of retrieval development, quality and application. Even though
HDO is not the most abundant heavy water isotope (see Table 3.1), it is nevertheless, of course
after the light H,O, the one that is currently best retrievable from spectral measurements. This
is because HDO exhibits some strong spectroscopic features in the infrared spectral window,
which are distinct from those of H,O (see Sect. 4.2.2; Toth, 1999, Clerbaux et al., 2009).

On the one hand, cloud-free observations from short-wave infrared sensors were used to generate
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Figure 3.4. Overview of tropospheric water isotope retrievals from satellite sensors. The grey bars
indicate the time periods with available radiance measurements for each sensor. The periods for
which water isotope information has already been retrieved are shown in green for total column
products and in blue for vertically resolved profiles. In case of quasi-global retrievals, the bars are

framed in black.

total columns of the ratio HDO/H,O, specifically for SCTAMACHY (Scanning Imaging Absorption
Spectrometer for Atmospheric Chartography; Frankenberg et al., 2009, Scheepmaker et al., 2013),
GOSAT (Greenhouse Observing Satellite; Boesch et al., 2013, Frankenberg et al., 2013) and
TROPOMI (Tropospheric Monitoring Instrument; Schneider et al.,, 2020). As these sensors
measure sun light that is reflected on the Earth’s surface, current HDO/H,O retrievals are only
available for land observations. Typically, such tropospheric HDO/H,O total column products
provide highest sensitivity near the ground between 0-2 km.

On the other hand, thermal infrared sensors allow for retrieving HDO/H,O ratios with weak
vertical profile information for land as well as ocean observations. Measurements from TES
(Tropospheric Emission Sounder; Worden et al., 2006, 2012), AIRS (Atmospheric Infrared Sounder;
Worden et al.,, 2019) and IASI (Infrared Atmospheric Sounding Interferometer; Herbin et al.,
2009, Schneider and Hase, 2011, Lacour et al., 2012, Schneider et al., 2016, 2021c) were used for
retrieving H,O and HDO/H,0 with focus on the mid-troposphere (approx. between 750-350 hPa).
To ensure coherence in the vertical sensitivities of remotely sensed H,O and 6D, which is needed
for a combined interpretation, a further post-processing that creates optimal {H,O, §D} pair
information is proposed by Schneider et al. (2012) (see Sect. 4.3).

Figure 3.4 provides an overview of the referenced tropospheric water isotope retrievals for
the troposphere. This figure reveals the fact that most of the aforementioned retrievals were
performed for case studies limited in space and time. Up to now, the only global and long-time
referenced space-borne datasets of tropospheric HDO/H;O are provided for the sensors TES
(Worden et al., 2012) and SCIAMACHY (Schneider et al., 2018), but ended with the respective
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satellite missions in 2011 and 2012.

The thesis will focus on the IASI retrieval results from Schneider et al. (2021c) and, by adjusting
the {H,O, 6D} pair post-processing from Schneider et al. (2012), generate the multi-annual
and global water isotope dataset as indicated in Fig. 3.4 (marked with MUSICA IASI). Detailed
descriptions of the IASI sensor, the corresponding processing and an in-depth discussion of the

resulting dataset are found in Chap. 4.

3.2.2. Isotope-Enabled Modeling

Various techniques of modeling water isotopes have been developed throughout the last decades
and established as a powerful tool for studying atmospheric moisture transport and processes.
The formalisms describing equilibrium and non-equilibrium fractionation processes of different
water isotopes are well-known and can be used to extend an existing hydrological cycle in a model
by the additional simulation of stable water isotopes like HDO. This requires to take into account
the effects of fractionation and transport on the isotopic composition during every branch of
the whole prognostic cycle, such as evaporation from land and ocean surfaces, microphysical
cloud and rain processes and atmospheric transport and mixing. Originating in paleo-climatic
applications, the isotopologue-enabled atmospheric modeling has evolved along many different
atmospheric scales, ranging from large-scale and long-term climate studies to cloud-resolving
large-eddy-simulations (see, for instance, the overviews given in Yoshimura (2015) and Galewsky
et al. (2016)).

Within this study, different types of models will be used to investigate atmospheric distributions
of H,0 against dD. In the following, the focus will be on simulations of the isotope-enabled
RCM COSMO;y;, the isotope-enabled GCM ICON-ARTj,, as well as on Lagrangian backward
trajectories using the tool LAGRANTO. In order to make such model data directly comparable to
satellite data, a short overview will be given about current approaches that aim to adjust model

data according to characteristics of remotely sensed observations.

3.2.2.1. The regional model COSMOj;,

COSMO;, is the isotope-enabled version of the non-hydrostatic limited-area weather and cli-
mate model COSMO (Steppeler et al., 2003) and is documented in detail in Pfahl et al. (2012).
As a regional model that is fed by boundary data from a global model, it efficiently enables
simulations with high spatio-temporal resolutions at convective-resolving scales. It incorporates
the fractionating processes of HDO and H}*0 within its whole hydrological cycle (Pfahl et al.,
2012). Fractionation is assumed whenever phase changes occur that involve the vapor phase.
A one-moment microphysical scheme is used, which calculates the isotopic composition for

water vapor, liquid and ice clouds as well as rain and snow. For this purpose, it includes the
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fractionation schemes of Stewart (1975) for rain evaporation and Jouzel and Merlivat (1984) for
snow formation. Further, it uses the isotope-enabled multi-layer soil moisture scheme TERRA,,
for fractionating soil evaporation and non-fractionating plant transpiration (Christner et al.,
2018). Fractionation during ocean evaporation is represented by the Craig-Gordon-model (Craig

and Gordon, 1965).

3.2.2.2. The global model ICON-ARTj,

A very recent isotopically equipped global circulation model is ICON-ARTjg, (Eckstein et al.,
2018) that builds on the numerical weather prediction packages of the non-hydrostatic global
forecast model ICON (Icosahedral Nonhydrostatic; Zangl et al., 2015) and on the flexible tracer
framework from the extension ART (Aerosols and Reactive Trace Gases; Rieger et al., 2015,
Schroter et al., 2018). This tracer framework facilitates a flexible set up of artifical tracers tagging
chosen air masses and moisture sources within a single model run.

In contrast to COSMO, ICON is based on an unstructured triangular grid that enables high
scalability on massively parallel high performance computing systems. Further, it allows for
incorporating local grid refinements (nesting) within the global model domain and with a two-
way-interaction, whose impact towards improving the representation of the atmospheric state
has been shown for instance in Pante and Knippertz (2019) and Weimer et al. (2020). The ex-
change of information between the global and nested domain is realized with a relaxation-based
interpolation for the prognostic variables of ICON, i.e. horizontal and vertical wind fields, virtual
potential temperature, density, specific humidity and liquid and frozen cloud water (Pante and
Knippertz, 2019, Reinert et al., 2019). As part of the thesis, the two-way-nesting functionality
has been extended to also considering the water isotope state from ICON-ARTjg,.

The fractionation physics of stable water isotopes are adapted from COSMOjg,. In its current
version, ICON-ARTj, does not yet consider fractionation within the soil moisture scheme
TERRA. Instead, climatological mean values are used for setting the isotopic composition of
water evaporated from land (Terzer et al., 2013) and ocean (LeGrande and Schmidt, 2006) sur-
faces. A comprehensive and detailed documentation of the model structure and the considered

fractionation schemes is given in Eckstein (2017).

3.2.2.3. The Lagrangian analysis tool LAGRANTO

The Lagrangian analysis tool LAGRANTO allows for calculating backward and forward air tra-
jectories based on atmospheric data of Eulerian models, i.e. models that simulate the atmosphere
on fixed grid points (Wernli and Davies, 1997). LAGRANTO is not restricted to a pre-defined,
fixed spatial grid, but interpolates the individual pathway of a single air parcel through the
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atmosphere by using the three-dimensional Eulerian wind fields. Additionally, it provides the
functionality of interpolating meteorological variables that are included in the model output onto
the computed trajectory pathways. In its current version, LAGRANTO is capable of processing
data from COSMO simulations (Miltenberger et al., 2013) as well as from ECMWF (European
Centre for Medium-Range Weather Forecasts) reanalyses for the atmosphere (Sprenger and

Wernli, 2015) and for the ocean (Schemm et al., 2017).

3.2.2.4. Retrieval Simulation Techniques

In order to achieve reliable cross-comparisons of remotely sensed water vapour observations
against data from isotope-enabled models, it is necessary to take into account that their vertical
data structure may be fundamentally different. While an atmospheric model provides distinct
values on a discrete vertical grid, remote sensing products typically have a limited vertical
resolution and sensitivity. The vertical smoothing of a remote sensing product is described by
so-called averaging kernels that relate the retrieved product with the true atmospheric state
(detailed discussions in Sect. 4.2.3).

To overcome the discrepancies of the vertical data structure, the general approach is to convolve
the model state with the averaging kernels of the sensor used for comparison. However, for highly
variable atmospheric gases such as water vapour also the averaging kernels are often very variable,
as they highly depend on the atmospheric temperature and water vapour profiles. Therefore, the
averaging kernels need to be specifically determined for the individual meteorological conditions
as present in the model (Schneider et al., 2017).

For instance, first model comparisons with the sensor TES were performed based on monthly
mean maps for the TES averaging kernels. After collocating the modeled atmosphere with the
actual meteorology from the observations, the corresponding TES averaging kernels were then
applied to the model data (Risi et al., 2010a, 2012). Yoshimura et al. (2011) applied a very similar
technique, but instead of monthly mean kernels they used the actual TES kernels.

A first approach to compute the kernels explicitly for the modeled atmosphere is realized in Field
et al. (2012). Here, statistical relations between remote sensing characteristics of TES and some
selected categorical parameters serve to predict the averaging kernels for a limited amount of
combinations of surface and atmospheric conditions. This method offers the advantage of the
kernel calculations being very fast, however, it is mainly restricted to atmospheric conditions of
low latitudes and over oceans.

Further, Schneider et al. (2017) present an approach for simulating the characteristics of the sensor
IASI based on a modeled atmosphere by relying on a simplified radiative transfer model. Despite

the strong simplifications of the radiative transfer assumptions, already a reliable prediction of
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Figure 3.5. Temporal evolution from June 2010 to May 2011 of (a) specific humidity along with event-
based precipitation amount P (black bars) and (b) §'®0 along with event-based values (green dotted
line). The 1h (black), 24h (red) and 5-day (blue) averages are shown, respectively. The figure is taken
from Tremoy et al. (Fig. 1, 2012).

the complex remote sensing characteristics is achieved with improving the model-to-satellite

cross-comparison (Eckstein et al., 2018).

3.3. Isotopic Characterization of the West African

Monsoon

So far only few studies have investigated tropospheric distributions of stable water isotopes
during the WAM. In the context of the AMMA campaign (see Sect. 2.4) the isotopic composition
of rainfall samples (5'30,) collected in the Sahel during the monsoon development were analyzed
(Risi et al., 2008b) and along individual squall line events (Risi et al., 2010a). The former led to the
conclusions that during the pre-onset stage the isotopic composition of precipitation reflects the
intensity and organization of individual convective systems, whereas in the post-onset stage the
abrupt increase of convective activity over the Sahel goes along with a persistent and abrupt drop
in §'80,. Similar effects were identified during the passage of squall lines and were attributed
to dynamical mixing (downward advection of air at the rear of the convective systems) and
microphysical processes (rain evaporation and equilibration), with both also depleting §'0 in
the vapor. Supplementary model analyses from Risi et al. (2010b) underlined the importance
of convection as controlling factor for isotope abundances in water vapor and precipitation in
wet periods over the Sahel, whereas during dry periods the isotopic composition is dominated
by dry air mass mixing. In further studies, Tremoy et al. (2012) supported these findings by

investigating a 1-year record of laser-based §'®O measurements (Fig. 3.5b) and demonstrated
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the potential of a paired analysis with q, (Fig. 3.5a). In contrast to q,, they identified a W-shape
in the annual cycle of §'®0O with minimum isotope values during summer, when convection
and g, are maximum, and during winter as response to extra-tropical dry intrusions (with a
minimum in ¢g,). In a follow-up study, Tremoy et al. (2014) performed a systematic classification
of convective rain systems along different WAM seasons and again found that most rain events
correspond to a strong isotopic depletion in lower tropospheric water vapor. By using GNIP
rainfall data, Nlend et al. (2020) identified a similar W-shape over the coast of Cameroon at the
Gulf of Guinea as Tremoy et al. (2012) found over the Sahel, with the difference that the coastal
580 minima appear during spring and autumn, when convection is maximum.

However, Risi et al. (2010b) concluded that the quantification of convective processes for explain-
ing isotopic distributions in water vapor still remains a key challenge. As emphasized in Sect. 3.1,
different processes may lead to similar signals in individual isotope distributions, making a direct
attribution of a single moist process to a specific isotope composition very challenging. This issue
applies particularly to regions like the Sahel, where a variety of dynamical and microphysical
processes superpose and lead to highly variable moisture distributions in the troposphere (see
Sect. 2.1). Therefore long-term and extended networks of isotopic data over West Africa (Risi
et al., 2008b) in addition to precise model simulations (Risi et al., 2010b) are highly useful in order

to better understand the West African Monsoon and its water cycle.

3.4. Thesis Objectives

As discussed in Sect. 3.3, the analysis of stable water isotopes over West Africa during the
monsoon period is still a fairly young research field with great potential for investigating the
hydrological cycle in the Tropics. The purpose of this section is to emphasize the general
motivation of this thesis by outlining the research goals, which address current challenges and
issues highlighted in Sect. 3.3. Further, this section provides an overview about the datasets

considered during this thesis in order to achieve the formulated research goals.

3.4.1. Research Goals

In contrast to the isotopic studies of the WAM discussed in Sect. 3.3, this thesis aims at disen-
tangling the complex moisture pathways of the WAM system by considering, for the first time
so far, the paired {H,O, 6D} phase space for mid-tropospheric water vapor over the Sahel. To
achieve this aim, three analysis steps with the following research goals are formulated in this

context, what serves as an overall guideline for the thesis:
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Table 3.2. Datasets used within this study. Each dataset is described within Sect. 3.4.

Platform ID Specification Hor. Res. Region Time Period

IASI - {H,0, 8D} proc. 12km global ~ Oct 2014 - Jun 2019

COSMO;,, CISO1  param. convection 14 km Africa  Jun - Jul 2016,
CISO2  expl. convection ¢ ¢ ¢
CISo3 “ 7km ¢ “

ICON-ART;,, IISO1 param. convection 160 km global Jan 2017 — Dec 2019
I1SO2 ¢ 80 km ¢ ¢
11ISO3 “, 2-way to IISO4 ¢ ¢ ¢
1ISO4 “, 2-way to IISO3 40 km Africa “

LAGRANTO - based on CISO2 - Sahel Jun - Jul 2016

GPM IMERG RGPM1 half-hourly prec. 0.1° Sahel Jun - Jul 2016
RGPM2 monthly mean prec. global  Jan 2015 - Dec 2018

1. To address the need of large-scale and long-time observations of tropospheric moisture

over West Africa, a novel satellite-based global and multi-annual dataset of {H,O, 6D} pair

data is created.

2. To allow sophisticated interpretations of paired {H,O, 6D} distributions in the Sahelian

mid-troposphere, a model-based framework is developed and applied.

3. By bringing the satellite- and model-based {H;O, §D} pairs together, the isotopic perspective

is used to disentangle the underlying dynamical and microphysical control mechanisms of

tropospheric moisture during the West African Monsoon.

The first research goal will be addressed in Chap. 4. By exploiting the IASI retrieval results

that are provided by Schneider et al. (2021c) and are globally available for October 2014 to June

2019, the thesis develops a post-processing for generating an improved {H,0O, 6D} pair product

with focus on the mid-troposphere. The respective processing will be presented and the resulting

dataset characterized in terms of spatio-temporal representativeness. In addition, a new IASI

retrieval simulator based on the full radiative transfer assumptions from the IASI retrieval as

used in Schneider et al. (2021c) will be developed and evaluated. This lays the foundation for

allowing reliable model-to-satellite comparisons as anticipated within the third research goal.
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For addressing the second research goal, a Lagrangian moisture attribution procedure for
paired {H,O, 8D} distributions will be developed in order to disentangle the complex moisture
pathways during the WAM (Chap. 5). For this purpose, the LAGRANTO tool will be used to com-
pute backward air trajectories based on COSMOjs, simulations for the Sahelian mid-troposphere.
The interpolation of moisture diagnostics along the individual trajectories allows to track the
Lagrangian evolution in the paired {H,O, 6D} phase space. Characteristic signals will be inter-
preted based on the idealized process curves for effects of air mass mixing and microphysical
cloud and rain processes (see Fig. 3.2; Noone, 2012) as well as depending on the underlying
hydrometeorological conditions. This provides knowledge about process occurrences along the
backward trajectories, so that the isotopic composition at the Sahel can be interpreted by means

of the respective air mass histories.

Chapter 6 targets on the third research goal. It builds on the results of Chap.4 and 5 and
performs an extensive documentation of the isotopic composition in mid-tropospheric water
vapor during the WAM across different scales (intra-annual, seasonal and convective scale).
This includes the joint analysis of {H,O, dD} pair distributions from remote sensing (IASI)
and isotope-enabled models (ICON-ART;s, and COSMOjs,) as well as the trajectory results
discussed in Chap. 5. The aim is to qualitatively examine to which extent the observed {H;O,
éD} variability is linked to dynamical and microphysical processes associated with the WAM.
Additional information about hourly and monthly precipitation distributions taken from the

GPM IMERG datasets will support this analysis.

3.4.2. Overview of Used Datasets

As discussed above, this study will make use of various datasets that provide information
about {H,O, 6D} pair distributions in the West African troposphere. This is complemented by
precipitation datasets as well as backward trajectories for the Sahelian troposphere. Table 3.2
provides an overview of all considered datasets, whose technical details will be presented in the

following section. The datasets used consist of the following:

MUSICA IASI {H,0, 6D} pair data The global and daily remotely sensed {H,O, §D} pair dataset
based on Metop/IASI measurements serves as a common research item throughout the
whole thesis. By using the MUSICA IASI retrieval results from Schneider et al. (2021c),
an optimal estimation {H,O, 6§D} pair product with main focus on the mid-troposphere
is generated (vertical grid spacing shown in Fig. 3.6). This product is available for all
cloud-free retrieval data from October 2014 to June 2019 in form of two global maps of

{H,0, 6D} pair data per day (according to the overpass times of 09.30 and 21.30 local time).
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Figure 3.6. Vertical grid levels of the datasets from Table 3.2.

A detailed documentation of the post-processing and the resulting data availability is given

in Chap. 4.

COSMOj,, simulations This study includes high-resolution, nudged simulations of the regional
isotope-enabled model COSMOj, (CISO1, CISO2 and CISO3, see Table 3.2) with a focus
on West Africa during the WAM season 2016. These simulations were performed and
provided by Andries de Vries (ETH, Zurich). The simulation periods are chosen to match the
DACCIWA campaign (01 June - 31 July 2016; Knippertz et al., 2017) and the model output
frequency was set to 1 h. Data provided by the global isotope-enabled model ECHAMS5ys,
(Werner et al., 2011) are used as initial and boundary conditions as well as for a spectral
nudging of the horizontal wind fields above 850 hPa. This serves to keep the meteorology
close to reality, as the ECHAM5y;5, simulation was nudged to ERA-interim reanalyses
provided by ECMWF. The model domain of the COSMOj;, simulations is chosen such that
it covers the dominant moisture source regions of the WAM (see Fig. 3.7). For CISO1 and
CISO2, the model has 40 vertical hybrid levels between the surface and 22.7 km (Fig. 3.6) and
a horizontal grid spacing of 14 km (similar to the horizontal pixel size of Metop/IASI data,
see Sect. 4.1). CISO3 employs 60 vertical levels up to 23.6 km and a horizontal resolution
of 7km (Fig. 3.6). Vergara-Temprado et al. (2020) stated that for a horizontal grid spacing
below 25 km switching off the parameterization of deep convection leads to overall better
results than increasing the horizontal resolution. Specifically for the WAM, various studies

reported significant improvements when using explicit convection (Marsham et al., 2013,
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lat (°)

Figure 3.7. Geographical area of the model domain used for the simulation with COSMOj,,. The colors

show the topography as considered in the COSMOjg, simulation. The black dashed box frames
the target region over the Sahel, which was used to initialize the backward trajectories within
LAGRANTO.

Maurer et al., 2017, Martinez and Chaboureau, 2018, Berthou et al., 2019, Crook et al., 2019,
Pante and Knippertz, 2019). Based on these results, the parameterization schemes for deep

and shallow convection are switched off for the simulations CISO2 and CISO3.

LAGRANTO trajectories Using the COSMOj,, dataset CISO2 as input for the LAGRANTO tra-

jectory tool, backward trajectories are calculated as part of this study for the Sahelian
mid-troposphere during the WAM season 2016. In accordance with the typical residence
time of atmospheric water the trajectory length is set to 7 days (Sodemann, 2020). Trajec-
tories are started daily at 09 and 21 UTC from 08 June to 30 July 2016, at 575 and 625 hPa
and for approximately every 1° within the domain from 13° to 17°N, 8° W to 8°E (see
Fig. 3.7). In total, this results in 12,720 trajectories. In addition to various meteorological
variables, the specific contents g, of H,O and HDO in vapor (,), sedimenting (rain (,), and
snow (s)) and non-sedimenting condensates (liquid (;) and ice (;) clouds) are interpolated
onto the three-dimensional trajectory pathways. As the trajectory setup is chosen to
match the characteristics of the remotely sensed {H,O, D} pair data from Metop/IASI (see
Sect. 4.1), g, for H,O and HDO is converted into volume mixing ratios (ppmv) and D is
calculated along each trajectory. In the following, it will be referred to the starting point
(first calculation step, day 0) as the target time and to the last calculation step (day -7) as

the trajectory origin.

ICON-ART;,, simulations Additionally, the global isotope-enabled ICON-ARTj, is employed for
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Nested Grid

Figure 3.8. The global unstructured triangular grid of ICON for a horizontal grid size of 80 km (black
grid lines) and the refined nested domain with a grid size of 40 km (red grid lines).

160 km and with 90 vertical hybrid levels from the surface up to 75 km (Fig. 3.6). The only
difference to IISO?2 is the grid size reduction to 80 km. IISO3 builds also on a global grid with
80 km grid size, but incorporates a refined and two-way-interacting nest that covers West
Africa (see Fig. 3.8). The simulation for the nested domain IISO4 uses a 40 km grid with 60
vertical hybrid levels up to 22 km (Fig. 3.6). All four are free-running simulations, with a
3-year target period between 2017-2019 and model output generated twice per day (09
and 21 UTC, in agreement with the local overpass times of Metop/IASI over West Africa).
Operational reanalysis data of the Integrated Forecasting System (IFS) from ECMWF are
used for initializing the meteorological state, including water vapor, liquid and frozen cloud
and rain water. The initialization of the moist variables specific for HDO is coupled to the
initial H,O state by considering climatological values of §D and applying those to the ICON
fields. This includes three global mean 8D values for water vapor (troposphere, tropopause
and stratosphere) and one for the hydrometeors (Eckstein et al., 2018). To minimize the
influence of this rough éD initialization, a spin-up time of 6 months is considered, i.e.
each simulation is initialized on the 22 June 2016. As the horizontal resolution for all four
simulations are far from resolving convection explicitly, the convection is computed via the
parameterized schemes for deep and shallow convection (Zangl et al., 2015). Sea surface
temperatures and sea ice cover are interpolated on a daily basis from monthly climatologies

provided by the AMIP II project (Eckstein et al., 2018).
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GPM IMERG precipitation data For obtaining information about actual precipitation distributions

36

over West Africa, data are used from the Global Precipitation Measurement Mission (GPM)
launched by NASA (National Aeronautics and Space Administration) and JAXA (Japan
Aerospace and Exploration Agency) (Huffman et al., 2014). GPM is an international satellite
network that provides global precipitation estimates on an half-hourly base. Currently, it
comprises data from twelve different microwave imagers and sounders as well as infrared
measurements from six geostationary satellite series, all from different international space
agencies. The Integrated Multi-satellitE Retrievals for GPM (IMERG) algorithm combines
the precipitation measurements of all considered satellites and creates a calibrated pre-
cipitation estimate with a horizontal resolution of 0.1° every 30 minutes from 60°S to
60° N (for higher latitudes only the microwave data are available), starting from 2014 up
to present. The resulting GPM IMERG precipitation data are distributed as half-hourly
datasets (RGPM1). In addition, monthly averages (RGPM2) are derived and combined with
the monthly surface precipitation gauge analysis of the Global Precipitation Climatology
Centre (GPCC). For a full data description please refer to Huffman et al. (2019).



Part II1.

Analyses
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4 MUSICA IASI {H,0, 5D} Pair

Processing

As shown in Fig. 3.4, there is no publicly referenced global and continuous dataset including
current measurements (after 2012) of water vapor and its isotopic composition in the troposphere
from satellite-based remote sensing systems. However, such datasets are urgently needed for
allowing meaningful analyses of the isotopic composition of atmospheric moisture. Satellite
platforms can provide continuous measurements on the global scale with a high spatio-temporal
resolution, while ground-based measurements are fixed to one location.

Therefore, in this section the aim is to present a novel dataset of tropospheric water isotopes
by using measurements from the thermal infrared sensor IASI onboard the Metop satellites
(introduced in Sect. 3.2.1). Currently, IASI is carried by the three satellites Metop-A, Metop-B and
Metop-C as part of the EUMETSAT Polar System (EPS) programme and its successor IASI-NG
(LASI Next Generation) will be part of the second generation of the EPS, which aims to operate
follow-up Metop satellites for another 20 years (see Fig. 4.1). Based on the full swath width
of the IASI sensors, this mission is able to provide a global scan of the atmosphere multiple
times per day. As part of the MUSICA project (MUIti-platform remote Sensing of Isotopologues
for investigating the Cycle of Atmospheric water; Schneider et al., 2016), a retrieval processor
was developed that individually retrieves vertical profiles of H,O and 6D as well as additional
interfering trace gases (Schneider and Hase, 2011). This processor was further improved and
applied to all cloud-free IASI observations from October 2014 to June 2019 (processor and product
description in Schneider et al., 2021c). However, due to the individual retrieval processing of
H,0 and 8D, their vertical sensitivities can still differ. For this purpose, Schneider et al. (2012)
suggested a further post-processing of the H,O and 8D products. This post-processing generates
{H,0, 8D} pairs, i.e. H,O and 8D data products having the same vertical sensitivities.

Within the thesis, the post-processing method of Schneider et al. (2012) is adapted and slightly
modified in order to increase the sensitivity for dry atmospheric conditions. Together with the
supply of diagnostic flag variables, this modified post-processing for creating optimal {H,O, D}
pair information is applied to all MUSICA IASI retrieval results from Schneider et al. (2021c).
This section serves to provide details about the corresponding processing as well as to document

the resulting dataset in terms of spatio-temporal data coverage. Additionally, it includes the
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Figure 4.1. Timeline of the Metop satellites, which are currently orbiting (A,B and C) and which are
planned in the near future (SG A1, SG A2 and SG A3). The blue arrows indicate the periods during
which the satellites have successfully been operated and the gray dotted arrows mark the expected
operating periods. The satellites Metop-A, Metop-B and Metop-C represent the first generation of
the EUMETSAT Polar System (EPS) program, while its successor program EPS Second Generation
(EPS SG) comprises the Metop-SG A1, Metop-SG A2 and Metop-SG A3 satellites.

development of a new MUSICA IASI retrieval simulator and the evaluation of its effects for direct
model-to-satellite comparisons of COSMOj,, data with the new MUSICA IASI {H,O, 6D} pair
product.

This section is structured as follows: Section 4.1 provides some general information about the
IASI sensor. The general structure and radiative transfer algorithm of the MUSICA IASI retrieval
is described in Sect. 4.2. Section 4.3 shares details of the processing and results specific for the
optimal estimation {H,O, D} pair product. Finally, Sect. 4.4 discusses the new MUSICA IASI

retrieval simulator.

4.1. Main Sensor Characteristics

IASI is a Fourier transform spectrometer measuring the thermal infrared upwelling radiation that
is affected by atmospheric emission, absorption and scattering processes. Its spectral resolution
is 0.5cm™!. The polar sun-synchronous orbits are designed such that the satellites overpass
the equator at 09.30 and 21.30 local time. With around 14-15 orbits per satellite per day and a
full swath width of 2200 km, each IASI sensor achieves a global scan of the atmosphere twice
daily. The launches of Metop-A, -B and -C took place in 2006, 2012 and 2018, respectively. The
expected lifetime of each satellite is 5 years. Currently, all three Metop satellites are successfully
operating in orbit. An overview of the sensor characteristics is given in Table 4.1 (Clerbaux et al.,
2009).
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Table 4.1. Details about the Metop mission, the sensor IASI (Clerbaux et al., 2009) and the MUSICA IASI

{H,0, 8D} pair processing.

Type

Specification

Launch dates

Altitude
Orbit type

Local overpass times

IASI sensor

Spectral range of sensor
Spectral range of MUSICA retrieval
Spectral resolution
Horizontal resolution
Full swath width

Orbit rate

Global earth coverage
MUSICA retrieval rate
MUSICA target species
MUSICA retrieval grid

Metop A: October 19, 2006

Metop B: September 17, 2012
Metop C: November 7, 2018

~ 817 km

polar, sun-synchronous

descending orbit: ~ 09.30 local time
ascending orbit: ~ 21.30 local time
Fourier transform spectrometer
645-2760 cm ™

1190-1400 cm™"

0.5cm™

12 km at nadir

~ 2200 km

~ 14 orbits per day and sensor

2 per day and sensor

~ 350000 retrievals per day and sensor
{H,0, 6D} pairs, CH4, N,O, HNO;

29 altitude levels between 0 and 55.6 km
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Figure 4.2. Overview of the full MUSICA IASI processing chain and its output products. The red frame
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indicates the part that is developed within the thesis. Further information about this processing

chain can be found in Schneider et al. (2021c).

4.2. General Retrieval Processing

This section presents the main structure and the general radiative transfer concept of the MUSICA
IASI retrieval (see Fig. 4.2). The retrieval properties specific to H,O and D will be discussed in
Sect. 4.3.

During the pre-processing stage the input data required for the retrieval are collected, e.g. the
measured spectra (EUMETSAT IASI L1C) and auxiliary products (EUMETSAT IASI L2 products),
and filtered according to EUMETSAT data flags (Sect. 4.2.1). The used retrieval algorithm
PROFFIT-nadir is the core of the retrieval, where an optimal estimation method retrieves the
atmospheric state (Sect. 4.2.2 and Sect. 4.2.3). The final retrieval results are then stored as

NetCDF4 files that are in agreement with the CF metadata naming conventions (Version 1.7).

4.2.1. Preselection of Observations

Within the IASI L2 products, EUMETSAT shares a set of diagnostic flags that allow for a user-
friendly sorting of the corresponding IASI L1C spectra. The pre-processing (see Fig. 4.2) stage
makes use of some of these in order to perform an initial filtering prior to the actual MUSICA
IASI retrieval processing (Schneider et al., 2021c).

In its current version, the MUSICA IASI retrieval requires the measured scenes to be cloud-free.
Therefore, a corresponding cloudiness assessment flag provided by EUMETSAT in the IASI L2
products is used to select observations, where the instrumental field of view is clear or includes
only small cloud contaminations.

Further, the IASI L2 dataset also includes temperature profiles that are generated by EUMETSAT
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Figure 4.3. Monthly averaged amount of available IASI observations that pass the required filter conditions
prior to the actual MUSICA IASI retrieval processing (see Sect. 4.2.2). Data are shown for February
and August 2018 and evaluated on a 1°X1° grid.

February, 2018 August, 2018

morning

evening
prob. per day per 1°x1° grid box (%)

Figure 4.4. Similar to Fig. 4.3, but here showing the probability for obtaining at least one valid IASI

measurement per day and per 1°x1° grid box after the initial filtering (see Sect. 4.2.2).
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with an optimal estimation retrieval scheme. An additional IASI L2 flag indicating the quality
of the respective temperature retrieval serves to filter those observations where the retrieval
converged or the sounding was accepted by EUMETSAT.

An overview about the availability of valid IASI observations that results after the pre-selection is
given in Fig. 4.3 (averaged amount) and Fig. 4.4 (probability for having at least one observation per
day and 1°x1° grid box). The horizontal coverage mainly reflects the mean cloud distributions.
Regions that are mostly cloud-free exhibit the highest numbers of valid observations, in particular
for sub-tropical land areas (e.g. Australia, North and South Africa during boreal summer). In
contrast, if cloudy conditions prevail, this leads to low numbers of valid observations, for instance
for monsoon conditions (West African Monsoon and Indian Monsoon during August), and over
cold sea surfaces (Southern Oceans, Eastern Pacific, Eastern Atlantic and Eastern Indian Ocean

during respective winter times).

4.2.2. PROFFIT-nadir Retrieval

The MUSICA IASI processor uses the thermal infrared nadir retrieval algorithm PROFFIT-nadir
(Schneider and Hase, 2011, Wiegele et al., 2014) that is an extension of the PROFFIT algorithm
(PROFile FIT, Hase et al., 2004). For the MUSICA IASI processing, it performs an optimal
estimation of the trace gases H,O, D, CHy4, N;O, CO; and HNOs as well as atmospheric and
surface temperature (Wiegele et al., 2014, Schneider et al., 2016, Borger et al., 2018, Garcia
et al., 2018, 2020, Schneider et al., 2021c). By using the line-by-line radiative transfer model
PRFFWD (PRoFit ForWarD model; Hase et al., 2004, Schneider and Hase, 2009), it simulates
how the thermal infrared upwelling radiation passes through the atmosphere and is affected
by emission and absorption (scattering processes are not relevant in the considered spectral
window and is therefore not considered in PRFFWD). The aim is to estimate the vertical profiles
of the considered absorbers such that the resulting simulated spectrum agrees with the measured
IASI spectrum (see Fig. 4.5a). This procedure is based on well-established retrieval methods as
described in Rodgers (2000) and will be shortly presented below.

The forward relation between the atmospheric states x (atmospheric trace gases and temperature

profiles) and the measured IASI spectrum y can be written as follows:
y=F(x,b) (4.1)

with b comprising auxiliary parameters such as the surface emissivity and instrumental charac-
teristics. The forward function F represents the radiative transfer model (here PREFWD) and
simulates the spectrally depending interactions between each trace gas and the upwelling radia-
tion. This is based on spectroscopic line parameters that indicate, according to individual line

strengths, the spectroscopic properties (e.g. molecular absorption) of each trace gas at different
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Figure 4.5. (a) Example of a spectrum measured by IASI over a tropical ocean (black line) and the
simulated spectrum of the MUSICA IASI retrieval (magenta dashed line). The residual between the
measured and simulated spectra is shown red. (b) Line strengths of HO and HDO lines within the
spectral window of the MUSICA IASI retrieval, taken from the HITRAN2016 database.

wavelengths. During the MUSICA IASI retrieval, the spectroscopic lines of the HITRAN2016
molecular spectroscopic database are used (Gordon et al., 2017), with a modification of the HDO
line strengths according to Schneider et al. (2021c). An example is given in Fig. 4.5b for the
spectroscopic lines of H,O and HDO, as together they are found to most strongly affect the
radiances in the spectral window of the MUSICA IASI retrieval (see Table 4.1; Schneider et al.,
2021c). In particular for wave numbers between 1210-1255 cm™!, HDO exhibits spectroscopic
features that are stronger than H,O and lead to a distinct impact on the spectrum. Also around
1300 cm™! there are various HDO lines with stronger line strengths than H,O, but this spectral
region contains also prevailing spectroscopic CH4 and N,O signatures.

Further, PREFWD considers the spectrally depending efficiency with which the Earth’s surface
emits its stored energy as thermal radiation, the so-called surface emissivity (Njoku, 2014). Over
land, the emissivity values are provided within the EUMETSAT IASI L2 products, whereas for

ocean observations the emissivity values of Masuda et al. (1988) and for observations over ice
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surfaces the ASTER spectral library (Baldridge et al., 2009) are both used.

For solving Eqn. 4.1 with respect to the targeted absorber profiles x, an inversion of F is re-
quired. However, as different atmospheric states x can lead to similar spectra y, this is an
under-determined problem and the direct calculation of F~! is generally not possible.

For this purpose, the MUSICA IASI retrieval restricts the solution space by defining a cost
function J that considers additional a priori information of the atmospheric state (Schneider and

Hase, 2011, Borger et al., 2018):
J = [y - F(x,b)]" Synoise [y — F(x,b)] + [x — x5]" R [x — x,] (4.2)

The first term indicates the difference between the measured (y) and simulated (F (x, b)) spectrum
with taking into account the actual measurement noise covariance Sy noise. The right term of
Eqn. (4.2) is the regularization term which constraints the retrieved state x towards an a priori
assumed state x,. The kind and strength of the constraint is given by the corresponding constraint
matrix R, for which the MUSICA IASI retrieval uses an approximated inversion of the a priori

covariance matrix S, (more details in Schneider et al., 2021c):
R~S, ! (4.3)

Minimizing the cost function (4.2) creates the constrained solution x. However, as Eqn. (4.2) is
non-linear, its minimization has to be approximated iteratively. For the (i+1)th iteration this
yields

xis1 = X2 + Gi [y — F(x;,b) + Ki(x; — x,) ] (4.4)

with the gain matrix

-1
G= (KTSy,noise_lK + R) KTSy,noise_l- (4-5)

Here, K is the Jacobian matrix, i.e. the derivatives indicating how the spectrum y varies due
to changes of the absorber x. G provides the derivatives that indicate how the new state x;4;
varies due to changes in the measured spectrum y. Then, by applying the forward model F on
the new absorber state x;;; this creates the updated simulated spectrum, which can be used for
the next iteration of Eqn. (4.4). This cycle is repeated, until the simulated spectrum converges
against the measured spectrum. Convergence means in this context that the residuals between
the simulated and measured spectrum remain stable for further iterations (see Fig. 4.5). The
corresponding final state x is the solution of the optimal estimation method.

For the retrieval processing a priori profiles (x, in Eqn. (4.2)) have to be assumed. While the
EUMETSAT IASI L2 temperature profiles are used for setting up the a priori assumptions for
the atmospheric and surface temperature, a simulation of the coupled chemistry-climate model
CESM1/WACCM for the period 1979-2014 (Marsh et al., 2013) serves as reference for the a

priori assumptions of the target trace gases. Specifically, for the vertical a priori profiles of H,O,
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N,0O, CH4 and HNO; a mean latitudinal dependence together with seasonal cycles is assumed.
Additionally, ground-based (Gonzalez et al., 2016, Christner et al., 2018) and airborne (Dyroff
et al., 2015) in-situ measurements were used to generate a single global relation between H,O
and 6D and thereby constructing the 6D a priori assumptions based on those of H,O (Schneider
et al.,, 2021c).

4.2.3. Vertical Representativeness of Retrieval Results

Using the gain matrix G and the Jacobian matrix K, the so-called averaging kernel matrix A is
defined as

A =GK (4.6)

and characterizes the relation between the retrieved state x, the true atmospheric state xa, and

the a priori state x,:
X = A(xatm - xa) + X, (4.7)

In general, an averaging kernel (rows of A) indicates the vertical sensitivity of the retrieved state
x. Following the definition from Rodgers (2000), the averaging kernel depicts the fraction of
the retrieved result coming from the retrieval itself and not from the a priori assumption. In
case of a perfect retrieval the kernel matrix would equal the identity matrix, expressing total
independence of the retrieval results from the chosen a priori state. Thus, the degree of deviation
from unity quantifies the vertical information content of a remotely sensed observation.

For instance, a common metric for describing the vertical information content is the degree of
freedom for signal (DOFS). It is defined as the trace of the averaging kernel matrix. The value of
DOFS indicates the number of vertical structures that can be independently determined from an
observation (Rodgers, 2000).

Further, the sum of the values along an individual averaging kernel is called measurement
response (Eriksson, 2000, Baron et al., 2002). A measurement response of 1 implies that the
retrieved state is a smoothed but unbiased image of the true atmospheric profile, whereas values
deviating from unity are obtained, if the retrieval constraint deviates from pure smoothing (von
Clarmann et al., 2020).

To examine the vertical resolution of a retrieved profile (i.e. the capability to detect vertical
structures), the MUSICA IASI product provides metrics that characterize the vertical sensitivity,
i.e. the shape of the averaging kernels. First, the relative position of the sensitivity weighted
altitude compared to its nominal altitude is termed information displacement. For this, the
centroid offset as defined by Backus and Gilbert (1970) is used in a discretized form (Keppens
et al., 2015). And second, to describe the vertical smoothing of the retrieved state, the MUSICA
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IASI retrieval provides two different diagnostics. The definition of Backus and Gilbert (1970)
is used to create a kernel-weighted spread around the kernel centroid, while the data density
reciprocal of Purser and Huang (1993) serves to indicate the layer width that covers a DOFS of 1.
Discussions of these two metrics can be found in Keppens et al. (2015) and von Clarmann et al.
(2020), and in the context of the MUSICA IASI full retrieval product in Schneider et al. (2021c).

4.3. Optimal Estimation {H,O, 6D} Pair Product

This section provides an overview about the MUSICA IASI water vapor state vector as retrieved
during the PROFFIT-nadir retrieval (Sect. 4.3.1) and the a posteriori generated {H,O, 6D} pair
product, as developed and improved within this study (Sect. 4.3.2). For the latter, this includes a
detailed description of the underlying processing as well as a spatio-temporal characterization
of the newly generated MUSICA IASI {H,O, 6D} pair dataset.

4.3.1. Retrieval of H,O and 6D

The PROFFIT-nadir retrieval considers the spectral region between 1190-1400 cm™'. In this
region, the water vapor isotopologues H,O and HDO reveal strong spectroscopic lines (see
Fig. 4.5). Besides those, there are interfering spectroscopic features, such as of CHy, N,O and
HNOs, in this spectral window (Clerbaux et al., 2009, Herbin et al., 2009). The vertical retrieval
grid consists of 29 altitude levels between the surface and 55.6 km (Fig. 3.6). In the lower
troposphere the vertical distance of the different grid points is around 400 m and increases
beyond 5 km in the stratosphere.

By considering the logarithmic scale for the individual target species, the individual retrieval
of H,O and HDO can be approximated to a D retrieval (Schneider et al., 2006, Worden et al.,
2006). Since In[HDO] - In[H,0] = In[HDO/H;0], additional constraints for the ratio HDO/H,0
can be considered. Using this relation, the MUSICA IASI retrieval performs actually an optimal
estimation for the proxy base {(In[H;O] + In[HDO])/2, (In[HDO] - In[H,0])} (Schneider and
Hase, 2011). Schneider et al. (2012) showed that these two state vectors constitute reliable proxies
for variations in H,O and 6D.

Thus, the full MUSICA IASI state vector is defined as

T
- T T T T T
X = (xwv Xn2o Xch4 Xhno3 Xt ) (4~8)

with x representing the two water vapor proxy base vectors (In[H,O] + In[HDO])/2 and
(In[HDO] - In[H;0]). x; is the atmospheric temperature state.

48



4.3. Optimal Estimation {H, O, D} Pair Product

w/ diag. constraint w/o diag. constraint

polar obs. tropical obs. polar obs. tropical obs.
15 m— 6.4 km (0.77) = 6.4 km (1.12) 15 = 6.4 km (0.65) = 6.4 km (1.08)
4.2 km (0.87) 4.2 km (1.14) 4.2 km (1.03) 4.2 km (1.05)
= 3.0 km (0.69) = 2.9 km (0.90) == 3.0 km (1.08) = 2.9 km (0.98)
£ DOFS = 0.78 DOFS = 1.68 £ DOFS = 0.99 DOFS = 2.01
3 10 3 10
[ [
© ©
= =
= =
=] =1
© 5 ® 5
0

0.1 0.2 0.0 0.1

0.2 0.0 0.1 0.2
In(ppmv/ppmv) (b)

0.2 0.0
In(ppmv/ppmv)

Figure 4.6. Row averaging kernels for the {H,0O, §D} pair product with diagonal constraint (a) and without
diagonal constraint (b). The kernels are shown for a polar observation (83.5° N, 147.0° W, left panels
in a and b) and for a tropical observation (4.8° N, 45.8° W, right panels in a and b), both above oceans
and measured on the 01 July 2017. The measurement response values for the kernels at 3.0, 4.2 and

6.4 km above sea level are given in the respective parentheses in the legends.

4.3.2. Post-Processing for Optimal {H,O, D} Pair Information

By considering the individual MUSICA IASI retrieval results for H,O and D, this study develops
and applies a further post-processing that aims at generating an optimal estimation {H,O, D} pair
product. The following sections provide details about the corresponding processing, including

information about the error treatment and data selection according to data quality.

4.3.2.1. Generation of the {H,0, 6D} Pair Product

Due to its high variability in the troposphere, H,O can be detected very well in contrast to
6D, which varies only weakly. As the MUSICA IASI retrieval produces an individual optimal
estimation for the different target states, this generally results in different averaging kernels for
H,0 and 8D. Therefore, the vertical sensitivity of H,O is much higher than for 6D (Schneider et al.,
2021c). However, an optimal analysis of {H;O, 6D} pairs would require similar characteristics
in the vertical sensitivities to ensure that the retrieved H,O and 6D refer to the same vertical
structures. Therefore, Schneider et al. (2012) proposed a post-processing for harmonizing the
vertical information contents of individually retrieved H,O and 6D. This is achieved by reducing
the strength of the averaging kernels of H,O with respect to those from dD. The resulting
improvement has been demonstrated for IASI results against long-term datasets from ground-
based remote sensing stations and in-situ aircraft measurements (Wiegele et al., 2014, Schneider
et al., 2015).
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As a first step towards harmonizing the sensitivities of H,O and 6D, the water vapor state vector

Xy as well as the corresponding averaging kernel block matrix Ay,

~ ﬁwv,l va,ll va,12
Xwy = . , Awv = (4~9)
xwv,2 AWV,Zl AWV,ZZ
are transformed from the {In[H,0], In[HDO]} basis system to the water vapor proxy base

{(In[H,0] + In[HDO])/2, (In[HDO] - In[H,0])}:

Rlva = PRyva (4.10)
iy = PRy (4.11)
Al =PA, P! (4.12)

In the following, primed variables are consistently referring to the water vapor proxy state base.
Detailed information about the transformation operator P can be found in Schneider et al. (2012),
Wiegele et al. (2014) and Barthlott et al. (2017). X7, is in fact the state that is optimally estimated
by the MUSICA IASI retrieval and it represents proxies for H,O and éD.

The following step harmonizes the differing sensitivities of the water vapor proxy states by
reducing the sensitivity of the H,O proxy to the sensitivity of the D proxy. The a posteriori

correction operator C

Al 0
= " (4.13)
_A\’)VV,ZI I
serves to create the harmonized product
Ayy = C'Ay, (4.14)
JI‘\'-;kvv = C/("?\,;vv - J’éxl)vv,a) + JI‘\'-()vv,a (4'15)

which is called Type 2 product in Schneider et al. (2012). The main property of x;,, is that it
provides profiles for H,O and 6D having practically the same averaging kernels. This allows
meaningful analyses of paired {H,O, 6D} distributions.

Figure 4.6a illustrates the row kernels from A7, for two exemplary {H,O, 6D} pair results above
a polar and a tropical site. The main sensitivity lies in the free troposphere, with peaks at ~
4km above sea level (a.s.l.). The tropical observation shows additional sensitivity at 6-7 km a.s.L.
The kernels for the polar observation exhibit values of measurement response and DOFS falling
below 1 by up to 30 % (see values in the parentheses in the legend), meaning there is low vertical
sensitivity. In contrast, the {H,O, D} pair kernels for the tropical observation exhibit a DOFS of
1.68, though its measurement response still deviates from 1 by about 10-14 %. The next section
introduces a method that increases the DOFS and the measurement response a posteriori (the
corresponding kernels are shown in Fig. 4.6b, but will be discussed throughout the following

section).
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Figure 4.7. Measurement response for the MUSICA IASI {H;O, éD} pair product along Metop-A orbit
55524 on 01 July 2017, for the original product (blue scatter) and the improved one (orange scatter).
The former includes the diagonal retrieval constraint, while it is removed for the latter. Results are

shown for 1.8, 4.2 and 6.4 km above sea level.

4.3.2.2. Optimization of Retrieval Regularization

By inspecting the row kernels in A}, for a full orbit, it becomes apparent that there is a general
and non-negligible deficit in the measurement response of the {H,O, D} pairs. The blue dots
in Fig. 4.7 show that, for instance, at 1.8, 4.2 and 6.4 km a.s.l. and for moisture contents below
10* ppmv a large amount of data contain measurement response values far below 1.

As emphasized in Sect. 4.2.3, the measurement response is a metric for the influence of the a
priori assumptions on the retrieval result. Thus, a too low measurement response can be an
indicator for a too strong retrieval constraint that excessively pulls the retrieved states towards
the a priori profiles (Rodgers, 2000, von Clarmann et al., 2020). Therefore, to reduce the observed
lack of sensitivity in the {H,O, 6D} pairs, a method for a posteriori modifying and reducing the
underlying retrieval constraint is applied. For this purpose, the following section adapts a linear
optimal estimation method from Rodgers and Connor (2003) that creates a best estimate of a

given retrieval result with regards to a new constraint:

M/ — Ré—lA/T(A/R(/l—lA/T + S{

)—1
X,noise

(4.16)

The purpose of the operator M’ is that it allows a modification of the retrieval solution % and its
kernels A” according to a weaker constraint. R} is the regularization matrix chosen according to
the desired constraint.

In general, a regularization restricts the variability of a retrieved state vector in order to keep
the retrieval solution within the range of physically realistic profiles (Phillips, 1962, Tikhonov,
1963, Rodgers, 2000). By reducing the regularization strength, it increases the allowed variability
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for the retrieved states. As a consequence, the information content increases. On the downside,
a weaker constraint causes larger noise and can produce information that is not provided by the
measurement (Rodgers, 2000). Therefore, the remainder of this section discusses the optimal

’

. as well as the correct usage of M’ in order to
X,noise

definition of the input matrices R}, A" and S
enhance the sensitivity of the {H;O, dD} pairs.

First of all, to achieve the full benefit from the matrix operations in Eq. (4.16), the full MUSICA
IASI state for the kernel matrix A’ is considered as this is also used during the original retrieval
processing. This means that the non-harmonized water vapor proxy state Ay, from Eq. (4.12)
and the interfering effects of the other retrieval state vectors are taken into account. Since the
retrieval output from Schneider et al. (2021c) provides only the dominant averaging kernels and

cross-correlations, A’ is composed as follows:

Agvir Az 0 0 0 -
A\,VV,Zl A\,;vv,zz 0 0 0 AgsWVyZ
A= 0 0 Aghg11  Aghg12 0 Atghg,1 (4.17)
0 0  Aghg2r Aghgze 0 Agghge
0 0 0 0 Ahnos  Athno3
0 0 0 0 0 Ay

The kernels of N,O and CH, are denoted as Aghg 11 Aghg22, respectively. The indices 21 and 12
indicate the respective cross-dependencies. The cross-dependency of the temperature retrieval

to the water vapor proxy states is marked with A{ _ and A{_ .. The entries, for which the

corresponding kernel matrix are not provided, are filled with the null matrices 0.

Further, the retrieval noise error covariance S}i( Hoise

radiances that was not explained during the retrieval processing (corresponding to the spectral

is derived, i.e. the variability in the measured

residuals in Fig. 4.5a). 8] . = can be calculated from A" and the regularization matrix R’ that
was originally applied during the retrieval (Rodgers, 2000, Schneider et al., 2021c):
’ A7 ’ —1

8% noise = A’ (I—A")R (4.18)
Now the question arises about the choice of a new meaningful regularization matrix R. For this
purpose, it is useful to first recapitulate the original MUSICA approach for setting up the retrieval
constraint. For each target species an individual covariance matrix S, is given that describes
the potential departure of the retrieval solution from the a priori state. This depends on the

choice of the height-depending correlation length, the a priori assumed size of vertical structures

that may be resolvable (Schneider et al., 2021c). By inverting S; this yields the corresponding
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regularization matrix R’. During the MUSICA IASI retrieval the inversion of S, is realized by a

decomposition into its diagonal and derivative values (Hase et al., 2004, Schneider et al., 2021c):

R’ = (L)  aoLy + (@1L1) 1L,

+ (ang)Tasz (419)

with «; as the strength of the individual constraining terms and L; as the constraint operators.
The diagonal matrices a; are derived from S, and are provided for each target state as output
variables from the MUSICA IASI retrieval (Schneider et al., 2021c). L, represents the diagonal
constraint operator and equals the identity matrix I. Its effect is to shift the retrieved profile
towards the a priori profile. L; and L; are the first- and second-order derivative operators and
constrain the retrieved profile according to the shape of the a priori profile, thereby representing
smoothing constraints. For the retrieval of atmospheric trace gases with weak spectroscopic
signatures smoothing constraints can be advantageous over Ly, because a diagonal constraint
tightens the retrieval by means of the absolute a priori values, with potentially inducing a bias in
the retrieval (e.g. Steck, 2002). Therefore, the suggestion is that the consideration of the diagonal
constraint in Eq. (4.19) causes the observed sensitivity lack in the {H,O, dD} pair data for dry
conditions. Following this hypothesis, the herein applied approach is to remove the diagonal
constraint operators for the water vapor states and create the new weaker regularization matrix

R/

as follows:
wv,d

Ria= (e1L) a1l + (aoly) oL, (4.20)

Keeping the regularization matrices of the other target states unchanged, the new regularization
matrix R} can be built for the full MUSICA state. With that, Eq. (4.16) is fully determined and

now M’ can be used to adjust the kernel matrix A" according to the new constraint R:
Al =MA (4.21)

Based on the modified kernel matrix A/ , the optimal estimation {H,0, 6D} pair product can now

be created for the constraint reduced state. By extracting Ay, as the first 2x2 block from A/,

v,m
the new a posteriori operator C is calculated analogous to Eqn. (4.13). This allows for deriving

the constraint reduced pair product:

Afvm = CnAyym (4.22)
Jz;kvv,m = C;nM/ (Je\,)VV - JAC\IVV,a) + J%\/VV,a (4'23)

This product Ay, with reduced constraint shows a clear increase of the measurement response
(see lower panels of Figure 4.7). While the improvements are rather small for 6.4 km a.s.l,, the

results at 1.8 and 4.2 km a.s.l. have a much better measurement response for moisture contents
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Figure 4.8. Time-series of different retrieval metrics of observations along the Metop-A orbit 55524. (a)
shows the location of the observations along the orbit and colour-coded with the chronological
observation numbering for this orbit (observation IDs). The gray scatter illustrate all cloud-free
Metop-A and -B observations for 01 July 2017 that were considered for the {H,O, §D} pair post-
processing. Panel (b) indicates the time-series of the measurement response for the {H,O, 6D} pairs
(upper panel) and the total §D error (lower panel), both for 4.2 km above sea level. Results for the
original product and the product after reducing the retrieval constraint are shown in blue and red,

respectively. The solid lines are running means over 200 observations.

above 700 ppmyv.

The time-series of the measurement response along the orbit used in Fig. 4.7 is shown in Fig. 4.8b
(upper panel). It is found that the constraint reduction leads to a general decrease of the deviation
from 1. Over the Pacific and Atlantic Ocean (observation IDs of 2500-7500 and 15 000—20 000)
there is a shift of the slightly over-estimated measurement response towards 1. In contrast, for
higher latitudes its values are originally below 1, but increase significantly due to the constraint
reduction. This is in particular pronounced for observations above Australia (observation IDs of
7500-10 000), where an averaged increase in the measurement response of up to 0.5 is apparent.
Also for polar observations in the Northern Hemisphere (observation IDS of 0-2500 and 20 000-
25000) the measurement strongly improves.

Analogous improvements become apparent for the individual row kernels in Fig. 4.6 (compare
Fig. 4.6a and b). The measurement response increases for the dry polar data at 3.0 and 4.2 km
a.s.l. by 56 and 18 %, respectively. Also for the tropical site the measurement response values
approach unity. These improvements are not at the expense of vertical resolution, instead they
go along with respective improvements in the maximum amplitudes of the individual kernels as
well as in the DOFS. For instance, the DOFS over the tropical site increases from 1.68 to 2.01,

indicating that now information at two different altitude layers can be estimated independently.
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4.3.2.3. Error Treatment

Several studies have intensively discussed the error treatment for satellite observations in
general (Rodgers, 2000, von Clarmann et al., 2020) and with a focus on MUSICA IASI retrieval
data (Schneider and Hase, 2011, Borger et al., 2018). Schneider et al. (2021c) provided an overview
of the errors that result for the most recent MUSICA IASI retrieval. Along with the kernel
modifications for reducing the diagonal constraint for water vapor, a respective processing is
required for the dominant MUSICA IASI error covariances.

Given the error covariance S} in the proxy state base, the modified a posteriori operator Cy, is

used to transform S}, according to the reduced constraint:
s, =cC.Mms.mTct 4.24
Xxm ~ —m x m ( . )

This processing is performed for the retrieval noise error covariance S, .

from Eqn. (4.18) and

for the temperature cross-covariance S/, :
X,temp.

’ _ A’ ’ T
Sfc,temp. - At,wvsa,temp.At,wv

(4.25)

’

This strongly depends on the choice of the assumed a priori uncertainty covariance Satemp.

(Schneider et al., 2021c).

As these two are the dominant errors for the MUSICA IASI 6D product (Schneider et al., 2021c),
their sum constitute an estimate of the total error covariance for the improved H,O and 6D
states:

S’

x,tot,m

=9, +S’ (4.26)

X,noise,m X,temp.,m

The bottom panel in Fig. 4.8b illustrates how the total 5D error changes due to the a posteriori
constraint reduction. In general, with relaxing the regularization strength the retrieval noise will
increase (e.g. Rodgers, 2000). Following this behaviour, the §D error exhibits a strong increase for
areas where the impact of the regularization optimization is large and the measurement response
increases. For instance, the strong improvements of the measurement response over the dry
Australian desert are at the expanse of increasing the averaged 8D error by 20 %. with single
peaks up to 50 %.. An increase of the noise is also observed for high latitudes in the Northern
hemisphere, whereas for observations above the Pacific and Atlantic Ocean the noise is only

slightly affected.

4.3.2.4. Data Filtering

Supplementary to the raw IASI L1C measurements, EUMETSAT distributes auxiliary L2 di-
agnostics, such as cloud cover and surface type. Utilizing these diagnostics, Schneider et al.

(2021c) provide the MUSICA IASI retrieval results for (almost) cloud-free conditions over land,
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Table 4.2. Diagnostic flag variables and their recommended values for selecting MUSICA IASI {H,0, 6D}
pair data with high quality. The flags indicating the vertical sensitivity and uncertainty of the {H,O,
éD} pair product are individually set for each altitude level, while the flags for the cloud cover and
the retrieval fit quality are not height-dependent (Schneider et al., 2021c). The vertical sensitivity
flag depends on the measurement response, information displacement and vertical resolution of the

{H,0, 8D} pair kernels and the total error flag depends on the sum of the temperature and noise error

of 8D.
Filter type Flag variable Values
cloud cover eumetsat_cloud_summary_flag 1,2
retrieval fit quality musica_fit_quality_flag 2,3
vertical sensitivity —musica_wvp_kernel_flag 1
total error musica_deltad_error_flag 1

oceans and sea ice, with small cloud contaminations being possible. They supply an additional
diagnostic flag variable containing information about the quality of the MUSICA IASI spectral
fit, i.e. the root mean square errors of the residuals of the spectral fit (see Fig. 4.5a). Observations
where the simulated spectrum did not converge against the measured spectrum are sorted out
from the outset.

As part of the water isotopologue post-processing, an additional data selection is recommended
according to the quality of the retrieved {H,O, éD} pair results and further height-dependent
flags are shared for an intuitive and user-friendly data handling.

First, the flag variable musica_wvp_kernel_flag serves for filtering the {H,0O, 6D} pairs according
to their vertical sensitivity, i.e. to obtain retrieval results that are actually sensitive to the true

atmospheric state rather than to the a priori state (see Sect. 4.2.3). Therefore, this flag is defined

*

based on the sensitivity metrics of the kernel matrix Ay, .

The value range of acceptable
measurement response is set between 0.8 and 1.2. To limit the information displacement at an
altitude level z(i), the following criterion is considered:

c(i) —z(i

e = 2] _

ch(i) B

with ¢(i) being the centroid of the corresponding averaging kernel (Keppens et al., 2015) and

0.5 (4.27)

z1(i) the a priori correlation length at the respective altitude level (Schneider et al., 2021c). This
criterion ensures that the deviation of the centroid from the nominal height is less than half of
the a priori correlation length. As filter condition for the vertical resolution the relation

rLW(_i) <35 (4.28)
ch(l)
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Figure 4.9. Effects of individual filter criteria on the corresponding metrics, along the Metop-A orbit
55524, as also shown in Fig. 4.8. The grey scatter show all observations along the specific orbit, the
cyan scatter show the available data for each variable according to its individual filter criterion and
the dark blue scatter are the available data when simultaneously filtering for all four metrics. The
metrics (a) — (c) are used to define the flag musica_wvp_kernel_flag, and the noise in (d) is used for

the flag musica_deltad_error_flag (compare with Table 4.2).

is applied. rpw (i) is the layer width per one DOFS from Purser and Huang (1993) (see Sect. 4.2.3)
as a proxy for the vertical resolution of an averaging kernel. By considering the kernel properties
relative to the correlation length, also kernels with larger values in their metrics can pass the
aforementioned filters if larger values in the corresponding correlation length are assumed.
Second, the error flag musica_deltad_error_flag is provided, which identifies data points with
too high uncertainties in the 6D retrieval results, namely errors due to measurement noise
and atmospheric temperature uncertainties. The corresponding height-dependent flag displays
retrieval results with a total 6D error below 40 %..

The aforementioned filter conditions are visualized in Fig. 4.9 and the respective flags and their
recommended values are summarized in Table 4.2. The flag variables musica_wvp_kernel_flag
and musica_deltad_error_flag are binary, i.e. they only consist of the values 1 (for indicating
high quality) and 0 (for low quality). Even though the recommended filter conditions are chosen
somewhat arbitrary, they efficiently remove recognisable outliers in terms of kernel properties
(see Fig. 4.9a—c) and data uncertainties (see Fig. 4.9d) of the retrieved {H,O, 6D} pairs. Therefore,
the simultaneous application of the corresponding quality flags musica_wvp_kernel_flag and
musica_deltad_error_flag serves for a convenient and meaningful selection of reliable {H,O,
OD} pair data. However, to enable a flexible adjustment of the individual filter conditions for
individual purposes, the output datasets contain the filtered and unfiltered {H,O, éD} pair data
together with the flag and filter variables.

4.3.2.5. Matrix Compression

Analogous to Schneider et al. (2021c), the averaging kernel matrices for the {H;O, §D} pairs are

stored in a decomposed and compressed format in order to reduce the required storage volume.
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Figure 4.10. Quality filtered {H,O, 6D} pairs (according to Table 4.2) for the original (with diagonal
constraint) and the improved product (without diagonal constraint) at 4.2 km a.s.l. along the Metop-A
orbit 55524 during boreal summer (orbit also shown in Fig. 4.8 and 4.9). The upper (lower) row shows
the scatter for data of the northern (southern) hemisphere, color-coded with the corresponding
latitude values. The grey scatter show the a priori values of the individual observations at the nominal

altitude. The value of N indicates the respective number of plotted data points.

For this purpose, a singular value decomposition is applied for the matrices Ay, and A{ .

into the components U, D and V that decompose the kernel matrix through
A =UDV? (4.29)

The length of the singular value vector D is called rank. The actual compression is achieved by
cutting off the lowest singular values in D and thereby reducing the rank. Consequently, also
the number of singular vectors U and V are reduced. The optimal limit of the singular values for
balancing the compression error against the effective storage reduction is discussed in Weber
(2019). Based on that, singular values that are less than 0.1 % of the maximum singular value in

D will be neglected.

4.3.2.6. The Final {H,O, 6D} Pair Product

Performing the aforementioned post-processing and filtering results in the final {H,0O, 6D} pair
product, as shown in Fig. 4.10 for a full Metop orbit. The consideration of the sensitivity op-
timization leads to a substantial increase of variability in the {H,O, D} pairs at 4.2km a.s.l.
for dry regions. For instance, over polar areas the weaker constraints allow larger deviations

from the corresponding a priori values, such that lower values in H,O and 6D can be observed.
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This is analogous to the increase in the measurement response that is most pronounced for dry
conditions (see Fig. 4.6, 4.7 and 4.8). As the measurement response is considered during the
quality filtering for reliable {H,0O, 6D} pairs (see Table 4.2), its increase yields a higher number of
observations passing the recommended data filter (see data amount in Fig. 4.10).

In summary, the MUSICA IASI water isotopologue post-processing provides an optimal esti-
mation {H,O, §D} pair product in the troposphere with a substantial increase of sensitivity for
dry conditions. Together with the recommended quality flags indicating observations with
meaningful averaging kernels and low errors for 6D, this is the main product provided freely to

the scientific community:.

4.3.3. Spatio-temporal Data Characterization

The following section gives an impression of the spatial and temporal coverage of the full optimal

estimation {H,0, D} pair dataset.

4.3.3.1. Output Volume of {H,O, D} Pair Dataset

By using the retrieval output from Schneider et al. (2021c), the water isotopologue post-processing
is performed as part of the thesis for all MUSICA IASI results between October 2014 and June
2019 (MUSICA IASI retrieval dataset referenced in Schneider et al., 2021a, Schneider et al.). With
on average 350 000 cloud-free observations per sensor (Metop-A and Metop-B) and per day,
this results in around 1200 million observations processed for mid-tropospheric {H,O, dD} pair
information.

According to the local overpass times of the Metop satellites, the orbits are split into morning (~
09.30 local time) and evening (~ 21.30 local time) overpasses and the respective observations are
concatenated for all overpasses within a single day into an individual global NetCDF4 file. That
is, two files per day emerge with each having a size of around 2 GB, resulting in about 1.5 TB

per year. The full output volume is approximately 7 TB.

4.3.3.2. Degree of Freedom for Signal

Figure 4.11 shows the DOFS values of D as monthly means for February and August 2018, for
morning and evening observations, respectively. To consider the full quality range of the {H,O,
OD} pair results, the 6D distributions are filtered only for cloud-free scenes and acceptable retrieval
fit quality, but not for the {H,O, D} pair quality (only filtered for musica_fit_quality_flag >
2 and eumetsat_cloud_summary_flag < 2).

Maximum values are around 2 and are found over the tropics (persistently throughout the entire
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Figure 4.11. Monthly averages for February and August 2018 for the DOFS of the {H,O, dD} pair product
without {H,0, 8D} pair quality filtering, evaluated on a 1°x1° grid.

year) and the sub-tropics (during summer), indicating the capability of independently resolving
signals in the lower and middle free troposphere (as indicated by the averaging kernels in Fig. 4.6).
The DOFS minimum is located over the polar regions during winter times, as these regions are
typically very dry (less water vapor signals) and cold (less thermal emissions).

Over oceans, the DOFS distribution roughly reflects the dominant sea-surface temperature
patterns. For instance, the warm surface currents in the West Atlantic and West Pacific correlate
with an increased sensitivity of the {H,0, 6D} pair retrievals.

While the large-scale DOFS patterns show a strong intra-annual variability for all regions except
the tropics, their diurnal variations are rather small. Instead, the latter becomes more pronounced
for small-scale regional structures. In particular for land observations, thermal effects lead to a
sensitivity maximum for morning times (Clerbaux et al., 2009), e.g. for Australia during February
and for Europe and North America during August. Conversely, for the Sahara an inverted effect
can be observed, i.e. an increase of DOFS from morning to evening. A reason for this could be
the strongly enhanced boundary layer mixing that develops here throughout the day and mixes
near-surface water vapour up to 5-6 km (Hall and Peyrillé, 2006). As a next step, data will be
considered that have been additionally filtered for high sensitivity and low uncertainty in the
{H,O, D} pair product (see Table 4.2).

4.3.3.3. Vertical Distribution of Data Coverage

As discussed in Sect. 4.3.2, the MUSICA IASI water vapor retrieval is mainly sensitive to water
vapor in the free troposphere. Figure 4.12 shows that this is reflected clearly on the vertical

distribution of available {H,O, 6D} pairs after applying the full recommended filters according
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Figure 4.12. Averaged amount of quality filtered {H;O, dD} pairs for the tropospheric retrieval grid
altitudes during February and August 2018. The black line indicates the global means that are further

divided into the means for morning (violet) and evening (pink) overpasses.

to Table 4.2. Here, the amount of globally available observations per day and per morning and
evening maps is averaged for February and August 2018 and is shown for each retrieval grid
level between the surface and 9 km. The best data availability arises between 2-7 km a.s.l. On
average, during boreal summer (at maximum over 400 000 data pairs per day) remarkably more
observations are available than during austral summer (maximum 300 000 data pairs). This is in
agreement with Fig. 4.3 and 4.4 and might by an effect of the greater amount of land masses and
warm seas in the Northern Hemisphere.

In contrast, the diurnal variations are again rather small on the global scale. Only for altitudes
below 3.5 km a.s.l. a slight decrease of data availability is observed during evening. This might be
due to thermal heating that develops during the day and leads to vertical transport of low-level
moisture, resulting in an upwards shift of the retrieval sensitivity. Such effects are stronger over
land masses and during summer and probably lead to a larger morning-to-evening difference
during boreal summer, as there are more land masses in the Northern than in the Southern

Hemisphere.

4.3.3.4. Horizontal Distribution of Data Coverage

This section discusses the horizontal data coverage of {H,O, §D} pairs for different altitude
regions after applying the respective quality filtering according to Table 4.2. To identify those
retrieval results that provide vertical profile information, observations that simultaneously fulfil
the respective filter criteria for two distinct altitudes will be considered.

Figure 4.13 shows the mean horizontal coverage of quality-filtered {H,O, 6D} pairs for different
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Figure 4.13. Monthly statistics for the horizontal availability of MUSICA IASI {H,O, 5D} pair data for
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February 2018 (first and second row) and for August 2018 (third and forth row). Data are filtered
according to Table 4.2. The first row for each month, respectively, shows the averaged amount of
available observations per 1°x1° grid box and per day, the respective second row gives the frequency
of days with at least 1 reliable observation inside a single 1°x1° grid box. Shown are the results
for observations at 4.2 km above sea level (a.s.l.) in the first column, for observations fulfilling the
quality filter conditions simultaneously at 2.9 and 6.4 km a.s.1. (second column) and simultaneously
at 1-1.5 and 4-5 km above ground level (a.g.L; third column). For the latter, if more than one grid

level falls inside the given altitude range, then the lower one is chosen.
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Figure 4.14. Horizontal distributions of H,O and D from the optimal estimation pair product, after
filtering according to Table 4.2. Data are shown for 4.2 km a.s.1. and for 01 February and 01 August
2018 (including both morning and evening observations). The range of the colorbars is adjusted to

Fig. 15 of Schneider et al. (2021c).

altitude regions during February and August 2018; the corresponding IASI observations are
evaluated on a 1°x1° grid. The averaged number of daily available {H,0, 6D} pairs and the
fraction of days with at least one measurement are illustrated for each grid box. Additionally,
Table 4.3 provides the total fractions of available {H,0, 5D} pairs on each altitude region compared
to all cloud-free IASI observations.

At 4.2km a.s.], up to 59 % of all cloud-free IASI observations provide reliable {H,0O, D} pair
data, with best horizontal coverage over tropical and subtropical summer regions. Here, up
to 35 observations are available per day and grid box and over wide areas there is a 100 %
frequency of 1°x1° grid boxes with at least one reliable observation, especially in the tropics
and the summertime sub-tropics. But also for high northern latitudes, where typically cold
and dry conditions prevail, a satisfactory data availability is apparent. Furthermore, for about
22-30 % of the cloud-free observations the quality filter conditions are simultaneously fulfilled
at 2.9 and 6.4 km a.s.l. Similar spatial patterns with lower values and less temporal coverage are
observed, when compared to 4.2 km a.s.l. Even though the data coverage decreases significantly
for areas with profile information at even lower altitudes (the quality filter conditions are
simultaneously fulfilled at 1-1.5 and 4-5 km above ground level only for about 10-17 % of the
cloud-free observations), interesting features emerge. The maximum availability of about 10
observations per grid box and per day shifts towards higher latitudes, such that over the tropics
almost no data are found.

In this analysis, the morning and evening observations are jointly investigated. As can be
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Table 4.3. Averaged fractions of available MUSICA IASI {H,O, 6D} pair data after applying the quality
filter according to Table 4.2, compared to the full (i.e. unfiltered) cloud-free IASI observations. The
results are shown for 4.2 km above sea level (a.s.l.), for observations where the filter conditions are
fulfilled simultaneously at 2.9 and 6.4km a.s.l. and at 1-1.5 and 4-5 km above ground level (a.g.L.),
respectively. For the latter, if more than one grid level falls inside the given altitude range, then the

lower one is chosen.

Date Overpass 4.2km (a.sl) 2.9N6.4km (assl) 1-1.5N4-5km (a.g.l.)
Feb. 2018  morning 41.4 % 21.7 % 13.0 %

evening 40.7 % 20.1 % 9.8 %
Aug. 2018 morning 57.5% 30.1 % 23.0 %

evening 58.8 % 271 % 11.2 %

deduced from Fig. 4.11 and 4.12, the differences between the morning and evening distributions
will differ only little. For instance, Table 4.3 includes the fractions of available data after filtering
according to Table 4.2 for the altitude regions from Fig. 4.13. The values do not differ significantly
for the mid-troposphere during morning and evening times, but reduce for lower altitudes during
the evening overpasses (analogous to Fig. 4.12).

To convey an impression of the actual horizontal data distribution of the {H,0, 6D} pair product,
Figure 4.14 depicts all data of H,O and 6D at 4.2 km a.s.l. for two days (01 February and 01 August
2018). The horizontal patterns of available data are in agreement with Fig. 4.13. Both H,O and
6D show highest values over tropical regions and decrease towards the polar areas. However,
differences in their zonal distribution become apparent. For instance, while H,O and 6D show
consistently high values over Northern Africa, large discrepancies appear at similar latitudes
over the Pacific (high H,O combined with decreased 6D). Section 4.3.3.6 will give further insights

into such relations between H,0O and éD.

4.3.3.5. Horizontal Distribution of Total Error

Figure 4.15 shows the horizontal distributions of the total errors of H,O and 8D at 4.2km a.s.1,
averaged on a 1°X1° grid for February and August 2018. Overall, an anti-correlation to the DOFS
distributions in Fig. 4.11 may be identified. The lowest errors are found for warm and moist
tropical and sub-tropical sites during summer, where the DOFS is maximum. Here, the minimum
error values lie around 5 % and 10 %. for H,O and JD, respectively. With decreased sensitivity
during winter and for higher latitudes, an increase of the total errors becomes apparent, in

particular over land areas. The errors can reach values up to ~ 12 % and 30 %. for H;O and éD,
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Figure 4.15. Monthly averages for morning and evening overpasses during February and August 2018
for the total errors of the filtered H,O (a) and 6D (b) product at 4.2 km a.s.l, evaluated on a 1°x1°
grid. The filtering is performed according to Table 4.2.

but are still in the uncertainty range of other comparable remotely sensed products (Worden
et al., 2006, 2019).

In particular over dry sub-tropical land surfaces (e.g. Sahara in February and South Africa and
Australiaduring August), there is a remarkable increase of the total errors in 6D from morning to
evening times. This feature does not show any clear and consistent correlation with the DOFS

development in Fig. 4.11 and thus requires further investigation in the future.

4.3.3.6. Data Example: Tropical Atlantic against Sahel

To convey an impression of the amount and scientific potential of the optimal estimation MUSICA

IASI {H,O0, 6D} pair product, results are shown for two illustrative regions of interest, namely
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Figure 4.16. MUSICA IASI {H,0, 6D} pair data for 4.2km a.s.l. over the Tropical Atlantic (13-17° N,
46-30° W) and the Sahel in West Africa (13-17° N, 8° W - 8° E), for the full MUSICA IASI period.
The left plots show the time series of H,O and 8D. The right plots show the respective probability
density functions of the two-dimensional {H,O, §D} distributions, indicating the location of the main
10 and 90 % scatter points. These contours are drawn for the data of February, May, August und

November, summarized for all respective years.

the Tropical Atlantic (13-17° N, 46-30° W) and the Sahel in West Africa (13-17° N, 8° W — 8°E).
Figure 4.16 shows the time-series of the respective MUSICA IASI data for H,O and 6D at 4.2km
a.s.l. that have passed the full recommended filtering (according to Table 4.2) for the period
October 2014 to June 2019. As discussed in Section 4.3.2, the harmonized retrieval results
for H;0O and éD offer almost the same averaging kernels, thereby allowing for a meaningful
interpretation of paired {H,O, 6D} distributions. Based on that, Figure 4.16 also summarizes the
mean monthly evolution (represented by February, May, August and November) of the {H,O,
&D} pair distribution over the Tropical Atlantic and the Sahel. The data are illustrated with
normalized two-dimensional histogram contours comprising the main 10 and 90 % of the scatter
points (the calculation is described in Sect. 3.1.5).

Over the Tropical Atlantic, both H,O and 6D exhibit a similar annual cycle, even though it is
weaker for 6D. This can also be observed in the corresponding {H,O, 6D} pairs, where the August
data are on average moister and more enriched in 6D than the February data. Despite some
shifting and tilting, the overall contour shape does not change much from February to August.

The contour for May reflects the transition from February to August and the one for November
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vice versa.

In contrast, over the Sahel signs of an annual anti-correlation between H,O and 8D appear.
Again, during boreal there is a minimum of H,O and 6D, even though it is slightly moister than
over the Tropical Atlantic (for both the November and February contour). In the further course
of the year, the variability of H,O and 8D decreases significantly, while the respective contours
shift to higher H,O (see May contour). However, this moistening is associated with a strong
decrease of the maximum values in D, leading to a remarkable tilting of the August contour,
when compared to the February contour.

These regional differences highlight the benefit of adding information about D when studying
atmospheric moisture, because different moisture processes leave different impact on the shape
and position of {H,O, 6D} pair distributions. In the example of Fig. 4.16, it becomes clear that the
Tropical Atlantic and the Sahel reveal significantly different structures in 6D, while their H,O
distributions show clear and similar annual cycles. Therefore, this feature underlines that the
tropospheric moisture over the two tropical regions is governed by structurally different processes.
As 6D is mainly affected during phase changes of water vapor, the hypothesis is that its observed
anti-correlation to H,O may be an effect of tropical convection that is exceptionally strong and
highly organized on the mesoscale over the Sahel during the summertime monsoon period.
Related dynamical changes in the contributing wind regimes might pose further contributing
factors for changes in the {H,O, D} phase space.

However, in order to robustly attribute such {H,0, 6D} pair signals to underlying moisture
processes, supplementary measurements and model analyses are required. As previous studies
stated (e.g. Worden et al., 2007, Noone, 2012, Dyroff et al., 2015, Gonzalez et al., 2016, Schneider
et al.,, 2017, Christner et al., 2018, Eckstein et al., 2018, Lacour et al., 2018), such an analysis is
then capable of providing a deeper understanding of atmospheric moisture pathways and will

therefore be performed in-detailed in the further context of this thesis (see Chap. 5 and 6).

4.4. Retrieval Simulations for {H,0, 6D} Pairs

In order to facilitate the direct comparison of the newly developed MUSICA IASI {H;O, 8D} pair
data to output from isotope-enabled models, the model data require an adjustment according to
the IASI characteristics (see Sect. 3.2.2). The optimal approach is to simulate how the satellite
sensor would observe the atmosphere given by an atmospheric model (Schneider et al., 2017).
This simulated satellite observation can then be directly compared with the actual satellite
observations.

Section 4.4.1 presents and evaluates a new method developed within the thesis for simulating
the MUSICA IASI characteristics by using the full PREFWD radiative transfer algorithm (see
Sect. 4.2.2) and the post-processing for the optimal estimation {H,0, D} pair product. The
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Figure 4.17. Spectroscopic line strengths for CHy, N,O, HNO; and CO; within the MUSICA IASI spectral

window, as used (a) for the original MUSICA IASI retrieval and (b) for the MUSICA IASI retrieval

simulator.

retrieval simulator will be applied to data from COSMOj,, and evaluated against the actual
MUSICA IASI {H;0, 8D} pair data (Sect. 4.4.2).

4.4.1. Methodology

The following two sections present the modifications regarding the radiative transfer assumptions
during the application of PREFWD in general and with additional focus on the data structure of
COSMO;js,.
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Figure 4.18. Amount of spectroscopic lines for CH4, N,O, HNO3 and CO; within the MUSICA IASI
spectral window, as used (a) for the original MUSICA IASI retrieval and (b) for the MUSICA IASI

retrieval simulator.

4.4.1.1. Simulation Approach

Following the discussions in Schneider et al. (2017), the recommended approach for harmonizing
data from an isotope-enabled model with the remote sensing characteristics of the MUSICA
IASI product is to simulate a theoretical IASI observation based on the modeled atmosphere.
This is achieved by applying a forward operator that considers the IASI characteristics to the
atmospheric state given by the model, analogous to the forward relation in Eqn. (4.1). Then, by
applying Eqn. (4.6), this allows to calculate the averaging kernel matrix Ay,o4, which corresponds
to the modeled atmospheric conditions (temperature, pressure, H,O and 6D profiles). Treating
the modeled atmospheric state x4 as the true atmospheric state, the relation in Eqn. (4.7) can

then be used to derive the theoretical IASI observation X,04:
Xmod = Amod(Xmod — Xa) + X, (4.30)

As discussed in Sect. 3.2.2, Schneider et al. (2017) developed a method for simulating the IASI
averaging kernels Anoq based on a simplified radiative transfer model. They already achieved a
reliable prediction of the IASI kernels for a modeled atmosphere, despite strong limitations in the

radiative transfer assumptions. However, aiming towards a most reasonable cross-comparison
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between the MUSICA IASI {H;O, 6D} pair data and results from any isotope-enabled model, the
thesis develops an improved approach of simulating Ap,.q4. Specifically, this will be based on
the full PREFWD radiative transfer algorithm together with the post-processing for the optimal
estimation {H,0, 6D} pair product. This ensures that the retrieval simulator is reliable as possible.
However, such line-by-line calculations during the forward model are rather resource-intensive,
which can be a handicap for comprehensive model-to-measurement cross-comparisons (Schnei-
der et al., 2017). Therefore it is useful to think of reasonable simplifications for speeding up the
radiative transfer calculations. With the intent not to restrict the actual PREFWD algorithm, the
thesis will give evidence that considering only the dominant spectroscopic lines of HITRAN2016
during the line-by-line calculations is a very efficient way for reducing the required computa-
tional resources without a great loss of the data quality.

Figure 4.5 and 4.17a show the line strengths and Fig. 4.18a the amount of spectroscopic lines
for each MUSICA IASI target species that lie within the spectral window of 1190-1400 cm™!
and that are considered during the MUSICA IASI retrieval. In fact, for every species also the
spectroscopic features of their individual isotopologues are included. For instance, H,O com-
prises in this context the values of H%éO, H;SO, Hé70, HD*0, HD'®0 and HD'’O (Gordon et al.,
2017). As the main focus lies on the different isotopologues of H;O, a first simplification is
achieved by limiting the other species to the respective main isotopologue, i.e. 12CH, for CH,,
14N;éo for N,O, H*N'¢0; for HNO; and '2C'®0, for CO,. This is justified by the fact that each
of these isotopologues has a mean abundance of around 99 % relative to the respective weaker
isotopologues.

Furthermore, the effect of each spectroscopic line on the radiative transfer calculations depends
on the respective line strength. The stronger a specific line for a specific species, the more
effective is the molecular absorption of the species at this wave number. As Fig. 4.18a shows,
the lines in the spectral window of the MUSICA IASI retrieval comprise line strengths with
more than ten orders of magnitude (from 1073 to 107! cm™!/(molecule cm?)). For nearly every
species the amount of considered lines increases significantly with decreasing line strength.
However, the radiative transfer calculations are mainly determined by the respective strongest
spectroscopic lines. Therefore, a second simplification is achieved by only considering those
spectroscopic lines with line strengths above the 90th percentile for each target species (except
for H,0), respectively. The resulting distribution of available spectroscopic lines is shown in
Fig. 4.17b and 4.18b. This leads to a drastic reduction of the line amounts for all species except
H,O0. For instance, for CO,, which has only weak lines in the chosen spectral windows, all lines
disappear. For CHy, N;O and HNOs a large amount of strong lines remains, which still reflect
the strongest and most dominant features.

Sensitivity tests revealed that by performing these line reductions the computation time of the
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observations after cloud filtering, 2016-06-21
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Figure 4.19. Available COSMO;j;, data points for 21 June 2016, after applying the cloud filtering from
Eqn. (4.32) and (4.33) to the output of the simulations (a) CISO1, (b) CISO2 and (c) CISO3 (see Table 3.2).
Additionally, the horizontal distribution of cloud-free MUSICA IASI data are shown in (d).

PRFFWD forward model can be reduced by around 50 %. That these simplifications are not at

the expense of the retrieval quality will be shown in the following sections.

4.4.1.2. Modifications for use with COSMOj,,

Within this study, the new retrieval simulator was initially developed and evaluated using data
from the isotope-enabled model COSMOjs,. This section presents the adjustments that are
necessary in order to run the PREFWD algorithm exemplary for COSMOj,, simulations, which
can be easily adapted to other models.

As first step, the COSMOj;, data are sampled according to the local overpass times of the Metop
satellites (see Table 4.1). As the COSMOj,, uses the UTC time format ¢, as time coordinate,
following expression is used to transform t, for each model data point by considering the

respective longitudinal position xj,, to the local solar time tjocq1:

Hocal = futc + 24 xlon/360 (4-31)
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To match the morning (09.30 local time) and evening (21.30 local time) overpasses of Metop,
only model data with t],c, between 09-10 and 21-22 local time are considered, respectively.
Analogous to the MUSICA IASI dataset, this yields two COSMO;s, maps per day, one for the
morning and one for the evening data.

Further, the MUSICA IASI {H,O, D} pair data are only available for cloud-free scenes (see
Sect. 4.2.1). Therefore a corresponding cloud filtering needs to be performed also for the
COSMO;js, data. This is a non-trivial task, as there is no binary cloud flag in the COSMOj;,
output. Instead, the one-moment microphysics scheme provides information about the vertical
profiles of frozen (q;) and liquid (g.) cloud particles. Following the cloud filter conditions for the
IASI observations (no liquid clouds, small ice cloud contaminations possible, see Sect. 4.2.1), the

following set of filter criteria is considered for selecting cloud-free COSMOj, data points:

Zsrf

D qex=0kgkg™ (4.32)
k=zgf

Zsrf

Z qix <1070 kg kg™! (4.33)
k=zgf

Even though the filter values are chosen somewhat arbitrarily, they lead to a reasonable cloud
masking when comparing to IASI. Figure 4.19 shows the resulting distributions of available
COSMO;js, data for three different model setups (model runs CISO1, CISO2 and CISO3, see
Table 3.2). Overall, there is a good agreement between the cloud masks of the individual
models and IASI. Differences become clear depending on the choice of convection treatment and
horizontal resolution. While smaller grid cell sizes allow the representation of more detailed
and sharp cloud occurrences, also the transition from parameterized to explicit convection leads
to much finer structures. Compared with IASI, the explicit convection setup provides the most
suitable cloud cover (in-detailed discussions of the different model setups are found in Sect. 6.2).
Further, the atmospheric conditions provided by the model need to be interpolated to the vertical
grid structure of the MUSICA IASI retrieval. While the top of the COSMOjs, configuration used
here lies at 22 km, the PRFFWD settings used for the MUSICA IASI processing consider altitudes
up to 55.6 km (see Fig. 3.6). Therefore, for height levels with missing model data the atmospheric
variables temperature and pressure are determined according to monthly climatologies derived
from the global and annual MUSICA IASI retrieval results. The H,O and D states above 22 km
are set to the MUSICA IASI a priori states (see Sect. 4.2.2). As COSMOj,, does not provide
information about the other trace gases (CH4, N;O, HNO; and Os), the respective MUSICA IASI
a priori data are chosen for the full vertical profile.

Finally, the COSMOj,, output does not include any data about surface emissivities, therefore the

land surface emissivities are taken from the global database of infrared land surface emissivities
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Figure 4.20. {H,0, D} pair averaging kernels, for the original MUSICA IASI pair product (a,d), for a
retrieval simulation with reduced spectroscopic lines (b,e) and for a full retrieval simulation including
the full modifications required for the use with COSMOjs, data (c,f). The kernels are shown for a
tropical ocean and land observation. The colored kernels correspond to the grid levels given in the

legend, whereas the grey lines depict the kernels for the other grid levels.

(IREMIS, Seemann et al., 2008) and over ocean and ice observation the same external datasets as

for the IASI retrieval are chosen (see Sect. 4.2.2).

4.4.2. Evaluation of Retrieval Simulations

This sections discusses the quality of the retrieval simulations for {H,0O, 6D} pairs with respect to
the original MUSICA IASI kernels and demonstrates exemplary the effect of applying the retrieval

simulator for COSMOj,, data when comparing the model with the actual IASI observations.

4.4.2.1. Theoretical Quality Assessment

Following the validation approach of Schneider et al. (2017), the quality of the new MUSICA
IASI retrieval simulator will be assessed by comparing simulated averaging kernels of the {H;O,

éD} pair product against the actual IASI kernels (see Fig. 4.6b). For this purpose, the retrieval
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Figure 4.21. DOFS of the original (retrieved) MUSICA IASI {H,O, 6D} pair kernels against the retrieval
simulation with reduced spectroscopic lines (a) and with the full modifications (b). Data are shown
for the whole Metop-A orbit with the ID 50189, during the 21 June 2016. Additionally, the squared

Pearsons correlation coefficients (explained variance of distribution) are shown.

simulations are performed by using real IASI retrieval results from Sect. 4.2.2 as input, i.e. the
retrieved states for temperature, H,O, 6D and the other interfering trace gases. In the case of a
perfect simulation, the simulated IASI averaging kernels would match the real kernels, meaning
that the retrieval simulator is capable of perfectly reproducing the original IASI kernels.
Figure 4.20 shows the comparison of the original IASI kernels (a,d) with the simulated kernels
for a single ocean and land observation. For the kernel simulations in Fig. 4.20c,e only the
line reductions from Sect. 4.4.1 are applied, while the full MUSICA IASI results of the retrieved
states (temperature, pressure, H,O, D and interfering species) are used as input for the kernel
simulation. In addition, Fig. 4.20d.f also includes those modifications necessary for the use with
COSMO;js, data (use of IREMIS emissivities, interpolation of temperature and pressure above
22 km to IASI climatologies and use of a priori profiles for initializing the interfering species,
see Sect. 4.4.1). For the ocean observation the retrieval simulator is capable of well reproducing
the original IASI kernels for the mid-troposphere without any significant discrepancies. Also
the land observation shows close agreement between the different kernels, even though small
differences appear for the lower troposphere. The line reductions lead to a minor increase of the
kernel values between 1-2 km and the respective DOFS value, what is even more pronounced
for the fully modified simulation setup. A reason that partly explains these discrepancies is the
different treatment of the emissivities over land surfaces.

Figure 4.21 provides a statistical perspective on the effect of the retrieval simulation setups from
Fig. 4.20. It correlates the DOFS values of all {H,O, 6D} pair averaging kernels along a full Metop

orbit against the DOFS of respective kernel simulations. By only considering the line reductions,
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Figure 4.22. {H,O, 6D} pair data for four different 4°x4° domains. The respective scatter (numbers
given in the legends) are illustrated with the two-dimensional histogram contours for 50 and 99 %.
Contours are shown for the raw COSMOj,, output (orange), the COSMOj,, data processed with the
MUSICA IASI retrieval simulator (red) and for the MUSICA IASI data (blue). The COSMOj,, data are
cloud-filtered according to Eqn. (4.32) and (4.33).

a squared correlation of more than 0.99 is achieved. Minor differences appear for DOFS values
between 1.1 and 1.8, where the simulation tends to create higher values (in agreement with
Fig. 4.20d,e). When considering the COSMOj5, modifications, the correlation reduces to 0.9769,
which is still a significant improvement compared to the simulated IASI retrievals from Schneider

et al. (2017) (maximum correlation of 79 %).

4.4.2.2. Application to COSMOj,, Data

This section shows illustrative case studies for demonstrating the effect of the MUSICA IASI
retrieval simulator on {H,O, 6D} data from COSMOjs,, when directly compared to the MUSICA
IASI {H,O, 6D} pair data. For this purpose, the model run CISO2 (14 km horizontal resolution,
with explicit convection, June — July 2016) is used and processed with the full retrieval simulator,
including the line reductions and the modifications required for handling the COSMOj;, data

structure (see Sect. 4.4.1).
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Figure 4.23. Time-series of the H,O and 6D data for the same domains as in Fig. 4.22. The orange scatter
indicate the raw COSMOjg, output, the red scatter the COSMOjs, output processed with the retrieval
simulator and the blue ones the IASI data.
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Figure 4.22 illustrates the influence of the retrieval simulator in {H,O, §D} phase space. The
two-dimensional histogram contours (50 and 99 %) are shown for the raw COSMOj,, output
(sampled for the IASI overpasses), the COSMO;, data processed with the retrieval simulator
and the corresponding IASI data. Data are shown for four exemplary 4°x4° regions: Tenerife
(26°-30° N, 14.5°-18.5° W), Sahara (25°-29° N, 2°-6° W), Sahel (13°-17° N, 0°-4° W) and Kongo
(0°-4°N, 12°-16° E). The COSMOj;, data are cloud-filtered according to Eqn. (4.32) and (4.33).
The square-shaped domain size is chosen such that the Tenerife box is centered around the
actual island, as used in analyses by Dahinden et al. (2021) (note that the chosen Sahel domain is
smaller than for Fig. 4.16).

Over Tenerife the application of the MUSICA IASI retrieval simulator leads to a strong improve-
ment of the model data towards the IASI distribution. In particular, the unprocessed model data
exhibit a larger variability for low H,O and 6D than IASI, which is reduced when including the
simulated kernels. However, IASI reveals some moist and enriched data points (up to —100 %o)
that are not covered in the processed COSMO;js, data, which is further discussed in Appendix A.
Over the Sahara, the effect of the retrieval simulator appears to be similar to Tenerife. In contrast,
the much moister tropical Sahel shows rather small effects, when applying the retrieval simula-
tor. This suggests that during this period the Sahelian mid-troposphere exhibits homogeneous,
high moisture profiles such that averaging around the adjacent altitude levels does not create
significant changes. For the Kongo domain, the IASI {H,O, §D} pairs are constantly high, while
COSMOjs, shows additional features with significantly lower H,O. Again, the application of the
retrieval simulator reduces this variability drastically, leading to a moisture range comparable to
IASL

The corresponding time-series of each domain further support the discussed findings (Fig. 4.23).
For the subtropical domains Sahara (Fig. 4.23a) and Tenerife (Fig. 4.23b) there is a strong re-
duction of variability in the model, when the simulator is considered, making their time-series
well comparable to the IASI time-series. As found in Fig. 4.22, the improvements are larger for
drier model data. For moist observations over the Sahel and Kongo, the raw model data already
represent well the IASI time-series and there is no considerable effect of the simulator. Only for
occasional dry events within the Kongo domain, which are not observed by IASI, the retrieval
simulator leads to significant improvements of the model data towards higher H,O and 6D values

(compare with Fig. 4.22).

In summary, the MUSICA IASI retrieval simulator successfully merges the vertical {H,O, D}
pair characteristics of IASI into the modeled atmosphere of COSMOj;,, thereby allowing for a

meaningful model-to-satellite cross-comparison.
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4.5. Summary

This chapter presents an extension of the MUSICA IASI retrieval that aims at creating a high-
quality water isotopologue pair product for the free troposphere. The retrieval processor from
Schneider et al. (2021c) is an update of the version that was developed and validated against
reference measurements during the MUSICA project (Schneider et al., 2016). The presented a
posteriori processing step exploits their retrieval results and generates an optimal estimation
{H,0, 6D} pair product by harmonizing the averaging kernels of H,O and 8D, as proposed by
Schneider et al. (2012). A further processing step by a posteriori reducing the strength of the
underlying regularization is introduced. This increases the sensitivity of the {H,O, D} pair
retrieval product, especially for dry conditions, and enhances the vertical profile information
between the boundary layer and the free troposphere. However, as trade-off the retrieval noise
increases, but not beyond an unreasonable range (~ 12 % for H,O and ~ 30 %. for 6D). For a user-
friendly data handling, supplementary filter flags are derived that perform a height-depending
data selection based on the quality of the {H,O, éD} pair results.

This a posteriori processing is herein applied to the MUSICA IASI full retrieval product, resulting
in a novel space-borne dataset of tropospheric {H,0, 6D} pair data. It consists of two global
maps per day for all cloud-free IASI observations between October 2014 and June 2019. On a
global average, the main vertical sensitivity lies between 2-7 km. It features best horizontal
representativeness in terms of data quality and coverage for tropical and summertime sub-tropical
regions. Despite a negative equator-to-pole gradient in the horizontal representativeness, there
is still a satisfactory amount of reliable {H,O, 6D} pair data in higher latitudes, ranging during
summer up to the polar regions. The entire subject is referenced in a corresponding publication
(see Diekmann et al., 2021b) and the full MUSICA IASI {H,O, 6D} pair dataset is referenced via
the DOI 10.35097/415 (Diekmann et al., 2021a).

In addition, this section includes the development of a new MUSICA IASI retrieval simulator,
which considers the full line-by-line radiative transfer calculations as assumed during the
MUSICA IASI retrieval. By drastically reducing the originally considered set of spectroscopic line
parameters from HITRAN2016 for all target species except for H,O and HDO, a computational
speed-up of 50 % could be achieved. This is found to be not at the expense of the quality of the
retrieval simulator. Further, the added value of applying the MUSICA IASI retrieval simulator on
model data is shown in direct comparisons of the new MUSICA IASI {H,O, 6D} pair data with
respectively processed data from COSMOj,. In particular for dry conditions, a strong push of
the COSMOy,, {H,0, D} distributions towards those from MUSICA IASI can be observed. In
total, the MUSICA IASI retrieval simulator is very promising for providing meaningful, direct

model-to-satellite comparisons.
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5 Lagrangian Process Attribution of
{H,0, 6D} Pairs over West Africa

Lagrangian approaches offer a variety of analysis methods for deeper understanding the sources
and pathways of atmospheric moisture. For instance, Lagrangian backward trajectory models
have proven to be powerful tools for investigating water isotope abundances in precipitation and
water vapor with respect to air mass sources and the evolution of meteorological parameters
along air pathways (e.g. Rindsberger et al., 1983, Pfahl and Wernli, 2008, Soderberg et al., 2013,
Salamalikis et al., 2015). By relying on a moisture source attribution of Sodemann et al. (2008),
Diitsch et al. (2018) performed a sophisticated process attribution by estimating the relative
contributions of surface evaporation, cloud formation and air mass mixing to §D and §'%0 distri-
butions over Europe. As the identification of these processes is performed based on tendencies
in H,O and on the geographical properties (trajectory altitude, type of underlying surface), this
approach is not able to robustly account for effects of rain evaporation and equilibration.
Therefore, this chapter develops a new Lagrangian process attribution that considers the paired
{H,0, 6D} evolution along trajectories and thereby allows for identifying effects of the moist
processes presented in Sect. 3.1. This process analysis is based on the theoretical framework of
Noone (2012) with the idealized process curves that indicate effects of mixing and rain processes
in the {H;O, 6D} phase space (see Fig. 3.2). Even though some of these simple models (e.g. the
Rayleigh distillation for cloud formation) implicitly involve the Lagrangian perspective, the
process curves of Noone (2012) have never been explicitly applied in combination with air parcel
trajectories and their water isotope signals. The aim herein is to use these curves together with
hydrometeorological parameters in order to link characteristic {H,O, dD} signals along trajec-
tory ensembles to underlying processes such as air mass mixing and microphysical interaction
between rain and vapor. As a result, this allows for interpreting the isotopic composition at the
trajectory ending points by means of the attributed processes along the trajectory pathways.
As a case study to demonstrate the power of this Lagrangian process attribution procedure,
the Sahelian mid-troposphere is used as starting domain for the backward trajectories during
the WAM season 2016. For this purpose, the tool LAGRANTO is used based on data from
COSMO;jso. The model configuration is chosen such that the results of this Lagrangian process

attribution procedure provide a general framework to meaningfully interpret observed {H;O,
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6D} distributions over the Sahel, as shown for the MUSICA IASI data in Fig. 4.16.

Section 5.1 motivates the concept of the Lagrangian process attribution procedure for interpreting
the general evolution of {H,O, 6D} pairs along the WAM development (Sect. 5.2). In this context,
the {H;0, 6D} pair signals along individual trajectories (Sect. 5.3) and along trajectory ensembles
(Sect. 5.4) will be investigated. Finally, Sect. 5.5 discusses the Sahelian {H,O, 8} pairs with respect

to the history of the individual trajectory ensembles.

5.1. Data and Methodology

As basis for the Lagrangian process attribution the backward trajectories from LAGRANTO
are considered, whose technical details are described in Sect. 3.4 and Table 3.2. By considering
the COSMOj,, simulation CISO2 (14 km horizontal resolution, explicit convection, June — July
2016), the 7-day backward trajectories are calculated for the Sahelian mid-troposphere (625 and
575 hPa, domain shown in Fig. 3.7), starting daily at 9 and 21 UTC between 08 June to 30 July
2016. The analysis of the trajectories will rely on the WAM phases as defined by Knippertz et al.
(2017) and discussed in Sect. 2.4.

5.1.1. Trajectory Sorting

For the interpretation of the full ensemble of 12 720 trajectories, the trajectories will be sorted
according to geographical and meteorological criteria along their atmospheric pathways. By
considering the geographical position and altitude of the trajectory origins, the aim is to build
clusters that represent the dominant transport patterns of the WAM (see Sect. 2.2). As transport
is an important control factor for atmospheric moisture, such a dynamical clustering will give a
useful first overview of the characteristic moisture evolution of the defined clusters (Nieto et al.,
2006, Salih et al., 2015, Sy et al., 2018).

Further, a trajectory will be classified as precipitating, if its rain content g, accumulated over
the whole pathway exceeds the rather arbitrarily chosen threshold of 2 gkg™!. Analogously,
if the accumulated rain content is lower than 0.2 gkg™!, the trajectory is assumed to be non-
precipitating. An individual trajectory data point is classified as precipitating, if the specific
content (g, for rain, gs for snow) is at least 10~° g kg™!. If both g, and g, fulfil this criterion, this
precipitation is viewed as mixed-phase. Following the moisture source attribution of Sodemann
et al. (2008), a moisture uptake along a trajectory is attributed to surface evaporation if the
corresponding trajectory altitude zi,, is below the boundary layer height zy;. As models tend to
underestimate the boundary layer height, Sodemann et al. (2008) recommended for this purpose

a scaling of zp) with a factor of 1.5.
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5.1.2. Trajectory-Based Process Attribution of {H,O, §D} Pairs

The aim of this work is to establish a framework for interpreting the isotopic composition in a
region of interest with regard to moist processes occurring during the transport of air masses
arriving in this region. For this purpose, this chapter develops a process attribution procedure
by considering temporal changes not only in H,O, but also in §D, thereby making use of the
additional isotope information. The general concept behind the Lagrangian process attribution

procedure is the following:

1. A priori selection of dominant processes that will be identified in the {H,O, §D} phase

space

2. Categorization of trajectories or individual segments along trajectories that correspond to

the processes of interest

3. Interpretation of the isotopic composition in the region of interest by means of the catego-

rized trajectories

In this context, the Sahel and its {H,0, 6D} pair variability during the monsoon 2016 will be used
as region of interest (Sect. 5.2). The processes of interest are defined according to the idealized
process curves of Fig. 3.2 describing effects of air mass mixing, Rayleigh condensation, and
Super-Rayleigh signals (step 1). To illustrate the plausibility of those curves, first, they will be
evaluated against the isotopic evolution along three characteristic example trajectories (Sect. 5.3).
Then, following Sect. 5.1.1, the trajectories will be sorted into dominant transport clusters, whose
averaged {H;O, 6D} signals are identified in order to link segments of trajectories to the proposed
process curves (step 2, Sect. 5.4). In turn, this provides statistical information of the relative
process occurrence frequencies within the full trajectory ensemble, which eventually facilitates
an improved interpretation of the isotopic composition in the target region and the atmospheric

processes that determine this composition (step 3, Sect. 5.5).

5.2. Average {H,0, 6D} Development Along the West

African Monsoon

Figure 5.1 displays the average {H,O, 6D} behaviour over the Sahel at 600 hPa along the monsoon
season 2016, as given by the COSMOj;, grid point values in the considered domain.The model
data are sorted according to the WAM phases from Knippertz et al. (2017), i.e. the pre-onset stage
(Phase 1), the post-onset stage (Phase 2), the wet westerly regime (Phase 3) and the monsoon
recovery (Phase 4) (for details see Sect. 2.4). The respective {H,O, éD} pair data are summarized
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Sahel, ~600 hPa, 9 & 21 UTC, 08 June - 30 July 2016

full COSMO-iso data
-100 Phase 1
- === N=51610

Phase 2
= N=111160

—-150
Phase 3 & 4

N = 35730

===: mixing

6D (%o0)

------ Rayleigh
=== Super-Rayleigh
—-250

3x103 ] 6 x 103 io4 3x104
H20 (ppmv)

Figure 5.1. {H,0, 6D} pair distributions at the grid points of COSMOj;, in the Sahelian mid-troposphere
(600 hPa, see dashed box in Fig. 3.7) during 08 June—30 July 2016. The two-dimensional contours
indicate the data distributions during the different monsoon phases as described by Knippertz et al.
(2017). For each stage, the contours summarize 50 and 95 % of the respective data points and the total
amount of data points is given in the legend. Additionally, this plot includes the idealized process

curves that are marked with arrows in Fig. 3.2.

by normalized two-dimensional histogram contours (see Sect. 3.1.5).

While H,O remains within a similar data range throughout the whole period, D reveals a change
with time. In particular, the development of the monsoon circulation in Phase 2 coincides with a
shift of D towards markedly lower values. The very wet Phases 3 and 4 show a slight shift to
higher moisture content and lower D with respect to Phase 2. This anti-correlation between
H,0 and 6D corresponds to the averaged intra-annual variability over the Sahel, as documented
and discussed in Sect. 4.3.3.6 in the context of Fig. 4.16. Thus, these figures suggest that there
may be moist processes whose effects can be observed more clearly in the paired {H,O, 6D}
phase space than in individual H,O distributions. In this context, the backward trajectories serve
to understand the mechanisms controlling the {H,O, 6D} variability, as they shed light on the

history of the air masses arriving at the target region.

5.3. Isotopic Process Attribution Along Single Trajectories

As a first step of the Lagrangian process analysis, the focus is on three individual trajectories:
T1 as non-precipitating trajectory, T2 as trajectory with an accumulated g, between 0.2 and
2gkg™! and T3 as precipitating trajectory (see Sect. 5.1.1). This section analyzes their {H,0, D}

evolution to demonstrate how the idealized process curves from Fig. 3.2 can be interpreted for
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Figure 5.2. Overview of the trajectories T1, T2, and T3. (a), (b), and (c) show the geometrical pathways,
color-coded with altitude. The black framed circle marks the trajectory origin. The black shades
indicate areas with a rainfall > 2 mm hr™! during the trajectory step marked with x. (d), (e) and (f)
show the evolution in the {H,O, 8D} phase space. The main variations between characteristic signals
(marked with numbers) are illustrated with arrows (arrow colors according to Fig. 3.2). (g), (h) and
(f) show the time-series of the altitude (zi,), boundary layer height (zy)), rain (g,) and snow content

(gs), H20 and 6D along the respective trajectory.
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individual air parcels. The target dates of T1, T2 and T3 are 09 UTC 05 July, 21 UTC 23 June and
09 UTC 19 July 2016. Figure 5.2 provides an overview of the properties of the chosen trajectories.
The dominant mixing and microphysical processes along the trajectories are identified according
to the temporal evolution of {H,O, éD} pairs and depending on the occurrence of hydrometeors.
Arrows and markers illustrate the corresponding temporal evolutions in the {H,0, D} phase
space.

The first trajectory T1 does not show any significant precipitation along its pathway. It starts
with a relatively dry signature at around 2.5 km above the Mediterranean Sea near Sicily (Point 1)
and then crosses the Libyan coast (Point 2, Fig. 5.2a). During this time the trajectory moistens and
enriches due to ocean evaporation. Therefore, in Fig. 5.2d the {H,O, 6D} pairs follow the moist
mixing line according to the blue arrow from marker 1 to 2. After this, dehydration sets in over
the dry North African desert areas. At 30° N, T1 experiences a strong lifting to 4 km (see marker
“x” in Fig. 5.2a), where it mixes with dryer mid-tropospheric air and moves southwestward. While
H,0 decreases, 6D remains mostly constant, leading to a mixing signature that follows the dry
mixing curve (see orange arrow from 2 to 3).

T2 (middle column in Fig. 5.2) represents a trajectory with both strong mixing and precipitating
effects. It originates in the lower troposphere (z, ~ 3km) over the Gulf of Guinea and exhibits
moistening and enrichment, while subsiding below 1 km and taking course towards the Guinea
Coast. This moistening is associated with surface evaporation, while the trajectory penetrates
into the boundary layer (Fig. 5.2h). This leads to an enrichment following the moist mixing line
(see blue arrow from marker 1 to 2, in Fig. 5.2e) and results in higher moisture contents than
for T1. Over the Sahel, a local convection event (see precipitation patterns in Fig. 5.2b) lifts the
trajectory abruptly from ~ 1 to 6 km altitude (see marker “x” in Fig. 5.2b). As a consequence,
precipitation forms and depletes the trajectory of its heavy isotopes in the vapor phase following
a clear Rayleigh signature (dark green arrow from 2 to 3 in Fig. 5.2e). Thereafter, the air parcel
appears to leave the convective cell and weak mixing with drier surrounding air occurs (orange
arrow, from 3 to 4), leading to a less steep evolution than a pure Rayleigh process would imply.
From 4 to 5, a slight moistening appears (blue arrow), as the trajectory subsides down to ~
4.5 km.

For the third, precipitating trajectory T3 (right column in Fig. 5.2) the starting point is already
associated with very moist and isotopically enriched conditions, as it is located near the surface
of the tropical Atlantic (zi, < 200 m) and is therefore strongly affected by surface evaporation
over the relatively warm waters southwest of West Africa. After reaching the West African land
mass, the trajectory crosses a westward propagating squall line (see precipitation patterns and
marker “x” in Fig. 5.2c). Large rain drops fall through the air parcel, while the air parcel remains
constantly at an altitude in the range of 1-2 km, hence without being lifted by convection. This

suggests that this rain formed at higher altitudes and fell from above into the trajectory pathway.
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While H,O remains high during this event, 6D shows a sharp drop by more than 50 %. (Fig. 5.2f,
light green arrow from marker 1 to 2). This depletion is stronger than would be predicted using
the Rayleigh model and thus penetrates into the Super-Rayleigh regime. Along its northeastward
path over the Sahel, the trajectory first enriches, likely due to surface evapotranspiration (blue
arrow from 2 to 3), until it finally interacts with a second squall line and exhibits once again a
pull in the {H,0, D} phase space towards the Super-Rayleigh regime (light green arrow from
3 to 4). However, at this time the air parcel is lifted to 4 km and changes its flow direction by
180°, consistent with the propagation direction of the squall line. A subsequent enrichment (blue
arrow from 4 to 5) defines the isotopic composition for the injection into the next convective
updraft, where the occurrence of snow particles (Fig. 5.2i) is accompanied by Super-Rayleigh
signals (light green arrow from 5 to 6).

In summary, the analysis of the selected trajectories reveals that, by using the theoretical
process curves from Fig. 3.2, the temporal evolution of {H,O, 6D} pairs along air parcels can
be divided into moist and dry mixing, drying and depletion due to Rayleigh condensation,
and processes that deplete the vapor beyond the prediction by the Rayleigh model. Only by
considering the whole isotopic history of an air parcel, it is possible to fully explain its target

position in the {H,O, D} phase space.

5.4. Isotopic Process Attribution Along Trajectory

Ensembles

In the next step, the aim is to test the usefulness of the idealized process curves for interpreting
larger trajectory ensembles during the monsoon period 2016. For this purpose, the trajectory
ensemble is sorted into transport clusters (see Sect. 5.1.1) and investigate the importance of
different processes along the individual clusters. This section addresses the question to which
extent and for which meteorological conditions the mixing, Rayleigh, and Super-Rayleigh process
curves from Fig. 3.2 are useful to explain the isotopic signals along the transport clusters. As
these clusters are most representative during the active monsoon (see Fig. 5.5), the focus for
the Lagrangian process attribution procedure in the following will be on trajectories during the

post-onset stage (Phase 2).

5.4.1. Identification of Transport Clusters

As discussed in Sect. 5.1.2, the full ensemble of 12720 trajectories is disentangled into me-
teorologically meaningful clusters of trajectories that experience a similar moisture history
(analogous to the moisture transport pathways described in Sect. 2.2). Taking into account the

characteristic regions of the trajectory origins as well as the relative position of origin altitude
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Figure 5.3. Trajectory clusters for (a) the monsoon inflow (R1, dark red box), the low-level subtropical
Atlantic inflow (R2, orange), the Harmattan (R3, yellow), and (b) the African Easterly Jet (S1, dark
blue) and the extratropical dry intrusions (S2, cyan). (c) shows a 3D view of selected trajectories for

each transport cluster. The black box marks the target region over the Sahel.

against target altitude, a rough distinction is made for rising (R1 to R3) and subsiding (S1 and

S2) transport clusters (see Sect. 5.1.1). Their main averaged properties (see Fig. 5.3 and 5.4) are

briefly characterized:

R1 This cluster represents the southerly monsoon inflow (dark red trajectories in Fig. 5.3), origi-
nating from the lower troposphere over the Gulf of Guinea with high contents of H,O and
oD (see Fig. 5.4c and d). It advances on an anticyclonic path towards the Sahel, where it is
lifted into the middle troposphere due to moist convection (see Fig. 5.4a; Marsham et al.,
2013). This ascent into colder and dryer regions is associated with intense precipitation

(Fig. 5.4e and f), leading to a strong depletion in 6D (Fig. 5.4d).
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Figure 5.4. Averaged time series for the transport clusters R1 (dark red), R2 (orange), R3 (yellow), S1
(dark blue) and S2 (cyan). Shown are (a) the trajectory altitude, (b) boundary layer height (1.5 zy),
(c) H,0, (d) 6Dy, (e) rain content g, and (f) snow content g;. For (e) and (f), a running mean over 6
time steps is used. To underline the daily cycles, in particular for the boundary layer height, only
the trajectories with the same starting time of 09 UTC at the Sahelian mid-troposphere are herein

considered.

R2 The orange trajectories in Fig. 5.3 indicate the subtropical Atlantic low-level inflow with the
trade winds that get deflected eastward towards the Sahel as a response to the Saharan
heat low (Nieto et al., 2006, Lavaysse et al., 2009). Its initial moisture is lower than for
R1, but increases during the transport over the Atlantic (Fig. 5.4c and d). Similar to R1, it
experiences a convective lifting over the Sahel (Fig. 5.4a), but ends up with more enriched
éD.

R3 The trajectories in yellow (Fig. 5.3) originate in the lower troposphere over the Mediterranean
Sea and follow the Etesian winds towards the African continent (Tyrlis and Lelieveld, 2013).
Over North Africa, this cluster moves along the eastern side of the Atlas mountains and
then feeds the relatively dry Harmattan (Hall and Peyrillé, 2006). As the surface evaporation
over North Africa is small, there is hardly any change in moisture (Fig. 5.4c) as well as no
significant contribution to the Sahelian precipitation (Fig.5.4e,f). At the target location, it
shows 6D values similar to R2 (Fig. 5.4d).

S1 The African Easterly Jet (AE]) inflow is represented by the dark blue trajectories (Fig. 5.3). It is
characterized by a low-latitude easterly flow that transports dry air masses from the upper

troposphere (Fig. 5.4a) from East Africa down to the Sahelian mid-troposphere (Cook,
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Figure 5.5. Time series of (a) the relative contribution of each transport cluster to the total amount
of trajectories arriving every 12 hours in the target region in the Sahelian free troposphere. The
monsoon phases described in Knippertz et al. (2017) are separated by dashed lines. (b) Rain water
content accumulated along the last 12 hours of each trajectory before arriving in the target region

and averaged over each cluster.

1999, Sy et al., 2018). Through deep tropical convection, frozen precipitation falls into the
AF]J (Fig. 5.4f). During its subsiding path into moister tropospheric regions, H,O and 6D

increase and converge towards the values of R1 (Fig. 5.4c and d).

S2 The cyan trajectory ensemble in Fig. 5.3 describes extratropical mid-level dry intrusions, which
feed into the anticyclonic circulation above the Saharan surface heat low (Cook, 1999,
Lavaysse et al., 2009). As this flow originates from the mid-latitude upper troposphere, it
reveals very low moisture contents (Roca et al., 2005), even lower than for S1 (Fig. 5.4c and
d). During its subsiding transition towards the Sahel (Fig. 5.4a), a strong moistening and
enrichment takes place. The reason for this evolution is the elevated boundary layer height
over the Sahara (Hall and Peyrillé, 2006), which mixes water vapor into S2 (Fig. 5.4b). At its

target position, its D resembles the values of the rising extratropical clusters (R2 and R3).

Figure 5.5a shows the relative contributions of each transport cluster to the target region as
a function of time. The clusters represent together up to 90 % of the air transported into the
Sahelian mid-troposphere. The unclassified trajectories mainly originate above the West African
continent with no characteristic large-scale transport. Even though the relative contribution

of the monsoon inflow (R1) is comparably low in terms of number of trajectories (< 10 %), it is
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nonetheless the major driver of precipitation for the Sahel during the post-onset stage (Phase 2,
e.g. compared to R2 in Fig. 5.5b). The pre-onset Phase 1 shows marked fluctuations associated
with synoptic-scale disturbances described in Knippertz et al. (2017), leading to single rainfall
events during June (e.g. Maranan et al., 2019). As the monsoon has not fully developed yet,
the fraction of trajectories from the subtropical Atlantic (R2) is higher than in the other phases
(Fig. 5.5a). The actual monsoon onset is characterized by a breakdown and then re-establishment
of the AEJ as indicated by the dark blue trajectories S1. The fraction of monsoon trajectories in
Phase 2 clearly increases compared to Phase 1 and precipitation events are now more frequent
(Fig. 5.5b). Finally, the unusual flow situation during Phase 3 (and to a lesser extent Phase 4) is
reflected in a clear shift of the fractions of transport clusters. Extratropical intrusions almost
disappear entirely with a surge in AE] inflow. The monsoon inflow, which causes marked
precipitation events, increases at the expense of the Harmattan inflow.

In summary, the trajectory clustering according to their source regions reflects well the major
transport contributions for the Sahelian troposphere during the monsoon season 2016. The
clusters separate the trajectories into rising and subsiding transport patterns that bring moist

and dry air masses to West Africa from different regions.

5.4.2. Mixing Processes

As discussed in Sect. 5.3, air mass mixing plays a crucial role in evaluating the isotopic evolution
along a trajectory, in particular if no rain processes occur. Therefore, to extract pure mixing
effects in the {H,0, 6D} phase space, all non-precipitating trajectories are selected (see Sect. 5.1.1).

Figure 5.6 shows the {H,O, 6D} pair data along the non-precipitating trajectories for each
transport cluster. Even though the rising clusters R1 and R2 show on average strong occurrences
of precipitation along their pathways (see Fig. 5.4e), still non-precipitating trajectories appear
for both (7 and 56 %). The non-precipitating trajectories of R1, R2, and R3 show clear isotopic
signals towards the moist mixing line. Moisture uptake from ocean evaporation and continental
evapotranspiration represents a very moist mixing member and is opposed to the relatively
dry conditions in the free troposphere. For instance, the non-precipitating trajectories in the
monsoon cluster R1 start with very moist and enriched values above the Gulf of Guinea and
subsequently mix with the drier and more depleted mid-tropospheric air masses while they
advance over West Africa. Similar mixing structures are apparent for the Atlantic inflow (R2)
and the Harmattan (R3), with substantially larger numbers of non-precipitating trajectories. As
their initial moisture is much more variable than for R1, both moistening and drying occur along
the non-precipitating trajectories of R2 and R3, closely following the moist mixing curve.

For the subsiding clusters S1 (AE]) and S2 (extratropical intrusions), the non-precipitating
trajectories are predominant (~ 90 %). As they typically originate in the upper troposphere,
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Figure 5.6. {H,0, 5D} pair distributions for the non-precipitating trajectories of each transport cluster.
The relative fractions fi;, of corresponding trajectories in each cluster are given in the respective
plots. The solid, colored contours comprise 95 % of the data for the last 24 hours of the trajectory
before reaching the target region (day 0), the dashed, dark gray contours the data of 2 days before
arrival and the light gray contours the data of 5 days before arrival. The underlain gray process

curves are the same as in Fig. 3.2. Note the much larger axis ranges shown in the bottom two panels.

their starting points constitute very dry and depleted end members, while in this case the mid-
tropospheric air masses act as moister end members. Thus, during the subsidence of S1 and S2
strong signals along the dry mixing curve develop, until the moisture approaches values similar
to the target moisture of the rising trajectories.

In summary, even though the non-precipitating trajectories of the rising and subsiding trans-
port clusters start with significantly different isotopic signals, mixing homogenizes to first order
their {H,O, D} pairs when arriving over the Sahel. Dehydration and moistening along the

respective trajectories is well described by the theoretical moist and dry mixing curves.

5.4.3. Rayleigh Processes

To identify Rayleigh processes along the transport clusters, the focus is now on the precipitating
trajectories (see Sect. 5.1.1). Thereby only the transport clusters R1 and R2 are considered,

because only these two clusters include trajectories that exhibit a significant rain amount and

therefore fulfill the rain criterion (see Fig. 5.5b).
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Figure 5.7. {H,O, 8D} pair distributions analogous to Fig. 5.6, but for the precipitating trajectories of

transport clusters R1 and R2 only.
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Figure 5.8. Classification of precipitating segments along the precipitating trajectories of R1. (a) shows
snow content plotted against the trajectory altitude and (b) the respective rain content. The dark
gray scatter indicate the data points, where the respective precipitation content exceeds 107> gkg™?.

In (c), liquid and frozen cloud contents are plotted against trajectory altitude.

In addition to signatures along the moist mixing curve, a clear Rayleigh signal is evident
for both clusters (see Fig. 5.7). In particular during the last 24 hours before arrival, when the
convection peaks, the {H,0, D} pairs are distributed along the theoretical Rayleigh curve and
indicate a depletion that cannot be explained with the mixing curves alone. Additionally, also
values appear below the Rayleigh curve. This is either due to further Rayleigh processes with
curves that are shifted towards lower D values (which is rather unlikely, since the plotted
Rayleigh curve is already chosen for relatively high surface temperature and relative humidity,
see Fig. 3.2), or there are processes that lead to an enhanced depletion and create signals in the

Super-Rayleigh area, as documented for trajectory T3 in Sect. 5.3.
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Figure 5.9. {H,0, 6D} pair distributions of water vapor for the different classes of precipitating segments
within the transport cluster R1, further separated according to relative humidity. (a)-(d) relative
humidity against trajectory altitude with black (golden) dots indicating the saturated (unsaturated)
conditions. (e)-(h) contours that summarize 95 % of the {H,0, D} pair data of the ambient water

vapor for the saturated (black) and unsaturated (golden) points in the different precipitation classes.

5.4.4. Super-Rayleigh Processes

This sections sheds light upon the Super-Rayleigh signatures in the {H;O, 6D} pair distributions
that develop during the precipitating ascent of the monsoon flow (R1) into the Sahelian mid-

troposphere.

For this purpose, this section considers the precipitating trajectories of R1 and further classifies
the precipitating points of the corresponding trajectories based on the altitude and phase of the
precipitation (see Fig. 3.1). Following the precipitation thresholds of Sect. 5.1.1, a distinction is
made for frozen (gq;s), mixed-phase (g5 and g,), and mid- and low-level liquid (gq,) precipitation.
The respective altitude ranges are shown in Fig. 5.8. While the low-level liquid class represents
the near-surface and mostly sub-cloud rain, the other precipitation classes can go along with
liquid or frozen clouds (Fig. 5.8c). Further, we distinguish between saturated (RH > 99%) and
unsaturated (RH < 90%) conditions of the ambient vapor (Fig. 5.9a-d). In line with the saturation
adjustment of COSMOj,,, the unsaturated data points are cloud-free (near-cloud points may
exhibit minor cloud contents due to the 3D interpolation when tracing g. and g; along the

trajectories).

Figures 5.9a, e depict the trajectory points with frozen precipitation g5, with only few corre-

sponding data points appearing within the chosen axis range of the {H,O, 6D} plot. These snow
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Figure 5.10. Isotopic disequilibrium 8D, 40, between water vapor and rain drops for the precipitation
classes from Fig. 5.8 where liquid precipitation occur. In (a)—(c), the blue contours summarize 95 %
of the {H;O, 8D} pairs with 6D, geq < -10 %, (vapor is significantly more depleted in heavy isotopes
than the equilibrium vapor from precipitation), the lilac contours pairs with [6Dy, 4eq| < 2.5 % (no
significant disequilibrium), and the red contours pairs with 6D, 4.4 > 10 %. (vapor is significantly
more enriched in heavy isotopes compared to the equilibrium vapor from precipitation). (d)—(f) show

the histograms for 6D, geq for the corresponding classes of precipitation and disequilibrium.

particles are assumed to have formed at high altitudes, for instance within the deep convective
parts of mesoscale convective systems, and fall through the trajectories on their way down. As
sublimation is assumed not to fractionate, the isotopic composition of the ambient vapor gathers

around the Rayleigh condensation curve with no significant Super-Rayleigh signals.

If these snow particles fall into the melting zone, where the air temperature is around ~ 0° C,
an area of mixed-phase precipitation develops (Fig. 5.9b, f). The melting process itself is non-
fractionating, but it initiates fractionating interactions between the newly formed liquid drops
and the ambient vapor. The contours in the {H,0, 6D} phase space reveal that for both saturated
and unsaturated conditions Super-Rayleigh signatures appear. Even in saturated conditions
an isotopic flux can occur and equilibrate the rain drops with the ambient vapor. In case of
sub-saturation, rain evaporation can take place. Both effects have the potential to further deplete
the water vapor (see Sect. 3.1) and may thus explain the depleted Super-Rayleigh signatures
inside the melting zone.

During the sedimentation of the liquid drops through a convective system, the Super-Rayleigh

signatures are less pronounced for the saturated trajectory points, but are still notably pronounced
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for unsaturated and cloud-free conditions (Fig. 5.9c, g). This depletion results, for instance, from
rain evaporation in the unsaturated area below the stratiform cloud shield of a squall line
(Fig. 3.1).

Figures 5.9d, h show the trajectory points, where rain drops occur near the surface and below the
convective cloud base. Here, the air parcels are mostly unsaturated and indicate sharp tendencies
towards the Super-Rayleigh area. In agreement with Risi et al. (2008a), this hints towards effects
of sub-cloud rain evaporation in unsaturated downdrafts (Fig. 3.1).

To further improve the distinction between contributions of rain evaporation and isotopic
equilibration, the degree of isotopic disequilibrium 6D, 4.4 between the vapor and the liquid
condensate is analyzed (see Eqn. 3.7). Figure 5.10a-c show the distribution of 6D, ¢4 in the
{H,0, 8D} phase space for the precipitation classes from Fig. 5.8 with liquid precipitation. Even
though the {H,O, 6D} pair distributions for negative, low, and positive disequilibrium are highly
similar (Fig. 5.10a—c), the corresponding histograms of 6D, 4eq show fundamental differences
(Fig. 5.10d-f). In the melting zone, a strong imbalance towards positive values of 6D, 4.4 appears,
i.e., the vapor in equilibrium with the rain drops would be more depleted than the actual vapor
(Fig. 5.10d). These rain drops have formed from melting snow and therefore reflect the isotopic
composition at the condensation altitudes of the snow particles. Within deep convective systems,
condensation can occur up to the tropopause level, imprinting highly depleted signatures on
the precipitation (Celle-Jeanton et al., 2004, Risi et al., 2008a). If saturated conditions prevail
at lower altitudes, the fall of this precipitation with low éD, through a region with relatively
higher 6D induces an equilibrating isotopic flux from the vapor to rain. This decreases dD,
while H,O remains constant, contributing to the development of Super-Rayleigh signals within
the melting zone (Fig. 5.10a). With decreasing height, the histogram of 6D, g¢q4 shifts to lower
values (Fig. 5.10e), while equilibration and rain evaporation proceed and reduce the grade of
disequilibrium (see Sect. 3.1). Eventually, in the sub-cloud zone the imbalance in 6D, 4.4 changes
sign (Fig. 5.10f), featuring equilibrium vapor from precipitation with a higher 6D than the
sub-cloud vapor. As here unsaturated conditions prevail (Fig. 5.9h), rain evaporation is strongly
enhanced, leading to an enrichment of heavy isotopes in the rain drops and as a consequence to
negative 5Dy, geq.

Figures 5.9 and 5.10 reveal another interesting feature with more enriched values along the
mixing curves (at around -150 %.). In particular for the mid-level liquid precipitation, a clear
mixing signal stands out that correlates with sub-saturation (Fig. 5.9g) and negative disequilibrium
(Fig. 5.10b). The suggestion is that this feature is a result of synoptic-scale intrusions that transport
dry and depleted air masses as rear-to-front flow into a convective system (Fig. 3.1; Kurita, 2013).

In summary, to account for the Super-Rayleigh signals in water vapor in the presence of
precipitation, it is not sufficient to think of an isolated process but rather to consider the full

interaction of microphysical processes that occur within and around a convective cell. The
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Figure 5.11. {H,0, 6D} pair distributions in the target region (Sahelian free troposphere) for each transport
cluster (colors, see Fig. 5.3) and monsoon phase in 2016 (columns, see Sect. 2.4). The shown contours
mark 50 and 95 % of all data points for (a)-(c) clusters R1, R2, and R3, (d)—(f) clusters S1 and S2, and
(g)-(i) all trajectories.

depletion due to Rayleigh condensation during the convective updraft is superposed by additional
depleting contributions of evaporation and equilibration of the falling rain drops. However, the
two Super-Rayleigh lines marked in the {H,O, §D} phase space constitute rough bounds for the
Super-Rayleigh area, as they frame the altitude range, where interactions between vapor and

liquid precipitation can occur (from the melting zone to the surface).

5.5. Understanding {H;O, 6D} Pairs over the Sahel

The discussion of Fig. 5.1 already showed that COSMOj,, simulates markedly different isotopic
distributions in the Sahelian free troposphere during the three monsoon phases documented in
Knippertz et al. (2017) (see Sect. 5.2). By combining the attributed signals in the {H,0, D} phase
space along the transport clusters, one can examine to which extent mixing and microphysical
processes along the trajectory pathways explain this temporal evolution. To this end, Fig. 5.11

shows the same two-dimensional histogram contours for {H,O, éD} pairs as in Fig. 5.1 but now
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separated by transport cluster. As a reference, results for the five transport clusters combined
are added (Fig. 5.11g-i).

A direct comparison to Fig. 5.1 reveals that the {H,O, dD} pairs of the full trajectory ensemble
(Fig. 5.11) are in line with the full COSMOj;, grid point values (Fig. 5.11). During the pre-onset
stage (Phase 1) the {H,0, 6D} distribution is governed by (mostly dry) mixing processes between
moister and drier air masses that converge along the ITD. After the monsoon onset (Phase 2),
convective processes (i.e., condensation, evaporation, and diffusive equilibration of rain drops)
prevail and lead to a strong shift of D towards the Rayleigh and Super-Rayleigh areas. This
shift can temporally be enhanced during particularly wet monsoon periods (Phase 3 and 4). As
the contours of the full trajectory ensemble result from contributions of each transport cluster
(Fig. 5.5), their individual inspection allows for further disentangling the isotopic variability
during the monsoon.

During the pre-onset stage (Phase 1; left column in Fig. 5.11) all clusters reveal robust and
similar isotopic signals along the mixing curves. Despite the significantly different mixing history
of the rising (R1, R2 and R3) and the subsiding (S1 and S2) clusters, two-way mixing harmonizes
their {H,0, 6D} pairs in the Sahelian troposphere. Only within the monsoon inflow (R1, red
contours) occasional convective events create departures from the mixing curves towards the
Rayleigh and Super-Rayleigh lines. The dominating extratropical intrusion cluster S2 (cyan
contours, 1079 trajectories) agrees well with R2 and R3 but with a tendency towards drier and
more depleted air. In contrast, the AEJ cluster S1 (dark blue contours) shows mild indications
of both mixing along the dry mixing line and towards the Rayleigh and Super-Rayleigh area.
Consequently, the contours for all trajectories combined are dominated by mixing along the
moist mixing curve.

With the transition to the post-onset stage (Phase 2; middle column in Fig. 5.11), the frequent
convection over the Sahel causes a general shift from relatively enriched air towards lower D,
while H,O remains high. The condensation processes associated with the monsoon convection
pushes the {H,O, 6D} pair distributions of R1 and R2 towards the Rayleigh line. Additionally, the
increased convection enhances effects such as diffusive equilibration and partial rain evaporation.
As herein data are considered in the free troposphere, i.e. in the melting zone of falling snow
particles, strong isotopic signals develop for R1 and R2 towards the lower Super-Rayleigh
line. Because of the strong relation of monsoon precipitation with the air masses transported
by the AE]J (Sy et al., 2018, Niang et al., 2020), the isotopic composition of cluster S1 merges
with the signals of R1. By contrast, the northwesterly subtropical clusters R3 (Harmattan) and
S2 (extratropical mid-level dry intrusions) remain around the mixing curves with only slight
tendencies towards the Rayleigh curve. This emphasizes the existence of a subtropical mixing
barrier that hinders the isotopic exchange between subtropical and tropical transport clusters

as discussed in Yang and Pierrehumbert (1994) and Niang et al. (2020). The resulting contrast
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between the effects of mixing and microphysical processes are well represented in the contours
of the full ensemble.

Finally, in the unusually wet Phases 3 and 4 (right column in Fig. 5.11) the tendencies towards
moister and less enriched air amplify. The monsoon inflow (R1) and the AE] inflow (S1) further
drop to lower 8D, as convective processes increase and foster Rayleigh and Super-Rayleigh
signatures. During this period convection is so widespread that also the sub-tropical clusters R3
and S2 show indications of reduced mixing and increased Rayleigh signals. As already shown in
Fig. 5.5, the low-level Atlantic inflow cluster R2 is not present during these phases (Knippertz
et al., 2017). The isotopic composition of all trajectories clearly reflects the shift from the mixing
to the Rayleigh line with a marked extension towards the Super-Rayleigh area.

To summarize, the comparison of the {H,O, §D} pairs of the transport clusters from Fig. 5.11
against the COSMO;s, grid point values from Fig. 5.1 reveals that the identified process curves
along different transport pathways provide a useful framework for better understanding the

actual evolution of the isotopic composition in the Sahelian mid-troposphere during the WAM.

5.6. Summary

The aim of the proposed Lagrangian process attribution procedure is to provide a framework
for interpreting the isotopic composition of tropospheric moisture in a chosen target region by
means of individual moisture pathways. In this procedure, the evolution of paired distributions
of H,O and 6D is tracked along backward trajectories. Analyzing the two-dimensional {H,0, 6D}
phase space, a separation of effects due to mixing and precipitation processes (condensation,
evaporation, and equilibration) is possible by following the theoretical process curves of Noone
(2012). They usually refer to single processes occurring along idealized air parcel trajectories.
However, an application of these curves that explicitly identifies processes occurring along actual
trajectories has never been done so far.

As a showecase for the Lagrangian process attribution, this chapter demonstrates how the
interpretation of mid-tropospheric {H,0, 6D} pair data over the Sahel during the West African
Monsoon season 2016 can be improved by considering the past transport pathways and moist
processes of inflowing air masses. For this purpose, data from a high-resolution, convection-
permitting COSMOj, simulation are considered and Lagrangian backward trajectories are
computed starting in the Sahelian mid-troposphere. By analyzing the {H,0, 6D} evolution along
individual trajectories as well as clusters of trajectories, this allows for identifying characteristic
effects of: (1) mixing of moist air masses that were enriched due to surface evaporation and
moist advection against subsiding air masses that transport dry and depleted signals from the
upper troposphere; (2) condensation associated with convection that follows the Rayleigh model;

(3) partial rain evaporation and isotope equilibration of rain drops formed from melting snow
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that both lead to a depletion of water vapor beyond the Rayleigh prediction, thereby accounting
for the so-called Super-Rayleigh area. This complements earlier work from Worden et al. (2007)
and Risi et al. (2010a), who attributed the enhanced depletion in tropical mid-level water vapor
to rain evaporation and dry mixing.

In summary, the combination of the aforementioned;j processes, which are closely connected with
the dominant transport pathways over West Africa, ultimately determine the prevailing signals
in {H,0, 6D} pairs in the Sahelian mid-troposphere at a given time. A publication presenting the

new Lagrangian process attribution procedure is realized in Diekmann et al. (2021c).
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6 Analysis of {H,0, 6D} Pair Data

During the West African Monsoon

The prime intent of this section is to perform an in-depth analysis of the isotopic composition of
water vapor in the West African troposphere along the WAM development. This is achieved
through a synthesis of the previous results of this study, namely the generation of the new
MUSICA IASI {H,O, 6D} pair dataset together with the MUSICA IASI retrieval simulator from
Chap. 4 and the trajectory-based analysis of process curves in the {H,O, 6D} phase space from
Chap. 5. The supplementary use of further simulations from ICON-ARTjs, and COSMOjs, and
of precipitation data from GPM IMERG (datasets technically discussed in Sect. 3.4) allows for
studying the {H,O, §D} variability of the WAM and its control mechanisms on three different

scales:

+ Quasi-climatological analysis in order to put the WAM development in an intra-annual

context
« Detailed investigation of seasonal monsoon development during the season 2016

« Convective-scale evaluation of isotopic impact from monsoonal precipitation events during
WAM season 2016

For this purpose, the domains over the Guinea Coast and the Sahel are considered analogous
to Knippertz et al. (2017), i.e. latitudinal bounds of 0° to 7.5° N and 7.5° to 15° N, respectively,
with common longitudinal bounds of 8° W to 8° E. These domains are found to be useful for
documenting the shift of maximum precipitation from the coastal to the Sahelian regions and
thereby for defining the WAM onset (see Chap. 2). In this framework, the joint analysis of model
and satellite data addresses the question, which model configurations are useful for reproducing
the {H,0, 6D} variability as observed from remote sensing and, in more general, the overall
development of the WAM. Model settings to be investigated are the horizontal resolution and
treatment of convection. Additionally, the benefits of applying the retrieval simulator will be
emphasized. Together with the {H,O, 6D} process curves from the Lagrangian process attribution,
the overall research question of the multi-scale analysis is to examine, to which extent the paired

{H,0, 6D} distributions can provide reliable information about the underlying dynamical and
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microphysical processes within the monsoon system.
Following the concept above, Sect. 6.1 analyzes the intra-annual variability of {H,O, D} pair
distributions over West Africa, Sect. 6.2 the seasonal development during the WAM period 2016

and Sect. 6.3 the variability on the convective scale.

6.1. Annual Cycle over West Africa

The aim of this section is to put the WAM development and its effect on the isotopic composition of
mid-tropospheric water vapor into a quasi-climatological, intra-annual context. For this purpose,
characteristic {H,0, 6D} pair distributions from MUSICA IASI retrievals and free-running ICON-
ARTj,, simulations (IISO1-4, see Table 3.2) are investigated for the different seasons of the year.
Precipitation distributions from GPM IMERG (RGPM2, see Table 3.2) and from ICON-ARTj;g,
itself will provide supplementary diagnostic information about the meteorological conditions

over West Africa.

6.1.1. Remote Sensing-Based Analysis

Figure 6.1 contrasts the averaged annual cycle of MUSICA IASI {H,0, D} pair data with the
monthly averaged GPM IMERG precipitation (RGPM2, see Table 3.2) for the Guinea Coast and
the Sahel from 2015 to 2018. Specifically, the months February, May, August and November are
chosen as representative periods for boreal winter, spring, summer and autumn. Additionally, the
{H,0, 8D} pair plots include the idealized process curves from Fig. 3.2. The horizontal distribution
of monthly averaged precipitation (RGPM2) for the individual periods as chosen in Figure 6.1
are shown in Fig. 6.2.

Throughout the whole year, the Guinea Coast shows high H,O and 6D values (Fig. 6.1a). During
the winter dry season, the ITD is located far south around the coastal region, leading to moderate
precipitation (Fig. 6.2a) and to considerable contributions of the dry northeasterly Harmattan
trade winds over the Guinea Coast. This can be seen in the {H;O, 6D} pair data during February,
where mainly clear mixing signals down to 2000 ppmv develop (blue contours in Fig. 6.1a). A
drop in the averaged 6D with a simultaneous increase in H,O becomes apparent during the
transition from the dry to the first rainy season (cyan contours in Fig. 6.1a), when the ITD moves
northwards and allows a marked intensification of organized convection (Fig. 6.1c and 6.2b).
As response, large-scale and intense precipitation patterns develop over the eastern Tropical
Atlantic close to the coastal regions (Fig. 6.2c). This reduces the dry {H;O, 6D} signals along the
mixing curves and induces a shift towards the Rayleigh curve with even some Super-Rayleigh
signals. These signals with high H,O (~ 10 000 ppmv) and relatively depleted 6D (below —200 %.)

remain as a weaker but persistent feature during the summer and autumn months, even though
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Figure 6.1. Upper row: MUSICA IASI {H,O, 6D} pair distributions over (a) the Guinea Coast and (b) the
Sahel, averaged for February, May, August and November for the period from 2015 to 2018. The 90 %
and 50 % contours are drawn for each month. Lower row: Monthly averaged precipitation for the
period 2015 to 2018 over (c) the Guinea Coast and (d) the Sahel (dataset RGPM2 from Table 3.2). The

color-coded bars correspond to the time-periods of the respective contours in (a) and (b).

the precipitation reduces drastically during August (Fig. 6.1c and Fig. 6.2c). This little dry season
during August goes along with a stretch of the {H,0, §D} pair contour towards lower H,O and

6D along the moist mixing curve (down to 2000 ppmv and -230 %), similar to the winter signals.

The reason for the coastal precipitation minimum during August is the shift of the ITD and
maximum precipitation band towards the Sahel associated with the WAM onset, which leads to
drastic contrasts between the Sahelian winter (dry) and summer (wet) season. Due to its more
northern position, the Sahelian troposphere witnesses a stronger dehydration than the Guinea
Coast during winter times. Here, the ITD is located at the coastal regions and there is almost
no precipitation occurring over the Sahel (see Fig. 6.1d and 6.2a). The descending branch of
the Hadley cell is found to feed dry and depleted air masses into the North and West African
troposphere (Frankenberg et al., 2009), which are then transported by the far-south reaching
Harmattan trade winds towards the Sahel. With only weak evaporation taking place, this creates

a strong mixing signal in the {H,O, 6D} distribution of the Sahelian troposphere with reaching
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Figure 6.2. Horizontal distributions of monthly averaged precipitation from GPM IMERG (RGPM2 from
Table 3.2) over West Africa for the colored months from Fig. 6.1. The black boxes denote the chosen
target regions for the Guinea Coast (0°-7.5° N) and the Sahel (7.5°-15° N).
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6.1. Annual Cycle over West Africa

minimum values of 1000 ppmv for H,O and -300 %. for D (see blue contour in Fig. 6.1b). This is
in agreement with Sect. 5.4.2, where this moist mixing curve was found to well represent the
near-surface moistening along the Harmattan and the Atlantic westerly inflow.

Even though the Sahelian winter is mostly dry and rain-free, rare but heavy precipitation events
may form as response to strong tropical-extratropical interactions between the AE], the monsoon
southerlies and the Harmattan trade winds (e.g. Knippertz and Martin, 2005, Knippertz and Fink,
2009, Davis et al., 2013). Occasional northward shifts of the ITD allow the moist southerly winds
from the Gulf of Guinea to reach (for boreal winter) unusually high latitudes and to thereby pen-
etrate moisture towards the dry Sahel. This explains the occurrences of high moisture contents
even in the dry winter season (up to 10000 ppmv), ultimately resulting in a large variability in
the corresponding {H,O, 8D} pair distribution (see blue contour for February and yellow contour
for November in Fig. 6.1b).

The winter distribution of Sahelian {H,O, 6D} pair data reveals another interesting feature in the
range of 2000-8000 ppmv. The corresponding contour exhibits highly enriched 6D values up
to -60 %. that are far above the shown process curves. Gonzalez et al. (2016) identified similar
structures over Tenerife and found a correlation with high dust abundances that originate from
the African continent and are transported within the Saharan air layer to Tenerife. Such a dust
outbreak is associated with strong vertical mixing, injecting near-surface humidity efficiently to
higher altitudes. This is in very good agreement with highly enriched MUSICA IASI {H,O0, 6D}
pair signals that are observed over Tenerife and are closely linked to high dust abundances (see
Appendix A). As an outbreak of Saharan dust can even spread to the coastal West Africa through
the strong northeasterly trade winds (Knippertz and Fink, 2006), the suggestion is that such dust
events might explain also the highly enriched values over the Sahel during February. This would
be in agreement with Noone (2012), who stated that the mixing curves shift to higher 6D values,
if the contributions of land sources (evapotranspiration) increase. Due to non-fractionating plant
transpiration, evapotranspired water constitutes a more enriched mixing member than water

evaporated from ocean surfaces (equilibrium fractionation).

As discussed above, the WAM is characterized by the shift of maximum precipitation from the
Guinea Coast to the Sahel during summer (see Fig. 6.1c,d and 6.2b,c). The precipitation peak
over the Sahel during August goes along with a strong increase in H,O (data range between
5000-10 000 ppmv), whereas D shows decreasing tendencies (see discussions of Fig. 4.16). This
anti-correlation between precipitation amount and abundances of heavy water isotopes is often
referred to as amount effect (e.g. Dansgaard, 1964, Lee and Fung, 2008, Risi et al., 2008a, Tharam-
mal et al., 2017). Various mechanisms have been proposed for explaining this anti-correlation,
such as dry mixing due to convective (Risi et al., 2008a) and meso-scale (Kurita, 2013) downdrafts

as well as the occurrence of partial rain evaporation (e.g. Worden et al., 2007, Risi et al., 2010b,
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Noone, 2012), which all have been identified to be pronounced within deep convection (Lacour
et al., 2018). However, Fig. 6.1 shows that the enhanced depletion during summer is strongly
associated with signals below the Rayleigh prediction and creates {H,O, 6D} structures follow-
ing the marked Super-Rayleigh line. In Sect. 5.4.4, this Super-Rayleigh regime was attributed
to microphysical rain processes within the melting zone of a convective system (see Fig. 3.1),
namely the evaporation of falling rain drops in unsaturated areas as well as the equilibration
between water vapor and relatively depleted rain drops formed from melting snow for saturated
conditions. Both effects are linked to convective activity and are therefore capable of explaining
the correlation of the increased precipitation during summer with the generation of depleted
Super-Rayleigh signals in the MUSICA IASI {H,0, 8D} pair distributions.

In summary, the isotopic composition of mid-tropospheric water vapor reflects well the fun-
damentally different meteorological conditions over the Guinea Coast and the Sahel throughout
the year. The coastal domain shows constantly high values in H,O and 6D, with only minor
impacts due to convective activity towards slightly higher H,O and lower 6D (during the rain
seasons in spring and autumn) and due to dry intrusions mainly towards lower H,O (during the
dry seasons in winter and summer). In contrast, the Sahel exhibits a tremendous variability in
the {H,0, 8D} phase space: During the very dry and mostly rain-free winter months the isotopic
composition largely reflects air mass mixing with large contrasts in H,O and 6D, whereas the
wet and rainy monsoonal summer period is characterized by strong signals of microphysical

rain interactions.

6.1.2. Model-Based Analysis

This section provides a model-based analysis of the intra-annual variability of {H;O, 6D} pairs
and precipitation for the Guinea Coast and the Sahel. For this purpose, the multi-year simulations
of ICON-ART;,, [ISO1-4 (see Table 3.2) are evaluated for the period 2017-2019 analogous to
the MUSICA IASI {H,O0, 6D} pair data and the GPM IMERG precipitation data, as discussed in
the previous section. The only difference is the change of month for representing the boreal
summer, from August to July, as this better represents the Sahelian precipitation maximum
in ICON-ARTj;, (see discussions and figures below). However, this section does not intend to
quantitatively evaluate a direct one-to-one comparison of the individual seasons as observed
from IASI and modeled by ICON-ARTj,,, as for the latter a free-running setup was chosen
(nudging of atmospheric variables not yet implemented). Furthermore, as mentioned in Sect. 4.4,
the MUSICA IASI retrieval simulator is not yet capable of processing data from ICON-ARTjg,.
Thus, the aim of the following section is to analyze the averaged annual cycle as directly modeled

by ICON-ARTjs, and its capability of reproducing the general {H,O, 6D} pair behaviour from
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Figure 6.3. {H;O, 6D} pair data from the ICON-ARTjs, simulations (a) IISO1, (b) IISO2, (c) IISO3 and
(d) ISO4 (see Table 3.2), monthly averaged for the years 2017-2019. The contours and seasons are

analogous to Fig. 6.1, except for the summer contour (red), which here shows the data for July, as for

the ICON-ARTj,, simulations the maximum precipitation sets in earlier compared to GPM IMERG

(compare Fig. 6.4 with Fig. 6.1c,d).
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Figure 6.4. Monthly averaged precipitation for 2017-2019 from the ICON-ARTj,, simulations (a) IISO1,
(b) ISO2, (c) IISO3 and (d) ISO4 (see Table 3.2). The colored bars correspond to the months chosen
in Fig. 6.3.

MUSICA IASI, with both aspects being addressed from a rather qualitative perspective.

The distinctive feature of the different ICON-ART;, simulations [ISO1-4 (see Table 3.2) is
mainly the choice of horizontal resolution. IISO1, IISO2 and IISO3 are run globally with 160
and 80 km grid cell size, whereas IISO4 represents a nested, refined domain (40 km grid cell
size) over Africa with a two-way-interaction to the global parent domain of IISO3 (see Sect. 3.4).
Analogous to the IASI data in Fig. 6.1, Fig. 6.3 contrasts the annual cycle of mid-tropospheric
{H,0, 8D} pairs over the Sahel with the respective data over the Guinea Coast for the different
ICON-ARTjs, simulations. Figure 6.4 shows the monthly averaged precipitation and Fig. 6.5
the corresponding horizontal distributions of precipitation for each ICON-ARTj,, simulation,

respectively.
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Figure 6.5. Horizontal distributions of the monthly averaged precipitation for the periods chosen in Fig
6.3. Data are shown for the ICON-ARTjs, simulations IISO1 (first row), [ISO2 (second row), IISO3
(third row) and IISO4 (forth row), see Table 3.2. Analogous to Fig. 6.2, the black boxes indicate the

chosen target regions over the Guinea Coast and the Sahel.

Overall, all four simulations are more or less able to reproduce the general contrast of mid-
tropospheric {H,O, 6D} pair behaviour over the Guinea Coast and the Sahel as observed by IASI.
In terms of absolute values, ICON-ARTj,, appears to develop a bias towards higher H,O and
éD values. A potential reason for this bias might be a too extensive contribution from surface
evaporation, as evaporation generates more enriched signals and thereby shifts mixing curves
to higher 6D (Noone, 2012). At the current stage, ICON-ARTj,, assumes monthly climatologies
for the isotopic composition of evaporated water, which might be improved in the future by

considering an interactive computation of fractionation during evapotranspiration.

The Guinea Coast exhibits persistently moist and enriched signals throughout the whole year,
even though the moist bias shifts the contours to higher H,O and 6D when compared with the
IASI data in Fig. 6.1 (note that H,O is shown on a logarithmic scale, such that the contour size
automatically shrinks for a shift to higher values). The increase of the horizontal resolution

leads to a better representation of the relatively weak depletion in 6D during the transition from
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boreal winter to summer (compare blue and red contours in the left row of 6.3). For the global
80 km resolution, the depleting effect is even slightly larger when a two-way-interaction with
the refined nest is assumed (Fig. 6.3c and e).

This goes along with corresponding improvements in the annual precipitation cycle. For instance,
IISO1 (horizontal resolution of 160 km) exhibits only a less pronounced intra-annual variability
in precipitation (Fig. 6.4a and first column in 6.5), while IISO4 (40 km) shows much stronger
contrasts between the relatively dry (February, Fig. 6.5d) and rainy (May, Fig. 6.5h) seasons.
Even though the two-way-nesting-functionality leads to a considerable increase of precipitation
during summer also for the parent domain (compare Fig. 6.5j and k with Fig. 6.2c), the heavy
coastal precipitation events during May are still underestimated in IISO3 and IISO4 (compare
Fig. 6.5g and h with Fig. 6.2b). This is probably caused by a delayed representation of the precipi-
tation maximum during spring towards the summer, while the precipitation maximum during
autumn is shifted to earlier times of the year (compare Fig. 6.4e and g with Fig. 6.1c). Therefore,
this leads to relatively less depleted {H,O, 6D} pair signals over the Guinea Coast during May
and November (Fig. 6.3e and g) compared to the respective contours from the IASI data (Fig. 6.1a).

Over the Sahel, all four simulations are able to reflect the general intra-annual {H,O, 5D} pair
variability, despite the bias towards higher 6D values. During the dry months February and
November, the refining of the horizontal grid size leads to a significant increase of variability
towards lower H,O and 6D (see right column in Fig. 6.3) together with a slight reduction of
precipitation (see right column in Fig. 6.4). This suggests that the model runs with higher
resolution simulate stronger northeasterly Harmattan trade winds and thereby lead to a more
efficient transport of dry air masses to West Africa. As discussed for the IASI data in the previous
section, this induces marked mixing signals with dry values in the {H,O, §D} phase space and
pushes the precipitation southwards (see first and last row in Fig. 6.5).

During summer, the consideration of finer resolutions improves the simulation of WAM pre-
cipitation significantly. Only IISO4 (nest with 40 km grid cell size) is capable of reproducing a
reasonable precipitation peak during summer (Fig. 6.4h), also positively affecting the rain of the
parent domain (Fig. 6.4f). The respective horizontal distributions show analogous results (third
row in Fig. 6.5), though revealing that even for IISO4 the precipitation is still largely underesti-
mated compared to GPM IMERG (Fig. 6.2c). Nevertheless, the simulated precipitation is already
sufficient for generating robust {H,O, 6D} signals towards the Rayleigh and Super-Rayleigh
regimes for each IISO1-4 during July, if the 6D bias is neglected (right column in Fig. 6.3). In
particular for IISO4, a clear distinction of the median contour of July (50 % of corresponding data)
against the respective February contour is achieved (Fig. 6.3h). Through the two-way-interaction
this signal propagates to the parent domain (IISO3, Fig. 6.3f).

The direct comparison of the Sahel {H;0, D} pair contours from ICON-ARTj,, against the
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MUSICA IASI contours reveals that ICON-ART;,, generates largely drier signals along the mix-
ing curves throughout the whole year. Based on the discussions from Sect. 4.4, it is likely that a
height offset between the MUSICA IASI product and the ICON-ARTj;, data might exist, especially
for dry conditions, as identified during the evaluation of the retrieval simulator with COSMOj;,
data (see Sect. 4.4.2). This emphasizes the benefits of considering the MUSICA IASI retrieval
simulator for the ICON-ARTjs, data, because this would merge the vertical characteristics of
the MUSICA IASI {H,0, D} pair product to the model data and thereby probably reduce the
enhanced variability of ICON-ARTjs, for dry conditions. This, however, needs to be tested and

evaluated in future work.

To summarize, despite the free-running model setups with relatively coarse horizontal resolu-
tions, ICON-ARTj;s, is capable of reproducing the general evolution of MUSICA IASI {H,O0, 6D}
pair distributions over the Guinea Coast and the Sahel, if the diagnosed moist bias is neglected.
By increasing the horizontal resolution from 160 to 80 km and by additionally incorporating
a nested, refined domain with 40 km grid cell size, the paired {H,0, dD} distributions develop
larger variability and contrasts between dry and wet seasons. The isotopic composition reflects
improvements of the monsoon precipitation as well as of dynamical features such as the dry
Harmattan trade winds. For instance, the simulations with finer horizontal grids are able to
reproduce the annual cycle of averaged precipitation much more realistic. This leads to a more
pronounced representation of the observed anti-correlation of §D and H,O (or precipitation)
associated with the monsoon activity, even though in terms of absolute values the monsoon

precipitation is still underestimated.

6.2. Seasonal Monsoon Development

As a next step towards documenting and understanding the isotopic development within the
monsoon system, the focus will be on the WAM season 2016. More specifically, the aim is to
investigate the evolution of {H,0O, dD} pair distributions along the monsoon phases, as defined in
Knippertz et al. (2017), i.e. the pre-onset stage (Phase 1), the post-onset stage (Phase 2), the wet
westerly regime (Phase 3) and the monsoon recovery (Phase 4) (see Sect. 2.4). The tropospheric
{H,0, 8D} pair information from the MUSICA IASI {H,0, 6D} pair dataset will be compared
to the COSMOj;, simulations CISO1 (14 km grid cell size, parameterized convection), CISO2
(14 km, explicit convection) and CISO3 (7 km, explicit convection). For all three simulations, the
application of the MUSICA IASI retrieval simulator will adjust the modeled results according
to the vertical characteristics of the MUSICA IASI pair product. The inter-comparison of the
COSMO;;, precipitation against the half-hourly GPM IMERG precipitation data (RGPM1) will
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Figure 6.6. {H,0, 6D} pair distributions at 4.2 km over the Sahel during the WAM season 2016 (monsoon
phases defined in Sect. 2.4), as simulated by COSMOj;, (dataset CISO2, see Table 3.2). Panel (a) shows
the raw model output, sampled according to the Metop overpass times (09.30 and 21.30 local time).
For (b), the data from (a) are cloud-filtered according to Eqn. (4.32) and (4.33). Panel (c) shows the
results, after simulating the MUSICA IASI averaging kernels for the cloud-filtered model data (b)
and filtering out data points with averaging kernels of low quality (quality filtering according to

Sect. 4.3.2).

further support the interpretation of the {H,O, D} pair variability. For details about the individual
datasets, please refer to Table 3.2.

6.2.1. Preparing the Model Data

In order to foster quantitative model-to-satellite comparisons, the MUSICA IASI retrieval simula-
tor is considered for harmonizing the COSMOj,, {H,0O, 6D} data with the vertical sensitivity of
the remotely sensed MUSICA IASI {H,0, 8D} pair product. This is achieved, first, by sorting the
model data according to the general availability of MUSICA IASI observations (09.30 and 21.30
local time, cloud-free scenes) and, second, by simulating and applying the MUSICA IASI {H,O,
&D} pair averaging kernels for the atmospheric conditions provided by COSMOj;, (details about
processing can be found in Sect. 4.4).

Figure 6.6 displays how the Sahelian {H,0, 6D} distributions from COSMOj;, are affected during
the different monsoon phases in 2016 when the MUSICA IASI retrieval simulator is applied. The
removal of cloudy data points according to the cloud criteria from Eqn. (4.32) and (4.33) leads
to a general reduction of variability mainly in H,O (compare Fig. 6.6a and b). The data amount
reduces by 80 % during Phase 1 and by 88-90 % during the other phases, as the latter are marked
by strongly increased convective activity and thus exhibit more cloud occurrences. For Phase 1
and 2, the minor signals below the Rayleigh curve disappear almost completely as response to
the cloud filtering. By additionally applying the retrieval simulator and precluding data points
with low-quality averaging kernels (analogous to the quality filtering described in Sect. 4.3.2),
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the overall {H,O, 6D} variability is even more reduced. In particular, the relatively strong mixing
signals before the monsoon onset (Phase 1) are damped. Phase 3 & 4 depict the only {H,O, 6D}
pair contours with noticeable Super-Rayleigh signals (Fig. 6.6c).

6.2.2. Analysis of Monsoon Season 2016

After adjusting the COSMOj;, data with respect to the vertical MUSICA IASI pair data character-
istics, foundations are laid for a meaningful direct model-to-satellite comparison for the WAM
season 2016. Figure 6.7 shows the {H;0, D} pair distributions over the Guinea Coast and the
Sahel, as observed by IASI and modeled in the COSMOj;, simulations CISO1-3. A zoomed view
on the respective {H,0O, D} data during the post-onset stage (Phase 2) is given in Fig. 6.8. The
daily averaged precipitation from each dataset is shown as mean over the chosen domains in

Fig. 6.9 and as horizontal distribution in Fig. 6.10.

Over the Guinea Coast, the overall evolution of the MUSICA IASI {H,0, 8D} pairs is well
reproduced by COSMOjs,. Marked and persistent mixing signals are apparent for all datasets
throughout the different monsoon phases (left column in Fig. 6.7), as also observed on the
annual scale (Fig. 6.1a). COSMOj;, captures the overall decrease of daily precipitation during
the transition from the pre- to the post-onset stage, even though it misrepresents individual
coastal precipitation events (left column in Fig. 6.9). For instance, CISO1 partly overestimates the
pre-onset precipitation, in particular over the eastern Tropical Atlantic, while the precipitation in
CISO2 and CISO3 appears to be rather fragmented and (in terms of total values) underestimated
(first row in Fig. 6.10). During Phases 2 and 3, the coastal precipitation is overall lower in
COSMO;js, compared to GPM IMERG. Especially in Phase 3, the remarkable increase of precipi-
tation over the eastern Tropical Atlantic, as seen in the RGPM1 data, is not covered in any of the
COSMO;js, simulations (third row in Fig. 6.10). From the isotopic perspective, this precipitation
feature results in a clear {H,0, D} signal of the MUSICA IASI data below the Rayleigh curve,
which is missed out by COSMOj,, (compare red contours in the left column of Fig. 6.7).

The Sahelian {H,O, 6D} pair distributions basically reflect the observed transition from the
mixing to the Rayleigh and Super-Rayleigh regimes as response to the increase of convective
activity (compare Fig. 6.1b with right column of Fig. 6.7). Phase 1 is governed by air mass mixing
with occasional convective events generating minor Rayleigh features (Fig. 6.7b). The mixing
signals are slightly overestimated in CISO1, but are improved when convection is considered
explicitly, whereas the increase of the horizontal resolution does not lead to a significant impact
in the {H,O, 6D} data of Phase 1.

The increase of precipitation from Phase 1 to Phase 2 is more pronounced in CISO1 than in
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Figure 6.7. {H,O, 6D} pair distributions at 4.2 km over the Guinea Coast (left column) and the Sahel (right
column) during the WAM season 2016 (see Sect. 2.4). Data are shown from (a,b) the MUSICA IASI
{H;0, 6D} pair dataset and the COSMOj;, simulations (c,d) CISO1, (e,f) CISO2 and (g,h) CISO3 (see
Table 3.2). All COSMO;s, data are post-processed with the MUSICA IASI retrieval simulator.
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Figure 6.8. Zoomed view on the {H,O, 8D} pair distributions over the Sahel during the post-onset stage
(Phase 2) of the WAM season 2016. The MUSICA IASI data are shown by the blue contours, the CISO1
results in yellow, CISO2 in orange and CISO3 in dark red. The weighted means of the underlying

two-dimensional histogram contours are indicated by the colored x-markers.

CISO2 and CISO3, as the latter two appear to underestimate the averaged monsoon precipitation
(see right column in Fig. 6.9 and second row in 6.10). Additionally, despite showing a moist bias
towards higher H,0, the {H,0, §D} pair distributions of CISO1 seem to better reproduce the
Super-Rayleigh features from the MUSICA IASI data, while CISO2 and CISO3 shift the {H,O, 6D}
contours towards lower H,O and 6D values along the Rayleigh curve (see x-markers in Fig. 6.8).
By relying on these rather statistical views, one could assume that CISO1 with the parameterized
convection may be better for simulating the general monsoon precipitation as well as its effects
on the isotopic composition of the mid-tropospheric water vapor. As this would be contrary to
previous studies (see discussions in Sect. 3.4), a more detailed view on these features might be

useful.

A Hovmoeller diagram of the hourly and meridionally averaged precipitation over the Sahel
domain from RGPM1 and CISO1-3 is shown in Fig. 6.11. The remotely sensed precipitation
shows distinct and strongly organized mesoscale convective systems (MCS) with a fast westward
propagation (from 8° to -8° E within slightly more than one day, see Fig. 6.11). The comparison
to the model data shows that these convective events are quite poorly represented in terms of
sharpness and intensity, when considering the parameterized convection (CISO1, Fig. 6.11b). In
addition, CISO1 appears to develop a longitudinal band of relatively moderate precipitation that
stretches over the whole domain and is daily recurring for noon and afternoon times. This is
contrary to the observations within RGPM1, where similar precipitation cycles might appear

only on a very occasionally and regionally limited basis, e.g. around 0° E (Fig. 6.11a). This means
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Figure 6.9. Daily averaged total precipitation over the Guinea Coast (left column) and the Sahel (right
column) during the WAM season 2016, derived from the half-hourly GPM IMERG precipitation data
(RGPM1, a,b) and from the hourly precipitation provided by the full COSMOj,, simulations (c,d)
CISO1, (e,f) CISO2 and (g,h) CISO3. The colors correspond to the monsoon phases, as shown in
Fig. 6.7.

that, by averaging, CISO1 logically shows increased precipitating values, but for the wrong
reasons.

However, when switching off the parameterized convection schemes, the overall simulated
precipitation patterns improve significantly (Fig. 6.11c and d). On the one hand, the MSCs are
much more distinct and intense, perhaps even too much, as herein they reach higher precipitation
values than in RGPM1. A similar over-estimation of convective precipitation as response to the
explicit convection configuration is documented in Marsham et al. (2013), Kniffka et al. (2019)
and Pante and Knippertz (2019). On the other hand, the erroneous longitudinal precipitation
bands vanish completely, leading to lower daily mean values of the total precipitation. Further,
the increase of the horizontal resolution achieves the generation of more local precipitation
events between the MSCs passages, with ultimately showing the best performance compared to

RGPM1, even though some features might still be underestimated.
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Figure 6.10. Horizontal distributions of daily averaged precipitation over West Africa for the different
WAM phases, derived from the half-hourly GPM IMERG precipitation data (RGPM1, first column)
and from the hourly precipitation provided by the COSMOjs, simulations (c,d) CISO1, (e,f) CISO2
and (g,h) CISO3. Analogous to Fig. 6.2, the black boxes frame the target regions over the Guinea
Coast and the Sahel.

With keeping in mind these findings about the strongly varying precipitation characteristics
for parameterized and explicit convection, this allows for a more sophisticated interpretation of
the {H,O, 6D} pair distributions during the monsoon activity (Fig. 6.8). CISO1 tends to generate
largely more moderate precipitation, what explains the moist bias as well as the more pronounced
Super-Rayleigh features. As Dansgaard (1964) stated, weaker precipitation events lead to a more
efficient rain evaporation that reflects in stronger fractionation between the ambient vapor and
the rain drop, if the evaporated fraction of the rain drop is small enough (see further discus-
sions in Sect. 6.3; Risi et al., 2010a, Noone, 2012). That is, the less intense but more large-scale
precipitation patterns within CISO1 foster the evaporation of falling rain, what increases H,O
(causing the moist bias) and depletes 6D (creating the Super-Rayleigh signals) in the vapor. Vice
versa, the runs with explicit convection (CISO2 and CISO3) generate more focused and intense
convection with heavier precipitation and thereby exhibit less Super-Rayleigh depletion. Instead
they generate more Rayleigh condensation due to the stronger vertical updrafts, leading to the
shift of {H,0, 6D} contours downwards the Rayleigh curve during the post-onset stage (Fig. 6.8).
During Phase 3 & 4, the observed precipitation increase in RGPM1 is captured by all COSMO;js,

simulations (right column in Fig. 6.9), with showing similar model performance like Phase 2

115



6. Analysis of {H,O, D} Pair Data During the West African Monsoon

COSMO;so COSMO;so COSMO;so
PARM, 14 km EXPL, 14 km EXPL, 7 km
- T L v A e

W - Fw ™ 5 = - .ﬂ-.w\ ‘?%’\. !

T e e SR
= .
_ . - R =

L

, . L -
o — . : il
o ‘:% e e ‘ o
= %E::’: - s, s~ SR
- - * - 'w-—!_ = ~ S L - 3 L W - o
. 5

=
o T,

S50 Jie— 5 50 5
(b) . (©) lon (° E) (d) lon (° E)

e I
0.01 0.50 1.00 1.50 2.00 2.50 3.00
rain (mm hr1)

Figure 6.11. Hovmoeller diagram for the hourly and meridionally averaged preciptation over the Sahelian
domain (7.5° - 15° N), showing the results (a) for GPM IMERG (RGPM1), and for the COSMO;jg,
simulations (b) CISO1, (c¢) CISO2 and (d) CISO3 (see Table 3.2).

(overestimated precipitation averages in CISO1, more fragmented and underestimated in CISO2
and CISO3). However, the ongoing convective activity over the Sahel further enhances the
microphysical cloud and rain effects in the {H,O, 6D} phase space. Now all runs show marked
Rayleigh and Super-Rayleigh features, with the former being again more pronounced for the

explicit convection setups (see aforementioned discussion).

In summary, this section highlights the evolution of mid-tropospheric {H,0O, 6D} pairs during
the WAM period 2016, as observed in the MUSICA IASI data and in different COSMOj;, simula-
tions, which are post-processed with the MUSICA IASI retrieval simulator. While the Guinea
Coast shows consistently and constantly marked mixing signals throughout the whole monsoon
period, strong Rayleigh and Super-Rayleigh signals develop over the Sahel after the monsoon
onset as response to the increased precipitation. The change from parameterized to explicit
convection in COSMOjg, improves the representation of the monsoon precipitation in terms of
daily cycles and amount. However, the isotopic perspective reveals that the explicit convection
also tends to overestimate the convective precipitation associated with the development of MCSs.
In contrast, the effect of refining the horizontal resolution from 14 to 7 km is in this analysis

rather negligible.
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6.3. Convective-Scale Variability

After investigating the isotopic composition of mid-tropospheric water vapor associated with
the WAM activity in a quasi-climatological, intra-annual context (Sect. 6.1) as well as in a more
detailed seasonal perspective (Sect. 6.2), this section aims for an analysis of {H,O, §D} pairs on
the convective scale. It develops and evaluates a method for interpreting the remotely sensed
MUSICA IASI {H,0, 8D} pair data with respect to individual convective systems. The idea
is to identify those specific observations that are associated with monsoon precipitation and
then to contrast the corresponding {H,O, 6D} signals to those from observations without any
precipitation occurrences.

However, as the MUSICA IASI retrieval is currently only applicable for cloud-free scenes, this
product per se cannot provide information about occurring precipitation events and their impacts
on the isotopic composition of water vapor. Instead, the herein applied approach is to use the GPM
IMERG precipitation dataset and to identify air masses with and without significant precipitation
impact. Based on this, the MUSICA IASI observations can then be sorted into corresponding

clusters and analyzed with respect to the idealized process curves from Fig. 3.2.

6.3.1. Clustering Approach

The basis for the rain clustering is the half-hourly GPM IMERG precipitation dataset (RGPM1,
see Table 3.2) that is used to compute daily averaged precipitation distributions on the native
0.1°%0.1° grid. As the focus is on air masses that have been affected by precipitation events
rather than on the individual precipitation events themselves, the daily RGPM1 data are averaged
on a horizontal 1°x1° grid in order to perform daily statistics for the rain occurrences. A grid
box will be treated as non-rain event, if the rain inside the box accumulated during the previous
three days remains below 0.2 mm hr™!. However, this is a simplified assumption, as it does not
take into account the advection of air masses that might have experienced precipitation within
adjacent grid boxes (e.g. compare with MCS propagation as proxy for wind speed in Fig. 6.11).
In the future, this issue may be addressed, for instance, by also considering the Lagrangian
perspective for ensuring rain-free conditions.

Further, to identify air masses that were actually affected by precipitation, a grid box is classified
as post-rain event, if the precipitation on the previous day exceeds the threshold of 3 mmhr™?.
This definition is chosen such that it allows for identifying events, where IASI observed cloud-free
air masses that have been affected by precipitation during their past. Again, this definition might
be distorted due to advection. However, the threshold for the post-rain events is chosen rather
high (compare with GPM IMERG precipitation distribution in Fig. 6.11a) such that mainly the

well-organized and intense convective systems with strongest impact on the isotopic composition
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IMERG, June - July, 2016

non-rain events post-rain events
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Figure 6.12. Fraction of days with (a) non-rain and (b) post-rain events for the WAM months June -
July, derived by considering the daily averaged precipitation from the half-hourly GPM IMERG
precipitation dataset (RGPM1) and evaluated on a 1°x1° grid. The black-framed boxes depict the

chosen target domains over the Guinea Coast and the Sahel.

of mid-tropospheric water vapor are captured. In the final step, each MUSICA IASI {H,0, §D}
pair observation will be checked depending on its geographical location, whether one of these
two criteria are fulfilled, with ultimately resulting in two distinct MUSICA IASI data clusters, i.e.

for non-rain and post-rain events.

6.3.2. Clustering of Monsoon Season 2016

The aforementioned rain clustering into non-rain and post-rain events is applied based on the
half-hourly GPM IMERG precipitation data (RGPM1) during the period June — July 2016. Fig-
ure 6.12 provides a horizontal overview about the relative fraction of days that are identified as
non-rain or post-rain events, for each considered 1°x1° grid box over West Africa. Following the
main precipitation distribution during summer, as shown in Fig. 6.2c, this clustering successfully
captures the areas associated with strong precipitation. It mainly reflects the WAM activity, i.e.
the predominance of precipitation over the Sahel, while the Guinea Coast is mostly rain-free
with regional exceptions for its easternmost areas. Here, around the coastal areas of Nigeria
and Cameroon, a localized precipitation peak develops (e.g. discussed in Nlend et al., 2020) and
appears to be even more frequent and persistent than the convective precipitation events over
the Sahel.

Figure 6.13 shows the MUSICA IASI {H,0, 6D} distributions that result when sorting the data
points into non-rain and post-rain clusters, respectively. For the Guinea Coast, mostly non-rain
events appear. As can be seen in the backward trajectories from Sect. 5.4.1 in Fig. 5.3, the moist

southerly monsoon flow travels over the Gulf of Guinea towards the coastal West Africa, but
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6.3. Convective-Scale Variability

IASI, June - July 2016, 4.2 km
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Figure 6.13. MUSICA IASI {H,O, D} pair data over the Guinea Coast and the Sahel during the WAM
months June - July 2016, clustered into non-rain and post-rain events based on daily averaged
precipitation from GPM IMERG (RGPM1).

without generating intense convection (see Fig. 6.12). This reflects in marked mixing signals for
the non-rain cluster. However, also a considerable amount of post-rain events develops within the
Guinea Coast domain. Most likely these are linked to the above discussed precipitation hotspot
over the eastern Gulf of Guinea. Interestingly, despite the strong precipitation contribution,
these data show mainly an increased moistening along the mixing line with only minor Rayleigh
and Super-Rayleigh features. This might be explained by taking into account the observation of
Dansgaard (1964) that rain evaporation is reduced for more intense precipitation events (analo-
gous to discussion in Sect. 6.2.2). As large rain drops fall faster, there is less time for evaporation,
leading to less depletion of the ambient vapor (Stewart, 1975). Additionally, this precipitation
hotspot appears to be sufficiently large-scale and persistent such that it leads to a significant
moistening, which in turn fosters saturation and further reduces the rain evaporation efficiency
(Risi et al., 2008a, Lee and Fung, 2008, Yoshimura et al., 2010). This is in agreement with the
post-rain data being generally moister than the non-rain events with only minor Rayleigh and
Super-Rayleigh features (Fig. 6.13a). As discussed in Sect. 3.1.4 and 5.4.4, in saturated conditions
the fractionating effect of isotopic equilibration between the rain drop and the ambient vapor
achieves a maximum, which could account for the minor Super-Rayleigh features seen in the

{H,0, 8D} data of the post-rain cluster over the Guinea Coast.

Over the Sahel domain very few non-rain events appear, whereas the post-rain cluster is
predominant (Fig. 6.13b). The few non-rain data show marked mixing features that are slightly
moister than the corresponding data over the Guinea Coast, as the evapotranspiration from
wet surfaces in West Africa is found to further moisten the Sahelian troposphere (Nieto et al.,

2006). In contrast to the Guinea Coast, the Sahelian post-rain events exhibit strong Rayleigh and
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Super-Rayleigh features. As discussed in Sect. 2.3, the precipitation associated with squall line
events consists of strong convective precipitation in the leading edge and moderate precipitation
below the trailing stratiform cloud shield. The latter is characterized by smaller rain drops and
the contribution of the dry rear-to-front inflow (e.g. the AEJ), with both features leading to a
more efficient rain evaporation. Together these effects generate strong fractionation in the water
vapor and thereby account for the observed Super-Rayleigh features in the post-rain cluster over
the Sahel.

To conclude, despite the relatively simple clustering approach, this is an efficient method
for identifying air masses that were affected by convective precipitation events against those
without any significant precipitation contribution. By investigating the corresponding MUSICA
IASI {H,0, 6D} pair data, the non-rain events are clearly associated with air mass mixing. In
contrast, the post-rain events are in general moister than the non-rain events and show distinct
Super-Rayleigh signals. The latter is particularly pronounced over the Sahel, where squall line

events together with the dry rear-inflow jet lead to intense rain evaporation.

6.4. Summary

In this section, the isotopic composition of mid-tropospheric water vapor over the Sahel is
documented and analyzed with regards to the underlying control mechanisms. The focus is
on dynamical and microphysical processes associated with the WAM, which, for the first time
to date, is being studied from the {H,0, §D} perspective. This includes the cross-comparison
between data from remote sensing as well as from isotope-enabled models.

Clear differences between the Guinea Coast and the Sahel emerge on the intra-annual scale. The
MUSICA IASI {H;O, 6D} pairs together with the GPM IMERG precipitation data reflect that the
coastal areas are continuously moist with distinct mixing signals, whereas the Sahel shows a
markedly strong variability from mostly dry and rain-free winter months to a wet rain season
during boreal summer. While during winter marked mixing signals due to the strong influence
of dry northeasterly trade winds develop, the monsoon months exhibit a strong anti-correlation
between the increasing H,O and decreasing D, as already observed in Sect. 4.3.3.6 in Fig. 4.16
and in Sect. 5.2 in Fig. 5.1. As this behaviour is closely linked to the Super-Rayleigh regime, it can
be attributed to microphysical rain processes (evaporation and equilibration), which are strongly
increased during the monsoonal convective activity. ICON-ARTj, is able to reproduce the
general {H,O, 6D} variability over the Guinea Coast and the Sahel, despite a bias towards higher
H,0 and éD values. The general performance of ICON-ARTj, in capturing the general WAM
features can be improved by considering finer horizontal grids (evaluated from 160 to 40 km).
The incorporation of a refined, nested domain over West Africa with a two-way-interaction

achieves more realistic results within the global, parent domain. However, a more meaningful
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6.4. Summary

one-to-one comparison between ICON-ARTjs, and MUSICA IASI requires further developments
for making the MUSICA IASI retrieval simulator applicable also to ICON-ARTjs, data.

The in-detailed analysis of the {H,0, D} variability during the WAM season 2016 is based on
isotopic data from MUSICA IASI and various COSMOjs, simulations, which are post-processed
with the MUSICA IASI retrieval simulator. The enhanced depletion over the Sahel during summer,
as discussed above, is clearly linked to the onset of monsoon convection. As the horizontal
resolutions considered for COSMOj;, are already rather high, the increase of 14 to 7 km leads only
to minor improvements in precipitation and {H,O, §D} distributions, whereas the switch from
parameterized to explicit convection has an enormous impact on the general WAM simulation.
While the parameterized setup can hardly represent the daily cycles and maximum sensitivity of
the monsoon precipitation reasonably, the explicit treatment of convection is able to simulate
distinct and organized convective systems comparable to the GPM IMERG precipitation data.
However, the {H,0, 6D} distributions reveal that the explicit convection setup might generate too
strong vertical convective updrafts leading to stronger Rayleigh condensation as the MUSICA
IASI data would suggest.

Finally, the convective-scale clustering of MUSICA IASI {H,O, D} pair data according to convec-
tive precipitation events, as provided by GPM IMERG, allows for a distinction between non-rain
and post-rain events. In the absence of rain, the former shows marked mixing signals. The
post-rain cluster is associated with moistening along the mixing line for large-scale and persistent
precipitation over the eastern Gulf of Guinea, whereas the more separated precipitation events
over the Sahel (e.g. squall lines) together with the contribution of the dry AEJ go along with
strong Super-Rayleigh signals, indicating a more efficient evaporation of falling rain. That is, the
paired {H;O, 6D} phase space is capable of reflecting the differing impact of rain on tropospheric
water vapor depending on the mechanisms and conditions under which the precipitation event
developed and occurred.

Since the miss-representation of meteorological WAM features appears to be a common issue for
most atmospheric models (Bielli et al., 2010, Meynadier et al., 2010), the paired analysis of stable
water isotopes constitutes a powerful tool for evaluating effects of dynamical and microphysical

processes and the model performances in reproducing them.
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7  Conclusions

The prime goal of this thesis was to advance the use of isotopic information of tropospheric
water vapor for investigating the atmospheric water cycle. A special focus was on paired dis-
tributions of H,O and éD over the Sahel zone during the West African Monsoon (WAM). This
region is characterized by complex interactions between large-scale dynamics and microphysical
cloud and rain processes, ultimately leading to a highly variable and still poorly understood

tropospheric moisture budget.

7.1. Research Highlights

Figure 7.1 provides a summary of the main research results achieved by the three-step concept,
which was the overall guideline of this thesis. As a first step, the lack of observational data over
West Africa was addressed by developing and providing a novel dataset of tropospheric {H,O,
OD} pair data based on radiance measurements of the satellite-based sensor IASI. This dataset
is an a posteriori processed extension of the MUSICA IASI retrieval product as presented in
Schneider et al. (2021c). From the independently retrieved H,O and 6D states for cloud-free
scenes, an improved optimal estimation product for {H,O, dD} pairs is derived with best sensitiv-
ity in the mid-troposphere. In total, the complete dataset comprises two global maps of {H,O,
0D} pair data per day for the whole period from October 2014 to June 2019. Due to its unique
combination of coverage and resolution in space and time, this dataset is highly promising for
studying atmospheric moisture pathways. In addition, a newly developed MUSICA IASI retrieval
simulator, which considers the same radiative transfer algorithm as the actual MUSICA IASI
retrieval, proves as valuable tool for achieving meaningful model-to-satellite comparisons with
the MUSICA IASI {H,0, 6D} pair product. In its current state, this retrieval simulator is only
applicable to data from the isotope-enabled model COSMOjs,, but should be extended in the
future.

The second step develops a model-based framework for allowing improved interpretations of
paired {H,O, D} distributions. This consists of a novel Lagrangian process attribution procedure,

where the isotopic evolution of trajectories is investigated and attributed to underlying moisture
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Isotopic analysis of tropospheric moisture during the West African Monsoon
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Figure 7.1. Illustrative scheme of the three-step concept followed throughout the thesis, as shown in

Fig. 1.1, but extended with the main research highlights for each analysis step.

processes based on idealized process curves from Noone (2012). Following the main focus of this
thesis, this procedure was applied to backward trajectories for the Sahelian mid-troposphere
during the WAM season 2016, calculated with the trajectory tool LAGRANTO and based on
data from COSMO;js,. As a result, this procedure identified occurrences of air mass mixing and
microphysical rain processes along the dominant transport pathways of the WAM, with each
leading to characteristic {H,O, 6D} signals. The combination of these processes is thereby capable
of determining the final isotopic composition in the Sahelian troposphere during the monsoon.
In particular, the enhanced depletion in éD for high H,O contents, an often discussed issue in
literature (e.g. Worden et al., 2007, Risi et al., 2010a, Tremoy et al., 2012, Lacour et al., 2018), could
be attributed to mid-tropospheric rain processes such as evaporation and equilibration.

Finally, the third step aimed at an extensive and multi-scale analysis of the isotopic composition of
the WAM and its control factors. It achieved a synthesis of the different data products, including
{H,0, 6D} data from MUSICA IASI as well as from the isotope-enabled models ICON-ARTj,, and
COSMO;jso, with the latter being post-processed with the new MUSICA IASI retrieval simulator.
Additionally, this analysis considered half-hourly and monthly precipitation data from GPM
IMERG, a unified satellite precipitation product provided by NASA. This variety of datasets
allowed to investigate the isotopic composition of the WAM system from the annual, seasonal
and convective perspectives. A common finding is the clear distinction of {H,0, §D} variability
between the Guinea Coast and the Sahel and the attribution to mixing and rain processes. In
particular, the Sahel is characterized by a tremendous variability from mostly dry and rain-free
winter months, where air mass mixing prevails the {H;O, 6D} signals in the troposphere, to the

wet rainy season during the monsoonal summer period, which exhibits the aforementioned
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7.2. Perspectives

enhanced depletion in 8D for high H,O. A clustering of the MUSICA IASI {H;O, 6D} pairs based
on the GPM IMERG precipitation data further confirmed the attribution of this anti-correlation
between H,0 and &D to effects of rain processes associated with the increased convective activity
(as discussed in the previous paragraph). Furthermore, the identified links between characteristic
water isotope signals and the dynamical and microphysical features of the WAM system represent
a useful tool for performing model evaluations. For instance, this study showed that the simula-
tion of the general WAM development (e.g. spatio-temporal evolution of dynamical features and
monsoon precipitation on annual scales) can be improved by increasing the horizontal resolution
(here from 160 to 40 km). This effect is reduced for convection-resolving grid sizes (7-14 km),
but at such scales, turning off the convection parameterization and thus explicitly resolving
convective processes appears to strongly improve the representation of individual convective
systems. While the convection parameterization of COSMO;g, excessively generates moderate
precipitation over the Sahel, the explicit setup leads to much more realistic daily cycles of the
monsoon precipitation, albeit tending to overestimate the maximum rain amount of individual

convective systems.

As an overall conclusion, this thesis demonstrates the potential of paired distributions of
H,0 and 6D for investigating the tropospheric moisture in general and, for the first time so
far, with focus on the complex monsoon system over West Africa, which could in principle be
extended to any other region. By providing a novel comprehensive dataset of observational water
isotope information and new model-based analysis frameworks, this thesis has already made
essential contributions to a variety of related studies, but also lays the foundation for developing
promising follow-up projects (as outlined in Sect. 7.2). The core belief is that the synergistic
analysis of isotopic data from observations and atmospheric models, together with sophisticated
process attribution approaches, is of great value for improving the general understanding of the

hydrological cycle and its representation in weather and climate models.

7.2. Perspectives

To further illustrate the potential of the results obtained within this thesis, some examples of
ongoing and planned activities that incorporate them are presented here.

For instance, Dahinden et al. (2021) present an analysis of moisture transport pathways for
the North Atlantic with special focus on the island of Tenerife. This is a multi-platform analy-
sis, including the new MUSICA IASI {H;O, 8D} pair data, which are compared with data from
COSMO;s, simulations, ground-based remote sensing platforms as well as with airborne in-situ
measurements. For the comparison with the MUSICA IASI data, the new MUSICA IASI retrieval
simulator is applied to the simulations of COSMOj,.
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An extensive and multi-platform analysis of the isotopic composition associated with boundary
layer processes and their relation to macro-scale cloud properties is provided by the EUREC4A-iso
campaign (http://eurecda.eu/overview/eurecda-iso, Elucidating the Role of Clouds-Circulation
Coupling in Climate) with support of the World Climate Research Programme (WCRP). Among
a variety of observational and modeling datasets with a focus on the atmospheric conditions
around the Barbados Cloud Observatory, the same MUSICA IASI {H,0, 6D} pair product will be
included.

Further, by using the LAGRANTO trajectory ensemble from this work, Ertl et al. (2021) presents
a first, data-driven approach for interpreting the MUSICA IASI {H,O, 6D} pair data. They develop
a semi-supervised approach that automatically clusters trajectories with similar geographical
and isotopic properties. The aim is to quantitatively identify characteristic {H,O, D} structures
that correspond to underlying moisture processes.

An approach of incorporating the observational MUSICA IASI {H,O, éD} pair data into the
data assimilation scheme of isotope-enabled models is presented in Toride et al. (2021) and
in Khosrawi et al. (2021). In these studies, the authors were able to provide evidence that the
assimilation of synthesized MUSICA IASI observations is indeed capable of improving the quality
of meteorological analysis fields within numerical weather prediction. Current research activities
examine the impact of considering the actual MUSICA IASI {H,O, 6D} pair data during this data
assimilation procedure.

Within the project S5P+Innovation H20-ISO (https://s5pinnovationh2o0-iso.le.ac.uk/) un-
der the coordination of the European Space Agency (ESA), a retrieval processor is being developed
that generates total columns of H,O and éD based on data from the sensor TROPOMI onboard
the Sentinel-5P satellite. This product is currently being evaluated by using the MUSICA IASI
{H,0, 6D} pair data together with the ICON-ART;,, simulations discussed here. As TROPOMI
offers high sensitivity near the ground, where the MUSICA IASI retrieval mostly lacks sensitivity,
Schneider et al. (2021b) present a method for a posteriori combining results from both sensors.
The combined product exhibits strong vertical profile information, i.e. the variability in the
boundary layer can be clearly distinguished from the free troposphere. This approach is currently
performed and validated only for CHy4, however, it is planned to extend this to the retrieval
results of H,O and éD. This is of particular interest, as both sensors will be jointly operated
on the upcoming Metop Second Generation satellites. Thereby each satellite will provide more
than 1 million perfectly collocated observations of IASI and TROPOMI per day on a global scale
for the next 20 years. This enormous availability of concurrent observations from both sensors
will offer highly promising opportunities for investigating the hydrological cycle, as such a
combined product would be capable of tracing water vapor close to its evaporative sources up to
the mid-troposphere, where it is affected by large-scale transport and microphysical cloud and

rain processes.
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A | Dust Analysis of {H,0, 6D} Pairs over

Tenerife

In this appendix, light will be shed on strongly enriched MUSICA IASI {H,O, D} signals in
the mid-troposphere (6D above —100 %.) for H,O values below 10 000 ppmv, as identified over
Tenerife and the Sahara (see Fig. 4.22a,b). Several studies found a strong correlation of similar
structures over Tenerife to high abundances of dust that was uplifted over the Sahara and
transported to Tenerife within the Saharan air layer (SAL) (Dyroff et al., 2015, Schneider et al.,
2015, 2016, Gonzalez et al., 2016). The SAL is a warm, dry and dust-laden layer between 1-5km
with a dust maximum between 2-3 km and is capable of spreading dust from Saharan outbreaks
over long distances of several thousand kilometres (e.g. Parker et al., 2005, Knippertz and Fink,
2006, Rodriguez et al., 2011, Wang and Liu, 2014). As strong vertical mixing processes may occur
within the SAL, near-surface humidity can be efficiently uplifted from the boundary layer to
higher altitudes, leading to highly enriched mid-tropospheric water vapor (Gonzalez et al., 2016).
Therefore, this appendix addresses the question, whether the aforementioned enriched {H,0, 6D}
signals over Tenerife may be attributed to the enhanced vertical moisture transport during SAL
events. To this aim, sun-sky radiometry measurements of aerosol optical depth (AOD, measured
with a wavelength of 500 nm), provided by the Aerosol Robotic Network (AERONET; Giles et al.,
2019), is used. Figure A.1 shows the AOD time-series as measured in Izana (Tenerife) from 01
June to 31 July 2016. Measurements with a AOD higher than 0.05 are here treated as dust-laden,
while the upper threshold of 0.02 is assumed to determine dust-free measurements. As next step,
the MUSICA IASI {H,O0, 6D} pair data over Tenerife are then classified according to the chosen
dust criteria into dust-free and dust-laden data points.

The resulting distributions of classified MUSICA IASI observations are shown in Fig. A.2a.
Additionally, the two-dimensional histogram contours for the full IASI observations as well as
for the raw COSMOj,, output (dataset ID CISO2, see Table 3.2) and for the COSMOj;, output
processed with the MUSICA IASI retrieval simulator is shown (Fig. A.2b, analogous to Fig. 4.22,
but here shown for 4.9 km, because at this altitude the enriched {H,O, 6D} signals appear to be
more pronounced). It becomes apparent that the data with high values in H,O and éD strongly
correlate with dust abundances. This thereby supports the findings of Schneider et al. (2015,
2016) and Gonzalez et al. (2016), that dust-laden SAL events are associated with a significant
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Figure A.1. Time-series of the AOD over Izana (Tenerife) based on data from AERONET (Giles et al.,
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2019). The red dashed line indicates the lower threshold for identifying dust-laden measurements,

whereas the blue dashed line indicates the upper threshold for identifying dust-free measurements.
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Figure A.2. (a) MUSICA IASI {H,O, D} pair data at 4.9 km, classified according to the AOD from Fig. A.1.
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The blue contours summarizes 50 % and 99 % of all (unclassified) MUSICA IASI observations over
Tenerife for the given period. (b) Same as Fig. 4.22, but here for 4.9 km. Data from the COSMOj,,
simulation CISO2 (see Table 3.2) are shown by the orange contours, and after applying the MUSICA

IASI retrieval simulator on CISO2, the resulting data are shown by the contours.



moistening and enrichment of the mid-troposphere over Tenerife. Further, only by applying the
retrieval simulator the COSMOj,, model is able to reflect these enriched values up to —100 %o, as
observed by the IASI sensor. This again emphasizes the value of considering the MUSICA IASI

retrieval simulator for direct model-to-IASI comparisons.
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B Yearly {H,O, 6D} Pair Data and

Precipitation Distributions

This section provides yearly {H,O, 6D} pair distributions at 4.2 km over the Guinea Coast and
the Sahel together with the respective precipitation histograms. Figures B.1 — B.4 show the
MUSICA IASI {H;O, 8D} pair data for the months February, May, August and November and
the monthly averaged GPM IMERG precipitation data (RGPM2, see Table 3.2) individually for
the years 2015-2018. These yearly data have been used to compute the multi-annual averages

shown in Fig. 6.1.

Figures B.5 — B.16 show the {H,O, §D} distributions for the months February, May, July and
November as well as the monthly averaged precipitation, both from the ICON-ARTj,, simulations
[ISO1-1ISO4 (see Table 3.2) individually for the years 2017-2019. These yearly data have been

used to compute the multi-annual averages shown in Fig. 6.3 and 6.4.
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Figure B.1. {H,O, 6D} pair distributions from MUSICA IASI and monthly averaged precipitation data
from GPM IMERG (RGPM2), for the year 2015.
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Figure B.2. {H,0, 6D} pair distributions from MUSICA TASI and monthly averaged precipitation data
from GPM IMERG (RGPM2), for the year 2016.
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IASI, 4.2 km, 2017
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Figure B.3. {H;O, 6D} pair distributions from MUSICA IASI and monthly averaged precipitation data
from GPM IMERG (RGPM2), for the year 2017.
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Figure B.4. {H,0, 6D} pair distributions from MUSICA IASI and monthly averaged precipitation data
from GPM IMERG (RGPM2), for the year 2018.
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B. Yearly {H,O, 6D} Pair Data and Precipitation Distributions
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Figure B.5. {H,O, 6D} pair distributions and monthly averaged precipitation data from the ICON-ART;,,
simulation IISO1 for the year 2017.
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Figure B.6. {H,O, 8D} pair distributions and monthly averaged precipitation data from the ICON-ART;,,
simulation IISO2 for the year 2017.
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ICON-ARTso, AX = 80 km, 2-way nested, z = 4.2 km, 2017
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Figure B.7. {H,0, 6D} pair distributions and monthly averaged precipitation data from the ICON-ART;,,
simulation IISO3 for the year 2017.
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Figure B.8. {H,O, 8D} pair distributions and monthly averaged precipitation data from the ICON-ART;,,
simulation IISO4 for the year 2017.

139



B. Yearly {H,O, 6D} Pair Data and Precipitation Distributions

ICON-ARTiso, AX = 160 km, z = 4.2 km, 2018
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Figure B.9. {H,O, 6D} pair distributions and monthly averaged precipitation data from the ICON-ART;,,
simulation IISO1 for the year 2018.
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Figure B.10. {H,O, 6D} pair distributions and monthly averaged precipitation data from the ICON-ART;,,
simulation IISO2 for the year 2018.
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ICON-ARTso, AX = 80 km, 2-way nested, z = 4.2 km, 2018
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Figure B.11. {H,O, 6D} pair distributions and monthly averaged precipitation data from the ICON-ART;,,
simulation IISO3 for the year 2018.
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Figure B.12. {H,0, 6D} pair distributions and monthly averaged precipitation data from the ICON-ART;,,
simulation IISO4 for the year 2018.
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B. Yearly {H,O, 6D} Pair Data and Precipitation Distributions

ICON-ARTiso, AX = 160 km, z = 4.2 km, 2019
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Figure B.13. {H,O, 6D} pair distributions and monthly averaged precipitation data from the ICON-ART;,,
simulation IISO1 for the year 2019.
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Figure B.14. {H,0, 6D} pair distributions and monthly averaged precipitation data from the ICON-ART;,,
simulation IISO2 for the year 2019.
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ICON-ARTso, AX = 80 km, 2-way nested, z = 4.2 km, 2019
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Figure B.15. {H,O, 6D} pair distributions and monthly averaged precipitation data from the ICON-ART;,,
simulation IISO3 for the year 2019.
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Figure B.16. {H,0, 6D} pair distributions and monthly averaged precipitation data from the ICON-ART;,,
simulation IISO4 for the year 2019.
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C List of Acronyms

ACT

AEJ

AIRS

AOD
AERONET
AMIP
AMMA
ASTER

CESM1/WACCM

COSMOj,,
DACCIWA
DOFS
ECHAMS5 50
ECMWF

EPS
ERA-interim
EUMETSAT
EUREC4A
GCM

GNIP
GOSAT
GPCC

GPM
HITRAN
IAEA

IASI
IASI-NG
ICON-ARTj,,

ITD
IMERG

Atlantic Cold Tongue

African Easterly Jet

Atmospheric Infrared Sounder

Aerosols Optical Depth

Aerosol Robotic Network

Atmospheric Model Intercomparison Project

African Monsoon Multidisciplinary Analysis

Advanced Spaceborne Thermal Emission Reflection Radiometer
Coupled Chemistry-Climate Model / Whole Atmosphere Community
Climate Model

Consortium for Small-scale Modeling, Isotopologues
Dynamics-Aerosol-Chemistry-Cloud Interactions in West Africa
Degree of Freedom for Signal

ECMWF and Hamburg

European Centre for Medium-Range Weather Forecasts
EUMETSAT Polar System

ECMWEF Reanalysis-Interim

European Organisation for the Exploitation of Meteorological Satellite
Elucidating the ROle of Clouds-Circulation Coupling in Climate
Global Circulation Model

Global Network of Isotopes in Precipitation

Greenhouse Observing Satellite

Global Precipitation Climatology Centre

Global Precipitation Measurement

High-Resolution Transmission Molecular Absorption Database
International Atomic Energy Agency

Infrared Atmosperic Sounding Instrument

IASI Next Generation

Icosahedral Nonhydrostatic - Aerosols and Reactive Trace Gases -
Isotopologues

Intertropical Discontinuity

Integrated Multi-Satellite Retrievals for GPM
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C. List of Acronyms

IREMIS
JAXA
LAGRANTO
MCS

Metop
MUSICA

NASA
NDACC
PAGES
PROFFIT
PRFFWD
RCM

SAL
SCIAMACHY
S5P

SHL
SWING
SWVID
TCCON
TES
TROPOMI
VSMOW
WAM
WCRP

146

Global Infrared Land SUrface Emissivity

Japan Aerospace and Exploration Agency

Lagrangian Analysis Tool

Mesoscale Convective Systems

Meteorological Operational Satellite

Multi-platform remote sensing of isotopologues for investigating the cycle
of Atmospheric water

National Aeronautics and Space Administration

Network for the Detection of Atmospheric Composition Change
Past Global Changes

Profile Fit

PROFFIT Forward Model

Regional Climate Model

Saharan Air Layer

Scanning Imaging Absorption Spectrometer for Atmospheric Chartography
Sentinel-5P

Saharan Heat Low

Stable Water Isotope Intercomparison Group

Stable Water Vapour Isotope Database

Total Carbon Column Observing Network

Tropospheric Emission Sounder

Tropospheric Monitoring Instrument

Vienna Standard Mean Ocean Water

West African Monsoon

World Climate Research Programme
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