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Abstract

Motivated by previous measurements of very low tropospheric O3 concentrations in the
Tropical West Pacific (TWP) and the implied low oxidizing capacity of this key region
for transport into the stratosphere, we set up an atmospheric research station in the
center of the warm pool in Palau (7◦N 134◦E) and established a continuous balloon-borne
O3 measurement program with Electrochemical Concentration Cell (ECC) ozonesondes.
Preparation, execution and quality management of the bi-weekly soundings and intensive
measurement campaigns have been an integral part of this doctoral project, with this
final thesis as the first presentation of the unprecedented 4-year time series. Furthermore,
we show the development and first measurements of an instrumental device for in-flight
monitoring of the so-called background current in ECC sondes.

Our analysis of the tropospheric O3 observations at Palau from 01/2016-10/2019 confirms
the year-round dominance of a low O3 background in the mid-troposphere and a previously
found strong annual O3 cycle in the Tropical Tropopause Layer (TTL) in this part of the
TWP. Layers of enhanced O3 in the free troposphere (3-14 km) are often anti-correlated
with water vapor (H2O) and occur frequently (referred to as “O3+RH-”). A previously
proposed universal bimodal structure of free tropospheric O3 in the TWP in this context
could not be verified. Moreover, the occurrence of respective layers shows a strong season-
ality. The seasons FMA (February-March-April) and ASO (August-September-October),
shifted by one month compared to the mid-latitude seasons, are identified as most dis-
parate, both regarding the frequency of O3+RH- air intrusions and their background O3

values. We quantified the seasonal differences by defining a monthly atmospheric back-
ground profile for O3 and relative humidity (RH) based on observed statistics. Deviations
from this background reveal a bimodal distribution of RH anomalies for all seasons except
the MJJ (May-June-July) season. Observations of O3+RH- air in the 5-10 km altitude
range were made in 71 % of profiles in FMA compared to 25 % in ASO.

Back trajectory calculations confirm that throughout the year the mid-tropospheric back-
ground is controlled by local convective processes and the origin of air masses is the
Pacific Ocean, mainly East of Palau. Dry and ozone-rich air (O3+RH-) originates in
tropical Asia and reaches Palau in anticyclonic conditions over an area stretching from
India to the Philippines. This supports the hypothesis of several studies which attribute
O3 enhancement against the low O3 background to pollution events on the ground such as
biomass burning. A potential vorticity (PV) analysis revealed no stratospheric influence,
and we thus propose large-scale descent within the tropical troposphere as responsible for
dehydration of air masses on their way to Palau.

The relevance of distinct layers deviating from the background led us to investigate their
influence on the otherwise low oxidizing capacity of the TWP. Chemical box model calcu-
lations constrained by our O3 and H2O measurements for clear sky conditions at 400 hPa
in Palau in ASO revealed that the predominant anti-correlation of O3 with H2O buffers
the effect of both constituents on daily mean OH concentrations.
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1. Introduction

Ungil a eanged.
The heavens are good.

(Palauan saying)

Ozone (O3) is an important component of the troposphere. As a chemically active species
with a wide range of lifetimes, it has a great temporal and spatial variability (Hartmann
et al., 2013). Although 90 % of atmospheric O3 resides in the stratosphere, comprising the
important ozone layer, the tropospheric fraction has great influence on the Earth’s climate
and life. As a toxic substance, it is harmful for humans and plants on the ground, where it
is produced in situ by photo-chemical reactions of precursor gases, for example combustion
products which lead to development of photo-chemical smog. Free tropospheric O3 is a
powerful greenhouse gas with a substantial contribution to global radiative forcing (RF).
The present-day RF due to changes in tropospheric O3 based on changes in anthropogenic
emissions is estimated as 0.40 W m−2, i.e. comparable to the RF of methane (Myhre
et al., 2013). O3 plays a crucial role for atmospheric composition as it controls oxidation
processes in the troposphere via its photo-chemical derivative, the hydroxyl (OH) radical.
The short-lived OH defines the lifetime of hundreds of chemical species and thus the
oxidizing capacity of the troposphere (see Sect.2.2.3). As it is difficult to measure in situ,
the variability of tropospheric OH in space and time continues to be an active field of
research (e.g. Montzka et al., 2011).

In the Tropical West Pacific (TWP), an area extending from the Maritime Continent to
the International Date Line, the oxidizing capacity is of great relevance. The region is
considered the major transport pathway from the troposphere to the stratosphere during
Northern Hemispheric (NH) winter (Fueglistaler et al., 2004; Krüger et al., 2008; Newell
and Gould-Stewart, 1981). Air masses entering the stratosphere here also originate in
the TWP boundary layer (Rex et al., 2014). Palau (7.34◦ N 134.47◦ E), a small island
nation in Micronesia, is located right in the center of the TWP warm pool area, with the
highest global sea surface temperatures (SST) (see map in Fig.2.3). The resulting high
energy convection comprises the upwelling branches of global atmospheric circulation pat-
terns, which are following the seasonal movement of the Intertropical Convergence Zone
(ITCZ). Driven mainly by the tropical Hadley circulation, surface winds are predomi-
nantly transporting clean, Pacific air to the TWP and Palau from the East which has
not undergone much anthropogenic influence. This dynamically interesting setup is com-
plemented by the unique chemistry of the clean, marine air. O3 destruction in the local
boundary layer and vertical mixing by convection leads to a zonal wave-one pattern in
column O3 with a persistent tropospheric O3 minimum in the TWP (see e.g. Rex et al.,



2014; Thompson et al., 2003a). The close coupling of O3 and OH in this environment
(Levy, 1971) fosters a corresponding OH minimum in the TWP, which can be estimated
from O3 and water vapor (H2O) measurements (Kley et al., 1996; Rex et al., 2014). The
resulting increased lifetimes of chemical species can lead to enhanced entry into the global
stratosphere, which is not captured well in atmospheric models (Rex et al., 2014). The
Tropical Tropopause Layer (TTL), with its globally lowest temperatures, controls final
dehydration of air masses and thus stratospheric H2O, a driver of important O3 loss cycles
in the stratosphere (Randel and Jensen, 2013). A dynamically driven seasonal cycle of
O3 in the TTL, in turn, influences TTL temperatures (Randel et al., 2007).

The monitoring and seasonal characterization of O3 in the TWP is therefore of great
relevance to improve our understanding of this hot spot for stratosphere-troposphere
exchange (STE). Balloon-borne measurements with Electrochemical Concentration Cell
(ECC) ozonesondes are the most practical way to observe O3 in situ, especially at more
remote sites (see e.g. Thompson et al., 2019). The high vertical resolution of O3 pro-
files obtained with ECC sondes and long-term time series are essential for satellite data
retrieval algorithm development and later validation (e.g. Hubert et al., 2016). Ground-
based instrumentation observing column O3, e.g. FTIR and microwave sounders, are
validated by O3 soundings as well (e.g. Vigouroux et al., 2008). The ECC sonde measure-
ment technique itself is being continuously validated to yield a current overall accuracy
of 5 %-15 % in the troposphere, if standard operating procedures are followed (see Smit
et al., 2007; Thompson et al., 2019). Careful procedural techniques are of paramount
importance especially in the Tropics, as the instrumental uncertainty is highest in the
TTL and critically dependent on the so-called background current. Reports of near-zero
O3 concentrations in the upper troposphere (UT) of the TWP (Kley et al., 1996; Rex
et al., 2014) have been accused of a lack of quality in sonde operation by other studies
(Newton et al., 2016; Voemel and Diaz, 2010).

The TWP constitutes a gap in the international O3 sounding network (see https://

woudc.org/data/stations/). However, temporally limited research activities focusing
on tropospheric air chemistry have been conducted in the wider region since the late 1980s
(see Tab.1.1 for an overview of important studies). They highlight the importance of O3

as a tracer for both convective processes and long-range transport to the region (e.g. Pan
et al., 2015). Dry intrusions of enhanced O3 volume mixing ratios (VMR) have been
reported as a characteristic feature of the mid-troposphere for the wider tropical Pacific
by many studies (see Anderson et al., 2016). The origin and impact of these distinct
layers on the local radiative budget and oxidizing capacity are the subject of an ongoing
debate (Anderson et al., 2016; Randel et al., 2016, see Sect.4.2.4). Backward trajectories
based on meteorological reanalysis data are a common tool to assess air mass origin and
transport pathways in this context.

Within the EU-project StratoClim (www.stratoclim.org), which focused on dynamics
and chemistry of pathways to the stratosphere mainly in the Asian Monsoon region, the
Palau Atmospheric Observatory (PAO) was established to fill the observational gap in this
key region of stratospheric entry. Figure 1.1 gives an overview of the comprehensive setup
of the station, which includes the balloon program with ECC, water vapor (CFH) and
aerosol (COBALD) sondes, a Fourier transform infrared (FTIR) instrument, measuring

2
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Acronym Title Timeframe (Lead) Publications

TOGA-COARE Tropical Ocean and Global
Atmosphere Response Experiment

1988 Kley et al., 1997

PEM
Tropics/West

Pacific Exploratory Missions
09/10 1991,
02/03 1994

Hoell et al., 1999; Newell
et al., 1996

CEPEX Central Equatorial Pacific Experiment 1993 Kley et al., 1996
MOZAIC Measurement of Ozone and Water

Vapor by Airbus In-Service Aircraft
1994-2004 Newell et al., 1999;

Thouret et al., 2000
STRAT Stratospheric Tracers for Atmospheric

Transport
1995-6 Jaeglé et al., 1997;

Wennberg et al., 1998
BIBLE Biomass Burning and Lightning

Experiment
09/10 1998,
08/09 1999

Kita et al., 2002; Kondo
et al., 2002

SHADOZ Southern Hemispheric ADditional
Ozonesondes

1998-present see Sect.3.3.1

TransBrom Short lived bromine compounds in the
ocean and their transport pathways
into the stratosphere

10/2009 Krüger and Quack, 2013;
Rex et al., 2014; Ridder
et al., 2012

CONTRAST,
CAST,
ATTREX

Convective Transport of Active Species
in the Tropics, Coordinated Airborne
Studies in the Tropics, Airborne
Tropical Tropopause Experiment

01/02 2014 Jensen et al., 2017a; Pan
et al., 2017

StratoClim –
PAO

Stratospheric and upper tropospheric
processes for better Climate
predictions – Palau Atmospheric
Observatory

2016-present this thesis

POSIDON Pacific Oxidants, Sulfur, Ice,
Dehydration, and cONvection

10/2016 Jensen et al., 2017b,
measurements at PAO

ACCLIP Asian Summer Monsoon Chemical
Impact Project

planned for
07/2021

measurements planned at
PAO

TroStra Transport of tracegases via the
tropopause region in the WP observed
by FTIR spectrometry

2020-2023 measurements at PAO

Table 1.1.: Overview of important tropospheric O3 research activities in the Tropical West
Pacific (as referenced in this study); most relevant activities for this study are
highlighted in bold letters.

total and partial columns of a variety of chemical species (incl. O3 and COS), a Multi
Axis Differential Optical Absorption Spectroscopy (MaxDOAS) instrument (Pandora-
2S, www.pandonia-global-network.org) for total column O3, NO2 and aerosols and a
lidar system (MuLid in 2016, ComCAL since 2018), measuring cloud and aerosols. The
specific focus of this doctoral project was to establish the first multi-year time series of
tropospheric O3 above Palau to capture seasonal and to a certain extent inter-annual
variations of this important trace gas. After an introduction to dynamical and chemical
processes relevant for the tropospheric O3 and OH distribution in the TWP (Chapt.2),
Chapter 3 describes the methods behind our observational and modelling approaches. We
carried out careful execution of recommended operating routines (Smit, 2014, Sect.3.1.3)
in order to address the controversy of near-zero O3 measurements in the TWP. In an
experimental assessment of the critical background current parameter (Voemel and Diaz,
2010), we developed an instrumental device to measure it in-flight, which was extensively
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Figure 1.1.: Overview of the instrumentation at the Palau Atmospheric Observatory
(PAO), original image design by Markus Rex, original photo by J.Graeser.

tested in the laboratory and field (Arctic and tropical conditions, see Sect.3.1.4). A
first descriptive overview of the Palau time series is given in Sect.3.2, followed by the
introduction to other observational data used in this study (Sect.3.3). Chapter 4, the
presentation and discussion of our results, begins with an extensive statistical assessment
of the data set to establish seasonal characteristics (Sect.4.1). We then put the Palau
measurements into context in the TWP and greater Tropics in a comparison with data
from selected SHADOZ stations and the CONTRAST campaign (see Tab.1.1, Sect.4.2).
Section 4.2.3 presents the identification of a local background atmosphere and deviating
layers from this background, enabled by the unique nature of the free-tropospheric O3/RH
distribution in Palau. We use the resulting classification of air masses with respect to
their O3/RH content in a back trajectory analysis for the full climatology of soundings
to examine transport pathways, their seasonality and underlying processes, presented
in Section 4.3.2. Finally, we simulate the oxidizing capacity of the clean background
atmosphere with a chemical box model and study the effects of layers deviating from
this background (Sect.4.4). This thesis closes with a summary of the main results and
an outlook for how the expanding Palau time series will shed more light on remaining
research questions in this unique region (Chapt.5).

This doctoral project has resulted in nearly 4 years of data including 145 ECC ozone
soundings, giving insight into the seasonality of tropospheric O3 above Palau. A charac-
teristic zonal annual cycle in the TTL was observed, with a low O3 background dominating
from July until October and layers of enhanced O3 most frequently occurring from Febru-
ary until April. The maximum of the mid-tropospheric cycle can be associated with
long-range transport mainly from potentially polluted areas West of Palau by back tra-
jectory analysis. There was no evidence of transport from the extra-tropical stratosphere.
The anti-correlation of O3 and RH in dry, ozone-rich layers which interrupt a low O3 and
high RH background atmosphere buffers their effect on the oxidizing capacity.
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2. Atmospheric Dynamics and
Chemistry in the Tropical West
Pacific

Ozone is a chemically active compound of the atmosphere. A wide range of lifetimes
in the troposphere, between days and several months, leads to different, also nonlinear
interactions and patterns of temporal and spatial variability (e.g. Hartmann et al., 2013).
The tropospheric O3 abundance above the Tropical West Pacific (TWP) is affected by
long-range transport and local photo-chemistry alike. In the following, most important
dynamical and chemical processes relevant to this study are introduced.

2.1. Tropospheric Dynamics and Transport

On a global scale and averaged over a climate-relevant period the tropospheric flow is
characterized by the general circulation, maintaining local thermal equilibrium by hori-
zontal heat transfer (Sect.2.1.1). Palau’s climate is specifically affected by the position of
the Innertropical convergence zone (ITCZ), the Western Pacific Monsoon (WPM) and the
trade winds. In this context subseasonal and interannual variations are considered as low-
frequency fluctuations (Sect.2.1.2). Dealing with observational in situ profiles, we often
consider the motion of a single air parcel or well-defined local air mass. Thus, weather-
related phenomena add to the complexity and variability of air transport and composition.
The TWP warm pool area in particular is a global center of (deep) convective activity
inducing large-scale mixing (Sect.2.1.3). High-energy uplift of tropospheric air is com-
plemented by tropical upwelling in the Tropical Tropopause Layer (TTL), making this a
globally unique region of Stratosphere-Troposphere-Exchange (STE) (Sect.2.1.4).

2.1.1. General Circulation

The Palau Atmospheric Observatory’s (PAO) location at 7.3◦ N and 134.5◦ E in the
TWP warm pool is a hotspot for the complex interplay of general circulation patterns,
such as the Hadley, Walker and Monsoon Circulations. The year-around high sea surface
temperatures (SST) and moist marine environment guarantee high upward fluxes of latent
and sensible heat (e.g. Salby and Salby, 2012). Thus convective processes are closely tied
to the large scale atmospheric motion.
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Hadley

The thermally direct meridional Hadley circulation is a closed-cell overturning circulation
between 35◦ N and 30◦ S. The uprising branch lies within the Intertropical Convergence
Zone (ITCZ, see below) and is associated with condensation and cloud formation (see
Sect.2.1.3). Diverging air in the upper troposphere detrains from clouds and flows pole-
wards. During descent at the tropics of Cancer/Capricorn, collocated with the subtropical
high pressure systems, air masses are warmed and convective activity is suppressed. On
the ground, the easterly trade winds close the Hadley circulation. Under the influence of
the Coriolis force, they are inclined from the ideal pole-wards flow. Over the Pacific and
in the mean, trade winds prevail even in higher tropospheric altitudes and anti-trades are
missing (e.g. Riehl, 1954). These deep trades or equatorial easterlies are restricted to
a zonal band, narrow in winter and broadest in summer. In the special case of Palau,
the strong southern easterlies reach the islands as westerlies (after crossing the equator)
during the monsoon season from July until October. In general, the Hadley circulation
and thus the trade winds are strongest in the winter time of the respective hemisphere
(e.g. Holton, 2004). It then controls the occurrence and position of subtropical highs. In
summer, the subtropical ridge is tied to planetary waves.

Walker

In the vicinity of the equator with a lack of Coriolis force a major thermodynamic circu-
lation also forms on the zonal-height plane, driven by surface temperature differences and
the resulting pressure gradients. The so-called Walker circulation has its strongest rising
branch over the Maritime Continent, where SST are globally highest and surface rough-
ness is low. For this dominant Pacific cell, air masses are sinking again in the equatorial
Eastern Pacific. The trade winds transport air across the Pacific from east to west on the
surface, while upper-level west winds connect ascending and descending branches. Dur-
ing extreme El Niño conditions this circulation can be completely reversed (see Sect.2.1.2,
Bjerknes, 1969). For Palau, the combined effect of Walker and Hadley circulation mani-
fests itself in the dominance of North Easterly (NE) winds and high convective activity.

Intertropical Convergence Zone

The dynamical situation in Palau is closely linked to the migration of the Intertropical
Convergence Zone (ITCZ). It is defined as a near-equatorial band, where moist and warm
trade winds converge, forming the ascending branches of the Hadley and Walker circula-
tion. Usually, it is determined as a belt of deep convective clouds (Waliser and Gautier,
1993) or a maximum in mean precipitation (Philander et al., 1996, see Fig.2.1). On av-
erage, the ITCZ is located 6◦ North of the equator, but it moves towards the warming
hemisphere throughout the year with interannual variations e.g. caused by the ENSO (see
Sect.2.1.2, see Fig.2.2). The mechanisms controlling its position and rainfall intensity are
not fully understood (Schneider et al., 2014). Near the maritime continent, a band of
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convergence splits from the ITCZ and the TWP warm pool and stretches southwards,
forming the so-called South Pacific Convergence Zone (SPCZ). Palau’s location is close to
the ITCZ throughout the year, but closest during its northern most position, from July
until October (see Fig.2.2, Shonk et al., 2018; Smith et al., 2012). The dominant influence
of the Northern Hadley cell and transport of air masses to Palau with the NE trade winds
is only interrupted during these few months. Figure 2.1 displays the importance of the
position for Palau’s surface wind regime and rainfall. In summer, the West Pacific Mon-
soon (WPM, see below) brings heavier rainfall to Palau with SE trade winds deflected
west after crossing the equator (compare maximum in OLR in Fig.2.4, Sect.2.1.3). In the
wedge between ITCZ and SPCZ in late summer/fall, the high convective energy shields
Palau from continental outflow and transport of polluted air to the region (Browell et al.,
2001).

Figure 2.1.: Schematic of the ITCZ movement across Palau (pink cross and centre of
coordinate plane); on the horizontal plane, maps show climatological (1971-
2000) seasonal rainfall (shaded gray contours, in mm/day) and near-surface
winds (arrows) for winter (left panel, December, January, February: DJF) and
summer (right panel, June, July, August: JJA), the pink line highlights the
approximate position of the ITCZ, the pink box indicates the region used for
averaging in Fig.2.2, the purple line highlights the trade winds approaching
Palau; on the vertical plane, the two schematic Hadley cells, following the
location of the ITCZ, are indicated in purple (adapted from Smith et al.,
2012, see original source for details on the data).
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Figure 2.2.: North-South march of the ITCZ averaged from TRMM (1998-2009) for 125-
175◦ E, 0-20◦ N (see pink box in Fig. 2.1), pink line indicates Palau’s latitude,
pink shading the months with the ITCZ located north of Palau (adapted from
Shonk et al., 2018).

Western Pacific Monsoon

The Western Pacific Monsoon (WPM) is considered as the eastern edge of the Aus-
tralian/Asian Monsoon system. It affects a broad region in the West Pacific on both
hemispheres, which experiences low-level westerly winds and increased rainfall during the
wet season. As a seasonal climate phenomenon, it is affected by both natural climate
variability and climate change (e.g. Brown et al., 2013; Smith et al., 2012). In Palau, the
heavy rainfall during the WPM (> 400 mm/month, PCCSR, 2011; 9-12 mm/day, Brown
et al., 2013) exerts a strong seasonal influence on the atmospheric moisture profile despite
high average rainfall throughout the year (see Sect.2.1.3). The high moisture favors O3

destruction and convective uplift redistributes low O3 in the entire tropospheric column
(see Sect.2.2.1 and 4.2.1). Low-level equatorial westerlies and rainfall are positively cor-
related in the Palau region (Smith et al., 2012) and model projections suggest increasing
strength in both (Brown et al., 2013), which presumably strengthens the minimum O3

season in Palau.

2.1.2. Fluctuations of the General Circulation

The general circulation is affected by large temporal fluctuations, also called low fre-
quency variations. In the TWP, the most relevant phenomena are the El Niño Southern
Oscillation (ENSO) and the Madden-Julian Oscillation (MJO).

El Niño Southern Oscillation

Interannual variations of tropospheric O3 in the TWP are dominated by the El Niño South-
ern Oscillation (ENSO) (e.g. Gettelman and Forster, 2002; Shiotani, 1992; Smith et al.,
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2012). This coupled ocean-atmosphere phenomenon first described by Bjerknes (1969) is
characterized by low frequency variations in SST, sea-level pressure, surface winds and
outgoing longwave radiation (OLR) over the equatorial Pacific. Via teleconnections it
most prominently affects remote regions in the extra-tropics. The predictability of the
ENSO cycle is still a field of active research (e.g. Hartmann et al., 2013). In the TTL, the
coupling between ENSO and the Quasi-Biennial Oscillation (QBO) is a main driver of
interannual variability of O3 and H2O (e.g. Diallo et al., 2018; Garfinkel and Hartmann,
2007; Taguchi, 2010).

There are various indicators tracking the progress of the oscillation by using observations
from different key parameters. The most prominent indices are the Southern Oscillation
Index (SOI) and Equatorial SOI, the Oceanic Nino Index (ONI) and the Multivariate
ENSO Index (MEI). The SOI compares the sea-level air pressure between the western
and eastern tropical Pacific, Tahiti and Darwin, Australia (Allan et al., 1991; Troup,
1965). The equatorial SOI uses average sea-level pressures over larger equatorial regions
centered over Indonesia and the eastern central Pacific (Bell and Halpert, 1998). These
two indices correlate well with changes in ocean temperatures, which are in turn focus
of the ONI, a 3-month running mean of SST anomalies in a certain equatorial region
(Nino 3.4, used by NOAA, see e.g. Bamston et al., 1997). The bi-monthly MEI combines
oceanic and atmospheric variables in an Empirical Orthogonal Function (EOF) based
analysis (Wolter and Timlin, 2011). For each index, threshold criteria are used to mark
a strong enough departure from neutral conditions to call out an extreme ENSO event.

Figure 2.3.: Anomalies in outgoing longwave radiation (OLR) above the TWP from the
climatological mean (1981-2010) based on NCEP/NCAR reanalysis for Jan-
uary until March 2016, positive anomalies (brown colors) indicate clearer
skies, negative anomalies (purple colors) cloudier skies, location of Palau
marked with a pink circle; adapted from Di Liberto, 2016.

9



Tropospheric Dynamics and Transport

During El Niño, the so-called warm phase, the warm pool shifts towards the central
Pacific. The TWP in turn experiences negative SST and positive OLR anomalies and
weakening of the trade winds, i.e. suppressed convection and less cloud coverage and
precipitation (compare Fig.2.3). For La Niña episodes (the cold phase), the opposite
conditions dominate.

The beginning of the Palau time series in January 2016 coincides with a very strong
record El Niño event (according to ONI). The two indices SOI and MEI show a return to
neutral conditions in this context in May and May/June 2016 respectively. Compared to
earlier El Niño events this change occurs early in the year. The following years 2017 and
2018 show departures from normal conditions towards La Niña (so-called “double dip La
Niña”). Since September 2018 a subtle El Nino pattern was present but only in February
2019 the index threshold was crossed. This weak El Nino event lasted until August 2019.

Madden-Julian Oscillation

Intraseasonal variations in equatorial convection and thus the atmospheric composition
of the TWP are mainly caused by the Madden-Julian Oscillation (MJO). This half-
understood tropical phenomenon is characterized by anomalous patterns of cloud and
rainfall propagating eastward with time periods of 30 to 90 days (Madden and Julian,
1971, 1994; Yoo and Son, 2016). An assessment of this variability goes beyond the scope
of the first analysis of the Palau time series, but will be interesting in the future. The
MJO impacts many aspects of the tropical weather and climate system and modulates
tropospheric moisture and O3 variability over the TWP (e.g. Yoneyama, 2003; Ziemke
et al., 2007). Its complex interplay with other atmospheric fluctuations like ENSO and
the QBO (see Sect.2.1.4) is under ongoing investigation (e.g. Hendon and Abhik, 2018;
Yoo and Son, 2016; Zhang and Zhang, 2018)

2.1.3. Convective Activity

Convection plays a fundamental role in maintaining various tropospheric circulation pat-
terns occurring in the tropics. In terms of atmospheric chemistry, it promotes both the
formation or destruction of O3 and thus complicates realistic simulations (e.g. Thomp-
son et al., 1997, see Sect.4.4). Whether transport or local convective processes and thus
vertical mixing determine TWP air composition, depends on the strength of convective
activity. During transport, the vertical displacement of air parcels is also affected by large
scale convection resulting in uplift. In clear-sky conditions radiative cooling by water va-
por and subsidence of air masses dominate (e.g. Folkins and Martin, 2005; Gettelman
and Forster, 2002).

10



Atmospheric Dynamics and Chemistry in the Tropical West Pacific

Climatological Overview

The tropics in general show little fluctuation in the amount of sunlight, resulting in a
uniform tropospheric temperature distribution throughout the year. Seasonal variations
in weather or air composition in the TWP are therefore mostly attributed to changes
in precipitation and related to the shifting of the ITCZ and SPCZ. According to the
Köppen classification, Palau has a tropical rainforest or equatorial climate: hot, humid
and wet conditions all year, with no distinct dry season (precipitation always above 200
mm/month, see PCCSR, 2011). The year-round deep convective activity for Palau can
be explained by the continuous vicinity of the ITCZ. Months drier than others coincide
with the most southern position of the ITCZ (see Fig.2.2). Highest convective activity
occurs from June until October, lowest in March/April according to a long-term OLR
climatology derived from satellite observations (see Fig.2.4).
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Figure 2.4.: Climatology of the altitude of the Cold Point Tropopause (CPT, dashed line)
and Lapse Rate Minimum (LRM, solid line) and average Outgoing Long-
wave Radiation (OLR, dashed-dotted line, right hand axis) for Koror, Palau
(black), and Darwin, Australia (gray), based on data from 1979-1997 (ra-
diosoundings from the Palau weather station and averages from multiple satel-
lite observations provided by NOAA) (adapted from Gettelman and Forster,
2002, see orginal source for more details on the data).

Vertical Extent

The process of mixing e.g. pollutants from the boundary layer into higher levels of the
troposphere involving clouds is called “venting”. Whether precipitating or not, clouds
influence chemical reaction and photolysis rates (NRC, 1991; Thompson et al., 1997).
Depending on their size and type, clouds have a different effect on vertical transport of
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chemical species. Typical forms of tropical convective clouds are shallow cumuli, cumulus
congestus and deep cumulonimbus clouds. They, respectively, detrain mostly at the trade
wind related boundary layer inversion (ca. 2 km), into a shallow (2-5 km, i.e. up to the
melting point) or a deep (10-17 km, up to the cold point) outflow layer (e.g. Folkins
and Martin, 2005; Johnson et al., 1999). While the trade wind inversion is mostly absent
close to the ITCZ, shallow and deep convection, both tied to the Hadley circulation (see
Dessler and Minschwaner, 2007), are closely coupled. While downdrafts arising from deep
convective precipitation initiate shallow convection, the latter sets the thermodynamic
stage for the development of deep convective clouds in the first place (Folkins and Martin,
2005).

Between 5 and 10 km, Figure 2.5 shows how the static stability profile for Palau and other
close-by locations follows a theoretical moist pseudoadiabat (condensing to water) with
a surface pseudoequivalent temperature of 350 K (Folkins and Martin, 2005, compare
Mapes, 2001). This stable stratification of the pseudoadiabatic temperature indicates
a weak cloud-mass divergence, i.e. cloud outflow is suppressed in this altitude range.
The dominating source of water vapor here is precipitation-induced evaporate moistening
(Folkins and Martin, 2005). In a convective atmosphere, entrainment and mixing are
dominant processes in this altitude range producing a well-mixed O3 profile (Pan et al.,
2015; Paulik and Birner, 2012, see Sect.4.2.1).

Between 10 and 14 km, in the deep outflow layer, we enter the transition zone between
troposphere and stratosphere, the TTL, where the final dehydration of air masses occurs
(see Sect.2.1.4). The level of minimum stability (LMS) is located here, defined as the
minimum in static stability as shown in Fig.2.5 or by the minimum of the potential tem-
perature gradient dθ/dz (compare Fig.2.6 in Sect.2.1.4). It corresponds to the level of
(potential temperature) lapse rate minimum (LRM) which indicates a change in stability
from convective equilibrium below (i.e. constant saturated equivalent potential temper-
ature) to radiative equilibrium above (see Gettelman and Forster, 2002 for more details,
Paulik and Birner, 2012). It is therefore used as a lower boundary of the TTL by some
studies, marks the level of maximum convective impact on temperatures and is often
coincidental with a minimum in O3 VMR, also called chemopause (e.g. Folkins, 2002;
Gettelman and Forster, 2002; Pan et al., 2014). Hence, O3 is an ideal tracer for deep
convection with a chemical lifetime similar to the timescale of the overturning Hadley
circulation (≈ 1 month, Folkins, 2002; Gettelman et al., 2009; Paulik and Birner, 2012;
Solomon et al., 2005). Convective transport therefore essentially controls the distribution
of O3 in the TTL (Pan et al., 2015). The level of neutral buoyancy (LNB), located above
the LMS/LRM, is associated with the level of maximum detrainment and main poleward
flow in the Hadley circulation (Dessler and Minschwaner, 2007; Pan et al., 2014). Once
an air parcel crosses its level of free convection, it is lifted until reaching its LNB. When
moist air parcels rise above the LNB, we speak of convective overshooting. This is an
important process in the TTL, which contributes to the stratospheric water vapor budget,
but remains not well represented in model studies (e.g. Schoeberl et al., 2015; Sherwood
and Dessler, 2003).

For Palau, the LRM/LMS is on average located around 12 km (see Fig.2.4). In areas
of non-active (deep) convection the LMS/LRM is lower (see climatology for Darwin in
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SH winter in Fig.2.4) and the chemopause diverts from the LRM (Folkins et al., 1999).
Figure 2.4 also shows that deep convective outflow (and in consequence the chemopause)
is not correlated with the cold point tropopause (CPT) and occurs well below this level.

Figure 2.5.: Different atmospheric layers related to convective activity in the TWP and
annual mean profiles of static stability [K/hPa] from average radiosounding
data (1999-2001) at Palau (Koror, filled circle) and close by stations in the
Federate States of Micronesia (other markers), see original source for more
details on data and measures; thick lines indicate static stability for a moist
pseudoadiabat, with water vapor either condensing to water (dashed) or ice
(dotted) (adapted from Folkins and Martin, 2005).

At 14-15 km, the level of zero (clear-sky) radiative heating (LZH) constitutes a vertical
mixing barrier, i.e. vertical mixing is inhibited above (Folkins and Martin, 2005; Folkins
et al., 1999). It marks the upper limit of the Hadley circulation and the beginning of
thermal stratification and large-scale radiative heating. Air parcels detraining above this
level are more probable to ascend further into the stratosphere (Folkins and Martin, 2005;
Gettelman and Forster, 2002).
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2.1.4. Stratosphere-Troposphere Exchange

The tropical Upper Troposphere, Lower Stratosphere (UTLS) is a globally relevant region
for stratosphere-troposphere exchange (STE) (e.g. Fueglistaler et al., 2009; Randel and
Jensen, 2013). The TWP warm pool is in fact considered to be the major source region
for stratospheric air in boreal winter (e.g. Fueglistaler et al., 2004; Krüger et al., 2008;
Newell and Gould-Stewart, 1981; Rex et al., 2014). Here, air rising from the troposphere
towards the stratosphere also passes its Lagrangian Cold Point (LCP), i.e. a minimum
temperature “cold trap”, where it loses its water vapor content via condensation (Pan
et al., 2019). It is the last time when soluble substances are removed from the air before
entering the stratosphere. The conditions at this LCP define the chemical composition of
stratospheric air, its “chemical imprint”. Rex et al. (2014) showed, that the source and
transit region of air masses reaching their LCP lies within the TWP as well.

Two-way exchange across the tropopause occurs via cut-off lows, tropopause folds or
blocking anticyclones mostly in mid-latitudes or along the subtropical jet (e.g. Holton
et al., 1995, see Fig.A.1). Despite numerous studies in the past decade, there is still need to
improve our understanding of STE processes in the tropics to improve their representation
in general circulation models and thus climate models (see e.g. Schoeberl et al., 2015).
The analyses of this thesis do not focus on the complex phenomena of this altitude range,
but a few relevant concepts and definitions are introduced in the following.

Brewer-Dobson Circulation

The Brewer-Dobson (BD) circulation (e.g. Brewer, 1949; Butchart, 2014) is the slow,
mean meridional circulation in the stratosphere, driven by atmospheric wave breaking
(Holton, 1990; Rosenlof and Holton, 1993). It redistributes air risen in the tropics pole-
wards in the winter hemisphere and thus creates a direct pathway from the TWP to
the poles, where air masses subside again. The tropical stratospheric diabatic upwelling
should not be confused with the uprising branches of tropospheric circulation patterns.
While the Hadley circulation “pushes” from below, the BD circulation functions as a suc-
tion pump from above (Holton, 1990; Holton et al., 1995, see Fig.A.1). It thus lifts and
cools the tropopause when it is strongest in boreal winter (compare Fueglistaler et al.,
2009). In a region around 16 km mass fluxes in the BD circulation are comparable to
those in the Hadley circulation (Folkins, 2002; Pan et al., 2014). Its seasonality modulates
STE and affects the chemical composition of the TTL, e.g. the annual cycles of H2O and
O3 (e.g. Fueglistaler et al., 2009, see Sect.4.1.3). Variations of the BD circulation occur
from subseasonal to decadal timescales, also in connection with ENSO (e.g. Diallo et al.,
2018; Konopka et al., 2016).

Quasi-Biennial Oscillation

The Quasi-Biennial Oscillation (QBO) is a quasi-periodic (mean period close to two years)
oscillation between easterly and westerly zonal winds in the tropical stratosphere. It is
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responsible for most of the interannual O3 variability above 20 km near the equator
and thus relevant for the tropical total O3 column (Logan et al., 2003; Shiotani, 1992;
Thompson et al., 2003b). The influence of the QBO on the tropospheric O3 distribution
in Palau could not be analyzed within the scope of this thesis and the short Palau time
series, but should be taken into account in future studies.

The easterly phase is associated with a strengthening of the BD circulation: enhanced
upwelling transports low tropospheric O3 to the lower stratosphere, while the anomalously
cold tropopause causes low water vapor levels in the UTLS (see Diallo et al., 2018). The
westerly phase of the QBO reduces the upwelling, thus enhancing horizontal transport
and mixing in the stratosphere polewards, and increasing UTLS O3 (compare Ploeger
et al., 2011). In 2016 an anomalous disruption of the QBO tape recorder signal occurred,
possibly caused by a combination of extra-tropical wave breaking and coincidence with the
strong El Niño event (Barton and McCormack, 2017; Diallo et al., 2018). The complex
interplay of QBO, ENSO and MJO has a significant impact on O3 and water vapor
distributions in the UTLS (e.g. Diallo et al., 2018; Yoo and Son, 2016).

Tropical Tropopause Layer

The tropopause can be defined in several ways: the temperature minimum (CPT), the
thermal lapse rate minimum (WMO definition, see e.g. Pan et al., 2018) or changes in
chemical tracer concentrations or vertical gradients, such as O3 or water vapor (Prather
et al., 2011; Sivakumar et al., 2011). Looking at the atmospheric processes happening in
the vicinity of the tropopause, a clear distinction between troposphere and stratosphere is
however not always adequate. In the tropics, in particular, the thermodynamic transition
takes places over a range of several kilometers (Atticks and Robinson, 1983; Fueglistaler
et al., 2009; Highwood and Hoskins, 1998), which for example is reflected by the height
discrepancy between the O3 chemopause, i.e. the UT minimum in O3, and the CPT (Pan
et al., 2014).

As a transition zone, the so-called Tropical Tropopause or Transition Layer (TTL) shares
dynamical and chemical qualities of both realms: the stable-layered, radiatively-controlled
stratosphere hosting the O3 layer and the vertically well mixed, convectively-driven tro-
posphere. Thus, the TTL encompasses the levels of main convective outflow and zero
net radiative heating (compare Sect.2.1.3). It is laterally confined by the subtropical jets
(Fueglistaler et al., 2009). Overlapping processes are the dominating, slow radiatively
driven ascent, the beginning of in situ photo-chemical O3 production (as seen in the
strong vertical gradient) and the meridional mixing of air from the extra-tropical lower
stratosphere. For the O3 profile in the TTL this results in a chemopause well below the
tropopause (Folkins et al., 1999). In contrast, the so-called ozonopause, which we define
as the level of 90 ppb O3 VMR in the TTL on the basis of the artifical tracer concept by
Prather et al. (2011), relates to the seasonality of photo-chemical processes and follows
the temperature cycle.

The final dehydration of air masses takes place in the TTL, controlling global lower strato-
spheric moisture (e.g. Fueglistaler, 2012; Gettelman and Forster, 2002; Randel and Jensen,
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2013; Schoeberl and Dessler, 2011). In the stratosphere water vapor drives important gas-
phase O3 loss cycles as the primary source of HOx and is involved in the heterogeneous
chemical processes leading to the formation of polar stratospheric clouds, thus eventually
promoting chlorine activation and resulting in polar ozone loss (e.g. Crutzen et al., 1995;
Manney et al., 1994; Solomon et al., 1986, see Diallo et al., 2018 and references therein).

The actual definition of the TTL, including a vertical range, varies for different studies
(compare e.g. Thompson et al., 2012). Essentially, there are two conceptually different,
yet coexisting models: a “tropical tropopause layer” defined from mass-fluxes (Folkins,
2002; Fu et al., 2007; Fueglistaler et al., 2009) and a “tropical transition layer” built on a
thermal definition (Gettelman and Forster, 2002, see Pan et al., 2014 for discussion). The
mass-flux definition recognizes the TTL as a “gateway” for air masses into the stratosphere
and a boundary layer, where the magnitude of mass fluxes for the tropospheric Hadley
and the stratospheric BD circulation are comparable (Folkins, 2002). Using averaged
tropical radiative heating rates and LS temperature and wind information, Fueglistaler
et al. (2009) proposed a commonly acknowledged average vertical range of 14 km (150
hPa, 355 K) to 18.5 km (70 hPa, 425 K) with a latitudinal confinement by the position
of the subtropical jets. The lower boundary corresponds to the level of zero net radiative
heating (see Sect.2.1.3), while the upper boundary denotes the level with mass fluxes
comparable to the BD circulation.

The thermal definition relies solely on local instantaneous measurements of the thermo-
dynamic structure of the atmosphere, acknowledging the TTL as a transition zone from
a dominance of tropospheric convection to stratospheric radiative stability. Thus, the
boundaries are defined as the LMS, i.e. the level of maximum convective impact, and the
CPT (Gettelman and Forster, 2002, see Sect.2.1.3). In good agreement with the thermal
definition, Pan et al. (2014) propose a TTL definition based on a chemical tracer-tracer
relationship, they coined “chemically measurable” via usage of balloon-borne measure-
ments of O3 and water vapor (see Fig.2.6b). They point out the benefits of their method
over deriving a difference in mass-fluxes from available direct measurements.

Wave Activity

Atmospheric waves influence the chemical composition throughout the whole troposphere
and lower stratosphere. In turn, their impact can be inferred from O3 variability (e.g.
Fujiwara et al., 1998; Paulik and Birner, 2012; Schoeberl et al., 2015; Thompson et al.,
2011). While the appearance of Rossby waves is observed infrequently in tropical sound-
ings, equatorial gravity or Kelvin waves are detected more often (Thompson et al., 2011).
Stratospheric Kelvin waves are convectively coupled equatorial waves, excited by fluctu-
ations in large-scale convection, which can cause significant temperature perturbations
(e.g. Kiladis et al., 2009; Wang, 2002). Alongside the MJO, Kelvin waves are proposed
as the main cause of intraseasonal variability of the tropical CPT temperature (Kim
and Son, 2012). Breaking of equatorial Kelvin waves can lead to downward transport of
stratospheric air into the UT (e.g. Fujiwara et al., 1998). Dehydration of the TTL is
determined by horizontal transport above the top of convection and thus also influenced
on a subseasonal scale by tropical waves (Pan et al., 2019).
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(a)
(b)

Figure 2.6.: Schematics of the TTL (shaded regions) in a latitude-height cross-section
showing major dynamical influences (a) and as defined by profiles of tem-
perature, potential temperature gradient (dθ/dz), O3 and water vapor (b);
(a): contours indicate zonal average winds, dashed line represents the extra-
tropical cold point tropopause (CPT), solid thick line the tropical CPT, wrig-
gled lines indicate two-way exchange between extra-tropics and TTL, thick
arrow highlights tropical upwelling while the smaller arrows and the cloud
tower represent deep convective circulation, cited from Randel and Jensen
(2013); (b): the lower boundary (dashed lines) of the TTL is marked by
the level of minimum stability (LMS) as the minimum in the potential tem-
perature gradient (in cyan) and the UT minimum in O3 (in red), the upper
boundary is defined by the CPT, i.e. the temperature minimum (in yellow)
and a water vapor threshold < 10 ppm (in blue), cited from Pan et al. (2014).

2.2. Tropospheric O3 Chemistry and Oxidizing Capacity

The special environmental conditions in Palau play an important role for tropospheric O3

chemistry. Far from industrial human activities in the remote TWP, it might be the place
of the cleanest air worldwide - for sure, the lowest tropospheric O3 columns are found here
year-round (e.g. Rex et al., 2014). Although O3 is a powerful oxidant itself, the oxidizing
capacity of the troposphere is mainly determined by its photo-chemical derivative, the
fast-reacting hydroxyl radical OH (e.g. Levy, 1971; Montzka et al., 2011), also called the
“detergent” of the atmosphere. OH is the dominant sink for various chemical substances
and thus defines their lifetimes. Tropospheric O3 is a principal precursor of OH and their
coupling is of specific relevance in the clean marine atmosphere of the tropical Pacific (Kley
et al., 1996; Rex et al., 2014; Tan et al., 2001). This section describes the important
mechanisms for net O3 and OH production and briefly introduces the consequences of
variations in chemical lifetimes for STE.
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2.2.1. O3 Production and Loss

Photo-dissociation of molecular oxygen is responsible for the great abundance of O3 in
the stratosphere (Chapman, 1930). High energy UV radiation in the tropics make this
the main source region for stratospheric O3 globally. Until the 1970s the control of tro-
pospheric O3 was attributed to downward transport from the stratosphere (Junge, 1962,
compare e.g. Lelieveld and Dentener, 2000 and references therein). In situ photo-chemical
formation in the troposphere was first only associated with pollution (photo-chemical
smog, Haagen-Smit, 1952) before the relevant interactions with long-lived tropospheric
trace gases were discovered (Chameides and Walker, 1973; Crutzen, 1973).

In the free troposphere the chemical production of O3 is governed by the OH-initiated
oxidation of CO, CH4 and non-methane hydrocarbons (NMHC), also referred to as volatile
organic compounds (VOC). These processes require the presence of odd nitrogen NOx,
i.e. NO + NO2. For the remote marine location of Palau the influence of NMHC is small
and can be neglected, leaving the following dominating reaction chains for CO and CH4,
first yielding HO2:

CO + OH CO2 + H (2.1)

H + O2 + M HO2 + M (2.2)

and

CH4 + OH CH3 + H2O (2.3)

CH3 + O2 + M CH3O2 + M (2.4)

CH3O2 + NO( + O2) NO2 + HO2 + CH2O, (2.5)

followed by the NOx-mediated formation of O3:

HO2 + NO OH + NO2 (2.6)

n(NO2 + hν (ν <400 nm) NO + O(3P)) (2.7)

n(O(3P) + O2 + M O3 + M) (2.8)

with n = 1 for the CO reaction chains and n = 2 for the CH4 chains. The net reactions
of O3 formation are thus:

CO + 2O2 + hν CO2 + O3 (2.9)

and

CH4 + 4O2 + hν CH2O + H2O + 2O3. (2.10)
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Due to the great abundance of long-lived CH4 even in areas remote from pollution, the
production of O3 can be estimated as

P (O3) k2.6[HO2][NO] + k2.5[CH3O2][NO] (2.11)

with ki as the temperature-dependent reaction rate constants for the respective reactions
i. The contribution of organic peroxy radicals, i.e. the second term of P(O3), is small
enough to be neglected in the free and upper troposphere (e.g. Jaegle et al., 2001).

While CH4 and CO are consumed during the above reactions, the cycling of NOx as a
catalyst plays the critical role. For low NOx levels, the oxidation of CO, for example,
takes a different turn in reaction 2.6 resulting in the termination of HOx (i.e. OH + HO2)
cycling and net O3 destruction instead:

HO2 + O3 H2O + 2O2 (2.12)

net : CO + O3 CO2 + O2. (2.13)

The rate constant of reaction 2.6 is larger than the one of reaction 2.12 with O3 production
dominating for a NO to O3 ratio greater than 1:4000. For example, for a tropospheric
O3 VMR of 50 ppb the critical NO VMR level would be 10 ppt (e.g. Bozem et al.,
2017; Graedel et al., 1994), i.e. higher NOx levels lead to net O3 production, while lower
concentrations destroy O3. Observations in the TWP found low NOx concentrations
resulting in an O3 loss rate of 3.4 % per day (Crawford et al., 1997).

There are several reasons for low tropospheric NOx concentrations in the TWP. NOx itself
is typically converted within a few days to highly soluble gaseous acid (HNO3) and partic-
ulate nitrates and subsequently removed from the troposphere via wet and dry deposition.
The resulting short lifetime of NOx causes a rapid decrease in concentrations with distance
from the source (factor 10 for 1000 km) (Graedel et al., 1994). Besides anthropogenic or
biogenic air pollution, lightning is a relevant source of NOx in the free troposphere. While
the TWP region is far from pollution sources, deep convection as a premise for lightning
is a common phenomenon. However, satellite observations revealed a lack of lightning ac-
tivity in this region with a negligible annual flashrate below 1 flash km−2yr−1 (Cecil et al.,
2014). On average the occurrence of lightning in deep convection is 10 times higher over
land compared to ocean, with little seasonal variations (Christian, 2003). Crawford et al.
(1997) proposed a dominant influence of marine, thus lightning-free convection favoring
wash-out of NOx derivatives as the cause of low NOx levels in the TWP (compare Gao
et al., 2014; Kley et al., 1996).

Photo-chemically, NO, NO2 and O3 are in a state of equilibrium during daylight on a
timescale of approx. 100 s (Brasseur et al., 2003) via reactions 2.7, 2.8 and:

NO + O3 NO2 + O2. (2.14)

For a low O3 environment, this recycling of NO to NO2 is suppressed, while the efficiency
of the photolysis of NO2 (reaction 2.7) remains constant (compare Gao et al., 2014). Thus,
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NOx essentially equals NO. Oxidation of NO2 to HNO3 (reaction 2.21) is also a possible
loss mechanism for O3. For the low to modest NO2 levels, however, O3 destruction via
this reaction chain is insignificant (e.g. Crawford et al., 1997).

The main mechanisms for chemical O3 destruction are either photolysis yielding O(1D) or
reaction with OH, HO2 or certain VOC:

O3 + hν (ν <310 nm) O2 + O(1D) (2.15)

O3 + OH HO2 + O2 (2.16)

O3 + HO2 OH + 2O2. (2.17)

A permanent loss of O3 initiated by reaction 2.15 is dependent on the subsequent fate of
the electronically excited O(1D) radical. It can either be deactivated by quenching upon
collision with N2 or O2 and recycled to O3, or facilitate the formation of OH radicals in
the presence of water (Levy, 1971):

O(1D) + H2O OH + OH. (2.18)

In the warm and humid tropical marine boundary layer this particular loss mechanism
is very efficient, leading to a lifetime of around five days for boundary layer O3 over the
equatorial Pacific (see e.g. Kley et al., 1997; Liu et al., 1983). Tropospheric O3 loss is
hence given by

L(O3) αJ(O(1D))[O3] + k2.16 [OH][O3] + k2.17 [HO2][O3], (2.19)

where J(O(1D)) is the respective O3 photolysis rate constant (reaction 2.15) and α is the
branching ratio for the reactions of O(1D) with H2O.

Net O3 production, P (O3) - L(O3), is dependent on NOx and HOx in a non-linear way,
since NOx is the driver of O3 production, but also the cause of termination within the
partitioning of odd hydrogen HOx, i.e. OH + HO2 (e.g. Bozem et al., 2017, see also next
subsection 2.2.2, reactions 2.22 and 2.23).

The conditions in the TWP for O3 production and loss outlined above have several implica-
tions for O3 life times in the free troposphere: Low NOx concentrations in a pollution-free
troposphere favor O3 loss over in situ photo-chemical production. Especially in the ma-
rine boundary layer, net O3 production, or in this case loss, can be solely described by
equation 2.19, resulting in the life time of around 5 days. The absolute H2O concentra-
tions and corresponding rates of O3 destruction decrease with altitude, which results in
increasing O3 life times from the ground to the tropopause. A forced convective ascent of
an O3 molecule from the boundary layer to altitudes above 9 km increases its life time to
40 days. Further up in the tropopause region it can live for several months (Thompson
et al., 1997).
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2.2.2. OH Production and Loss

Primary formation of OH occurs via photolysis of O3 in the presence of H2O, especially in
low altitudes. This coupling has already been introduced in the previous section (reaction
2.15 and 2.18). Within seconds, the fast-reacting OH is converted to HO2, in the unpol-
luted troposphere mostly by reaction with CO (70 %) and CH4 (30 %) (Brasseur et al.,
2003) (reactions 2.1-2.5). In sunlight, a steady state between OH and HO2 is established
with a typical HO2:OH ratio of 100:1. Daily mean OH VMR is the relevant quantity for
most tropospheric degradation processes. We will therefore often speak of OH and the
tropospheric “oxidizing capacity” synonymously.

Formation of HOx also occurs via photolysis of carbonyl compounds, mainly formaldehyde
(CH2O), which itself is a product of methane oxidation (reaction 2.5). The latter process
only becomes relevant at levels of the TTL and above (see e.g. Hanisco et al., 2001), and
shall therefore not be described any further here. In dry conditions (H2O VMR < 100
ppm), as encountered in the TTL, the photolysis of acetone also becomes a major source
of HOx (Jaegle et al., 2001). The lifetime of HOx in the upper troposphere is around 30
min (e.g. Jaegle et al., 2001).

The rate of production for free-tropospheric OH can thus be estimated as:

d[OH]

dt
=

2k2.18[H2O]J(O(1D))

kO2 [O2] + kN2 [N2]
(2.20)

with kO2 and kN2 as the reaction rate constants for the quenching of O(1D) with either
O2 or N2 (see also reaction 2.11).

A major net loss mechanism for HOx in the free troposphere is the reaction with NO2:

OH + NO2 + M HNO3 + M. (2.21)

This reaction, however, is not very efficient in low to medium NOx regimes (e.g. Craw-
ford 1997). The termination of NOx chemistry and the usual fate of HNO3 was already
discussed in Section 2.2.1. In addition, heterogeneous chemistry involving HNO3 during
the night can either produce or further destroy HOx (Hanisco et al., 2001).

With low NOx concentrations, a more significant sink of HOx lies within its self-reactions:

OH + HO2 H2O + O2 (2.22)

HO2 + HO2 H2O2 + O2. (2.23)

Here, H2O2 acts as a reservoir gas and can regenerate HOx via photolysis, which becomes
more relevant in the upper troposphere (e.g. Tan et al., 2001). As a product of HOx

recombinations, H2O2 is an indicator for the efficiency of free radical chemistry in the
troposphere (Brasseur et al., 2003).
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The critical role of NOx as a terminator for radical chemistry (reaction 2.6 and 2.12) was
pointed out already in our description of the formation of O3. Indeed, a consequence of
low NOx is the loss of OH during the oxidation of CO in reaction 2.1, followed by reaction
2.12.

By analyzing aircraft observations, Jaegle et al. (2001) found that daily mean tropospheric
HOx concentrations are determined by their primary production rate from the O(1D)-
H2O reaction (reaction 2.18) and NOx concentrations. Rohrer and Berresheim (2006)
determined the proportionality of free tropospheric OH concentrations to the photolysis
rate J(O(1D))[O3] from a long time series of in situ measurements (compare also Gao et al.,
2014). Moreover, they discovered that variations in OH can statistically be explained by
the intensity of ultraviolet sunlight alone. In the face of the complex interplay of O3, H2O
and NOx with HOx in tropospheric oxidation chemistry, this is a surprising result and
possibly a consequence of the correlations between involved chemical drivers which cloud
the individual impact of single chemical species (Wennberg, 2006).

In summary, a solid estimation of OH requires information about other radicals (HO2,RO2),
NOx and photolysis rates (J(O1D)) in addition to the measurements of O3 and H2O (Bozem
et al., 2017).

2.2.3. Impact on Chemical Lifetimes and STE

As described in Section 2.1.4, the TWP is a key source region of the stratosphere. In
this context, the coincidence of a tropospheric O3 minimum and a correlated OH min-
imum, as found by several studies, is of great relevance (Gao et al., 2012; Kley et al.,
1996; Rex et al., 2014; Tan et al., 2001). A reduced oxidizing capacity diminishes sol-
uble decomposition and subsequent wash-out of various chemical species, such as SO2,
very short-lived halogenated carbons and VOCs. With the resulting increased chemical
lifetimes, transport processes become more relevant and may dominate over chemical re-
actions for species’ concentrations at a given location. The dynamical conditions in the
TWP, as the source and transit region of air masses entering the stratosphere, and in-
creased lifetimes enable enhanced entry of chemical species from the local boundary layer
into the global stratosphere.

For dibromomethane (CH2Br2), a short-lived bromine species which is involved in het-
erogeneous polar O3 destruction, Rex et al. (2014) estimate a lifetime of 188 days in the
OH minimum of the TWP at 500 hPa compared to 55 days in the tropical Atlantic (OH
maximum). Their study shows that the fraction of air masses with CH2Br2 from the
boundary layer reaching the stratosphere doubles in very low OH conditions compared
to regular Pacific conditions. This addition to the global stratospheric halogen budget
in the TWP and the redistribution within the stratosphere by the BD circulation fosters
O3 depletion in the polar stratosphere (Rex et al., 2014) and connects these two remote
regions. This emphasizes the importance of monitoring of air composition in the TWP for
our understanding of globally relevant atmospheric processes. The exact OH abundance
in the TWP and the extent of the OH minimum is part of ongoing research (see Nicely
et al., 2016).
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The tropospheric O3 content of the TWP is characterized in a predominantly observational
approach in this thesis. The basis of all analyses are ozonesonde measurements at the
new Palau Atmospheric Observatory (PAO), its setup being part of this doctoral work
project within the EU project StratoClim. The large spatial and temporal variability of
tropospheric O3 as well as the limited prospects of remote retrieval methods still make in
situ balloon-borne profile measurements with Electrochemical Concentration Cell (ECC)
ozonesondes the best method to assess this trace gas. Closing an observational gap in the
global O3 sounding network is of great relevance, since ozonesonde measurements provide
a-priori profiles for many remote sensing techniques including satellites and microwave or
FTIR instruments. The sounding data set is complemented by measurements from other
sounding stations and reanalysis data products. Analysis of the data includes the usage
of the trajectory scheme of the Langrangian transport model ATLAS and the chemical
box model AWIP, in order to assess the origin of air masses and the oxidizing capacity.

This chapter first describes the measurement technique of ECC ozonesondes and their data
processing in detail (Sect.3.1). An overview of the Palau data set follows in Section 3.2,
also addressing the statistical handling of the short time series. All auxiliary observational
data are introduced next in Section 3.3 before methods of the model approaches are
discussed (Sect.3.4).

3.1. ECC Ozonesonde Observations

Developed in the 1960s by Walter Komhyr (Komhyr, 1969), the basic electrochemical mea-
surement principle of ECC ozonesondes and the related equations are still valid. Improve-
ments in manufacturing and numerous laboratory and field evaluations led to refinements
of operating procedures and post-processing of the raw signal (e.g. Smit, 2014). This
section describes the measurement principle, relevant equations and the state-of-the-art
raw data processing applied in this thesis. Data quality and uncertainties are described
with a special focus on the controversial parameter of the background current (e.g. New-
ton et al., 2016; Voemel and Diaz, 2010), which is most relevant in the tropical UT (e.g.
Rex et al., 2014; Smit, 2014). The resulting imperative of robust UT O3 measurements
from Palau, motivated an instrumental development to lower the detection limit of ECC
ozonesondes as part of this thesis, which is summarized in Section 3.1.4.
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3.1.1. Measurement Principle

The measurement principle of Electrochemical Concentration Cells (ECC) is based on
the conversion of O3 into an electrical current (Komhyr, 1969). In an ECC ozonesonde
ambient air is forced through an aqueous potassium iodide (KI) sensing solution in the
cathode cell by a small gas sampling pump. All components of the sonde in contact with
the sampled air are made of Teflon, which is inert to O3. Thus, via the redox reaction

2KI + O3 + H2O 2KOH + I2 + O2, (3.1)

in the solution, all sampled O3 is converted to iodine (I2). In contact with the platinum
electrode of the cathode cell, I2 is reduced back to iodide (I–) by an uptake of two electrons
e− per I2 and, hence, O3 molecule:

I2 + 2 e− 2 I–. (3.2)

The anode cell is filled with a saturated KI solution and attached to the cathode cell by
an ion bridge. Here, the oxidation of I– takes place under loss of 2 electrons:

3I
– I –

3 + 2 e− . (3.3)

The generated electrical current Im [µA] in the external circuit connecting the cells, cor-
rected for a residual background current Ib (see Sect.3.1.2), is directly proportional to the
partial pressure of O3 (PO3), calculated by

PO3 =
R

2FηC
· (Im − Ib) · Tbox ·

cpumpcorr

fpump

, (3.4)

with R as the universal gas constant, F as the Faraday constant (factor 2 accounts for the
stoichiometry, i.e. 2 e− per O3 molecule), ηC ≈ 1 as a factor for the conversion efficiency,
Tbox [K] as the so-called “box” or pump temperature, fpump [cm3s−1] as the gas volume
flow rate and finally, cpumpcorr as an empirical correction factor for the pump efficiency
depending on pressure (see Tab.3.1 for details on corrections).

The sensor response time τ attributed to reaction 3.1 is 20-30 s. ECC sondes are built
for atmospheric profiling using balloons, which can reach altitudes up to 35 km. With a
typical ascent rate of 5 m/s, the vertical resolution of ECC sonde measurements is between
100-150 m (e.g. Smit et al., 2007). Radiosondes are flown in one payload with ozonesondes
and transmit their data, the GPS-based location as well as pressure, temperature and
humidity. Secondary processes, possibly involving buffer substances added to the KI
solution, introduce a second, longer time reaction constant τ ′ of 20-30 minutes (Davies
et al., 2000; Johnson, 2002; Voemel and Diaz, 2010). The resulting hysteresis effect is
observed in the decay rate of the sensor current Im(t) during a controlled response test
with a step change from high to no O3 (at t0) and is dependent on the particular recipe
of the sensing solution (KI concentration, buffered or not). The ECC response function
can be described as (see Voemel and Diaz, 2010 for details):

Im(t) = I0e
− t−t0

τ + I ′0e
− t−t0

τ ′ . (3.5)
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3.1.2. Measurement Uncertainties

Overview

The uncertainty of O3 measurements obtained with ECC sondes is a combination of un-
certainties in the individual parameters in equation 3.4 (see Fig.3.1a). Since the 1990s,
quality assessments and inter-comparisons of ozonesondes are regularly conducted in field
campaigns (e.g. Deshler et al., 2008; Komhyr et al., 1995) and extensive laboratory stud-
ies at the World Calibration Center for Ozone Sondes (WCCOS) at Forschungszentrum
Jülich (FZJ) (Smit et al., 2000). The so-called JOSIE-campaigns at the WCCOS aim
to improve the instrumental accuracy by tracking instrumental changes and investigating
all aspects affecting the O3 observations under realistic atmospheric conditions in a con-
trolled laboratory environment, such as various parameters of Eq.3.4, differences between
manufacturers and operating procedures (Smit, 2014; Smit et al., 2007; Smit and Kley,
1998; Thompson et al., 2019). Resulting from these enormous community efforts, the
overall precision of ECC sondes when handled according to standard operating proce-
dures (SOP) is estimated to be 3-5 % with absolute accuracies between 5 and 15 % in the
tropical troposphere (see e.g. Smit et al., 2007; Thompson et al., 2019).

(a) (b)

Figure 3.1.: Uncertainties of individual parameters (colored lines) relative to O3 partial
pressure with altitude (a) for a mid-latitude profile (dashed line, left panel)
and a tropical profile (right panel), (b) shows the background current Ib as a
relative fraction of tropospheric O3 partial pressure (black lines) with altitude
for different Ib (different markers) and the tropical standard O3 partial pres-
sure profile (red line, same as dashed line in right panel of (a)); both based
on JOSIE results and adapted from Smit (2014).
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The right panel in Figure 3.1a shows profiles of the uncertainties of individual parameters
(colored solid lines). The overall uncertainty within the TTL reaches 18 % (red solid line)
(based on JOSIE results, Smit, 2014). Thompson et al. (2019) found an underestima-
tion of TTL O3 reaching up to more than 30 % during the most recent JOSIE-SHADOZ
inter-comparison study. The greatest contribution to the overall uncertainty comes from
uncertainties in the measured cell current Im, mostly attributed to the so-called back-
ground current Ib. In the TWP, very low O3 concentrations are observed at this altitude
region, close to the detection limit of ECC sondes tied to Ib (see dashed line in Fig.3.1a
and e.g. Kley et al., 1996; Rex et al., 2014). Despite the long history of the measurement
technique and diversity of related studies, origin and time evolution of Ib during flight
remain poorly understood (e.g. Smit, 2014). Its exact value is therefore unknown and
highly sensitive to the quality of the operating procedures, which spurred doubt in past
observations of near-zero O3 measurements by ECC sondes in the TWP tropopause region
(e.g. Newton et al., 2016; Voemel and Diaz, 2010).

Background Current

The background current Ib is a “residual” response of the ECC sonde during exposure to
purified air, i.e. despite zero O3 concentration, the sonde detects a sensor current. During
pre-flight preparations, the sonde response is tested several times: at the end of the first
preparation and three times during the second preparation (see Sect.3.1.3), i.e. before
exposing the sensing solutions to high O3 concentrations (equivalent to Im = 5µA) in
the laboratory (Ib0), 10 minutes after the high O3 exposure (step change to ozone-filtered
air)(Ib1) and after 10 minutes of exposure to ozone-filtered air just prior to launch (Ib2).
All Ib tend to be different, with usually Ib0 < Ib2 < Ib1. It is recommended to use Ib2
measured right before launch for calculation (Smit, 2014).

Figure 3.1b shows profiles of relative fraction of Ib at different magnitudes (black lines)
to O3 partial pressure (tropical standard profile as red line) based on JOSIE studies
(Smit, 2014). Increasing the background current by a factor 10 (0.01 to 0.1 µA) leads
to more than a factor 10 in the fraction of the Ib error to the measured O3 in the TTL
(3 % compared to 40 %). The importance of accurate measurements of Ib in this region
motivated our experimental efforts to lower the detection limit, see Section 3.1.4.

The origin of Ib is probably multi-causal. Separating its effect on the O3 signal from other
known sources of uncertainties remains a challenge. For example, artifacts caused by a
conversion efficiency differing from the ideal (2 e– per O3) could be submerged in Ib. These
result from evaporation of the sensing solution during ascent and are difficult to quantify
(e.g. Smit et al., 2012). It is further believed, that a residual current Ib is a consequence
of the second, slow part of the response function (Eq.3.5, see Sect.3.1.1) and could thus
be isolated by data convolution methods (De Muer and Malcorps, 1984). These methods
are however mathematically complex and would require prior smoothing of the profile.
Therefore, even if this proves to be the physical explanation, practical correction methods
for Ib might remain empirical.
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As a possible alternative cause of Ib, we postulate an unknown contamination of the
solution from residue which remains in small micro-cavities of the cell walls or tubing,
not purged by pre-launch procedures. During flight, this residue diffuses into the solution
at an unknown rate. The resulting dependency on the individual sonde means that
for each trajectory of a specific sonde in the 5-dimensional parameter space of time,
temperature, pressure, O3 concentration and “shaking” of the sonde, the background
current will develop in a distinct way. Hence, a universal correction formula would be
impossible.

Due to lack on consensus, different correction methods are applied within the international
ozonesounding network, most prominently: no correction, a subtraction of the constant
Ib or a pressure-dependent correction. A dependence on oxygen could not be confirmed
by several laboratory studies (Thornton and Niazy, 1982, 1983). Smit (2014) therefore
suggest application of a constant correction using “Ib2”. This, however, may significantly
underestimate low O3 concentrations, as observed in the TTL (Rex et al., 2014; Voemel
and Diaz, 2010). Figure 3.2 shows three example tropospheric profiles from the Palau
record and the range of different corrections. According to a constant correction, we
observed several near-zero O3 events in the TTL above Palau during the study period,
but no physically unrealistic negative O3 concentrations, due to the generally low Ib
(compare Rex et al., 2014). However, based on experimental results with our custom-
made ozonesonde attachment (Sect.3.1.4) and against current SOP recommendations,
the pressure-dependent background current correction and “Ib2” are used throughout this
thesis. This is usually indicated by the phrase “Ib press.dep.” in figure labels.

(a) (b) (c)

Figure 3.2.: Tropospheric O3 VMR profile examples and the effect of different background
current (Ib) corrections with particular low (0.015 µA in (a)) or high Ib (0.052
µA in (b), 0.097 µA in (c)), left edge of gray shading results from a constant
correction, right edge from no correction, thick line from pressure-dependent
correction.

The manufacturing process for O3 sondes has been improved over the years with notable
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positive implications for Ib-related uncertainties. One remaining major problem are inac-
curate measurements of Ib during preparation due to inappropriate O3 destruction filters.
Especially humidity, which is difficult to avoid at tropical sites, diminishes the efficiency
of certain commonly used filters (e.g. Smit et al., 2012, personal communication with
Herman Smit). In Palau, we observed a median background current before flight (Ib2) of
0.024 µA for older batches of ECC sondes (ECC Serial Number < 30000) and 0.03 µA
for newer batches (see Figure 3.3). Occasional values above 0.05 or even 0.1 µA were
common several years ago (e.g. Smit et al., 2012; Witte et al., 2018) and are still declared
as tolerable by the manufacturer. Witte et al. (2017) recommend setting Ib to 0.05µA
if it exceeds this threshold. We did not follow this recommendation. The jump in serial
numbers (SN) (see red and blue circles in Fig.3.3b) is accompanied by a jump in the
background current readings. This is especially evident in the first day preparation, when
the median values are double for the new batch (0.06 compared to 0.03 µA, not shown
here). Several sondes did not pass the initial response test, some were sorted out due to
Ib2 exceeding 0.1 µA. Changes in the laboratory setup or solutions could be ruled out as
possible causes for this discrepancy, no changes of the production process are known. We
assume impurities from manufacturing for the specific batch and will closely monitor this
development in the future.

(a) Date (b) Serial Number (SN)

Figure 3.3.: Background current Ib2, measured right before launch, for all Palau sound-
ings, sorted by date (a) and ECC sonde Serial Number (SN)(b); older SN
(<30000) are in red, newer SN (58 of 151 in total) in blue, median marked
by a horizontal line in the respective color; 6 of the 151 soundings included
here were discarded in the analysis e.g. due to early balloon burst.

3.1.3. Operating Procedures and Post-processing

The controversial debate about near-zero O3 measurements in the TWP demanded a
particular focus on quality of all used equipments and during all steps required in gener-
ating Palau’s data record, which include the pre-flight preparations of the sonde and the
post-processing of the raw signal, to ensure comparability with other observations. An
international consortium of ozonesonde experts under the umbrella of the WMO’s Global
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Atmosphere Watch (GAW) program has put together a reference for standard operating
procedures (SOP) based on extensive assessments (GAW Report 201, current version:
Smit, 2014). A follow-up initiative coordinates efforts to homogenize present and historic
ozonesonde data to improve the quality of the global long-term record (Smit et al., 2012).
These recommendations for our sonde model, type 6A manufactured by Science Pump
Corporation (SPC), have been carefully followed for the Palau measurements from the
beginning and are summarized in Table 3.1.

Specification PAO Comments

Ozonsonde Type SPC, model 6A
Radiosonde Type Vaisala RS92-SGP and

RS41-SGP
change in October 2017

Sensing Solution Type 1.0 % KI, full buffer
Cathode Solution Volume 3ml
Background Current all recorded Ib2 used for correction
Temperature Pump
Location

internal in Teflon block of pump

Pumpflow Measurement bubble flow meter
Source of Zero Ozone

Vaisala chemical destruction
filter or self-built charcoal/
desiccant filter

dry storage ensured

Laboratory Conditions
pressure, temperature and
relative humidity recorded

air-conditioned and
de-humidified laboratory
space

Software Data Reduction retrieval with commercial
Vaisala software package

own calculations from raw
cell current used in
post-processing and data
analysis

Corrections applied for

Background Current yes pressure-dependent, see
Sect.3.1.2 and 3.2.2

Pump Efficiency yes according to Komhyr (1986)
Humidity Effect in Flow
Rate

no contribution was found to
be -1 to -2 % or -1 ppb in
the free troposphere

Total Column Ozone no

Table 3.1.: Major specifications of O3 soundings at the Palau Atmospheric Observatory
(PAO), in accordance with recommendations from Smit et al. (2012) and Smit
(2014), except for the applied pressure-dependent background current correc-
tion.

Preparation of the ECC sondes according to SOP is done in two steps, one three to seven
days before launch, and a second preparation up to 24 hours before launch, usually on
the launch day. In Palau, all preparatory steps and storage in between take place inside
an air-conditioned and de-humidified lab container, providing a stable environment with
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temperatures around 25 ◦C and RH around 40 %. All parameters measured during prepa-
rations are documented and available as meta data. Raw pump current measurements
during flight are available upon request in addition to the Vaisala software output files
and sounding data in NASA Ames format. Data presented in this thesis have been cal-
culated from raw data with specifically developed software (using Eq.3.4 and corrections
summarized in Tab.3.1) and are also available upon request.

3.1.4. Instrumental Development

Motivated by controversies about near-zero O3 measurements in the TWP, we developed
an instrumental device attachable to an ECC sonde to monitor how the background
current develops during flight. Ozonesondes modified in this way are not meant for
operational usage in O3 profiling, but will improve our understanding of the background
current and contribute to the ongoing debate about corrections (see Sect.3.1.2). This
thesis presents the current status quo of the on-going development of the device.

Technical Design and Operation

The technical design and pictures of the instrumental setup, ozonesonde and attached
device, are shown in Figure 3.4. The main components of the device are a magnetic
latching valve, a micro-controller and corresponding logic mounted on a circuit board,
an ozone destruction filter and tubing for connections. The engineering was done in
cooperation with impres GmbH.

In programmable time intervals, the modified ECC sonde “sees” either ambient air or
ozone-free air, i.e. ambient air that passed through the ozone destruction filter first. This
is realized by two separate inlets (marked by dark gray and white arrows in Fig.3.4b)
connected to a three-port magnetic latching valve (LHLA0531111H solenoid valve, used
in UV photometer presented in Kalnajs and Avallone, 2010). A common outlet port
(light gray circle in Fig.3.4b) is attached to the ozonesonde. Switching of the latching
valve between the ambient air port (dark gray circle) and the so-called “no-ozone” air port
(white circle), is triggered by an interval timer via a micro-controller (ATtiny45, circuit
diagram and code available upon request). Timing is accurate within approximately 30
seconds. Valve and micro-controller are powered by the ozonesonde battery. Energy
consumption is sufficiently low to not interfere with the sonde’s own power demand. Peak
voltage during switching is 5 V, but only for a few seconds. Each switch triggers a
signal transmission to the auxilliary port of the radiosonde (channel 3 of model RS92, see
Sect.3.2.2) in order to track exact switching times. The filter is a simple PE container
filled half with charcoal, half with desiccant (see Fig.3.4b). Incoming air is thus first dried
and filtered of macroscopic particles, before O3 is filtered out by the charcoal. Teflon
is used as tubing material as it is inert to O3. Pictures in Figure 3.4 still show bent
connectors made of flexible silicone, but these could be avoided in the final setup.
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(a) Schematic of the technical setup of the mod-
ified ozonesonde in the polystyrene container

(b) Photo of the technical setup of the
device

(c) Full setup during preparation (d) Packed for launch

Figure 3.4.: Images of the technical setup of ozonesonde and device, see subcaptions for
details, the different ports of the magnetic latching valve (marked with a
spring in (a)) are shown as circles: dark gray for ambient air, light gray for
common and white for the no-ozone air port ((a) and (b)), arrows indicate
direction of flow ((a), (b) and (d)).

During preparation, all regular SOP tests (Smit, 2014) are conducted with the device
attached and the latching valve set to the ambient air port. An additional testing routine
is added at the end of the second preparation to check pump pressure, pump current
and flow rate for the no-ozone port. Differences between the flow rates for ambient and
no-ozone air occur, but stay below 1 %. The fully assembled modified ozonesonde fits into
its original polystyrene container by adding an extra slot for a second inlet (see Fig.3.4d).
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Laboratory and Field Test Results

Latching valve, micro-controller and timer-software pass general function tests on the
ground. During flight, the sensor response to switching of channels is comparable to
laboratory tests. The measured ECC sensor current drops quickly to very low values
during no-ozone periods and rises again quickly after switching to the ambient air channel
(see Fig. 3.5). The capability of the filter to destruct O3 was successfully tested in the
laboratory by exposure to high O3 VMR (approximately 200 ppb).

To analyze the capabilities of the device in flight, dual launches with one modified and
one standard ECC sonde ascending in one payload have been performed. The relaxation
of the current during no-ozone periods with time is known and has been extensively
studied in the laboratory (Voemel and Diaz, 2010, e.g. Smit and Sträter, 2004a,b). For
an assessment in-flight within two dual launches in Palau, the modified ECC sondes were
programmed for 60 minute long no-ozone periods after a first sampling of ambient air for
10 minutes (see Fig.3.5). Both profiles show negative sensor currents after long exposure
to no-ozone air, i.e. after 30 and 50 minutes respectively (see Fig.3.5a, 3.5b). Figure
3.6 shows O3 VMR calculated for the dual sounding in Fig.3.5b with the measurements
from the modified sonde (in blue) and measurements from the unmodified ozonesonde
(in pink). This modified sounding and a similar earlier single modified ECC launch
(see Fig.A.3) support the usage of the pressure-dependent background current correction
(thick blue line in Fig.3.6). The constant correction (lower edge of the blue shading) yields
physically unrealistic results (compare Rex et al., 2014), which is also tied to the fairly
high background current of 0.13 µA. The modified sounding with a very low background
current of 0.011 µA (Fig.3.5a) does not allow any conclusions for correction methods.

A more striking observation of the dual launches and other measurements was the dif-
ference between the modified and unmodified sonde observations during the ambient air
measurement period. After switching back from no-ozone air to ambient air after 60 min-
utes, the sensor current initially rises within seconds to about 50 % (Fig.3.5a) to 75 %
(Fig.3.5b) of the unmodified sonde signal. The general trend of the unmodified signal
is followed by the modified sonde thereafter, but the bias remains. Shorter exposure to
no-ozone air, as programmed for the dual launch presented in Fig.A.2, corresponds to a
smaller bias in the subsequent measurement of ambient air.

Figure 3.7 shows results from a trio sounding with one unmodified (E1) and two modified
(K1, K2) ECC sondes on the same balloon, launched in Ny Ålesund, Spitsbergen. Both
modified sondes have identical channel switching routines in short intervals (10 minutes
of no-ozone followed by six minutes of ambient air), though slightly time-delayed (K1, in
pink, switches earlier than K2, in green). With focus on the ambient air periods, both
modified sondes follow the signal of the accompanying unmodified sonde, including char-
acteristic peaks (see Fig.3.7a), but with a bias, differing in height and/or time (Fig.3.7b).
Despite a difference in background currents of 0.05 µA, the two modified sondes agree
well with each other. The errors in sensor current relative to the unmodified sonde are
around 10 to 15 % (Fig.3.7b).
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(a)

(b)

(c)

Figure 3.5.: Sensor current measurements for two dual launches with one modified (black
line) and one unmodified (gray line) ECC sonde on the same balloon, con-
ducted in Palau in 2016, the no-ozone periods for (a) and (b) were from 10
to 70 minutes (see detail inlet plot) and 80 minutes after launch until burst
(timeline shown in (c)), background current of the modified sonde indicated
by a gray dashed line and noted in gray on the right of each inlet plot; see
Fig.A.2 for another example.

33



ECC Ozonesonde Observations

(a) (b)

Figure 3.6.: O3 VMR profiles for a dual launch (7.10.2016) in Palau with a modified (in
blue) and unmodified (in pink) ECC sonde, see Fig.3.5b for sensor current
profiles, troposphere in (a), upper troposphere and stratosphere in (b).

(a) (b)

Figure 3.7.: Sensor current (a) for a trio launch in Ny Ålesund, Spitsbergen (04.05.2016),
with two modified (K1, K2, in green and pink) and one unmodified (E1, in
black) ECC sonde attached to the same balloon, (b) shows the absolute (solid
lines) and relative (dashed lines) differences between E1 and K1 (in pink) as
well as E1 and K2 (in green), background currents (Ib) are given in (a).
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It is not surprising that the sensor needs a certain time span to detect very high (strato-
spheric) O3 concentrations after a no-ozone period. Exposure to a known, constant O3

concentration in controlled laboratory studies showed an according relaxation behavior
during the ambient air periods. A standard UV-photometer run on bottled, purified air,
was provided by FZJ (courtesy of Herman Smit) as an O3 source to validate the modified
ECC sonde measurements. Upon switch from no-ozone to ambient air, the current rises
to an O3 level close to, but below the actual O3 signal within seconds and then continually
increases towards or even up to 5 % above the given O3 level over time. In reality, this
behavior is never observed, because there is no constant signal. The relaxation of the
current can probably be explained by a mixture of several causes, immanent to the ECC
measurement technique, i.e. previous no-ozone exposure leading to extreme contrast to
ambient O3 (depending on length of exposure and O3 level afterwards), the second time
constant and conversion efficiency (see Sect.3.1.1). However, a large error of up to 50%,
as seen during field tests, must be related to an instrumental fault of the device or full
modified setup during flight. Thus, unfortunately, the laboratory tests could not explain
the decreased O3 concentrations in the ambient air channel during a modified sounding.

Conclusion and Outlook

An attachable device for ozonesondes to provide an in-flight measurement of the back-
ground current has been developed in this thesis. Basic functionality of all individual
components of the setup on the ground is given. The device enables time-controlled
intermissions of no-ozone measurements during flight and, apart from the delicate assem-
bly, does not complicate preparatory processes. The no-ozone measurement periods in
modified ECC sondes launches in Palau and Ny Ålesund support the application of a
pressure-dependent background current correction to the raw tropospheric signal, which
has therefore been adopted in this thesis. All results have to be treated with caution
though, because too low O3 concentrations were measured by the modified sondes during
the ambient air measurement periods in comparison with simultaneous unmodified ECC
sondes. The error of up to 50 % cannot be explained by known measurement uncertainties
or the measurement principle of ECC sondes. Extensive laboratory tests could not yet
reveal the cause of this bias. Possible technical problems of the setup could be a leakage
of the no-ozone channel into the ambient channel inside the latching valve, i.e. the valve
does not fully separate the channels. Whether the no-ozone filter builds up pressure af-
fecting the pump performance, which could provoke issues, can now be assessed with the
new RS41 radiosonde that can monitor the ozonesonde pump current in flight. Further
studies in a pressurized chamber e.g. available at WCCOS could help to clarify the issue
and validate the no-ozone measurements.

However, improvements in manufacturing (e.g. for the ion bridge and electrodes) have
significantly decreased the background current and thus diminished the relevance of addi-
tional corrections within the O3 calculations (see Sect.3.1.2). The purity of no-ozone air
during preparation remains the major contributor to the background current. Develop-
ment of the instrumental device was therefore paused in this doctoral project in favor of
scientific analysis of the Palau data set.
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3.2. Overview of the Palau Time Series

3.2.1. Data Description/Time frame

The main data set used in this thesis is comprised of ECC ozonesonde measurements
conducted at the Palau Atmospheric Observatory (PAO), located in downtown Koror,
7.34◦ N 134.47◦ E. Processing of the raw data is described in the previous section (see
also Tab.3.1). Altogether 145 launches were successfully performed from 21.01.2016 until
31.10.2019. In addition to bi-weekly ozonesonde launches performed since 2016, at least
one intensive campaign with several launches a week, including night-time launches, took
place every year. Unfortunately, logistical issues caused some gaps in the time series.
Most soundings were conducted during the day (no fixed hour, usually mid-day). There
are 17 night-time launches with additional load of Cryogen Frostpoint Hygrometer (CFH)
and Compact Optical Backscatter and Aerosol Lidar Detector (COBALD) sondes and/or
coinciding measurements with the Compact Cloud and Aerosol Lidar (ComCAL) (see
Fig.1.1). In this thesis, no differentiation between day- or night-time launches was made,
i.e. we assume no significant diurnal cycle for O3 and RH within the tropospheric column
(compare Sect.4.1.1). Figure 3.8 introduces the data set in a time-height cross-section
for O3 VMR (a) and RH (b) up to 19 km, including marks (arrows) for the individual
soundings and significant measurement gaps (white space).

The quality of observations has been monitored closely throughout the full measurement
period. Personnel from our local partner CRRF (Coral Reef Research Foundation) has
been trained to perform the soundings in our absence, guaranteeing a high standard. In
anticipation of the seasonality of the tropospheric O3 minimum, the intensive campaigns
were planned and conducted in fall and spring. The interannual persistence and year-
round existence of the tropospheric O3 minimum in the TWP was already evident from
satellite observations (see Rex et al., 2014 and Fig.3.10) and was confirmed using the in
situ measurements collected at the PAO. Geo-spatially, the minimum follows the warm
pool and is thus affected by ENSO. For the study period, ENSO activity is summarized
in Section 4.1.1. Figure 3.9 shows individual soundings during these campaigns from 2016
to 2018.

3.2.2. Technical Details/Issues

Vaisala radiosondes were used for data transmission as well as to measure pressure, tem-
perature and humidity. The RS92-SGP model and its interface to the ECC sonde was
used until October 2017 (see Dirksen et al., 2014 for technical details and quality as-
sessment). Thereafter, the ground receiving unit and software were switched to facilitate
use of Vaisala’s new standard radiosonde RS41-SGP (Sun et al., 2019; Vaisala, 2017). In
support of international efforts to assess differences between the old and new radiosonde
(for example by the Global Climate Observing System Reference Upper-Air Network,
GRUAN) four dual soundings with both radiosonde types, RS92 and RS41, were con-
ducted in spring 2018 (Dirksen et al., 2019). We expect no major impact due to this
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(b) Relative Humidity (RH)

Figure 3.8.: Tropospheric (0-20 km) time-height cross-sections of the Palau sounding data
for O3 VMR (a) and RH (b), arrows on top indicate individual soundings,
data is linearly interpolated in between, measurement gaps longer than 20
days are superimposed on the interpolated data as white space, beginning
7 days after/before the last/next sounding, note the non-linear scaling for
O3, O3 VMR are calculated using a pressure dependent background current
correction (“Ib press.dep.”, see Sect.3.1.2); see Fig.4.1 for close-up on the
tropopause region.

change regarding the tropospheric O3 monitoring and neglect possible biases in meteoro-
logical readings of the radiosondes.

The new RS41 radiosondes facilitate monitoring of the ECC sonde voltage and motor
current. First measurements with the new RS41 revealed suspected performance issues
of ECC sonde wet cell batteries, which were then discarded. Comparison with satellite
observations from Aura MLS (Microwave Limb Sounder, Froidevaux et al., 2008, not
shown here) reveal discrepancies in stratospheric O3 observations for around 20 % of
soundings in the data set. At pressure levels below 20 hPa, the affected ozonesondes
measured 1-2 ppm less O3 (10-20 %) than the average of 5 satellite measurements of
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Figure 3.9.: Tropospheric O3 VMR profiles from intensive sounding campaigns 2016 until
2018 around spring (upper row) and fall time (lower row), individual sound-
ings in different colors, black vertical line indicates a VMR of 20 ppb.
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Figure 3.10.: Time series (2006-2009) of tropospheric column O3 derived from the Tropo-
spheric Emissions Spectrometer (TES) aboard NASA’s Aura satellite (see
e.g. Worden et al., 2007) and interpolated to Palau’s location, courtesy of
Ingo Wohltmann, compare Fig.5 in Rex et al., 2014.

the nearest overpass. An early drop of the battery voltage due to the defect wet cell
batteries would be a possible cause, but as the battery voltage was not monitored with
RS92 radiosondes, clarification of this effect is not possible. We assume no impact on the
tropospheric profiles below 20 km and advise to be cautious of this effect when using the
time series of either total column or stratospheric O3.
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3.2.3. Statistical Assessment

The sparsity of the O3 data with a sounding frequency of zero to eleven launches per month
and the resulting non-Gaussian distribution of the data complicates the assessment of the
temporal variability in our climatologically speaking short 4-year time series. We use
monthly, seasonal and annual statistics to assess our data and to compare with other
data sets, but have to keep in mind, that these statistical measures are not very robust
quantities (compare e.g. Thompson et al., 2003b).

Day-to-day variations are a relevant source of uncertainty for tropical O3 soundings (e.g.
Oltmans et al., 2001). Furthermore, irregular sampling frequencies in an area of high
convective activity bear the risk of a clear-sky bias on the one hand (i.e. due to tech-
nical/logistical limitations no balloon launches during heavy rain/gusty conditions, even
though these might occur regularly) and an observation of rather isolated air masses
within an convective updraft (i.e. the sonde is lifted inside the convective cell instead of
profiling the surrounding atmospheric conditions) on the other hand. These possible bi-
ases should be analyzed for a longer time series, but were neglected in this first assessment
of seasonal characteristics of the Palau ozonesonde record.

There are different ways to derive a climatological season average and choosing the best-
suited definition is not trivial with our given data set. Data from an individual sounding
are first averaged within 300 m height bins using an arithmetic mean (hereafter referred
to as “mean”), which essentially complies with the vertical measurement resolution, in-
troducing only a slightly further smoothing (compare Sect.3.1). In the following temporal
binning, the order of required steps must be considered as they lead to different values in
our time series. There are four different possible sequences for (i) monthly, (ii) seasonal
and (iii) annual averaging (compare also Fig.3.11):

1. Individual profiles xi(m, y) of a month m of year y are first averaged to a monthly
mean of the year, monmean(m, y), and then to a seasonal mean, seasmean(s, y), of
season s and year y, which is summed up finally over all years and divided by the
number of years to yield a climatological season mean, climseasmean1(s):

monmean(m, y) =
1

N(m, y)
∗

N(m,y)∑
i=1

xi(m, y) (3.6)

seasmean(s, y) =
1

M(s)
∗

M(s)∑
i=1

monmean(i, y) (3.7)

climseasmean1(s) =
1

Y
∗

Y∑
i=1

seasmean(s, i), (3.8)

with M(s) as the months in season s, N(m, y) as the number of profiles in month
m of year y and Y as the number of years.
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2. Individual profiles of a month xi(m, y) of year y are first averaged to a monthly
mean of the year, monmean(m, y) (see Eq.3.6), then averaged to a monthly mean
of all years, climmonmean2(m), and finally make up a climatological season mean
of all years, climseasmean2(s):

climmonmean2(m) =
1

Y
∗

Y∑
i=1

monmean(m, i) (3.9)

climseasmean2(s) =
1

M(s)
∗

M(s)∑
i=1

climmonmean2(i). (3.10)

3. Individual profiles of month m of all years are directly averaged to a climatological
month mean, climmonmean3(m), then to a climatological season mean over all years,
climseasmean3(s):

climmonmean3(m) =
1

Y∑
j=1

N(m, j)

∗
Y∑
j=1

N(m,j)∑
i=1

xi(m, j) (3.11)

climseasmean3(s) =
1

M(s)
∗

M(s)∑
i=1

climmonmean3(i). (3.12)

4. Individual profiles of season s of all years are directly averaged to a climatological
season mean, climseasmean4(s):

climseasmean4(s) =
1

Y∑
l=1

M(s)∑
j=1

N(j, l)

∗
Y∑
l=1

M(s)∑
j=1

N(j,l)∑
i=1

xi(j, l). (3.13)

The same possibilities to order the individual steps can be considered for the calculation
of an annual average. Figure A.4 in the Appendix shows a comparison of the differ-
ent methods used to calculate shifted seasonal mean tropospheric O3 profiles from Palau
soundings (compare Sect.4.1.1). For the description of the dataset as a whole, and if not
mentioned explicitly otherwise, we will use the third averaging procedure described above.
climseasmean3(s) will not overestimate single months with very few and/or outlying pro-
files, assuming the interannual variability of the months is small compared to variations
between different months.

Median values can be derived in a similar manner and can arguably be a better choice for
the non-Gaussian data distribution. The mostly negative difference between the seasonal
median and mean over the whole tropospheric column and the right (unbiased) skew
of the sample (see Fig.3.12) show the tendency of the arithmetic mean to overestimate.
Thus, depending on the research question to be answered, different quantiles, median or
mean values are discussed in this thesis. Since the differences of mean and median within
a season are small (compare also Fig.A.5), we present the mean and respective standard
deviations in the general description of the O3 variability in Sect.4.1 for convenience.
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Figure 3.11.: Illustration of four different averaging approaches to arrive at a seasonal
mean, purple dots represent individual soundings, pink squares indicate cli-
matological averages over several years, circles all other means (blue for
season, purple for month) see text for mathematical formulations.

3.3. Auxiliary Observational Data

The in situ profile measurements conducted at the PAO characterize the atmospheric
column above the station well in the given time frame. To embed the Palau observa-
tions in a larger spatial and temporal context, we use measurements from other sounding
stations. Comparison with satellite data has not been a focus of this thesis, but data
products from the Microwave Limb Sounder (MLS) and Tropospheric Emissions Spec-
trometer (TES) aboard NASA’s Aura satellite were used in pre-studies and are described
briefly when mentioned in the respective sections. Data retrieved at the Palau weather
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(a) Median - Mean (b) Skewness

Figure 3.12.: Comparison between seasonal mean (climseasmean3, Eq.3.12) and median,
illustrated as absolute difference (a) and by unbiased sample skewness
(adjusted Fisher-Pearson standardized moment coefficient G1, applied to
climseasmean4(s), see Joanes and Gill, 1998)(b); median value derived in
resemblance to climseasmean3, first creating a median monthly profile from
all individual profiles of a month of all years and then averaging towards a
seasonal mean in the arithmetic sense again (compare Fig.A.5).

station (Sect.3.3.2) and data provided by the Pacific Climate Change Science Program
(PCCSR, 2011, see www.pacificclimatechangescience.org) have been reviewed for the
climatological scope of the key parameters temperature, wind and rainfall.

3.3.1. SHADOZ Stations

As a tropical station Palau shares technical challenges as well as certain atmospheric char-
acteristics with O3 measurement stations assembled in the SHADOZ network (Southern
Hemispheric ADditional OZonesondes, Thompson et al., 2003a,b, 2007, 2011). Since 1998,
SHADOZ fills observational gaps in the ozonesonde record of the Southern Hemisphere
and the tropics by providing consistent data from remote tropical and subtropical sites.
Palau, as a highly suitable candidate for SHADOZ, is envisioned to be included in the
network (private conversation with SHADOZ’s principal investigator Anne Thompson).
To embed our O3 profile observations in a regional context, we compare our data with
the results of previous studies which use SHADOZ soundings (e.g. Folkins, 2002; Hayashi
et al., 2008; Oltmans et al., 2001; Randel et al., 2007; Solomon et al., 2005; Thompson
et al., 2012) and include data from a selected number of stations in our own analysis (see
Sect.4.2.2).

Data from the SHADOZ network has been used in many studies (see e.g. overviews in
Thompson et al., 2012). Initially, the validation of satellite instruments was the main
motivation behind SHADOZ (Thompson et al., 2012), however, also chemical-transport
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Figure 3.13.: Map of SHADOZ site locations (from e.g. Thompson et al., 2012).

or coupled chemistry-climate models are validated using the database. To provide the best
possible data set to users, the SHADOZ data are constantly re-assessed in a community-
wide effort (e.g. Smit, 2014; Smit et al., 2007; Thompson et al., 2019). The current data
version No.6 is used in this study and incorporates a reprocessing of all data according to
state-of-the-art procedures (see Deshler et al., 2017; Smit et al., 2012; Thompson et al.,
2017; Witte et al., 2017, 2018). The latest JOSIE campaign (see Sect.3.1.3) was dedicated
to tropical stations and their particular challenges and confirmed the high quality of the
methods and operating procedures used within SHADOZ (Thompson et al., 2019).

Site Location Time Record Distance to Palau
[◦lat, lon] mm/yyyy [km]

Java 7.5S, 112.6E 01/1998-10/2013 3100
Hanoi 21N, 106E 09/2004-06/2018 3400
Kuala Lumpur 2.7N, 102E 01/1998-10/2018 3700
Fiji 18S, 178 E 01/1998-01/2019 5600
American Samoa 14S, 171W 01/1998-02/2019 6500
Hilo 19N, 157 W 01/1998-02/2019 7400
Costa Rica 10N, 84W 07/2005-10/2018 15400

Table 3.2.: SHADOZ stations and respective time record used in this thesis, with distance
as the crow flies to Palau; compare e.g. Thompson et al., 2012.

In terms of common characteristics in free-tropospheric and TTL ozone, the SHADOZ
stations can be divided into several groups: the Western Pacific and eastern Indian Ocean
(Kuala Lumpur, Java, Fiji, American Samoa) the equatorial Americas (San Cristobal,
Costa Rica, Paramaribo), the Subtropics (Hanoi, Hilo, Irene, Réunion) and the Atlantic
and Africa (Natal, Ascension, Cotonou, Nairobi) (Thompson et al., 2012). As Palau
would be associated with the Western Pacific stations, we focus our comparison on these
four stations. In addition, Hanoi, being the second closest SHADOZ station, Costa Rica,
located at a similar latitude, and Hilo, as another Pacific station North of the equator,
are considered (compare Table 3.2, see Section 4.2.2).
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3.3.2. Palau Weather Station (NOAA)

Located 800 m South-West of the PAO on a slope on the same island, the US National
weather service and NOAA operate a general weather station (PTRO 91408) with ra-
dio soundings twice a day. The data is openly available (e.g. via the upper-air sound-
ing database provided by the University of Wyoming: weather.uwyo.edu/upperair/

sounding.html). The high temporal resolution of these observations is exploited to char-
acterize wind seasonality. Figures 3.14 (a) and (b) show the zonal and meridional wind
components as 5-day-averages from daily soundings at 9 am local time for the study
period.

(a)

(b)

Figure 3.14.: Tropospheric time-height cross-section for zonal (a) and meridional (b)
wind derived from daily radiosoundings (9 am local time) at the Palau
weather station as 5-day-averages from the 01/2016 until 10/2019 (data
from weather.uwyo.edu/upperair/sounding.html).
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The changes in QBO phases during the study period are evident in the time series, which
shows a downward propagation of the zonal wind signal. Comparison with temperature
and O3 measurements support the expectations regarding the differences in strength of
the BD circulation for the Easterly and Westerly phase, which is however not further
assessed in the scope of this study (compare Sect.4.1.3).

3.4. Modelling and Methods

3.4.1. Trajectory Analysis

Trajectory analyses for observed air masses are a common method in atmospheric sciences.
The history of an air mass, revealed by tracing its conservative properties, can help to
explain its current chemical and thermodynamic state. The underlying assumptions of
parcel theory are legitimate until the air parcel looses its identity due to mixing. Hence, we
limit our analysis to backward trajectories shorter than ten days to capture the dynamical
footprint. An important chemical constraint on the parcel’s identity is the typical lifetime
of marine boundary layer O3 of five days (compare Sect.2.2.1).

To investigate the origin of Palauan air masses measured by balloon soundings we used
the trajectory scheme of the Lagrangian transport model ATLAS (Wohltmann and Rex,
2009; Wohltmann et al., 2010). The model was driven by 3D wind fields, temperatures and
diabatic heating rates from the ECMWF ERA5 reanalysis (1.125◦ x 1.125◦, 3 h temporal
resolution) (compare Hoffmann et al., 2019). The model uses a hybrid vertical coordinate,
which gradually transforms from “pressure” at the surface to “potential temperature” in
the stratosphere (see Wohltmann and Rex, 2009). The corresponding vertical velocities
change from vertical winds in pressure coordinates to diabatic heating rates. 30-days
backward trajectories were initialized every tenth sonde reading of a profile measurement
and with a time step of 10 minutes for the 138 soundings which had full metadata available.

Kernel Density Estimation

To assess the geo-spatial distribution of air mass origins we use visualization in geographic
maps and a simple Gaussian Kernel Density Estimation (KDE) for the probability dis-
tribution function (PDF) of back-trajectory ending points. Coordinates are first trans-
posed to a grid of horizontal and vertical lines of constant latitude and longitude. This
equidistant cylindrical projection preserves distances along meridians by implementing an
additional latitude scaling. We chose a cylindrical projection for its representativity in
equatorial regions. For trajectories crossing the 30◦ latitude, distortions have to be con-
sidered. The KDE bandwith selection is done by Scott’s Rule (Scott, 1992) and a squared
Euclidean metric is used. With these parameters, the KDE works best for unimodal
distributions and oversmoothes multiple modes.
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Potential Vorticity Criterion

For a better interpretation of the vertical transport, especially in the TTL region and
over a greater meridional range into the subtropics, we make use of a dynamical tracer:
potential vorticity (PV)(compare e.g. Holton, 2004; Kunz et al., 2011). PV is conserved
for adiabatic, frictionless motion, i.e. for constant potential temperature θ. The definition
of Ertel’s PV P in isentropic coordinates is

P ≡ (ζ + f)(−g
∂θ

∂p
) (3.14)

with ζ is the vertical component of the relative vorticity, f the Coriolis parameter, g the
gravitational acceleration, p as pressure. The units are summarized as standard potential
vorticity unit (1PVU = 10−6m2s−1K kg−1).

Whether an air parcel crosses the extra-tropical tropopause during its path or not is
commonly determined using a threshold for the absolute value of PV |P | at 2 PVU (e.g.
Holton et al., 1995; Waugh and Polvani, 2000). By examination of operational ECMWF
data, Kunz et al. (2011) found a variation of |P | at the dynamical tropopause from 1.5
to 5 PVU, depending on the isentropic level and season. In our trajectory analysis, we
therefore consider trajectories with values greater than 1.5 as well as 2 PVU as possible
stratospheric intrusions. The tropical tropopause is dynamically denoted as an isentropic
surface roughly at a potential temperature of 380 K (e.g. Holton et al., 1995, see Fig.A.1).

3.4.2. Chemical Box Model

The oxidizing capacity of the troposphere in the TWP is assessed using a chemical box
model in this thesis. Box models neglecting transport and constrained to a set of obser-
vations are a very useful tool to estimate the local abundance of the short-lived radical
OH and to analyze the controlling processes (e.g. Bloss et al., 2005).

Model Description

The model AWIP has been implemented successfully for stratospheric simulations and
case studies (Krämer et al., 2003; Lehmann, 2004; Wohltmann et al., 2010). 46 active
species and 171 reactions are incorporated in the model, including photolysis (42), gas
phase (122) and heterogeneous (7) reactions. Reaction rate constants are based on the
JPL catalogue (Jet Propulsion Laboratory, Sander et al., 2011). The photolysis rates as a
function of pressure, temperature, solar zenith angle (SZA) and overhead O3 column are
taken from lookup-tables calculated by the radiative transfer model TUV (Tropospheric
Ultraviolet-Visible Model, Madronich and Flocke, 1999). A more thorough description
of the box model including a list of all included species and reactions can be found in
Wohltmann et al. (2010).
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In our setup, the model is initialized at 0:00 local time and then run for one day. The
input parameters are pressure, temperature, SZA (dependent on latitude, longitude, date
and time) and the VMR for various chemical species from either observations or estimates
from model results and previous studies. OH VMR model output is aggregated hourly
and then averaged over 24 hours.

A usage of AWIP in our specific tropospheric contexts depends on a few assumptions, i.e.:

• The set of reactions originally representing stratospheric chemistry is sufficient in
the clean tropospheric air pool above Palau, i.e. we neglect organic chemistry and
clouds.

• We focus on the mid-troposphere (400 hPa), where OH is proportional to the pho-
tolysis rate of O(1D) alone (Rohrer and Berresheim, 2006), further simplifying our
input parameter space. In this context, small variations of this altitude level are
assumed to be of minor relevance due to the homogeneity of the layer (compare
Sect.2.1.3).

Reduced Parameter Space

Following these assumptions, the relevant involved active chemical species are HO2, H2O2,
H2, CH4, CO, CO2, O(1D), O3, H2O, CH2O, NO, NO2 and fixed O2 and N2, as well as a
minor contribution of HOBr and Br, respectively.

VMR inputs for O3 and H2O are derived from observations at the PAO. Quantities of
other chemical species are initialized from available GEOS-Chem chemistry and transport
model runs (compare Rex et al., 2014 and Ridder et al., 2012). As these runs represent
conditions from a different year, snapshots from the first day of each month, 00:00 GMT,
from February 2009 until January 2010 were aggregated for this purpose.

As explained in Section 2.2.2, NOx is the rate-limiting factor in the tropospheric pro-
duction of O3 in the remote TWP and a crucial parameter in the recycling of OH. Fur-
thermore, CH4 and CO are the main reaction partners of OH. CH4 can be assumed as
constant and its derivative CH2O only becomes relevant for OH loss mechanisms in the
upper troposphere (compare Gao et al., 2014; Hanisco et al., 2001). Reaction with CO,
however, can lead to substantial loss of OH in the free troposphere (reactions 2.1, 2.2,
2.12). To analyze the dependency of the O3/OH relation we perform sensitivity studies
with our box model using a range of typical NOx and CO values.

Correlation Coefficients

In the analysis of our box model results we use a few measures to quantify dependencies
between different input parameters. The correlation between three given variables x, y
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and z can be estimated using the multiple correlation coefficient

Rz,xy =

√
r2xz + r2yz − 2rxxryzrxy

1− r2xy
, (3.15)

where rij are the pairwise Pearson coefficients, x and y are considered as independent
variables and z is the dependent variable. In our case we want to estimate the dependency
of OH on combined O3 and H2O. The square of either correlation coefficient is called the
coefficient of determination. It can be interpreted as percentage of variance in a dependent
variable explainable by the independent variable(s).

Because statistically, we are dealing with a small set of observations, we can improve our
correlation estimate to be more unbiased using an adjusted R (R2

adj) defined as

R2
adj = 1− (1−R2)(n− 1)

(n− k − 1)
, (3.16)

with k as the number of independent variables and n as the number of data elements in
the sample.
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4. Results and Discussion

A central achievement of this doctoral thesis is the generation of the 4-year data set of
tropospheric O3 profiles in Palau. Filling the observational gap with this unprecedented
time series from the TWP will shed light on the region’s unique air chemistry. This
thesis presents the first description of the tropospheric O3 variability above Palau and its
seasonal characteristics (Sect.4.1). The locally controlled humid, ozone-poor atmospheric
column is interrupted by air masses of non-local origin deviating in Relative Humidity
and O3 VMR. These quantities are excellent tracers for dynamical processes. Studies
of air mass transport to the TWP have to account for variations of chemical sources
(or sinks), atmospheric waves or physical processes altering the chemical composition
along the path of transport (compare e.g. Schoeberl et al., 2015). An in-depth analysis
of free-tropospheric O3 and RH and comparison with other regional studies leads to a
classification of observed air masses relative to the tracer backgrounds using a statistical
approach (Sect.4.2). With a focus on source and path variability, a hypothesis for the
origin of air masses tied to this classification is tackled in a back-trajectory analysis
(Sect.4.3). Finally, the impact of tropospheric O3 variations on the oxidizing capacity
above the TWP is estimated using chemical box model simulations (Sect.4.4).

4.1. Tropospheric O3 Variability

The atmospheric composition of the TWP is governed by non-local and local processes,
which are both driven by the complex interplay of global circulation patterns and their sea-
sonal variability. The boundary layer, free (mid-)troposphere and the TTL show different
degrees of variability. The following descriptive statistical analysis therefore differenti-
ates between altitude levels and timescales. The most interesting features and therefore
focus of this thesis are the apparent annual cycles in the TTL (Sect.4.1.3) and the mid-
troposphere (Sect.4.1.2), including the annual tropospheric O3 minimum with its potential
major impact for stratospheric entry of chemical compounds (compare Sect.2.2.3).

4.1.1. Overview

The shortness of the time series imposes a few challenges on this thesis. Interannual
variations can only be assessed to a certain extent, but at the same time are affecting
the annual statistical results. In anticipation of the impact of the strong El Niño in
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2016, we begin with a multi-year comparison of tropospheric O3. Annual variations of
the trace gas are then described for a reduced time series, excluding the extreme event.
Further temporal differentiation is done in seasons shifted by one month with respect to
the common seasons of the mid-latitudes. Respective calculations of statistical measures
are described in Section 3.2.3.

ENSO

Interannual variations between the 4 years of the study period are most obvious in con-
nection with the ENSO cycle. The onset of measurements in the beginning of 2016
coincides with a very strong El Niño event (e.g. Diallo et al., 2018; Huang et al., 2016,
compare 2.1.2). In analogy to the impact of the strong 1997/8 El Niño, Palau experi-
enced a drought during spring 2016 with critical water reserves on the island (Di Liberto,
2016). We observed a clear, corresponding mid-tropospheric signature: an unusual very
dry and ozone-rich mid-troposphere, compared to the other years (compare Fig.3.8). The
time-height cross-sections in Figure 4.1 show a close-up on the TTL for O3 VMR and
temperature. O3 levels are significantly enhanced in the upper troposphere (UT), from
March until July 2016 (see Fig.4.1a), as a feedback of suppressed convection with less
uplift of ozone-poor air from the ground and less wash-out of O3 precursors. Singular
observations of higher than average O3 VMR in the UT are made in every year (May
until July), visible as tongue-like features in Figure 4.1a, but only occur for a longer time
period in 2016.

For a better comparison of the O3 and temperature feedback, the absolute temperature
minimum is shown in black dots against O3 VMR (Fig. 4.1a) and the ozonopause, de-
fined as the level of 90 ppb (compare Sect.2.1.4) is superimposed as a black solid line on
temperature observations (Fig.4.1b). The altitude of the ozonopause differs significantly
from the unusually cold thermal tropopause in spring 2016. This temperature anomaly
is associated with warm ENSO events (e.g. Kiladis et al., 2001; Paulik and Birner, 2012;
Randel and Thompson, 2011). In contrast, less O3 was observed in the lower stratosphere
(LS) (above 19 km) and a weaker corresponding vertical gradient over the whole TTL.
Decreased LS O3 has been documented as a zonal El Niño response by different stud-
ies and is attributed to enhanced tropical upwelling (Diallo et al., 2018; Konopka et al.,
2016; Randel et al., 2009). A detailed description of the mechanisms governing TTL
composition is done in Section 4.1.3.

The El Niño event in 2019 has a weaker feedback on O3 VMR according to our obser-
vations. In between the two El Niños, neutral and moderate La Niña conditions were
reported. These had less impact on a regional to global scale and our short time series
does not allow further conclusions. The dependency on the whole ENSO cycle remains
impossible to assess, but might reveal interesting features with a growing time series. As
a consequence and in compliance with acknowledged ENSO indices (compare 2.1.2), data
before August 2016 was disregarded in some of the following statistical seasonal analysis
and will be referred to as “excluding El Niño”. The 2019 El Niño episode, weaker in
nature, is still included.
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Figure 4.1.: TTL (14-20 km) time-height cross-section of the Palau sounding data for O3

VMR (a) and temperature (b); black dots in (a) show locations of the absolute
minimum temperature per profile, black horizontal dashed line in (a) at 18
km refers to the most prominent annual cycle as visualized in Fig.4.6, black
solid line in (b) represents the ozonopause defined as O3 VMR observations
of 90 ppb (linearly interpolated); for more details, compare Fig.3.8 for the
full troposphere, note adapted scales.

Annual Variability

Figure 4.2 shows the annual variability of tropospheric O3 VMR using monthly means
(a) and anomalies (b) from a “long term” annual mean profile (c), derived from clima-
tological monthly means (Eq.3.11), excluding El Niño (compare Sect.3.2.3). In addition
to this climatological mean, the right panel shows annual means for the three full years
of measurements for comparison (colored thin lines, Fig.4.2c). The large difference of
the 2016 El Niño year throughout the entire free and upper troposphere of approx. 5-10
ppb or 15-30 % supports our decision to exclude this year’s data partially, even though it
has to be mentioned, that the 2016 annual mean VMR mostly stay within the standard
deviation (SD) from the long term annual mean (grey dashed lines).
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(a) (b) (c)

Figure 4.2.: Monthly arithmetic means (a), anomalies from the annual mean (b) and
the annual mean profiles for certain years (thin colored lines) and “long
term”(thick black line) with corresponding standard deviations (SD) (grey
dashed lines) and relative standard deviation (RSD) (grey dotted line) (c),
excluding El Niño, i.e. only data used between August 2016 an October 2019;
individual soundings are marked as arrows above, with different colors for dif-
ferent years (compare full time series in e.g. Fig.3.8); climatological monthly
means (see Eq.3.11) are aggregated for the annual means and explained in
section 3.2.3.

The so-called “S-shape” of the long term annual mean profile is typical for the tropics,
as for example observed at various SHADOZ stations (e.g. Folkins, 2002; Pan et al.,
2015; Thompson et al., 2003a,b). O3 levels are lowest in the boundary layer and also low
between 10-12 km. They increase to around 35 ppb in the mid-troposphere and again
from 12 km onwards to their atmospheric peak in the stratosphere. The annual monthly
statistics (Fig.4.2a and Fig.4.2b) reveal two dominating signals:

• an annual cycle in the mid-troposphere (∼ 5-10 km) of a factor 2-3 with a minimum
from July until October (∼ 10-30 ppb, maximum at 30-60 ppb), and

• a reverse, strong cycle in the TTL with maximum anomalies (> 40 ppb) from June
until September,

which will be described in more detail in dedicated subsections (4.1.2, 4.1.3). The differ-
ences in annual variability with altitude are emphasized by the relative standard deviation
(RSD), shown alongside the annual mean profile in Fig.4.2c (dotted gray line). The RSD
is the fraction of the SD relative to the annual mean and can here be considered as a
measure of variability with altitude (compare Ogino et al., 2013). The peak in RSD at
50 % around 17 km reflects the strong TTL cycle. The enhanced variability in mid-
tropospheric O3 (RSD ∼ 30 %) over a greater altitude range corresponds with the annual
cycle revealed by the monthly means. Annual variations in O3 observations are smallest
(RSD ∼ 20 %) in the boundary layer (< 2 km) and around 10-12 km, thus coincidental
with the O3 minima of the annual profile. The UT O3 low or chemopause (see Sect.2.1.4)
can be explained by air masses of the local boundary layer being lifted to the UT by
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deep convection (see Sect.4.2.1). The dry environment at this altitude increases O3 life-
times and makes in situ O3 destruction as an alternative explanation unlikely, although
it is discussed as a consequence of convectively injected water vapor (see Schoeberl et al.,
2015 and Anderson et al., 2016). The low UT variability can thus be explained by the
persistence of deep convective activity and the level of convective outflow in association
with the Hadley circulation (e.g. Folkins, 2002; Solomon et al., 2005; Takashima et al.,
2008, see Sect.2.1.3 and 2.1.4). The inhibition of deep convection during El Ninõ 2016 is
reflected in an anomalous peak in the RSD around 10 km (> 50 %, not shown here). As
a characteristic feature of tropical soundings, (low) UT O3 is often used as an indicator
for deep convective detrainment (Folkins, 2002; Gettelman et al., 2009; Kley et al., 1996;
Paulik and Birner, 2012; Solomon et al., 2005). Exact identification of the level of con-
vective outflow using O3 observations is, however, not easy in an individual profile due to
vertical stratification.

The boundary layer exhibits continuously low O3 VMR (< 20 ppb) with notable exceptions
from December until March in alignment with the mid-tropospheric cycle above. The low
levels are maintained by the efficient chemical O3 destruction in the presence of sufficient
UV radiation, high water vapor and low NOx concentrations, typical for the remote marine
boundary layer (compare Sect.2.2.1). Even though the diurnal cycle of O3 has been
neglected for the tropospheric profile (compare Sect.3.2), it plays an important role for
ground O3 (e.g. Dickerson et al., 1999; Hu et al., 2011; Read et al., 2008). Future studies
with a continuously measuring ground UV photometer are aspired to better capture and
explain ground and boundary layer O3 variations.

(a) (b)

Figure 4.3.: Zonal (a) and meridional (b) wind monthly means derived from daily radio
soundings at the Palau weather station, Jan 2016 - Oct 2019 (see Sect.3.3.2).

The annual variability of the large scale circulation can explain the periodicity of the
cycles. Figure 4.3 shows monthly means for the zonal and meridional wind components
in a time-height cross-section derived from daily radiosoundings launched at the Palau
weather station during the study period (see Sect.3.3.2 for details on the data). The
monthly averages highlight the annual movement of the ITCZ (compare Sect.2.1.1). From
July until November, the ITCZ is located north of Palau and the islands are under the
influence of the Southern Hadley cell (compare Fig.2.1). Low-level and UT meridional
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wind directions are anti-correlated accordingly, with a turning point around 10 km (5-10
km from November until June). Strongest winds are occurring around 15 km when the
ITCZ is furthest south or north of Palau and are associated with the outflow of the Hadley
circulation. The easterly winds are dominating the whole tropospheric column, increasing
in strength with altitude (maximum in summer, Fig.4.3a). The main current related to
the deep trades is only interrupted from July to November when South-West monsoon
winds are approaching Palau. These westerlies are confined to a shallow layer below 5 km
in the wider region (compare e.g. Riehl, 1954). The slight increase in precipitation during
this time coincides with the low O3 VMR season. The full time series of the horizontal
wind components for the study period (see Fig.3.14) further reveals the propagation of
the QBO phases, anomalies during El Niño and a semiannual periodicity in the zonal
wind, which relates to the ITCZ crossing Palau twice a year (compare Fig.2.2).

Shifted Seasons

In order to identify reoccurring seasonal characteristics of tropospheric O3 and differences
in controlling processes, we empirically chose a distinction into four seasons, shifted by one
month compared to the temperate climate seasons: November-December-January (NDJ),
February-March-April (FMA), May-June-July (MJJ) and August-September-October
(ASO). These hereafter called “shifted seasons” (in the following also referred to simply
as “seasons” in contrast to the “mid-latitude seasons”) reflect four more or less different
types of profile shapes as shown in Figure 4.4.

Figure 4.4.: Seasonal Mean O3 VMR profiles for Palau (colored solid lines), dashed black
line represents the long-term annual mean, all excluding El Niño, averaging
according to the climatological seasonal mean in Equation 3.12, see Sect.3.2.3
(see also Fig.A.4 and Fig.A.5 in Appendix for comparison of averaging meth-
ods and with the median).
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The best distinction between four types was achieved by manually sorting monthly profiles
by similar shape first, considering the full altitude range (for individual monthly measure-
ments, see Fig.A.6 in the Appendix). The centering around the equinoxes of the resulting
seasons seems logical for a tropical station, although the general construction of 3-month-
seasons remains arbitrary. In any case, the seasonal means convey additional information
on the tropospheric O3 variability, which relate to different meteorological/synoptic con-
ditions.
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(d) ASO
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Figure 4.5.: Variability of seasonal mean O3 VMR profiles for Palau (black solid lines)
against the long-term annual mean (dashed black line), all excluding El Niño,
in individual panels per season (a-d); the gray shaded area encloses all ob-
servations, minimum to maximum, thin colored lines indicate seasonal means
per year, number (#) of profiles included in the calculation given in brackets
(compare Fig.4.4).
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The panels in Figure 4.5 present the variability of the seasonal mean profiles (black solid
lines) against the annual mean (black dashed lines). Variations are indicated as a gray
shaded area from minimum to maximum measurement and by seasonal means from dif-
ferent years (colored thin lines). The “S”-shape of the annual mean profile prevails in
the winter/spring seasons, NDJ and FMA (Fig.4.5a and 4.5b), most pronounced in the
latter. The interannual variability is particularly high during FMA from 4 to 10 km with
generally enhanced O3 VMR (40-50 ppb). Here, FMA and ASO are most oppositional
and represent the extrema of the mid-tropospheric cycle. ASO months (Fig.4.5d) show
a uniform profile of O3 VMR around 20-25 ppb with little interannual variability. The
ASO profile can be explained by a well-mixed troposphere with boundary layer air of
low O3 being lifted up through the entire column (e.g. Pan et al., 2015, see Sect.2.1.3).
We will refer to this as the locally controlled background profile (see Sect.4.2.1), which
can be observed any time of the year. The steep onset of higher levels of (stratospheric)
O3 VMR in ASO occurs at lower altitudes than in winter and spring months. Due to
the high sampling rate in ASO (numbers per year in brackets), day-to-day variations are
captured best in this season, resulting in a robust average. Both extreme seasons share
the pronounced O3 minimum in the TTL, with the prominent exception of the 2016 El
Niño FMA season (orange line, Fig.4.5b). A semi-annual cycle for convective intensity
is not evident in other data, which rather suggests year-round deep convective activity
in Palau (compare e.g. Fig.2.4), but could be expected due to the crossing of the ITCZ
twice a year (Konopka et al., 2010).

During MJJ the profile resembles a “tilted” line with a weak O3 gradient in the TTL
and lacking a pronounced O3 minimum in the UT. High, stratospheric O3 concentrations
are reached at the lowest altitude of the year. This corresponds well with the minimum
annual tropopause height and coincides with a shift in wind regimes due to the crossing
of the ITCZ around June (see Fig.2.2). The interannual and intraseasonal variability is
high above 4 km, especially May is standing out in this context (for monthly profiles, see
Fig.A.6). During May the horizontal wind is weakest throughout the entire tropospheric
column as the subtropical ridge shifts South with increasing altitude (e.g. Riehl, 1954).
Thus, quasi-horizontal STE may play a dominant role in May. The West Pacific monsoon
(WPM) reaches Palau already in July. While the tropopause is comparable within the
season, mid-tropospheric O3 VMR in July are as low as observed in August and September,
declaring July a transition month. For a longer time series, the shift in seasons and the
3-month averages should be re-evaluated in this regard. In any case, MJJ and NDJ can
be considered as intermediate seasons with respect to the mid-tropospheric O3 cycle and
the similar location of the ITCZ during its annual movement (see Fig.2.2). They show
the greatest discrepancy in upper tropospheric O3, but mid-tropospheric values are close
to the annual mean for both.

Stauffer et al. (2018) used a sophisticated clustering technique to characterize ozonesonde
profile variability for various stations around the globe in terms of geophysical processes
instead of seasonality. The ressemblance of the four clusters calculated for SHADOZ
stations in Java and American Samoa with our Palau seasonal means is evident in parts,
but needs further investigation. Especially the low O3 cluster associated with convective
lifting of low O3 by Stauffer et al. (2018) compares well with the Palau ASO profile.
The cluster with highest average O3 VMR exhibits a similar “tilted line” profile like
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MJJ with a lower tropopause and weak gradient, explained in the study by STE. A
possible implication of this comparison is that the seasonal distinction in Palau already
separates profiles with different underlying physical processes. In this thesis, we evaluate
the disparity of the shifted seasons with respect to O3 and RH variability in a trajectory
analysis in Section 4.3.

4.1.2. Mid-tropospheric Cycle

The increased sampling frequency during the extremes of the mid-tropospheric cycle allow
a robust capture of this atmospheric signal for Palau. Individual profile observations
disclose differences in variability. Figure 4.6 shows layer mean O3 VMR of individual
soundings in all years for selected altitude layers of 300 m thickness; the left column refers
to the mid-troposphere, the right column to the TTL discussed below. As already clear
from the annual monthly means (Fig.4.2), the cycle is persistent within our time series
with a minimum around August and a maximum in March/April. It is confined roughly
between 5 and 10 km, i.e. the layer of suppressed convective outflow (compare Sect.2.1.3).
Within this range, the maximal amplitude of the cycle is quite steady around 70 ppb
(Fig.4.6.a and c). The extremes in O3 VMR correspond with extremes in variability. Both
day-to-day and interannual variations are lowest in the low O3 season ASO (Fig.4.6.a and
c, compare Fig.4.5d) and highest in the enhanced O3 season FMA (compare Fig.4.5b).
The increased mean variability at this altitude range, as illustrated by the RSD from
the annual mean in Fig.4.2c, is thus seasonally limited. While low O3 observations are
encountered throughout the year, enhanced O3 VMR greater 40 ppb hardly occur from
July until October. This can be explained by the climatology of the ITCZ movement.
In this context the Palau observations confirm results from previous campaign-oriented
studies like e.g. PEM-Tropics B. Browell et al. (2001) found, that layers of high O3 VMR
in the TWP, advected from remote polluted areas, are mostly confined north of the ITCZ.
Very low O3 was only present in the “equatorial wedge” between ITCZ and SPCZ and
associated with enhanced vertical mixing in convection (compare Sect.2.1.1). Dominance
of a local regime over atmospheric transport to the TWP is thus regulated by these two
major barriers: the ITCZ and SPCZ. An alternative mechanism creating high O3 VMR
locally in the troposphere could be accumulation in stagnant air with high temperatures,
which increases the rates of O3 formation (NRC, 1991). This happens in connection with
slow moving high pressure systems and is rather unlikely for the TWP. Transport to the
TWP from areas of increased O3 production, such as the stratosphere or landmasses with
sources of pollution in contrast to the local convectively controlled low O3 profile is more
likely (e.g. Pan et al., 2015, see Sect.4.2).

Different statistical measures for the 5-10 km altitude range capture the seasonal vari-
ability of the mid-tropospheric O3 minimum as shown in Figure 4.7. The climatological
monthly mean of the minimum, for example, confirms that an omnipresent low O3 back-
ground is at its lowest during the ASO season (compare Fig.3.9). As the ASO profile
is attributed to convective mixing, this quantity can be regarded as a measure for the
degree of mixing and its seasonality. All example measures in Fig.4.7 generally support
the choice of seasons by profile shapes, with July as the already noted exception.
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mid-troposphere TTL

(a) 7.95 km

J F M A M J J A S O N D
8.0 km bin

0

20

40

60

80

100

120

140

O
3

 V
M

R
 (

Ib
 p

re
ss

.d
e
p
.)

2016

2017

2018

2019

(b) 19.95 km

J F M A M J J A S O N D
19.9 km bin

0

200

400

600

800

1000

1200

1400

O
3
 V

M
R

 (
Ib

 p
re

ss
.d

e
p
.)

2016

2017

2018

2019

(c) 5.5 km

J F M A M J J A S O N D
5.5 km bin

0

20

40

60

80

100

120

140

O
3

 V
M

R
 (

Ib
 p

re
ss

.d
e
p
.)

2016

2017

2018

2019

(d) 18.15 km

J F M A M J J A S O N D
18.1 km bin

100

150

200

250

300

350

400

450

500

550

O
3

 V
M

R
 (

Ib
 p

re
ss

.d
e
p
.)

2016

2017

2018

2019

(e) 3.75 km

J F M A M J J A S O N D
3.8 km bin

0

20

40

60

80

100

120

140

O
3

 V
M

R
 (

Ib
 p

re
ss

.d
e
p
.)

2016

2017

2018

2019

(f) 16.95 km

J F M A M J J A S O N D
16.9 km bin

0

50

100

150

200

250

300

350

400

450

O
3

 V
M

R
 (

Ib
 p

re
ss

.d
e
p
.)

2016

2017

2018

2019

(g) 0.15 km

J F M A M J J A S O N D
0.1 km bin

0

20

40

60

80

100

120

140

O
3

 V
M

R
 (

Ib
 p

re
ss

.d
e
p
.)

2016

2017

2018

2019

(h) 9.75 km

J F M A M J J A S O N D
9.8 km bin

0

20

40

60

80

100

120

140

O
3

 V
M

R
 (

Ib
 p

re
ss

.d
e
p
.)

2016

2017

2018

2019

Figure 4.6.: Mean O3 VMR of individual soundings of all years (different markers and col-
ors) in 300 m layers (center altitudes in subcaptions), showing the persistence
of the mid-tropospheric cycle from 5 to 10 km (left column, (a) and (c)) and
in the TTL around 18 km (right column, (d)); note the differences in scaling
in the right column.
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Figure 4.7.: Statistical measures for the 5-10 km altitude range: climatological monthly
means from individual sounding’s 25% quantile (red dashed line), mean (black
dashed line) and minimum (black dotted line) (see Equ.3.11 and Sect.3.2.3;
for comparison with individual measurements per month, see Fig.A.6).

An important observation from the Palau data set is the often occurring anti-correlation
between O3 and RH. Figure 4.8 shows the known time-height cross-section for tropospheric
O3 VMR with measurements of RH below 30 % highlighted by hatches and enclosed in
black contours. A majority of O3 VMR observations greater 40 ppb coincide with the dry
signatures. Air masses of lowest O3 VMR composing the local background are mainly wet
(compare also Fig.3.8.b). We will further explore the relation between O3 and RH in the
next sections of this thesis (see Sect.4.2.4 in particular).
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Figure 4.8.: Tropospheric (0-20 km) time-height cross-section of the Palau sounding data
for O3 VMR with coinciding RH observations below 30 % as hatched areas
enclosed in black contours; for more details, see Fig.3.8.

4.1.3. TTL Cycle

The large annual cycle in O3 VMR in the TTL above the cold point tropopause (CPT)
is observed as a zonal, tropical phenomenon by satellites and balloon-soundings of near-
equatorial SHADOZ sites (e.g. Randel et al., 2007; Thompson et al., 2003a,b). It is linked
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to the seasonality of both vertical convective transport and tropical upwelling (Folkins
et al., 2006; Randel et al., 2007), as well as meridional in-mixing from the extra-tropics
(Konopka et al., 2010). The exact hierarchy of the above mentioned processes causing the
persistent signal is an active field of research, but the dominant dynamical influence of
the seasonality of the Brewer-Dobson (BD) circulation and thus tropical upwelling seems
undisputed (Randel and Jensen, 2013). Therefore TTL O3 observations can be used to
constrain models for estimates of seasonal variations of the general BD circulation driven
STE (see Sect.2.1.4).

For Palau, this annual cycle is persistent throughout the whole time series and has a
maximal amplitude of approx. 250 ppb (or factor 2) around 18 km, with a maximum
around 450 ppb in August and a minimum of about 200 ppb in December/January (see
Fig. 4.6, right column). Enhanced in-mixing in summer is possibly also influenced by the
Asian Monsoon Anticyclone (Randel and Jensen, 2013). As for other SHADOZ stations,
the cycle is vertically confined to a shallow layer (e.g. Randel et al., 2007), which is also
displayed by the narrow maximum in RSD of the annual mean profile (see Fig.4.2c).

The O3 cycle is approximately in phase with the temperature cycle in the TTL, thus
supporting an ozone-based definition of the tropopause (see Fig.4.1 and Sect.2.1.4). The
CPT is lowest and warmest in boreal summer (ca. 16.5 km, > -80 ◦C) and the opposite in
winter (ca. 17.5 km, <-85◦C, see Fig.4.1b). The extreme low winter temperatures corre-
spond to the strongest wave drag driving the tropical upwelling of the BD circulation. The
annual cycle in intensity of the upwelling is a consequence of hemispheric asymmetries
(e.g. Konopka et al., 2010). TTL temperatures impose a seasonal cycle on stratospheric
water vapor concentrations near the CPT, resulting in the so-called stratospheric tape
recorder (e.g. Fueglistaler et al., 2004; Holton and Gettelman, 2001; Randel and Jensen,
2013). As the main source of stratospheric hydrogen oxide radicals, stratospheric water
vapor, in turn, controls important gas-phase O3 loss cycles and polar O3 loss via hetero-
geneous chemistry on aerosols, promoting the formation of polar stratospheric clouds and
chlorine activation (see references in Sect.2.1.4).

Here, the significant radiative impact of O3 as a greenhouse gas comes into play: the O3

seasonality actually has a positive feedback on the TTL temperature cycle (e.g. Folkins
et al., 2006; Fueglistaler et al., 2011; Randel and Jensen, 2013). During boreal winter,
an O3 mediated reduction of the radiative heating rates would facilitate reduced upward
mass fluxes into the stratosphere, “if not offset by an additional cooling of the tropopause
region” (Folkins et al., 2006). A further decrease in TTL O3 VMR could lead to colder
tropical tropopause temperatures (Polvani and Solomon, 2012) and in turn alter strato-
spheric H2O. This scenario could be a possible feedback of climate change. Increased
SST possibly promote convection in the TWP and thus vertical transport of ozone-poor
boundary layer air. A possible future intensification of the BD circulation would add to
the reduction of TTL O3 (Nowack et al., 2015).

During the following analysis, we focus on the mid-tropospheric cycle and the contrast of
local control of air composition and transport to the TWP. The O3 variability in the TTL
will be center of another dedicated study with a longer time series. It is subject to wave
variability and modulated intraseasonally by the MJO and equatorial Kelvin waves (see
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Sect.2.1.4). In this context, the influence of the QBO and its interplay with the ENSO
and MJO phenomena should be taken into account (see e.g. Diallo et al., 2018; Yoo and
Son, 2016).

4.2. Background Atmosphere and Deviating Layers

The stand-alone characterization of tropospheric O3 variability above Palau is valuable for
studies targeting regional and global distributions. However, the measured O3 and H2O
content of an air parcel bears information beyond the local air composition: the unique
location of Palau allows us to use O3 and RH as chemical tracers for air transport processes
to the region. Free tropospheric O3 life times in the order of weeks are comparable
to the dynamical timescales of long-range transport within the Tropics and from the
subtropics (e.g. Folkins, 2002; Ploeger et al., 2011). Thus, we can separate local or
non-local influences via differences in the observed O3 abundance. RH gives additional
information about the vertical displacement during transport (e.g. Hayashi et al., 2008).

In this context, the seasonal, mid-tropospheric O3 cycle in the Palau data set (shown in
the previous Section 4.1.2) suggests a seasonality in air mass origin. In the following, we
are using the observed O3 to RH ratio to define a local background atmosphere and tackle
the identification of intermittent layers deviating from this background, thus indicating
a non-local origin. The results set ground for the subsequent back-trajectory analysis,
which identifies actual source regions (Sect.3.4.1).

4.2.1. General Definition

Locally, the marine, low NOx environment is a strong sink for O3 (see Sect. 2.2.1). Lifting
the clean boundary layer air up to the TTL, deep convective outflow in conjunction with
convective overturning and a lack of in situ net O3 production creates a well-mixed, humid
tropospheric profile with a uniform vertical O3 distribution (e.g. Pan et al., 2015). Under
these conditions we expect O3 and RH profiles for Palau as shown in Figure 4.9a. We
will refer to this as the (tropospheric) O3 background (atmosphere) or “clean state” of
the atmosphere (compare Sect.4.1.1). Since the dominating wind direction throughout
most of the year and the entire tropospheric column is easterly (compare Fig.4.3), most
of the air reaching Palau has been cleaned of anthropogenic or other continental pollution
(i.e. O3 precursors) crossing the Pacific, therefore carrying low O3 concentrations. Thus,
typical dynamical conditions are conducive to the low local O3 background (compare
Sect.2.1).

Uniform tropospheric O3 profiles are observed throughout the year. There is evident
seasonal variability in the mean of these background profiles with lowest mid-tropospheric
mean O3 VMR (≲ 25 ppb) from July until October compared to the rest of the year
(≳ 35 ppb, compare Fig.4.7 and 3.9 and Sect.4.1.2). In the showcase profiles in Figure 4.9,
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(a) Background (b) Deviating Layers (O3+RH-)

Figure 4.9.: Example tropospheric O3 (black lines) and RH (blue lines) profiles for the
background atmosphere (a) and deviating layers, here anti-correlated dry,
enhanced O3 layers (b); grey shading shows the uncertainty due to the back-
ground current calculation ((a) Ib = 0.027µA, (b) Ib = 0.033µA ,see Fig.3.2
and Sect.3.1.3, compare Fig. 3.9 Sect. 3.2).

the O3 background for late July 2016 is around 17 ppb and for December 2018 around
25 ppb. An atmospheric profile as an individual snapshot can more or less follow the
seasonal background. It also often includes positive or negative deviations from this
background (for both tracers) in layered structures with variable vertical extent (see
Fig.4.9b). Observations from the whole tropical Pacific region attest to the typical nature
of a humid, low O3 background with intermittent, here called “deviating” layers, occurring
predominantly in the mid-tropospheric altitudes (e.g. Browell et al., 2001; Hayashi et al.,
2008; Newell et al., 1996; Oltmans et al., 2001; Pan et al., 2015; Thouret et al., 2000).
Following previous studies, we also propose that these deviations from the clean state in
turn indicate a departure from the above described dominating (local) conditions (e.g.
Hayashi et al., 2008; Oltmans et al., 2001; Pan et al., 2015; Stoller et al., 1999). Though
positive or negative anomalies are possible for both atmospheric tracers, referred to in the
following by O3±RH±, the focus of most studies is on dry layers of enhanced O3 (O3+RH-
) (see details in Sect.4.2.4). We suggest, since in situ production of O3 (of the observed
magnitudes) is unlikely under local conditions (compare Sect. 2.2.1), layers of enhanced
O3 are controlled by transport, possibly different pathways and non-local mechanisms.
We thereby acknowledge, that TWP tropospheric O3 cannot only function as a passive
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tracer for local deep convective activity (“low” O3, e.g. Folkins, 2002; Folkins et al., 1999;
Kley et al., 1996; Paulik and Birner, 2012; Solomon et al., 2005), but also for air pollution
or stratospheric air intrusions (“high” O3, e.g. Anderson et al., 2016; Browell et al., 2001;
Randel et al., 2016; Thouret et al., 2000) .

However, O3 alone is rather an insufficient indicator of air mass origin. Often a combina-
tion of different chemical and dynamical tracers is needed to identify responsible processes
or eliminate other pathways to the TWP (compare Sect.4.2.4). Additional information
about water vapor is readily available from the simultaneous radiosonde measurements.
The characteristics of the observed RH profile further support the hypothesis about local
and non-local origin of air masses in relation to the O3 profile (see Fig.4.9). If the RH
of an air mass is higher than the surrounding air masses, it has recently been raised by
convection (local control). In active convection, an atmospheric profile is expected to look
like the one in Figure 4.9a, with RH values decreasing with altitude, but greater than 45
% throughout the mid-troposphere (see Mapes, 2001). Dehydration of air masses, on
the contrary, occurs during downward transport, both from within and outside of the
tropics (radiative cooling, see Sect.4.3.1), or horizontal advection from the mid-latitudes
(stratospheric origin, compare Sect. 2.1.4) and may be indicative of different large-scale
dynamical drivers during long-range transport (non-local control) (compare Anderson
et al., 2016 and detailed discussion in Sect.4.2.4). Vertically thick intrusions of dry air
in an otherwise wet background profile especially support the theory of non-local origin
(see Fig.4.9b). Other processes, like remoistening (“high” RH despite non-local origin) or
in-mixing of mid-latitude air during transit of air masses to the TWP could play a role
and contradict the above described correlations (Cau et al., 2007; Schoeberl et al., 2015;
Sherwood et al., 2010; Tao et al., 2018).

Due to the high variability among individual profiles, it is difficult to differentiate the
local and non-local modes within one profile. However, the previous statistical analysis
(Sect.4.1) already shows a seasonal pattern with the highest occurrence of mostly mid-
tropospheric dry enhanced O3 layers in FMA and the least in ASO (see Sect.4.1.2). In the
mean FMA profile individual layers at varying altitudes in daily profiles, which interrupt
a clean background, are disguised in the “belly” of the “S”-shape (compare Pan et al.,
2015, see e.g. Fig.4.5b). For an improved understanding of the layer seasonality, we
first need to isolate the O3 background while considering its own seasonal variability.
In the following subsections, we start by closely assessing the relation between O3 and
H2O in comparison with observations from other locations (SHADOZ and CONTRAST,
Sect.4.2.2), and then describe our method to establish an air mass classification relative
to background conditions and our resulting statistical analysis of the Palau data set (see
Sect.4.2.3).

4.2.2. Relation between O3 and Relative Humidity

Comparison with SHADOZ

Looking at the tracer-tracer relation of individual, free-tropospheric air parcels for Palau
in comparison to other selected SHADOZ stations gives an idea of the variability of the O3
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to RH ratio within the tropics. The station selection was based on geographical vicinity
or, in the case of Costa Rica, a similar latitude at the eastern end of the Pacific (compare
Fig.3.13 and Tab.3.2 in Sect.3.3.1). In Figure 4.10, 2D histograms for O3 VMR (≤ 100
ppb) versus RH of the selected stations are shown for the free troposphere (3-14 km)
and all seasons. Data is essentially unsmoothed, i.e. no spatial or temporal binning
beyond original data processing has been applied, in order to preserve the simultaneously
measured combination of the two tracers. This is an important advantage over averaging
of data into mean seasonal or annual profiles, where the effects of deviating layers might
be canceled out by an equally dominant background (compare Pan et al., 2015). The
sampling frequencies are not regular and for different stations, data has been accumulated
over different time periods and lengths (compare Tab.3.2). The resulting distributions
therefore cannot be compared in a quantitative climatological manner, but we can assume
a good representation of interannual variability for SHADOZ data (time series of 13 to
21 years, Tab.3.2). Histogram values in Figure 4.10 are normalized to the total number
of observations in the free troposphere for each station. Thus, they can be interpreted as
a statistical probability distribution for a certain O3/H2O combination to occur. In this
sense, the given stations can be classified into three groups:

1. a fairly narrow, almost Gaussian distribution of O3 VMR with evenly distributed
RH (Costa Rica, Kuala Lumpur),

2. predominantly dry air spread over a wider range of O3 VMR (Hanoi, Hilo), and

3. a mixture of the two previous categories: an “L”-shaped distribution with a domi-
nant mode of low O3 over the whole RH range and a tail towards higher O3 VMR
corresponding to low RH values (Palau, Fiji, Java, American Samoa).

Referring to these group categories and additionally focusing on O3 distributions, the eight
stations are arranged as a longitudinal cross-section over the Pacific Ocean in Figure 4.11
(compare Thompson et al., 2012, 2017), from West to East: Kuala Lumpur - Hanoi - Java
- Palau - Fiji - American Samoa - Hilo - Costa Rica. The most frequently observed O3

VMR (maxima in the marginal 1D histograms of Figure 4.10) are superimposed as orange
circles on the boxplots, which themselves illustrate the commonly defined statistics: the
interquartile range (IQR = Q3−Q1), median (central line) and whiskers representing the
original relation ±1.5 · IQR above or below the 25th (Q1) or 75th (Q3) quartile (Tukey,
1977).

The similarity between the Western Pacific stations in group 3 is not surprising. Though
as much as 8000 km apart from each other, with all but Palau located in the Southern
hemisphere, they are equally influenced by a tropical marine climate. Most importantly,
these stations are located far from industrial centers, resulting in predominantly low
tropospheric O3 air concentrations. In this sense, we can interpret O3 as an indicator for
its precursor NOx (compare Sect.2.2.1) and would expect a decrease from East to West,
while crossing the Pacific and following the trade winds within the ITCZ, until reaching
the Asian continent again. This has been already pointed out by Thompson et al. (2012).
Air becomes cleaner as more and more NOx is lost by conversion to HNO3 and subsequent
washout in convection, outweighing NOx production in the remote Pacific. With a lack of
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Figure 4.10.: Free-tropospheric (3-14 km) relation between O3 and RH in a 2D (hexagonal
binned) histogram, normalized to the total count of data points per station,
using all measured data pairs with ≤ 100 ppb O3 VMR for Palau (upper
left) and selected SHADOZ stations; color shading indicates percentage of
total count per gridpoint and marginal plots give individual 1D histograms,
normalized to unity.
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Figure 4.11.: Boxplots for free-tropospheric (3-14 km) O3 VMR ≤100 ppb, colored by the
group categories derived from O3/RH distributions (Fig.4.10): brown for
group 1, purple for group 2, turquoise for group 3; outliers are not shown
and whiskers are a function of the interquartile range (IQR = Q3−Q1), i.e.
Q3 or Q1 + or - 1.5·IQR respectively); blue squares are mean values; orange
circles refer to the most frequent O3 VMR as illustrated in the marginal 1-D
histograms in Fig.4.10; arrangement of boxplots on the horizontal axis is an
approximation to longitudinal positions.

NOx, O3 loss in a marine, humid environment will dominate over O3 production (compare
Sect. 2.2.1). In Figure 4.11, we see the separation of the Pacific island stations (turquoise
boxes) from the other groups in terms of O3 VMR (lowest median, mean values and
maximum frequency), but an East-West gradient within group 3 is not apparent in any
of our statistical measures. Instead, according to the statistics for the free troposphere,
Palau sets the lowest boundaries for all selected stations, except for the minimum range
value (excluding outliers). The Palau data further stands out due to the exceptionally
narrow O3 distribution around ∼ 22 ppb (compare marginal 1-D histogram in Fig.4.10).
The fairly even distribution of RH rather resembles histograms classified into group 1.
This consistency within the near-equatorial Northern hemispheric stations, all located
within ± 5◦ latitude of Palau, is caused by their close vicinity to the average position
of the ITCZ around 6◦ North (e.g. Schneider et al., 2014, compare Sect.2.1). The RH
distributions of the other group 3 stations are skewed towards lower values, which will be
explained below within a seasonal comparison. Weak overall anti-correlation of O3 and
RH occurs for Fiji and American Samoa data (Fiji: r=-0.46, American Samoa: r=-0.42).

Kuala Lumpur and Costa Rica (group 1) constitute the boundaries of the longitudinal Pa-
cific cross-section (brown boxes in Fig.4.11) and are continuously influenced by continental
pollution and deep convection, with most frequent O3 VMR observations at around 30
and 40 ppb, respectively, and evenly distributed RH. That means O3 VMR are indeed en-
hanced compared to the most frequent O3 measurements in group 3, but there are hardly
any observations greater than 60 ppb, possibly due to local mixing processes and O3 loss
in the humid free troposphere. Kuala Lumpur is almost completely lacking observations
below 10 % RH (see Fig.4.10h).
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Both subtropical stations, Hanoi and Hilo, in group 2 (purple boxes in Fig.4.11) are simi-
larly affected by pollution with a significantly wider spread in their O3 distributions com-
pared to all others, especially towards higher values (Fig.4.10e, f). Their free-tropospheric
O3 to RH ratio is therefore especially different from the one for Palau. The tendency to-
wards lower RH values is tied to their location close to the subsiding branch of the Hadley
circulation. The less humid troposphere chemically acts in favor of higher O3 VMR (com-
pare Sect.2.2.1). The semi-permanent North Pacific High above Hawaii, together with
the cold SST in the East Pacific, is responsible for a stable trade wind inversion which
suppresses deep convective activity above Hilo and enables long-range transport of poten-
tially polluted air masses from both Asia and North America (e.g. Oltmans et al., 2004).
Hanoi, in turn, is affected by Asian outflow within shorter distances to the sources (e.g.
Ogino et al., 2013).

Figures 4.10 and 4.11 together already point out the uniqueness of the Palau data set
regarding O3 and RH. We now take a closer look into the seasonal distribution in shifted
seasons, keeping in mind that the temporal shift by one month compared to the mete-
orological seasons, as suggested by the Palau soundings (see Sect.4.1.1), does not neces-
sarily accommodate seasonal features of the other stations. The temporal aggregation of
three consecutive months, however, reduces possible biases due to variations in sampling
frequencies (compare Sect.3.2.3) and reveals differences within the three groups while un-
derlining the unique nature of the troposphere above Palau (see Figures 4.12 and 4.13).
As expected, the occurrence of dry enhanced O3 air masses over Palau is essentially lim-
ited to the seasons NDJ and FMA, with the greatest disparity between FMA and ASO
(Fig.4.12, top row). The joint distribution in the O3/RH space furthermore helps us to
identify distinct groups of high or low O3 by their corresponding RH. In the FMA season,
the dominant mode of low O3 air masses centered at around 25 ppb is present for RH
values between around 10 and 80 % (compare marginal 1D histogram in Fig.4.12, top
row). However, there is a slightly overlapping group of air masses below 20 % RH present
in the 2D histogram, with O3 VMR greater than 40 ppb. This O3+RH- group constitutes
the lower, horizontal part of the prominent “L”-shape in the 2D histogram. This sepa-
ration into two groups, a low O3 mode, as the vertical part of the “L”-shape, and a low
RH mode, is not as distinct but still present in NDJ. The NDJ O3 distribution is roughly
unimodal and centered at around 30 ppb with a tail towards higher VMR. RH values are
stretched out quite evenly over the whole range, except for a peak at around 10 %.

Within group 3, a similar separation between dominant low O3 air and enhanced O3

levels is most apparent for Java and American Samoa, with two main differences: first,
the seasonality is reversed, with O3+RH- air masses in MJJ and ASO only, and second,
moist air masses above 40 % RH are barely existent during the elevated O3 seasons.
The latter is also partially true for the Costa Rica (FMA) and Hanoi data (NDJ, FMA,
see Fig.4.13, first and third row) and obviously tied to the occurrence of a dry season,
which is essentially absent in Palau. The year-round high rainfall rates in Palau can be
explained by the continuous proximity to the ITCZ and its location in the global warm
pool area. A slight increase in rainfall during late summer, early fall is due to the influence
of the Western Pacific Monsoon (compare Sect.2.1.1). With all other stations of group
3 located on the Southern hemisphere (> 7◦ S), the reversal of the seasons is caused by
hemispherical differences and the movement of the ITCZ and SPCZ (compare Sect.2.1.1
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Figure 4.12.: Seasonal free-tropospheric (3-14 km) relation between O3 and RH for group
3 stations, including Palau (top line); for more details see Fig.4.10.
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Figure 4.13.: Seasonal free-tropospheric (3-14 km) relation between O3 and RH for group
1 (two upper lines) and group 2 stations (two lower lines); for more details
see Fig.4.10.
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and 4.1.2). In contrast to Palau’s wet climate, Fiji, Java and American Samoa experience
a clear dry season, when the ITCZ and SPCZ are furthest north, and the sinking branch
of the Hadley circulation has shifted closer to the equator. The Fiji data set shows the
least seasonality and a wide range of O3 VMR is observed year-round, but the dry bias
of season MJJ and ASO is present.

Kuala Lumpur’s tropical climate resembles the one of Palau, with abundant rainfall in all
seasons and thus an even distribution of free-tropospheric RH (see Fig.4.13, second row,
compare Yonemura et al., 2002). O3 observations are steady at around 30 ppb all year,
pointing towards a continuous source of air pollution and convective turnover, as discussed
above. In conclusion, there are no different modes present in the free-tropospheric tracer-
tracer distribution of Kuala Lumpur as in Palau, which could help separating deviating
layers from a background following our definition (Sect.4.2.1). The other group 1 station,
Costa Rica, differs from Kuala Lumpur only during the winter seasons (NDJ, FMA) with
the above mentioned dry bias (see Fig.4.13, first row). Here, despite the dominance of
low RH air masses, the all-together free-tropospheric O3 distribution barely changes (see
marginal 1D histograms), though the range of O3 values is wider for RH below 30 %,
compared to above this threshold, i.e. no “L”-shape is present.

The seasonal separation of the O3 to RH ratio for the subtropical stations (group 2) points
out differences in their RH distributions (see Fig.4.13, third and fourth row). Hilo shows
least seasonality in both tracers, which can probably be related to the stable high and
continuous influence of STE (see Oltmans et al., 2004, and above). Hanoi, as mentioned
above, has dry and wet seasons in association with the Asian summer monsoon (Ogino
et al., 2013). The more humid free troposphere during MJJ and ASO in Hanoi, however,
does not shift the O3 distributions towards lower values, but is accompanied by an even
spread of O3 VMR in the O3/RH space, a unique feature within our selected SHADOZ
stations. Like Hilo, Hanoi is located in an area of active STE at the edge of the TTL.
Ogino et al. (2013) propose transport of stratospheric air from the mid-latitudes in summer
in connection with the Asian Monsoon circulation as responsible for high O3 VMR in
the UT above Hanoi. Low O3 air in the UTLS is observed in winter and attributed
to equatorial tropospheric origin. They further mention tropopause folds and biomass
burning as plausible causes for a lower tropospheric spring maximum in O3 VMR around
3 km, but observed a weak seasonal variability in the middle troposphere (5-10 km). It is
therefore possible, that our data aggregation over the selected altitude range of 3-14 km
is not suitable for a separation of local background conditions and deviating layers of
non-local origin in the Hanoi case.

In general, although intermittent layers have been reported for the whole tropical re-
gion (see Sect.4.2.1), the underlying processes might not be entirely comparable between
stations. Thus, the free-tropospheric tracer-tracer relation as examined here might not
be universally applicable. The unique “L”-shape signal for the special case of Palau,
which is most prominent during the season of highest occurrence of O3+RH- air masses,
FMA, suggests a possible separation of background and layers here. Turning again to
the counterpart season ASO, already identified as the minimum O3 season for Palau (see
Sect.4.1.2), we see not only that the O3+RH- air masses are missing (no tail in the 1D
histogram in Fig.4.12, top row), also, the distribution of low O3, centered around 20 ppb,
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is especially narrow and almost Gaussian. This particular form of distribution is unique
among all selected stations in this seasonal analysis. While distributions for Fiji and
American Samoa (Fig.4.12, second and fourth row) peak at even lower O3 values (< 20
ppb) during their equivalent background season (FMA), they never fully lose their tail
and maintain a larger full width at half maximum. Palau’s ASO season seems to experi-
ence the greatest homogenization of air masses in the free troposphere during the course
of the year. If we assume, that this O3/RH pattern can be explained by convection only,
its reappearance during the other seasons can be related to the same process. Thus, we
can identify a background in all seasons shifted towards higher mean O3 VMR for the
background compared to ASO, and with more air masses deviating from the background.

In summary, the comparison between Palau and selected SHADOZ stations for the free
troposphere in the O3/RH space emphasizes the uniqueness of Palau. Low O3 values
attributed to a background atmosphere occur year-round in dry or humid conditions
within the free troposphere, but show a seasonality. Dry elevated O3 air masses are limited
to the winter seasons, which are characterized by the horizontal part of an “L”-shape in
the O3/RH distribution.

So far, we have neglected variations in altitude. Setting the limits of 3-14 km in al-
titude purposely excluded the boundary layer and TTL (according to the definition of
Fueglistaler et al., 2009, compare Sect.2.1.4), but O3 is not homogeneously distributed
with altitude in the free troposphere. In particular, we included the level of deep con-
vective outflow at which low O3 levels are typical in the Western Pacific region (see
Sect.4.1.1 and 2.1.4). Figure 4.14 shows O3 VMR below 20 ppb as a fraction of all obser-
vations within the same altitude range for Palau and selected stations (see Solomon et al.,
2005 for details on binning). Data has been aggregated for the period 1998-2004 for the
SHADOZ stations. For Palau, annual averages (in resemblance to Eq.3.13 in Sect 3.2.3)
from the available study period are shown. The group 3 stations (black lines) all exhibit
a maximal fraction at 200 hPa (20-40 %) and at 900 hPa (50-80 %) (except for Java,
dashed line, triangles). For Palau (different colors for lines, no markers), the frequency
of low O3 measurements is high in the boundary layer in all years and generally lower
than the other group 3 stations at the chemopause, best resembling the Java profile. In
2016, no upper tropospheric maximum is present, which can be attributed to suppressed
convection during El Niño (compare Sect.2.1.2). At 150 hPa, Palau compares better with
Hilo and Kuala Lumpur (cyan lines). Despite Hilo’s location at 22◦ N, the station gener-
ally shows tropical characteristics such as a seasonal pattern in mid-tropospheric O3 with
deviating layers in otherwise even O3 profiles, which the joint free-tropospheric visual-
ization in Fig.4.13 does not reveal (Oltmans et al., 2004). In the mid-troposphere, low
O3 observations make up 24-32 % of all measurements in Palau, while all other stations
stay well below 20 %. This relates to the persistence of the background throughout the
whole tropospheric column and again illustrates the uniqueness of the tropospheric O3

variability above Palau. The fraction of all O3 VMR below 25 ppb (not shown here), for
example, is above 40% from ground up to 150 hPa (> 50 % at 200 hPa for all years except
2016).
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Figure 4.14.: Fraction of occurrences of O3 VMR below 20 ppb at different altitude levels;
average profiles are calculated from 1998 to 2004 for SHADOZ stations (black
and cyan lines and markers) and as annual means for Palau (lines per year
in various colors, no markers), adapted from Solomon et al., 2005 (see study
for further information on the binning).

Comparison with CONTRAST

For a better understanding of the background atmosphere, we examine variations in O3

and RH with altitude. Analyzing data from the CONTRAST campaign (see Tab.1.1 and
Sect.4.4), Pan et al. (2015) found a bi-modal distribution of free-tropospheric O3 VMR
in the altitude profile. The O3 background or “primary mode” (Pan et al., 2015) was
isolated by simply removing all “dry” data with RH less than 45 %, which indicated
an entirely convective control of the primary mode. The study thus still refrains from
resolving the individual vertical structure of layers, but proposes the RH threshold as
an overall free-tropospheric criterion. For Palau a similar analysis reveals no bi-modal
distribution for the full data set (Fig.4.15c), and a threshold of 45 % does not separate all
higher O3 observations from the primary low O3 mode (Fig.4.15d). Figure 4.15a depicts
the layer-normalized density distribution for all Palau O3 observations from the ground to
15 km derived from all 145 measured profiles, with data binning according to Pan et al.
(2015). Using the same method of analysis, the panel on the right, Fig.4.15b, shows only
“wet” data, with RH greater than 45%. The primary mode, i.e. the layer maximum,
is highlighted in dark colors and clear for both data sets. The “wet” data features less
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frequent occurrences of O3 measurements with more than 45 ppb. However, the highest
frequency of O3 observations in the mid-tropospheric layer of expected highest occurrence
of enhanced O3 air masses (from 320 to 340 K potential temperature) is approximately
the same for both the full and the “wet” data set at around 20 ppb (see Fig.4.15c and
4.15d). The tail in the “wet” distribution is reduced, but not completely absent, as it
was shown for the CONTRAST data set (see Pan et al., 2015, Fig.3f ). The Palau data
shows no clear separation into two modes in the first place (compare 4.15c and Fig.3c in
Pan et al., 2015).
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Figure 4.15.: Relative frequency distribution (normalized to the layer maximum) of tropo-
spheric (0-15 km) O3 VMR with altitude (100 m bins) for all observations (a)
and “wet” observations with RH greater 45 % (b) for Palau during the whole
study period, (c) and (d) histograms show relative frequency distributions of
O3 for a layer between 320 and 340 K potential temperature for all (c) and
“wet” observations (d) respectively; black horizontal lines in (a,b) indicate
the approximate location of the boundaries for the potential temperature
based selection of data in (c,d) (compare Fig.3 in Pan et al., 2015).
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The differences with the aircraft measurements performed in the TWP from the Guam
airbase can be understood by looking at the uniqueness and seasonality of the free-
tropospheric O3 to RH relation at Palau as shown in Figures 4.10a and 4.12 (top row). In
the multi-year Palau time series, air masses with higher O3 content (> 40 ppb) also occur
under wet conditions (> 45 %). Likewise, dry and ozone-poor air is frequently observed,
presumably measured in higher altitudes and explained by the temperature-dependent
vertical RH-gradient (see e.g. Mapes, 2001). The central role of local convection in ho-
mogenizing air masses, lifting ozone-poor air from the ground and further depleting O3 in
the tropospheric column, is inevitable. But RH is not sufficient as a stand-alone indicator
for a convective and thus local profile in the TWP. In particular, it does not account
for possible, though rare, wet and ozone-rich air observations. Potential mechanisms for
transport of such air masses to the TWP are discussed in Section 4.3.1. Further data dif-
ferentiation between seasons and years reveals that a clear bimodal O3 distribution occurs
for most FMA seasons (2/3 of FMA profiles, except in 2018) and other singular seasons
of particular years. These cases are summarized in Figure A.7, but make up only 26 % of
all measured profiles. The mid-tropospheric distributions in general show least variability
in the mostly unimodal ASO season (not shown here). The CONTRAST measurements
present a snapshot from the time of the year with greatest occurence of enhanced O3 (Pan
et al., 2017). From the analysis of the Palau time series we therefore conclude that the
proposed “fundamental bimodal distribution of tropical tropospheric ozone” (Pan et al.,
2015) does not apply for the whole TWP in all years and seasons.

4.2.3. Identification of the Background Atmosphere

Method

There have been various attempts to detect deviating layers and assess the O3 background
quantitatively from balloon and aircraft measurements in the TWP (Hayashi et al., 2008;
Pan et al., 2015; Stoller et al., 1999). Using data from the PEM-Tropics and the PEM-
West A and B campaigns, Stoller et al. (1999) calculate a free tropospheric background
mode for different atmospheric constituents (O3, H2O, CO, CH4) and for individual pro-
files. Their method includes a specific data binning approach and a least square fit on data
in the most dominant mode bin (see Stoller et al., 1999 for further details). The study
focuses on the deviating layers yielding extensive statistics for their frequent occurrences
during the three NASA campaigns, which together sampled the whole tropical Pacific
region in two different seasons. The same methodology was used on MOZAIC aircraft
data by Thouret et al. (2000) (see Tab.1.1). The main disadvantage of this mode-based
method lies within the arbitrary threshold used to determine the required number of data
points to signify the dominant mode bin. Leaving the “technical” caveats of any detection
method aside, the sole definition of a “layer” of certain vertical extent within a highly
variable profile measurement requires many assumptions. Slight changes in the parame-
ters defining layer boundaries, could significantly alter any statistical outcome. However,
an important conclusion of Stoller et al. (1999) is the recognition of importance of these
layered structures in the tropical Pacific region owing to their frequency, and the demand
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for their inclusion in dynamical models mapping chemical processes. A similar analysis of
longer time series from three SHADOZ sites (Java, American Samoa and San Cristobal)
confirms the frequent occurrence of dry enhanced O3 layers below 12 km (Hayashi et al.,
2008). Using a different method of layer detection, the study found O3+RH- air masses
in approx. 50% of profiles per year at each station with differing seasonal variations.

Without formulating any definition of a concise vertical layer in individual profiles, we
loosely follow the approach of Hayashi et al. (2008) to define a reasonable background
profile first. As a starting point, Hayashi et al. (2008) identified two disparate seasons
from their data sets. For every individual profile they only considered layers as enhanced
in O3 concentration which exceed the 83.3th percentile of all observed VMR of the corre-
sponding time period. They excluded layers with a vertical thickness below 1 km, finding
these insignificant in their number of occurrences and difficult to assess using follow-up
trajectory analysis. The dryness or wetness of the identified O3+ layers was determined
by the comparison of the RH within the layer to the RH profile above and below. For
the Palau data set, we chose monthly statistics, and defined the background as the 20th
percentile for O3 VMR and the 83.3th percentile for RH values respectively. This less
conservative approach in respect of O3 accounts for the uniqueness of Palau’s free tropo-
spheric air as described above (see Sect.4.2.2) and our understanding of the background
atmosphere as the uniform low O3 profile in active convection (see Sect.4.2.1), without
focusing on the layered structure within the deviating air masses. Hence, neither the layer
thickness nor the altitude of the individual observed O3/RH pairs within the profile are
considered.

Results

Figure 4.16 shows monthly medians, central 66 % ranges and a highlighted 20 % quantile
for O3 VMR for all months, including the number of samples used (in brackets). The
20th percentile was chosen after examination of various different percentiles and their
convergence towards an even profile in all months. It corresponds well to the expected
seasonality of the background, with e.g. values below 20 ppb from July until Octo-
ber (compare Fig.3.9). However, months with more frequent deviating layers and large
mid-tropospheric variability (compare 66 % ranges in Fig.4.16) still show a lot of struc-
ture in their background profiles, i.e. departures from the straight line (February, April,
November). May, as a transitional month, again stands out (compare Sect.4.1.1). The
smoothed profile (green line) can be perceived as a “tilted line” with a “bump” in the
mid-troposphere, i.e. it shows characteristics from June/July (“tilted line”) and FMA
(“bump”). Monthly RH background profiles are shown in Figure 4.17. Here, February
and April stand out as particularly dry.

In this study, we look at the deviations from the respective tracer’s monthly background
profile for each measurement point in an individual profile. We arrive at an O3/RH
distribution relative to the individual tracer backgrounds for all seasons and altitudes
as shown in Figure 4.18b. The distribution of absolute values, as discussed in detail in
Section 4.2.2 (see Fig.4.10a), is shown again in Figure 4.18a for comparison. Data points
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Figure 4.16.: Monthly O3 VMR statistics (20 % quantile in blue, median in gray and cen-
tral 66 % range in gray horizontal bars) for Palau tropospheric profiles per
km; a vertically smoothed profile of the 20 % quantile (green line) is calcu-
lated using exponentially weighted averages; number of included individual
profiles per month in brackets; 20 ppb O3 VMR is highlighted by a vertical
black line.

in Figure 4.18b represent anomalies from the background and are generally clustered along
the O3 VMR axis, which itself indicates zero O3 anomalies. Given the choice of quantiles,
the majority of data points occupies the lower right quadrant of the graph, the overall
O3+RH- section (light brown in Fig.4.18c). The axes represent respective background
values; marked boundaries (dashed black lines) are chosen manually with respect to the
shape of the distributions in order to separate finer regimes of high (+), neutral (◦) and
low (-) O3 and RH respectively, creating a 3 times 3 grid. The central grid cell in Figure
4.18b (O3◦RH◦) represents background conditions in both parameters within a range of
-5/+15 ppb for O3 and -20/+5 % for RH.

76



Results and Discussion

0 20 40 60 80 100
2

4

6

8

10

12

14
January (12)

0 20 40 60 80 100
2

4

6

8

10

12

14
February (8)

0 20 40 60 80 100
2

4

6

8

10

12

14
March (16)

0 20 40 60 80 100
2

4

6

8

10

12

14
April (10)

0 20 40 60 80 100
2

4

6

8

10

12

14
May (8)

0 20 40 60 80 100
2

4

6

8

10

12

14
June (8)

0 20 40 60 80 100
2

4

6

8

10

12

14
July (8)

0 20 40 60 80 100
2

4

6

8

10

12

14
August (11)

0 20 40 60 80 100
2

4

6

8

10

12

14
September (23)

0 20 40 60 80 100
2

4

6

8

10

12

14
October (28)

0 20 40 60 80 100
2

4

6

8

10

12

14
November (8)

0 20 40 60 80 100
2

4

6

8

10

12

14
December (5)

83.3%

83.3% smoothed

Median

RH [%]

G
e
o
p
o
t.

 H
e
ig

h
t 

[k
m

]
Monthly Quantiles

Figure 4.17.: Monthly RH statistics (83.3 % quantile in blue) per km; 45 % RH is high-
lighted by a vertical black line; for more details, see Fig.4.16.

An interesting feature is the clear bimodality of the RH anomalies, which is persistent in
all seasons except MJJ (purple histogram, Fig.4.19c). The primary mode is essentially
co-located with the background (NDJ, Fig.4.19a), representing the 83th percentile of the
respective time-altitude bin. In all seasons except for NDJ it is slightly shifted towards
negative anomalies (Fig.4.19b, 4.19c and 4.19d). Apart from MJJ, a secondary mode
occurs at -40 %, i.e. measured RH values are 40 % lower than their background estimates.
Our assumption of the background being a consequence of local convection, leads to
the definition of the primary, wet mode as our local mode. This includes shallow or
deep convective activity as the dominant processes in control of tracer composition. The
secondary dry mode possibly contains all air masses affected by non-local processes. There
are, however, various possible mechanisms involved in determining the moisture of an air
mass such as remoistening during transit or mixing. These add to the uncertainty of a
clear separation of a dominance of local and non-local influence on air composition (see
next Sect.4.2.4).
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Figure 4.18.: Free-tropospheric (3-14 km) relation between O3 and RH for Palau in ab-
solute values (a) and as an anomaly from the monthly background profiles
(b); dashed lines in (a,b) refer to the definition of different O3RH groups in
a 3 times 3 grid (boundary values for the central grid cell are -5/+15 ppb
for O3 and -20/+5 % for RH, compare Sect.3.4.1), while (c) illustrates the
nomenclature of the different groups (2 times 2 grid in colors, 3 times 3 grid
in black); the light pink shading in (a) indicates the O3+RH- layer defini-
tion by Anderson et al. (2016), Nicely et al. (2016) and Tao et al. (2018)
(compare Sect.4.4); see also Fig.4.10.

The bimodality in RH anomalies further justifies our separation between RH◦ and RH-
air masses in the 3 times 3 grid classification (see dashed lines in Fig.4.18b and 4.19).
The differentiation of free-tropospheric air mass anomalies by season in Figure 4.19 again
reproduces the known absence of O3+RH- air in ASO and MJJ compared to their domi-
nant appearance in NDJ and FMA (see marginal 1D histograms for RH in Fig.4.19a and
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Figure 4.19.: Seasonal free-tropospheric (3-14 km) relation between O3 and RH for Palau;
for more details, see Fig.4.18 and 4.10.

4.19b). During the latter seasons, both maxima in RH are of similar amplitude, which
emphasizes the importance of dry air masses intruding into the otherwise wet troposphere.

Figure 4.20 presents the relative occurrences of each O3RH group in the 5-10 km altitude
range per season in a heatmap format. The data base for these statistics is still a repre-
sentative reduction of the full Palau data set in preparation for the following trajectory
analysis (138 profiles, every 10th measurement of a profile, see Section 3.4.1 for details).
The 5-10 km altitude range excludes the levels of main convective outflow and focuses
on the relevant level of most frequent deviating layers (see Sect.4.2.4). There is a lot of
information conveyed by these graphics, regarding the quality and applicability of the
classification itself and the individual groups in particular. Here, we want to focus on
the background (O3◦RH◦) and the most prominent category of deviating layers, dry en-
hanced O3 air (O3+RH-). Not surprisingly, within an individual sounding, background air
masses (O3◦RH◦) occur in the majority of profiles in all seasons (74-88 %, see Fig.4.20a).
Furthermore, O3+RH- air masses occur in 71 % of all FMA profiles, a similar fraction as
background air in FMA (74 %), but only in 25 % of all ASO profiles (Fig.4.20a).
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Figure 4.20b lists the occurrence of O3RH groups as a fraction of the total number of data
points within a season, i.e. adding up to 100 % of measurements per season. This can
be interpreted as an indicator for the group’s fraction within individual profiles and thus,
the vertical thickness of either background or deviating layers within the profiles of the
respective season. The heatmap in Figure 4.20b shows the discrepancy between FMA and
ASO more clearly, with the dominating group of 40 % of seasonal data points either being
part of the O3◦RH◦(ASO) or the O3+RH- group (FMA). This contrast becomes even more
apparent, when adding up all groups with background O3 (O3◦) (88 % for ASO compared
to 47 % for FMA) or enhanced O3 (O3+) (10 % for ASO compared to 47 % for FMA). The
MJJ and NDJ seasons appear as transitional seasons in the given statistics as expected,
and are comparable with each other in some aspects (compare Sect.4.1.1). Regarding
the transitional character, Figure 4.20a expresses that the frequency of O3+RH- air mass
observations in MJJ is double compared to the ASO season (54 % in MJJ compared to 25
% in ASO, see Fig.4.20a), but in absolute numbers of data points, MJJ better resembles
the following ASO instead of the previous FMA season (16 % in MJJ, compared to 9 %
in ASO and 40 % in FMA, see Fig.4.20b). A similar comparison can be made for NDJ,
with its greater resemblance to the FMA season. Common characteristics of MJJ and
NDJ are revealed by again adding up all seasonal occurrences regarding data points for
background and enhanced O3 (MJJ compared to NDJ: 73 % to 68 % for O3◦ and 24 %
to 26 % for O3+, see Fig.4.20b).

4.2.4. Relevance of O3+RH- Layers

Dry layers of enhanced O3 (O3+RH-) intruding a wet ozone-poor background atmosphere
are a characteristic feature in the TWP and have been observed by numerous campaigns
(e.g. Browell et al., 2001; Hayashi et al., 2008; Newell et al., 1999; Oltmans et al., 2001;
Pan et al., 2017; Thouret et al., 2000). The vertical confinement of the layers and pre-
dominant occurrence in the mid-troposphere suggest that these air masses were advected
from remote regions. The relevance of the O3+RH- filaments for local air composition and
climate forcing is commonly acknowledged (e.g. Anderson et al., 2016; Kley et al., 1997;
Mapes and Zuidema, 1996; Yoneyama and Parsons, 1999). O3 is a powerful greenhouse
gas and intrusions of dry air inhibit convection, increase OLR and thus promote radiative
cooling with linear dependency on their vertical extent (Cau et al., 2005; Myhre et al.,
2013). The effect of transported pollutants into the clean air of the TWP as a key region
of STE is under investigation (Nicely et al., 2016; Rex et al., 2014, see Sect.2.2.3).

The debate about the origin of these layers is ongoing and controversial (see Anderson
et al., 2016 for a short review on controversial studies). Most recently, based on the same
data sets from the CONTRAST campaign (Pan et al., 2017), a direct conflict revolves
around two concurring theses (Anderson et al., 2016; Nicely et al., 2016; Randel et al.,
2016; Tao et al., 2018). Elevated O3 concentrations originate either from pollution in
high NOx regimes or photo-dissociation of O2 in the extra-tropical stratosphere (compare
Fig.4.21). Different dynamical processes are under debate to explain depressed water
vapor compared to the humid tropical column (e.g. Cau et al., 2007; Dessler and Min-
schwaner, 2007). With low RH signatures possible for both cases, a separation of the two
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(a)

(b)

Figure 4.20.: Occurrence of air masses classified in nine O3RH groups (+, - or neu-
tral/background ◦, for O3 or RH in relation the background definition in
Sect.4.2.3) within each season for Palau observations in the 5-10 km alti-
tude range, relative to the total numbers (#) of seasonal profiles (a) and
seasonal data points (b); total numbers are given in brackets per seasons;
for this statistical analysis a subset of the Palau data was used, with the
number of data points referring to the data points used in the trajectory
analysis, i.e. every 10th measurement of a sonde profile and a total number
of 138 profiles (compare Sect.3.4.1).
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pathways requires information from additional chemical or dynamical tracers. Coinciding
elevated CO levels would suggest a tropospheric origin (e.g. Anderson et al., 2016; Newell
et al., 1999; Stoller et al., 1999), additional species could further differentiate between
tropospheric sources, such as fuel combustion or biomass burning. Emission of HCN, for
example, occurs almost exclusively during biomass burning events (Anderson et al., 2016;
Randel et al., 2010). In addition to trajectory analysis, Singh et al. (1996) used the ratio
of reactive nitrogen (NOy) and sulfur species to identify Asian continental outflow as a
source for Western Pacific air (compare Folkins et al., 1997; Kondo et al., 2004).

The high potential temperature of the tropical tropopause compared to the dynamical
2 PVU tropopause of the extra-tropics, which crosses isentropes, allows quasi-horizontal
advection of ozone-rich stratospheric air from the mid-latitudes to the tropical UTLS
(e.g. Hayashi et al., 2008; Kley et al., 1997; Randel et al., 2016; Stoller et al., 1999;
Tao et al., 2018; Waugh, 2005; Waugh and Polvani, 2000; Yoneyama and Parsons, 1999,
compare Sect.2.1.4 and Fig.A.1). Besides in-mixing along the subtropical jet, occasional
intrusions of tropopause folds could be of relevance, although they usually do not reach
the deep tropics (Cau et al., 2007; Sprenger et al., 2003; Waugh and Polvani, 2000).
Typical aerosol distributions or increased PV are considered as stratospheric tracers (e.g.
Foltescu and Zahn, 1995; Holton et al., 1995; Kremser et al., 2016). The growing time
series of O3 soundings in Palau is predestined to contribute to the solution of this on-
going controversy (see results of the trajectory analysis in Sect.4.3.2). If the attribution
to tropical biomass burning holds, this might become a strong argument for policy makers
as “present legislation to limit emission of O3 precursors in the extra-tropics may have
little, if any, positive impact for the radiative forcing of climate due to tropospheric O3”
(Anderson et al., 2016).

4.2.5. Discussion

In light of the unique tropospheric variability above Palau a separation of air masses
under predominantly local or non-local control seems possible using only two tracers.
The analysis of the tracer-tracer relation for O3 VMR and RH can be used to identify a
background atmosphere. This background is characterized by low O3 VMR and an evenly
spread RH distribution in the free troposphere, suggesting a recent convective imprint on
air masses and thus a local origin. O3 enhanced air masses with low RH can be explained
by transport processes to the TWP and identified in the 2D histogram for the frequency
of O3/RH pair observations as the horizontal part of an “L”-shaped distribution.

The comparison with a selected number of SHADOZ stations puts Palau in the context of
other tropical and Western Pacific stations, while underlining the unique characteristics
of the free troposphere of the TWP. This includes the lowest O3 VMR statistics (see
Fig.4.11) and the seasonal development of the “L”-shaped O3/RH distribution. Despite
seasonal variations, the local mode (vertical part of the “L”-shape in Fig.4.12, top row) is
present throughout the year, i.e. local processes dominate the tropospheric composition.
A basic analysis of mean seasonal or monthly profiles of O3 VMR (with altitude) does
not reveal this relevant feature of individual observations. Here, a frequent occurrence of
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O3+RH- layers in the mid-troposphere is masked in the “belly” of the “S”-shaped profile
(compare Sect.4.2.1 and Pan et al., 2015).

A bimodal distribution of free-tropospheric O3 VMR as suggested by Pan et al. (2015) is
only found in certain years and seasons (Fig.4.15 and A.7). A separation between local or
non-local control of air masses therefore needs to include information from both tracers.
Additionally, a vertical resolution finer than the simple reduction to the free-troposphere
needs to be taken into account.

To consider variations with altitude and both tracers, we use profiles of monthly quantiles
to determine background profiles per month for O3 VMR (20th percentile) and RH (83.3th
percentile). For each individual sounding, anomalies from this background are calculated.
Aggregation of all free-tropospheric anomalies yields O3/RH distributions as shown in
Figures 4.18b and 4.19, thus suggesting a separation of different groups in relation to
the background. The resulting bimodality of the RH distribution not only justifies our
separation into distinct “dry” and “wet” categories. It also emphasizes the relevance of
deviating layers of non-local origin associated with the dry mode and enhanced O3 air
masses in contrast to the local mode, indicating the dominance of recent convective and
thus local processes.

Our method of air mass categorization is a fairly simple statistical approach using time
series data in bulk. In principal, it is also applicable for sounding data time series from
other tropical stations, though it may not yield the best results as atmospheric processes
and mechanisms determining air composition might be specific to this geographic location
(compare with Sect.4.2.4). The advantage of our method compared to algorithms of layer
detection in individual profiles (e.g. Stoller et al., 1999) lies within its simplicity and the
use of the identified bimodality in the RH anomalies.

However, a few caveats could be investigated to improve the classification of air masses
and layer detection:

• The selection of the 83th quantile for RH, also in context of the RH bimodality,
should be revisited, as the maximum of the anomalies is mostly just below the
background values, e.g. visualized by the RH axis in Fig.4.19. This is also reflected
in the dominant occurrence of both O3◦RH◦ and O3◦RH- found for the 5-10 km
subset of the Palau data (see Fig.4.20). An adjustment of the RH quantile and cor-
responding center on the O3◦RH◦ group could still improve the air mass selection.

• The hence established monthly profiles are not uniform throughout the column,
which is proposed as the ideal, purely convective profile (see Fig.4.9a). During
the months of increased occurrence of deviating layers, i.e. FMA and NDJ, the
20th percentile profile still incorporates the “S”-shape, presumable caused by these
layers. This could possibly be reduced by changing the temporal resolution from
monthly to seasonal statistics, which has not been assessed yet. A growing time
series will certainly help to validate our approach as it reduces possible biases caused
by different sampling frequencies per season.
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• While the relevance of O3+RH- filaments is undisputed (see Sect.4.2.4), other cate-
gories of deviating air masses are encountered less and thus more difficult to relate
to underlying atmospheric processes.

Our resulting categorization into O3RH groups relative to the background atmosphere is
used in the following trajectory analysis and thus a prerequisite to linking air mass origin
and tracer variability. The corresponding results (see Sect.4.3.2) support our assumptions
on combined O3 and RH as tracers for local and non-local air masses. A satisfying
automated computational detection of the deviating layers per profile in analogy to Stoller
et al. (1999) is in preparation. A comparison with our method will reveal, how well
individual layers are captured in both approaches. A combination of methods could be
an improvement for an extended trajectory analysis, which combines climatology and
tracking of individual layers (compare Sect.4.3.3). In the future, the methodology could
be tested for the TTL altitude region to analyse the seasonality of deep convective outflow
and STE processes.

4.3. Transport and Origin

Our previous analysis of the Palau time series suggests, that the low O3 background
atmosphere is caused by low boundary layer O3 lifted by convection. Deviations from
this background profile in the free troposphere are indications of non-local influence via
synoptic to larger-scale transport processes. Considerations in atmospheric dynamics and
chemistry of the TWP already point at possible source regions related to air masses
of certain O3/RH content, which are summarized in an overview of transport pathways
(Sect.4.3.1). We test our hypothesis and identify transport pathways and origin of air
masses by back-trajectory calculations with the ATLAS trajectory module driven by
meteorological data from ECMWF ERA5 (see Sect.3.4.1) and compare the results with
the O3 and RH observations from our Palau soundings (Sect.4.3.2).

4.3.1. Transport Pathways

The origin of air masses transported to Palau is linked dynamically to the position of the
ITCZ. Air masses under non-local influence are identified as anomalies from the local,
convectively controlled, humid, low O3 background. The impact of transport versus local
convection is reflected in the tropospheric O3 and RH seasonality (see Sect.4.1 and 4.2).
We propose five different transport pathways to the TWP related to the four major
categories of non-local air masses in respect of their O3/RH relation (compare Fig.4.18c)
based on our understanding of the dynamics and chemistry of the TWP. Figure 4.21
presents a simplified scheme for these pathways to Palau on the zonal plane including
major dynamical drivers.

In our hypothesis, deviating layers of ozone-depleted air (O3-, turquoise colors) are of
Pacific and ozone-rich air masses (O3+, brown colors) either of (South East) Asian or
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stratospheric origin (see Fig.4.21). We consider RH as an indicator for the vertical dis-
placement of air masses during transport, i.e. rather a measure of path and not necessarily
source variability (compare Hayashi et al., 2008; Schoeberl et al., 2015). Right after de-
trainment, air masses have a RH of 100 %. We then assume that the absolute humidity
remains constant during transport in clear sky conditions, so that a descent and warming
of an air mass results in a decrease in RH. A convective event, lifting air masses, would
reset RH to 100 % again. Dehydration of air masses (RH-, lighter colors in Fig.4.21) can
hence either be explained by net clear sky radiative cooling and subsequent subsidence
(compare Sect.2.1.3) or quasi-horizontal transport from the extra-tropical stratosphere
(compare Sect.2.1.4). The first process includes boundary layer air raised by convection
in the area of origin, i.e. a direct relation to a source of O3 production (or depletion) on
the ground (light brown transport pathway from the ground and light turquoise pathway
in Fig.4.21).

Figure 4.21.: Schematic for transport pathways to Palau and the TWP on the zonal plane,
major dynamical drivers are marked with different arrows (blue colors),
transport pathways are color-coded by air mass group (O3±RH±) in re-
lation to the background atmosphere; compare air mass classification and
observed O3/RH relation in Figure 4.18c and Section 4.2.3.

Air masses more humid than the background atmosphere (RH+, darker colors in Fig.4.21),
which is defined as the 83th percentile of monthly profile measurements, are less frequent
and thus difficult to address in a trajectory analysis (compare e.g. Fig.4.18b and 4.20).
For O3-RH+ air masses (dark turquoise in Fig.4.21) a strong and very recent convective
local uplift of air originating in the humid tropical Pacific, reaching Palau with the trade
winds, can be assumed. Air within O3+RH+ layers (dark brown in Fig.4.21) originates
in the (South East) Asian boundary layer and is subject to convective uplift in the area
of origin with following short-term direct horizontal transport to the TWP. This thesis
will focus on the most abundant group of deviating air masses: O3+RH- (light brown in
Fig.4.21, compare also Fig.4.20). The two possible pathways and thus origins for these
air masses have been discussed in detail in Section 4.2.4.
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4.3.2. Trajectory Analysis Results

The hypothesis above is tested in an analysis of the backward trajectory ending points
calculated by the ATLAS trajectory scheme as described in Section 3.4.1. We study a
climatology of trajectories from all available soundings within the 4-year time series and
examine air masses “in bulk”. Due to missing meta data, we use a slightly reduced number
of 138 profiles. The vertical profile resolution is reduced by selecting every 10th sonde
reading for the trajectory analysis. In order to identify similar air masses and pathways,
we examine the following parameters:

• length of the trajectory in days,

• (shifted) season (see Sect.4.1.1) of the sounding,

• measured sonde geopotential altitude (i.e. arrival in altitude ranges, see below),

• difference between pressure altitude of start (measured by sonde) and ending point
of the trajectory (i.e. ascended or descended air parcels, neglecting changes along
the path),

• and the O3 VMR and RH measured by sonde in absolute values or relative to the
background described in Section 4.2.3.

We look at trajectories in three different altitude ranges in accordance with the three
distinct layers of the free troposphere motivated in Section 2.1.3: “2-5 km” as the layer
of shallow convective outflow, the “5-10 km” layer with suppressed detrainment and a
stratification of the pseudoadiabtic temperature and the “10-14 km” layer including the
level of deep convective outflow, but excluding most of the TTL with greater stratospheric
influence. We focus our analysis mostly on the pseudoadiabatic layer (5-10 km) because
of the high variability in O3 VMR (see Fig.4.2c and Sect.4.1.1) and greatest abundance
of O3+RH- layers (compare Sect.4.2.4). An overview of the fractional distribution of the
data within the 5-10 km altitude range, sorted by O3RH groups, is already presented in
Fig.4.20. Table 4.1 summarizes the absolute number of data points and profiles per season
and altitude range. In the following, we will first present our trajectory calculations and
then compare identified seasonal and regional patterns with our tracer observations.

Season NDJ FMA MJJ ASO

# profiles 24 31 24 59
# data points

2-5 km 1433 1900 1520 3581
5-10 km 2375 3075 2444 5733
10-14 km 1856 2261 1861 4367

Table 4.1.: Overview of the number (#) of profiles and data points per season and altitude
range used in the trajectory analysis, compare Fig.4.20.
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Source Regions and O3

Figure 4.22 gives an overview over all trajectory calculations for the study period, showing
a representative subset (every 20th trajectory of a day/profile, for better visualization) of
10-days backward trajectories sorted by season (in rows) and altitude level (in columns).
A seasonal classification of all Palau trajectories already separates the two main path ways
and source regions: air masses originating north west of Palau on the Asian continent are
observed mostly from November until April (NDJ, FMA, upper rows in Fig.4.22), while
(Eastern) Pacific air predominantly reaches Palau from May until October (MJJ, ASO,
lower rows in Fig.4.22).

As expected from the statistical profile analysis (see e.g. Sect.4.1.2), the strongest seasonal
differences are between FMA and ASO seasons; NDJ and MJJ resemble FMA and ASO
respectively. Differences between altitude levels within a given season are present, though
not as prominent (e.g. the main direction for incoming air masses to Palau in NDJ
shifts from east north east to south east with increasing altitude). An exception are the
trajectories reaching Palau from the West, which are mostly limited to the 2-5 km layer
during MJJ and ASO. These pathways are caused by equatorial westerlies within a narrow
band during the active Western Pacific Monsoon (WPM) from July to October (compare
Sect.2.1.1) and as such are mostly confined to lower altitude levels (maximum up to 10
km). In accordance with the local wind direction climatology, air masses are approaching
Palau mainly from the East throughout all seasons and levels (see Fig.4.3).

The temporal length of the trajectory in Figure 4.22 can be related to the influence of local
mixing versus long-range advection on air mass composition (“shorter” versus “longer”
distances traveled in time). Fast transport from remote regions, however, cannot rule out
a possible dominance of local processes. Single convective events cannot be captured by
the model. Thus, we cannot detect sonde measurements taken inside an active convection
cell, which would render any trajectory based on the average grid-cell wind field useless.
Also, due to mixing and deterministic chaos, the trajectory becomes less reliable with
increasing length. Colored line-segments in Figure 4.22 are indicating three different
time periods backwards: 3, 5 and 10 days. Air masses have traveled faster and longer
distances in FMA, particularly those arriving in the 5-10 km altitude range. At the
same time, the convective activity in the TWP is lowest (see e.g. Fig.2.4), allowing the
conclusion of a greater impact of long-range transport. Originating at higher northern
latitudes further west, air in FMA is moving anticyclonic over the North West Pacific
towards Palau. Thus, air masses within the low latitude upper-air polar westerlies can
reach Palau during this season, because the subtropical ridge shifts towards lower latitudes
in winter (lowest in February/March) and in general closer to the equator with increasing
altitude (e.g. Riehl, 1954). Once air parcels reach the West to central Pacific they
are either diverted eastwards by the (subtropical high) anticyclone, possibly associated
with the upper air mass divergence from air rising above the warm pool, or are picked
up by the general trade wind circulation. All air masses eventually reach Palau from
the East. In contrast, with a subtropical ridge or base of the polar westerlies in higher
latitudes (highest in August/September) and a subtropical high residing further north
east, transport is governed by the trade winds and monsoon circulation. Thus, most ASO
air masses never leave the Pacific ocean area within 10 days.
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One goal of this study is to examine the connection between source region and O3 VMR
measured at arrival in Palau. Figure 4.23 shows the 3, 5 and 10 days trajectory ending
points color-coded by O3 VMR for the 5-10 km altitude range (for other altitudes, see
Fig.A.10). The geo-spatial probability density function (PDF) of data points is approxi-
mated by a Kernel Density Estimation (KDE, see 3.4.1) and highlighted as black contour
lines in Figure 4.23. The KDE contours provide a visual aid to capture the spread of
trajectory ending points and the spatial extent of source regions. The columns in Figure
4.23 once more refer to the intermediate time periods already presented as line-segments
in Figure 4.22 (3, 5, 10 days). Over the course of 10 days backwards, the spatial coverage
of the trajectories naturally broadens. All distributions are centered east of Palau at all
times and low O3 values are dominant here. Comparison between the seasons reveals
expected differences in conjunction with observed O3 VMR variability:

• For ASO and MJJ the center of the distribution moves further east backwards in
time (approx. 30◦ in longitude). In FMA, the primary maximum stays close to
Palau (15◦ East). 5 days before arrival, a stretching or even splitting of this center
in latitudinal direction emerges with the dominant maximum and corresponding
lower O3 VMR (≲ 30 ppb, blue to green colors) further south. The northern FMA
maximum is characterized by high O3 VMR (≳ 70 ppb, orange to red colors).
These two almost separate centers of most frequent occurrence of ending points
correspond with the two dominating pathways during FMA: the East wind, Pacific
route and the anticyclonic, continental/Asian route approaching Palau from north
east. Enhanced O3 VMR are mostly limited to latitudes north of Palau and the
anticyclonic, northern route.

• The summer seasons (MJJ, ASO) retain unimodal distributions in time, i.e. the
majority of trajectories always ends east of Palau in the Pacific, mainly in a narrow
zonal band centered on Palau’s latitude and show low O3 VMR (< 30 ppb in ASO).
Observations of enhanced O3 are predominantly found outside the main cluster.
For FMA and NDJ, secondary centers reaching into Asia appear 5 days before
measurement (east of China and reaching into South East Asia in NDJ, stretching
over South East Asia into the Indian Ocean in FMA). Especially during FMA, these
are characterized by air masses with exclusively high O3 content.

• The latitudinal extent of the distributions 5 days backwards is greater in FMA and
NDJ. Another 5 days earlier, the spatial coverage is greater in both latitude and
longitude. This larger “catchment area” in winter has already been evident in Figure
4.22. The occurrence of 10 days trajectory ending points in the more northern parts
of the West Pacific is most frequent within the NDJ season (in terms of the extent
of the KDE distribution), but also possible during ASO with comparable absolute
counts. This seasonal feature conforms with the seasonal movement of the position
of the subtropical ridge as discussed above.

The comparison of O3 VMR between the seasonal 10 days trajectories (right column in
Fig.4.23) underlines the connection between longer-range transport and enhanced O3 on
the one hand (non-local control, NDJ and FMA) and low O3 air masses with Pacific origin
on the other (MJJ and ASO). The most frequent occurrence of ending points, i.e. the
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center of the KDE distribution (5 days backwards, second column in Fig.4.23), coincides
with low O3 VMR in most seasons (not clear in NDJ) and therefore can be associated
with the clean background state (O3◦RH◦, compare Fig.4.20). The close proximity of this
maximum to Palau supports the general dominance of local control.

With this overview of trajectories at different points in time before measurement in mind,
the time parameter is kept at 5 days backwards in the following analysis. Since we
treat O3 as a passive tracer and did not implement chemical reactions during transport
calculations (compare Sect.3.4.1), we cannot make conclusion about production or loss of
O3 along the path from origin to Palau, but assume minor variations in O3 content during
a maximum of 10 days of transport. From a chemical point of view, this assumption will
be more robust on a shorter timescale and for dry and mid- to upper tropospheric air
masses because of the increasing photo-chemical lifetime of O3 from the boundary layer
to the TTL (compare Sect.2.2.1 and Thompson et al., 1997). Convective mixing alters
chemical lifetimes significantly and the chances of an air mass to encounter a convective
cell increase further back in time. Very shortly before arrival the information of the spatial
range of air mass transport needed to separate between non-local and local control of air
composition in Palau, is not yet showing at all. Thus, the choice of 5 days backwards
seems reasonable (compare e.g. Browell, 2003; Tao et al., 2018).

Vertical Displacement, RH and PV

After establishing a picture of the seasonality of air mass origin, we examine the vertical
displacement of air masses and underlying processes. We neglect variations along the path
for simplicity and distinguish between uplifted and subsided air masses upon arrival in
Palau using the differences between pressure altitude of start and ending point. Our initial
assumption of RH as a tracer for vertical displacement (see Sect.4.3.1) seems justified by
our results and visual comparison of the trajectory ending points either color-coded by RH
or altitude difference, which are shown side by side in Figure 4.24. Rows show different
seasons and we limit the analysis to the 5-10 km range (see Appendix for other altitude
levels in Fig.A.8, A.9). With exceptions, air masses that subsided on their way to Palau
(red colors, Fig.4.24, first column) are also low in RH (pink colors, same Fig., central
column) and most ascended air masses are moist (blue and cyan colors, respectively).

The most striking seasonal difference in Figure 4.24 is the spatial separation of uplifted
and subsided air masses upon arrival in Palau in the winter seasons. Especially in FMA,
descending trajectories originate mainly in latitudes north of Palau, while the origin of
ascending air masses from lower altitudes is almost exclusively south and east of Palau
(first column, Fig.4.24). MJJ and ASO exhibit a more mixed distribution in terms of
ascending and descending air masses. Generally, during the summer months data points
with large negative differences in pressure altitudes (darker red colors) are less frequent,
i.e. subsiding air masses originate mostly at altitude levels close to the arrival level. Con-
vective uplift, and correspondingly, humid well-mixed air masses (blue to cyan colors,
central column, Fig.4.24) are dominant. During winter, the range of the vertical displace-
ment is largest with both strong uplift (deep blue color) and strong subsidence (deep red
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color) present. We will not further elaborate on the TTL in this study, but want to point
out in this context, that strongest uplift (i.e. largest difference in altitude from start to
ending point of the trajectory) throughout the free troposphere occurs in the 10-14 km
altitude range including the level of main deep convective outflow (see Fig.A.9, compare
Sect.2.1.4). This is consistent for all seasons and in accordance with a year-round deep
convective activity (see Sect.2.1.3).

While the connection between uplift and humid air can be explained by convection (see
Sect.2.1.3), the observed correlation between the dryness of air masses and their descent
in altitude from origin to arrival in Palau can have two different causes: either resulting
from dehydration along the path of originally more humid air masses or related to a
dry stratospheric origin (compare Sect.4.3.1). To separate between different pathways,
we again examine the source regions. North of Palau and during winter seasons source
regions correspond to sonde observations of predominantly dry air masses (RH ≲ 30%,
purple to pink colors, central column, Fig.4.24). The according area extends from the
western edge of the Indian Ocean until the Philippines, in a narrow band over India,
but reaching further north along the east coast of China. The according trajectories
are associated with higher O3 VMR observations and are thus the main source region of
O3+RH- air masses (see Sect.4.2.4). The two possible causes for low RH are connected to
those for enhanced O3: dehydration in the stratosphere or during transport of polluted air
masses originally lifted from the ground. As most trajectories remain within the tropics
or travel along the edge, the subtropical ridge, a reasonable explanation for dehydration
is large-scale descent associated with the Hadley circulation (Dessler and Minschwaner,
2007, compare Anderson et al., 2016). Within the scope of this study, we additionally
assess the stratospheric pathway by looking at the potential vorticity (PV) of air masses
along the path (compare Sect.3.4.1).

Following previous studies (e.g. Waugh and Polvani, 2000), we assume that the absolute
value of PV of air masses, which have crossed the extra-tropical tropopause on their way
to Palau and experienced significant in-mixing of stratospheric air, will be greater than
2 PVU for an extended time period of at least one day (compare Sect.3.4.1). The right
column in Figure 4.24 shows 5-days backwards time series of PV for all trajectories of
the corresponding season (in rows). Only one single trajectory in MJJ crosses the 2 PVU
threshold towards the end of the 5 days (green line) and four trajectories in NDJ only
briefly show values close to the threshold. 10 days prior to the sonde measurement (not
shown here), there is still just a limited number of trajectories with PV greater 2 PVU,
including seven staying above the threshold for more than one day during transit (2 in
ASO, 5 in NDJ). An even stricter threshold of 1.5 PV as demanded by some studies
(Hayashi et al., 2008; Kunz et al., 2011; Postel and Hitchman, 1999) is still only crossed
by singular trajectories 4 days backwards (in NDJ, FMA, MJJ, see black horizontal line
in Fig.4.24). During 10 days backwards, this stricter criterion is reached more often,
especially during FMA and NDJ, but the number of trajectories is still roughly under 1%
of all calculated data. In conclusion, this climatological overview of the 4-year Palau time
series does not suggest the extra-tropical stratosphere as a major source region of TWP
air. According to our analysis, O3+RH- air masses measured in Palau are of tropical
tropospheric origin.
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Background Atmosphere and Deviating Layers

For a confined deviating layer of anomalous O3/RH content within an individual profile
(vertical extent greater 1 km), we would expect a definite attribution to a specific source
by back trajectory analysis (compare e.g. Hayashi et al., 2008). Looking into the O3RH
air mass categories “in bulk” leads to more overlap of source regions. However, the
consideration of anomalies instead of absolute values, to a certain extent compensates
for the neglect of the characteristic individual structure of filaments (see also Sect.4.3.3).
Anomalies imply the departure from local conditions and can therefore be seen as a
measure of local influence on air composition.

The seasonality of the different O3/RH air masses was already summarized in a heatmap
in Figure 4.20 (Sect.4.2.3). We now sort trajectory ending points of our Palau data set
(5 days backwards, 5-10 km altitude range) by O3RH group. Rows in Figure 4.25 show
results for the background, O3◦RH◦ , and the two relevant opposite groups, O3-RH+
and O3+RH-, with respect to seasonality (central column) and vertical displacement of
air masses (right column, for orientation, see pictograms in left column with air mass
color-coding according to Fig.4.21).

Throughout the seasons, the distinction into different O3/RH air masses in the 5-10 km
altitude range supports our hypothesis that the background atmosphere (O3◦RH◦) is
comprised of mostly uplifted, local low O3 air masses. The center of the distribution of
ending points is located east of Palau in the Pacific (approx. 20◦, see Fig.4.25, central
row) with a unimodal spatial PDF for all seasons (found by the KDE based PDF analysis,
shown in Fig. A.12). This is still conform with the background definition and the Pacific
origin of air masses amplifying the local low O3 background (compare Sect.4.2.1). Dry
ozone-rich air (O3+RH-) is predominantly of non-local origin and most frequent during
FMA and NDJ (see Fig.4.25, bottom row). During the ASO season, the smaller number
of ending points for O3+RH- air masses (total number of 490 data points in 15 pro-
files) is clustered in three main areas, which geographically suggest different sources of
tropospheric O3 production (compare Fig. A.12): 1. north east of Palau in the West
Pacific, 2. between Borneo/Kalimantan and the Southern Philippines and 3. in the New
Guinea region, extending towards Northern Australia. The first center can be related to
the anticyclonic pathway from Asia dominating in FMA and thus possibly anthropogenic
O3 production. The other two source regions point towards a biomass burning origin
(compare e.g. Anderson et al., 2016; Oltmans et al., 2001).

4.3.3. Discussion

In summary, the back-trajectory analysis supports our transport hypothesis: in 5-10 km
altitude range O3+RH- air originates north west of Palau and the ozone-poor O3◦RH◦
background consists of local or Pacific air. Ascended air masses upon arrival in Palau
are humid and thus consistent with convective uplift. Modeled descent towards Palau
correlates with low RH observations. Our PV analysis gives no evidence for a stratospheric
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origin of air masses. We suggest clear-sky radiative cooling and large-scale subsidence as
mechanism for dehydration of air parcels during transport to the TWP, which is consistent
with the results in Anderson et al. (2016) for the CONTRAST campaign.

Tao et al. (2018) conducted a quantitative study of the origin of O3+RH- layers for
the same campaign using an artificial stratospheric tracer in the Lagrangian transport
model CLaMS. They found a stratospheric influence in 60% of O3+RH- air masses due
to in-mixing during isentropic transport and point out the limitations of calculating pure
Lagrangian trajectories without chemical transport. According to our analysis, the anti-
cyclonic route identified for O3+RH- air masses reaching Palau is indeed a pathway along
the subtropical ridge, i.e. in close proximity of mid-latitude UTLS air masses. But a lack
of high PV air masses and the clustering of the trajectory ending points near centers of
pollution sources on the ground are strong evidence for the tropical tropospheric origin.
Other supporting arguments are the seasonality of O3+RH- layers coinciding with the
annual low in convective activity and the confinement of higher O3 VMR observations to
origins north of the ITCZ as also shown by Browell et al. (2001). More clarification in
this controversial debate (Sect.4.2.4) could be achieved by an improved method of layer
detection, e.g. a combination of individual tracking of confined filament structures and
the overall ”in bulk” climatology (see Sect.4.2.5). An analysis of additional tracers, e.g.
aerosols (see Kremser et al., 2016) from coinciding measurements of the ComCAL system
at the Palau Observatory, is planned in future studies.

Why did we choose anomalies from a background over actual measured values for the air
mass classification? We tested a similar 3 times 3 scheme using the original O3 and RH
measurements (compare Sect.4.2.3). The boundaries are indicated in Figure 4.18a and
based on the 2D histogram, with the central grid cell including air masses with 15-27.5 ppb
for O3 VMR and RH of 32-56 %. Figure A.11 shows the resulting selection of data points
according to different groups in analogy to Figure 4.25. Results for the O3+RH- group are
similar to the classification relative to the tracer backgrounds. For the background case,
O3◦RH◦, the extent of the source region is even more concise and limited to the Pacific
area, but it apparently does not separate different underlying processes as well, as the
amount of descending or ascending air masses is approximately even. Also, the choice of
boundary values is rather arbitrary. The bimodality in the RH anomalies in turn, seems
a more reasonable criterion for a separation of air masses (compare 4.2.2).

Further validation of the air mass classification will be done by refining the trajectory
calculations for an improved representation of convection by coupling of the ATLAS tra-
jectory scheme with a statistical convective scheme (Wohltmann et al., 2019). This will
allow a physically more sound definition for the origin of an air masses, namely the point
of last detrainment of an air parcel as the final determination of its chemical imprint
instead of the 5 days backward criterion.
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4.4. Oxidizing Capacity

The lack of tropospheric O3 observations in the TWP increases uncertainties in atmo-
spheric model simulations. Even fewer in situ observations of the short-lived OH radical
due its lifetime, low mixing ratio (< 1 ppt) and the limitations of modern measurement
technology make estimations of this important atmospheric constituent mostly dependent
on chemical model simulations (e.g. Nicely et al., 2016). Several studies highlight the
close coupling of O3 and OH in the clean ozone-poor air of the TWP (e.g. Gao et al.,
2014; Kley et al., 1996; Rex et al., 2014). Rex et al. (2014) in particular remark that
the unrealistic absence of a subsequent OH minimum in model results is due to an over-
estimation of O3. The Palau measurements are therefore a very valuable observational
constraint for future model studies assessing the oxidizing capacity of the TWP. Resulting
consequences for chemical lifetimes and possible enhanced transport to the stratosphere
are of great relevance on a global scale (see Sect.2.1.4 and 2.2.3).

With O3 and H2O as the major sources of OH (see Sect.2.2.2), an assessment of the
tropospheric oxidizing capacity above Palau using our sounding observations is possible
by constraining a simple chemical box model (compare Bloss et al., 2005; Bozem et al.,
2017; Rohrer and Berresheim, 2006). In this thesis, we present results from a first analysis
focusing on atmospheric background conditions and dry enhanced O3 air (O3+RH-) using
the AWIP chemical box model (see Sect.3.4.2).

4.4.1. Chemical Box Model Constraints

The current debate on the possibly lowest oxidizing capacity of the TWP as a whole region
or in a global context (e.g. Nicely et al., 2016; Rex et al., 2014) is difficult to solve within
the scope of this study. Motivated by the relevance of the deviating layers disturbing
the clean O3 background (see Sect.4.3.2 and 4.2.4), the Palau time series enables first
calculations of the local OH background and its seasonality in box model case studies.
Due to the dominant occurrence of O3+RH- layers during FMA, their influence on the
oxidizing capacity is revealed in the seasonal mean. The resulting impact on chemical
lifetimes and thus stratospheric input needs to be tackled in a follow-up study.

The relation between OH, O3 and H2O and their sensitivity to different NOx and CO con-
centrations is examined in the mid-troposphere at 400 hPa, the center of the characteristic
5-10 km altitude range (see Sect.2.1.3, 4.3.2). The model is most robust within the clean
tropospheric air above Palau, i.e. a clear-sky scenario and no significant amount of organic
compounds present. We further constrain our simulations with fixed CH4 (1.8 ppm) and
seasonally variable SZA and CH2O (from GEOS-Chem, see Sect.3.4.2 for further details).
The mean temperature at 400 hPa is almost constant throughout the year at 259 ± 0.5
K, based on soundings.
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4.4.2. Chemical Box Model Results

First, we compare the impact of different seasonal mean O3/H2O VMR combinations at
400 hPa derived from Palau observations on OH. The comparison is done as a sensitiv-
ity test for typical ranges of NOx (1-50 ppt) and CO VMR (50-70 ppb) for the TWP
region (e.g. Crawford et al., 1997; Nicely et al., 2016; Singh et al., 1996) (see Fig.4.26
and Tab.4.2). As previously shown, the Palau seasonal O3 means are representative for
the background atmosphere (ASO and MJJ) and a dominance of dry enhanced O3 lay-
ers (FMA and NDJ) respectively (see e.g. Sect.4.1.1). Additionally, using the Palau
measurement database, we generated two less common but realistic very low O3 cases to
assess extreme background conditions: the absolute minimum (ASO min) and the fifth
percentile (ASO 5 %) of all O3 measurements at 400±10 hPa paired with the median H2O
of the respective ten nearest measurements (see Fig.4.26 and Tab.4.2). Figure 4.26 gives
an overview of the cases and box model results for daily mean OH and their sensitivity
on NOx and CO variations in relation to O3.
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Figure 4.26.: Box modeled daily mean OH VMR in relation to daily mean O3 VMR for
varying NOx (in colors) and CO VMR (by size and thickness of data points
as crosses): overview of selected seasonal (thin circle, diamond, square, tri-
angle) and low O3 ASO (thick edged triangles) cases; vertical lines mark the
model input O3 VMR with markers at the bottom indicating the season;
total number of simulations: 84; compare Table 4.2.

Dependency on CO

The reaction chain initiated by the oxidation of CO (reaction 2.1) can only preserve OH
in the presence of O3 and NO (reactions 2.6, 2.12 and 2.17). With low VMR for both
these chemical species, the recycling rate from HO2 back to OH is too slow and OH is
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essentially lost, i.e. CO acts as a significant sink for OH in our simulations. The negative
linear correlation of OH and CO leads to variations of 20 ppb in CO corresponding
to our input range causing linear variations of 15-25·10−15 for OH VMR. Keeping this
dependency in mind, we only show calculations for 60 ppb of CO in the following. The
threshold value for CO for which the above OH/CO relation is not valid anymore has not
been assessed.

O3 Dependency on NOx

NOx is correlated with both O3 and OH and we start by examining its relation with O3.
NO is the crucial factor for daily net O3 production in the free troposphere (compare
equation 2.11, reaction 2.6 and section 2.2.2). This is captured well in our box model
simulations, where for a given initial O3 input the variation of NOx inputs causes fluc-
tuations in daily mean O3. In Figure 4.26 these are visible as the displacement of data
points representing the daily mean O3 VMR of different model runs from the vertical black
line indicating initial input O3 VMR. We can estimate the NOx threshold value between
daily O3 net production or loss to around 20 ppt for the background cases, which is in
accordance with typical NO threshold values (compare e.g. Bozem et al., 2017; Graedel
et al., 1994). In these cases, the highest NOx input in our model (50 ppt) yields a net
production. For elevated O3 cases (NDJ and FMA) daily net production has not set in
yet at 50 ppt NOx. The expected daily net destruction of O3 in the marine NOx-poor
mid-troposphere is evident for the background cases and independent of CO in our given
range.

The direct effect of different NOx on daily mean OH is also clearly shown in Figure 4.26.
Besides the HOx self-reactions (2.22, 2.23), NO2 is the primary sink of OH via reaction
2.21. Thus, the evident direct correlation between NO, NO2 and OH throughout the
seasons is not surprising.

Dependency on O3/H2O

As we know, the primary source of OH is the photolysis of O3 in the presence of H2O (reac-
tions 2.15, 2.18). To better understand the effect of different combinations of O3 and H2O
concentrations on OH, we choose another form of visualization for our box model results.
Now performing box model runs for a greater range of theoretical O3/H2O combinations,
we vary NOx while keeping CO fixed at 60 ppb. A total number of 176 simulations allows
us further statistical assessment. Figure 4.27 shows the above described cases (seasonal
means and ASO minima) in large markers in the O3/H2O space superimposed on a filled
contour plot, colored by daily mean OH for ASO conditions at 400 hPa; each subfigure
represents a different NOx scenario. The seasonal mean cases aside, we limit our simula-
tions of the broad O3/H2O space (small triangles in Fig. 4.27) to the background season
ASO for this study, with according SZA and CH2O.
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Figure 4.27.: Box modeled daily mean OH VMR at 400 hPa for varying O3 and H2O
VMR, with fixed NOx (1 ppt (a), 10 ppt (b), 20 ppt (c), 50 ppt (d)) and
CO VMR (60 ppb) in clear-sky conditions; filled contours are interpolated
from box modeled OH VMR for ASO conditions at locations of the small
triangles (44 simulations per subfigure, central ranges of triangles are related
to annual mean values: 2090 ppm for H2O and 35 ppb for O3 VMR); marker
style refers to the different seasons; large markers indicate OH calculated for
seasonal mean O3/H2O combinations and two low O3 cases (compare Fig.
4.26 and Tab. 4.2).

As expected, daily NO VMR are negatively correlated well with O3 VMR initial values
(r2adj=0.79, comparable with results of Gao et al., 2014). Daily mean VMR for OH and NO
also show a negative correlation, but not very strong (rOH−NO=-0.84, r2adj=0.49). Thus,
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the subfigures of Figure 4.27 show different ranges of OH. The previous Figure (4.26)
revealed a greater range of OH values for our lower O3 cases, suggesting a higher sensitivity
in regard to NOx (e.g. 90-210·10−15 OH for 11.5 ppb O3 compared to 110-185·10−15 OH
for 48.1 ppb O3, see also Tab.4.2). In the O3/H2O plane we now see a greater variation
of OH for higher O3 with variable H2O. Pairwise correlations are stronger between OH
and H2O in the ASO O3/H2O space compared to OH and O3, attesting to the greater role
of H2O in controlling the oxidizing capacity (r2OH−H2O

=0.65 compared to r2OH−O3
=0.29).

Indeed, for low water vapor conditions, a correlation with O3 almost vanishes, especially
in a high NOx environment (see Fig.4.27d).

The most important conclusion from our results is, that an anti-correlation of O3 and H2O
VMR, which is an intrinsic trait of the seasonal mean O3/H2O combinations, essentially
buffers the effects of variations in both atmospheric constituents on the OH budget. Thus,
for a given NOx VMR, all seasonal mean cases have approximately the same OH VMR
at 400 hPa (e.g. 145 ·10−15 for 20 ppt NOx, see Tab.4.2). While direct correlations of OH
with all other chemical input parameters are not significant, possibly due to cancellation
effects of correlations between OH sources and sinks (compare e.g. Rohrer and Berresheim,
2006), the correlation of OH with O3 and H2O together is very strong (R2

adj=0.94, for
ASO conditions, all 176 simulations, see Tab.4.2). When considering only simulations
for the seasonal mean and minimal O3 cases, this correlation remains solid (R2

adj=0.81,
84 simulations, all NOx and CO scenarios included). That means, theoretically, our
combined O3 and H2O measurements alone can explain more than 80 % of the daily mean
OH variance (compare Sect. 3.4.2).

O3 H2O daily mean OH
[ppb] [ppm] [10−15]

case NOx [ppt] 1 10 20 50

NDJ 39.5 2250 120 133 146 181
FMA 48.1 1150 118 130 142 174
MJJ 25.6 2970 119 135 152 198
ASO 26 2350 113 130 146 190
ASO 5% 16.3 3110 99 117 136 187
ASO min 11.5 4640 99 119 140 196

176 cases (ASO) daily mean NO

ASO rOH−X 0.54 0.81 -0.84
ASO r2adj 0.29 0.65 0.49

ASO R2
adj 0.94

Table 4.2.: Box modeled daily mean OH VMR for different NOx VMR, CO VMR at 60
ppb and for seasonal mean O3/H2O VMR cases and two extra ASO cases for
absolute minimum (ASO min) and 5th percentile of O3 VMR (ASO 5%) at 400
hPa derived from the Palau data set ; rOH−X is the pairwise Pearson correlation
coefficient between OH and O3, H2O and daily mean NO respectively; R2

adj is
the adjusted multiple correlation coefficient of determination (see Sect. 3.4.2)
for the correlation between OH and combined O3/H2O in ASO simulations.
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OH in Background Air

Our results express the high sensitivity of background air to NOx variations. The lowest
OH VMR (just below 100·10−15), in agreement with GEOS-Chem model results from Rex
et al. (2014), are captured by the two wet, ozone-poor cases in an essentially NOx-free
environment (1 ppt NOx, see thick edged triangles in subfigure 4.27a). Ozone-poor air
masses also depleted in water vapor correspond to lowest possible OH, which has been
proposed for upper tropospheric air masses by dedicated studies (Gao et al., 2014; Rex
et al., 2014).

The seasonal mean OH VMR from seasons other than ASO follow the O3/H2O relation
described above and are comparable with the ASO O3/H2O space. Deviations towards
lower OH values, especially in the NDJ season (see e.g. Fig. 4.27d), can be explained by
the difference in SZA and its effect on the O3 photolysis rate in reaction 2.15. In fact, the
dependency of OH on SZA is the most robust correlation in the free troposphere (Rohrer
and Berresheim, 2006; Wennberg, 2006).

OH in Dry Enhanced Ozone Air

From our back-trajectory analysis we learned that O3+RH- air masses are related to non-
local source regions and most likely pollution events. Thus, we can expect NOx to be
elevated as well in contrast to a presumably NOx-poor environment in Palau. Recent
measurements in the TWP during the CONTRAST campaign in January/February 2014
confirm NOx levels between 60 and 90 ppt at 7 km altitude for air with O3 VMR > 40 ppb
and RH < 20 % compared to 20-40 ppt NOx VMR for background conditions (O3 VMR
< 25 ppb, RH > 70 %) (Nicely et al., 2016; Pan et al., 2017). Other previous campaigns
in the area reported similar or even lower background NOx concentrations < 10 ppt (e.g.
Crawford et al., 1997; Jaegle et al., 2001).

Within the limitations of our box model, we revisit the dependency of the oxidizing
capacity on NOx in an illustration on the O3/OH plane in Figure 4.28. For fixed low,
mean, and high H2O regimes during the background season ASO, we find an almost
perfect linear relation between O3 and OH for given NOx (solid, dashed, dotted lines,
standard deviation errors for line parameters < 1 %).

As already shown in Figure 4.27, for low H2O (500 ppm) and high NOx (50 ppt) (yellow
solid line in 4.28) the OH VMR (∼ 130 · 10−15) is almost constant with respect to O3.
For higher H2O (purple and orange shaded areas) the dependency of OH on O3 increases.
The colored ranges for varying H2O and NOx are intercepting for O3 values < 30 ppb.
This implies that variations in water vapor have a smaller impact on OH in background
O3 conditions compared to enhanced O3 levels. Differentiation in NOx thus becomes more
relevant.
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Daily mean OH calculated for the FMA seasonal mean case with elevated NOx in com-
parison to ASO background cases with low NOx are highlighted in Figure 4.28 as well.
According to our box model results, the oxidizing capacity is slightly lower for the back-
ground atmosphere than for dry enhanced O3 layers, differing by around 50 ppt of OH
VMR. However, this difference can easily decrease to zero with increased dehydration of
the air mass. It should be noted that we kept CO levels constant as well. Elevated CO
due to pollution would possibly have an additional diminishing effect on the oxidizing
capacity.
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Figure 4.28.: Box modeled daily mean OH VMR in relation to O3 VMR input for varying
H2O and NOx, with fixed CO (60 ppb) at 400 hPa in clear-sky conditions
in ASO; total number of simulations: 64, 8 per NOx/H2O case; lines of con-
stant NOx (solid, dashed, dotted for 50, 20, 10 ppt) are linear fits (standard
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nario indicated by color (purple, orange, yellow for 4000, 2090, 500 ppm);
superimposed large markers are O3/H2O cases with different NOx inputs,
also colored by H2O content, see also Fig.4.27.
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4.4.3. Discussion

In this study, we narrowed down our analysis to the mid-tropospheric layer centered
around 400 hPa to focus on the background atmosphere and the effect of the strong annual
O3 cycle on OH. The AWIP model captures the expected general tropospheric chemical
relations between O3, OH and NOx well. Our model setup is most robust for the clean
pollution-free atmosphere, representing the dominating background state. Our analysis
reveals that in such conditions the anti-correlation of O3 and H2O has a buffering effect
on OH. This result supports the small interannual variability of global OH levels reported
by Montzka et al. (2011) and their conclusion of well buffered OH against perturbations
on a global scale (compare also Gao et al., 2014).

The assumed pollution-related origin of O3+RH- air masses causes elevated NOx and CO
concentrations in contrast to the low NOx background in the TWP. Enhanced levels of
organic compounds, which would normally accompany and survive transport in polluted
air masses, are, however, not considered in our box model. Our estimation of the oxidiz-
ing capacity of O3+RH- air masses may therefore be unrealistic for high NOx scenarios.
Putting the caveats of our box model aside, our results suggest a slightly enhanced oxi-
dizing capacity in layers deviating from the wet low O3 background (ASO compared to
FMA seasonal mean).

Using tropospheric box model simulations constrained by observations from the TWP in
January-February 2014 (CONTRAST, O3, H2O, NO, photolysis rates and several organic
chemicals a.o.) Nicely et al. (2016) concluded the opposite, while questioning the existence
of a tropospheric OH minimum in the TWP in general. They estimated a daily mean
OH VMR of 0.18 ppt for background air (NOx VMR of 30 ppt) and 0.1 ppt for O3+RH-
air (NOx VMR of 70 ppt; see above for air mass definitions). However, the study is
limited to the season with dominant transport of air masses from possible source regions
of pollution (compare Sect.3.4.1). Thus, the CONTRAST measurements are possibly not
representative for the local background conditions, and do not undermine our assumptions
for the Palau ASO season. A more thorough analysis for the different seasons and layers
according to our classification scheme (compare Sect.4.2) and additional sensitivity studies
of our box model are needed to clarify the discrepancy with Nicely et al. (2016).

Future analysis similar to ours for the TTL, i.e. the level of minimal O3 and strong convec-
tive outflow, in comparison to previous dedicated studies would be a valuable extension
of this analysis with regard to the transport of chemicals into the stratosphere (compare
Gao et al., 2014; Hanisco et al., 2001; Jaegle et al., 2001; Nicely et al., 2016). While low O3

air masses are lifted up to this level (e.g. Folkins, 2002; Kley et al., 1996; Solomon et al.,
2005), the H2O VMR are lower due to the cold temperatures. Neglecting all parameters
related with altitude for a moment, our model results would suggest lower OH VMR for
dry ozone-poor air, as has been found by e.g. Gao et al. (2014). But our box model rep-
resents TTL conditions only insufficiently. OH concentrations in the TTL are no longer
proportional to the photolysis rate J(O(1D))[O3] alone, but a linear combination of the
rates yielding O1D and CH2O (e.g. Gao et al., 2014; Hanisco et al., 2001). The greater
relevance of formaldehyde and possibly other species due to a more complex chemistry in
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the TTL would require a more careful choice or database for these species. Also, more
reactions would have to be included in the box model to include organic chemistry.

Our chemical box model results provide a relative perspective on OH VMR in the clean
versus disturbed state of the mid-troposphere above Palau in clear-sky conditions. The
effect of clouds on photolysis rates could yield results differing in magnitudes, but is
in general difficult to include in chemical box model simulations. The impact of dry
enhanced O3 layers in a convective atmosphere on the HOx budget and resulting lifetimes
for chemicals, also in comparison to the rest of the tropics and extra-tropics could not
be assessed within the scope of this study and remains an open question (see e.g. Nicely
et al., 2016).
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5. Summary and Outlook

Motivated by previous measurements of very low tropospheric O3 concentrations in the
Tropical West Pacific (TWP) (Kley et al., 1996; Rex et al., 2014) and the resulting low
oxidizing capacity of this key region of transport into the stratosphere (Fueglistaler et al.,
2004; Krüger et al., 2008; Newell and Gould-Stewart, 1981), we set up an atmospheric
research station in the center of the warm pool in Palau (7◦N 134◦E) and established a
continuous balloon-borne O3 measurement program with Electrochemical Concentration
Cell (ECC) ozonesondes.

Due to controversies around near-zero O3 measurements in the upper troposphere (UT)
of the TWP (Newton et al., 2016; Nicely et al., 2016), we carefully followed the Standard
Operating Procedures (SOP) as recommended by Smit, 2014. The sensitivity to the
so-called background current was tackled with the development of an attachable device
to measure this parameter in-flight. Measurements with hence modified ECC sondes
in Palau suggest the usage of a pressure-dependent background current correction, while
some technical issues with the device remain unsolved. In general, the background currents
measured in Palau are sufficiently low (median < 0.03 µA) to yield robust results within
the full tropospheric column.

A total of 145 successful ECC sondes were carried out and examined in this thesis,
launched at the Palau Observatory from 01/2016 until 10/2019, providing for a thorough
seasonal characterization of tropospheric O3. Our analysis of the time series confirms the
year-round dominance of a low O3 background in the mid-troposphere (compare e.g. Pan
et al., 2015; Rex et al., 2014; Thompson et al., 2003a) and a strong annual O3 cycle in the
Tropical Tropopause Layer (TTL) in this part of the TWP (compare Folkins et al., 2006;
Randel et al., 2007). Layers of enhanced O3 in the free troposphere (3-14 km) deviating
from the background are often anti-correlated with water vapor and occur frequently, as
it has been found for the wider region (e.g. Hayashi et al., 2008; Kley et al., 1997; Newell
et al., 1999; Oltmans et al., 2001; Pan et al., 2015; Stoller et al., 1999; Thouret et al., 2000).
A previously proposed universal bimodal structure of free tropospheric O3 in the TWP
in this context (Pan et al., 2015) could not be verified. Moreover, the occurrence of mid-
tropospheric dry ozone-rich air masses (O3+RH-) shows a strong seasonality in Palau. The
seasons FMA (February-March-April) and ASO (August-September-October), shifted by
one month compared to the mid-latitude seasons, differ the most, both regarding the fre-
quency of enhanced O3 intrusions and the seasonal O3 background values. We quantified
their differences by defining a monthly atmospheric background profile for O3 and relative
humidity (RH) based on monthly quantiles and by further analyzing air masses relative
to this background. Deviations from the background reveal a bimodal distribution of
RH anomalies for all seasons except the MJJ (May-June-July) season. Observations of
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O3+RH- air in the 5-10 km altitude range were made in 71% of profiles in FMA compared
to 25 % in ASO.

Back trajectory calculations confirm that throughout the year the mid-tropospheric back-
ground is controlled by local convective processes and the origin of air masses is the Pacific
Ocean, mainly east of Palau. Dry and ozone-rich air reaches Palau via an anticyclonic
route originating in tropical Asia, in an area stretching from India to the Philippines, sup-
porting the hypothesis of several studies which attribute O3 enhancement against the low
O3 background to pollution events on the ground such as biomass burning (e.g. Anderson
et al., 2016; Folkins et al., 1997; Kondo et al., 2004; Oltmans et al., 2001). Additionally,
we could not find a significant stratospheric influence based on a 2 PVU threshold for
trajectories up to 10 days backwards in a potential vorticity (PV) analysis. We thus pro-
pose large-scale descent within the tropical troposphere and subsequent radiative cooling
in connection with the Hadley circulation as responsible for the vertical displacement and
dehydration of air masses on their way to Palau (compare Anderson et al., 2016; Cau
et al., 2007; Dessler and Minschwaner, 2007).

The relevance of layers deviating from the local background led us to question their
influence on the otherwise low oxidizing capacity of the TWP (compare e.g. Gao et al.,
2014; Nicely et al., 2016; Rex et al., 2014). Chemical box model calculations constrained
by our O3 and H2O measurements for clear sky conditions at 400 hPa in Palau in ASO
revealed that the predominant anti-correlation of O3 with H2O buffers the effect of both
constituents on OH (compare Gao et al., 2014; Montzka et al., 2011). Statistically, our
combined measurements of O3 and RH averaged to seasonal mean cases can explain 80%
of the variance in daily mean OH. If we assume a pollution-related origin and thus elevated
NOx concentrations for O3+RH- air masses in contrast to the low NOx background in the
TWP, we find a slightly lower oxidizing capacity for mean O3/RH background conditions
in ASO than within mean O3+RH- air masses in FMA. This result is contrary to Nicely
et al. (2016), who concluded a significant reduction of the oxidizing capacity in O3+RH-
air from box model simulations constrained with observations from the TWP in January-
February 2014 (CONTRAST campaign) and questioned the existence of a tropospheric
OH minimum in the TWP in general. Their measurements are however not representative
for the background season with lowest O3 concentrations. Our box model results provide
a relative perspective on the clean versus disturbed state of the mid-troposphere above
Palau in clear-sky conditions. The impact of dry enhanced O3 layers in a convective
atmosphere on the HOx budget and resulting lifetimes for chemicals, also in comparison
to the rest of the tropics and extra-tropics, remains an open question.

A growing record of ECC ozone soundings as well as measurements by other instrumen-
tation at the Palau Observatory, such as water vapor by CFH sondes, clouds and aerosols
with the co-located lidar system ComCAL (Immler et al., 2006) or tropospheric columns
of a number of chemical species by FTIR and the MaxDOAS Pandora-2S will complement
the results of this thesis and provide sufficient material to answer various new research
questions. In particular, interannual and intra-seasonal variations of tropospheric O3,
e.g. related to the ENSO and MJO, will extend the seasonal characterization presented
here and further improve our understanding of the processes governing local atmospheric
composition. A closer analysis of dynamical and chemical processes in the TTL and the
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boundary layer will shed more light on this relevant region of STE. The back trajectory
analysis performed in this thesis will be extended for the UTLS, including the UT O3 mini-
mum. We will include a convective scheme in the calculations (Wohltmann et al., 2019) to
improve the simulation of convective effects by examining last detrainment events instead
of backward time periods. Coinciding measurements of aerosols will help to further dis-
tinguish the stratospheric from the tropical boundary layer origin of O3+RH- air masses,
and validate our air mass classification scheme. The identification of layers deviating from
the background based on monthly quantiles will be expanded by an algorithm to detect
layers in individual profiles. Case studies deploying coincident comprehensive aircraft
measurements from the POSIDON campaign (three close-by flights and soundings) and
the upcoming ACCLIP initiative by NASA and NCAR in the wider Pacific (2021, see
Tab.1.1) will further help to attribute air masses observed in Palau to source regions. A
comparison of total O3 columns and convective signatures in the O3 profile with ground-
based FTIR (as part of the TroStra project, see Tab.1.1) and satellite observations (e.g.
OMI/MLS, TROPOMI and Himawari-8) is planned in the near future. Complementary
data from these observations could also be deployed to quantify the stratospheric entry of
various chemical species in the clean air pool versus its disturbed state, i.e. in the pres-
ence of O3+RH- layers. Furthermore, it is envisioned to put our box model analysis into a
wider geographical context by analyzing calculations from the global chemistry transport
model TM5 (Huijnen et al., 2010) in cooperation with the Institute of Environmental
Physics (IUP) Bremen.

Last but not least, the presence and visibility of the research station in Palau has raised
the scientific capacity of the small island nation. An extension of the ongoing outreach
program for schools, the local college and policy makers will further strengthen the coun-
try’s position in international negotiations on climate change mitigation.
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Acronyms

ACCLIP Asian Summer Monsoon Chemical Impact Project.
ASO August-September-October.
ATLAS Alfred Wegener InsTitute LAgrangian Chem-

istry/Transport System.
AWIP Alfred-Wegener-Institute Potsdam Chemical Box

Model.

BD Brewer-Dobson.

CFH Cryogen Frostpoint Hygrometer.
CLaMS Chemical Lagrangian Model of the Stratosphere.
COBALD Compact Optical Backscatter Aerosol Detector.
ComCAL Compact Cloud and Aerosol Lidar.
CONTRAST Convective Transport of Active Species in the Tropics.
CPT Cold Point Tropopause.
CRRF Coral Reef Research Foundation.

DJF December-January-February.

ECC Electrochemical Concentration Cell.
ECMWF European Centre for Medium-Range Weather Fore-

casts.
ENSO El Niño Southern Oscillation.
EOF Empirical Orthogonal Function.
ERA ECMWF re-analysis.
EU European Union.

FMA February-March-April.
FTIR Fourier Transform InfraRed.
FZJ ForschungsZentrum Jülich.

GAW Global Atmosphere Watch.
GEOS-Chem Goddard Earth Observing System global 3-D model

of atmospheric chemistry.



Acronyms

GRUAN Global Climate Observing System Reference Upper-
Air Network.

Ib press.dep. pressure dependent background current correction ap-
plied.

ITCZ InterTropical Convergence Zone.
IUP Institute of Environmental Physics.

JJA June-July-August.
JOSIE Juelich OzoneSonde Intercomparison Experiment.
JPL Jet Propulsion Laboratory.

KDE Kernel Density Estimation.

LCP Lagrangian Cold Point.
LMS Level of Minimum Stability.
LNB Level of Neutral Buoyancy.
LRM Lapse Rate Minimum.
LS Lower Stratosphere.
LZH Level of Zero Heating.

MaxDOAS Multi Axis Differential Optical Absorption Spec-
troscopy.

MEI Multivariate ENSO Index.
MJJ May-June-July.
MJO Madden-Julian Oscillation.
MLS Microwave Limb Sounder.
MOZAIC Measurement of Ozone and Water Vapor by Airbus

In-Service Aircraft.
MuLid Compact elastic polarization two-channel Micro Li-

dar.

NASA National Aeronautics and Space Administration.
NCAR National Center for Atmospheric Research.
NCEP National Centers for Environmental Prediction.
NDJ November-December-January.
NH Northern Hemisphere.
NMHC Non-Methane HydroCarbons.
NOAA National Oceanic and Atmospheric Administration.

OLR Outgoing Longwave Radiation.
OMI Ozone Monitoring Instrument.
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Acronyms

ONI Oceanic Nino Index.

PAO Palau Atmospheric Observatory.
PDF Probability Density Function.
PEM Pacific Exploratory Missions.
POSIDON Pacific Oxidants, Sulfur, Ice, Dehydration, and cON-

vection.
PV Potential Vorticity.

QBO Quasi-Biennial Oscillation.

RF Radiative Forcing.
RH Relative Humidity.
RSD Relative Standard Deviation.

SD Standard Deviation.
SH Southern Hemisphere.
SHADOZ Southern Hemispheric ADditional OZonesondes.
SN Serial Number.
SOI Southern Oscillation Index.
SOP Standard Operating Procedures.
SPC Science Pump Corporation.
SPCZ South Pacific Convergence Zone.
SST Sea Surface Temperatures.
STE Stratosphere-Troposphere Exchange.
StratoClim Stratospheric and upper tropospheric processes for

better Climate predictions.
SZA Solar Zenith Angle.

TES Tropospheric Emissions Spectrometer.
TM5 Tracer Model 5.
TROPOMI TROPOspheric Monitoring Instrument.
TroStra Transport of tracegases via the tropopause region in

the West Pacific observed by FTIR spectrometry.
TTL Tropical Tropopause/Transition Layer.
TUV Tropospheric Ultraviolet-Visible Model.
TWP Tropical West Pacific.

UT Upper Troposphere.
UTLS Upper Troposphere Lower Stratosphere.
UV Ultra Violet.
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Acronyms

VMR Volume Mixing Ratio.
VOC Volatile Organic Compounds.

WCCOS World Calibration Center for Ozone Sondes.
WMO World Meteorological Organisation.
WPM West Pacific Monsoon.
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A. Appendix

A.1. Stratosphere-Troposphere Exchange (Sect.2.1.4)

Figure A.1.: Meridional cross-section illustrating major dynamical aspects of
Stratosphere-Troposphere Exchange incl. the Brewer Dobson circula-
tion, cited from Holton et al. (1995), see original for more details, see
Sect.2.1.4.



Instrumental Development (Sect.3.1.4)

A.2. Instrumental Development (Sect.3.1.4)

Figure A.2.: Sensor current measurements for a twin launches with one modified (black
line) and one unmodified (gray line) ECC sonde on the same balloon, con-
ducted in Palau in 2016, 5 minute no-ozone periods were measured at 15, 35,
55 and 75 minutes after launch, background current of the modified sonde
indicated by a gray dashed line and noted in gray on the right; compare
Fig.3.5.
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Appendix

(a)

(b)

(c)

Figure A.3.: Modified ECC sonde launched in Palau, 02.02.2016, (a) shows the develop-
ment of the sensor current with time, (b) the profile of calculated O3 VMR
for different background current corrections (in blue, compare Fig.3.2) and a
profile of an unmodified ECC sonde launched 2 hours later with a pressure
dependent background current correction (in pink), (c) gives a close-up of
the no-ozone periods, which are color-coded in all three subfigures; compare
Fig.3.5 and Fig.3.6.
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Tropospheric O3 Variability (Sect.4.1)

A.3. Tropospheric O3 Variability (Sect.4.1)
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Sect.3.2.3, median (black solid line) derived in analogy to climseasmean3(s).
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Figure A.5.: Comparison between mean (solid line) and median (dashed line) for seasonal
averages climseasmean3(s) (different colors), shadings indicate central 66%
ranges for different seasons per subfigure, see Sect.3.2.3.
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Relation between O3 and Relative Humidity (Sect.4.2.2)
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Figure A.6.: All measured individual O3 VMR profiles sorted by month and year (colored
markers), the monthly mean (solid black line) and monthly statistics as in
Fig.4.7; number (#) of individual profiles per year given in brackets.

A.4. Relation between O3 and Relative Humidity
(Sect.4.2.2)
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Trajectory Analysis Results (Sect.4.3.2)

A.5. Trajectory Analysis Results (Sect.4.3.2)
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Figure A.8.: 5 days backward trajectory ending points arriving at 2-5 km in Palau per sea-
son (compare Fig.4.24), color-coded by difference in pressure altitudes (mea-
sured sonde height - ending point height); contours show the KDE (compare
Sect.3.4.1) distribution, in brackets: number of trajectories/profiles.
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Figure A.9.: 5-days backward trajectory ending points arriving at 10-14 km in Palau per
season (compare Fig.4.24), color-coded by difference in pressure altitudes
(measured sonde height - ending point height); contours show the KDE (com-
pare Sect.3.4.1) distribution, in brackets: number of trajectories/profiles.
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Trajectory Analysis Results (Sect.4.3.2)
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Trajectory Analysis Results (Sect.4.3.2)
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