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Abstract
The major pathway for air entering the stratosphere is over the Tropical Western Pacific
(TWP) region, and this key region influences the atmospheric composition in the strato-
sphere. Motivated by this, we used trace gases measurements by using the Fourier Trans-
form Infrared (FTIR) Spectrometer and cirrus cloud measurements by using a ground-based
COMpact Cloud Aerosol Lidar, COMCAL from the atmospheric observatory at Koror, Palau
(7.34◦N, 134.47◦E, in the heart of the Pacific warm pool) and combined model simulations
to study the transport pathways, with a special focus on the stratosphere-troposphere ex-
change (STE) processes over this key region.

The atmospheric transport dynamics in the TWP region are closely linked to the movements
of the circulation system, particularly the Inter-Tropical Convergence Zone (ITCZ) associ-
ated with the up-welling branch of the Hadley cell. Given the limitations of traditional
ITCZ indicators, such as the maximum tropical rain belt to determine the air mass origins,
I have developed a tool termed the Chemical Equator (CE), modified from Hamilton et al.
(2008) to study the Inter-hemispheric Transport (IHT). The CE is calculated by the model
simulation of an artificial passive tracer by GEOS-Chem to discern the migration patterns
of circulation systems and air mass origins. Subsequently, the CE was used to characterize
tropospheric carbon monoxide (CO) and ozone (O3) column measurements using the FTIR
Spectrometer and the ozone sondes, respectively. The observed low CO and O3 during sum-
mer and early autumn, contrasting with maxima in winter and early spring, were outlined
by the seasonal meridian movement of the CE. Additionally, comparisons were made be-
tween CE and commonly used IHT indicators, such as satellite measurements of methane
(CH4) and CO, and model simulations of sulfur hexafluoride (SF6). Particularly, the posi-
tion of CE demonstrated agreement with the meridional gradient boundary of those trace
gases. Consequently, the impact of IHT on the seasonal variation of the trace gases in the
tropospheric TWP region suggests that CE holds the potential to differentiate diverse air
mass origins influenced by large-scale atmospheric circulation.

Upper-air observations targeting the Upper Troposphere and Lower Stratosphere (UTLS)
were performed to detect cirrus cloud layers using Lidar, COMCAL. The annual cycle shows
that cloud layer height peaks with the highest Cold Point Tropopause (CPT) in winter and
reaches its minimum with the lowest CPT in summer. In comparison with similar cirrus
cloud measurements obtained in other tropical sites, our measurements reveal that cirrus
clouds detected over TWP are the coldest and highest. The prevalence of the coldest cirrus
cloud layer detected over Palau corresponds to the cold trap, a region of exceptionally cold
air, in UTLS over the TWP region. In order to build the relationship between STE in the
UTLS region and measurements, we conducted trajectory analysis by Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model simulations based on cirrus cloud layer
measurements. Our observation results reveal that only in winter with high supersaturation
at the measured cirrus clouds, the air masses are further dehydrated and slowly ascend into
the stratosphere.

Conclusively, we present an atmospheric transport scheme over the TWP region based on
horizontal IHT and vertical STE processes and provide observational and model simulation
support for it. In the lower heights, from the surface to the free troposphere, the transport
and air mass origins are characterized by the meridian movement of the CE. In the UTLS
region, measurements of cloud layers and trajectories validate the pathways of STE. During
summer, pristine air from the Pacific Ocean reaches Palau, with oceanic short-lived species
injected into the stratosphere through rare and the highest overshooting tops. Conversely,
Southeast Asia dominates air mass origins over the TWP region in winter, transporting a
high level of anthropogenic species, such as O3 and CO, into the stratosphere via the path-
way within the cold trap. This winter-specific cold trap pathway, seasonally persisting over
Palau, plays a crucial role in altering the stratospheric atmosphere through the transport of
troposphere-originate air masses.
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Chapter 1

Motivation and Introduction

1.1 Motivation

Over the last two decades, significant attention in the science community has been
paid to studying the tropical upper troposphere and lower stratosphere as various
processes in this region are known to strongly modulate global climate change. Dur-
ing the Northern Hemispheric (NH) winter troposphere air ascends into the strato-
sphere via the Tropical Tropopause Layer (TTL) mainly in this region, Tropical West
Pacific (TWP) is considered the major transport pathway from the troposphere into
the stratosphere during NH winter (Newell and Gould-Stewart, 1981; Fueglistaler,
Wernli, and Peter, 2004; Krüger, Tegtmeier, and Rex, 2008; Rex et al., 2014). The
TWP is an area extending from the Maritime Continent (Ramage, 1968) to the Inter-
national Date Line, with some of the world’s highest sea surface temperatures. The
TWP warm pool provides the environment in which deep convective cloud systems
develop (Fueglistaler, Wernli, and Peter, 2004; Fueglistaler et al., 2009; Takahashi,
Luo, and Stephens, 2017). Deep convection and large-scale ascent over this region
enable boundary layer air heated by the warm ocean surface to ascend to the TTL
and stratosphere, changing the composition of the TTL atmosphere across the trop-
ics. The air mass origin in the TWP region needs to be studied to properly describe
the chemical species entering the stratosphere via the Stratosphere-Troposphere ex-
change (STE) (Holton et al., 1995) transport pathway above the TWP.

In the boundary layer, the Inter-Tropical Convergence Zone (ITCZ) is convention-
ally defined as a lower-tropospheric convergence region circling the globe where the
tropical trade winds from the Northern and Southern hemispheres meet, typically
lying between approximately 15◦S and 15◦N, associated with the up-welling branch
of Hadley cell (Waliser and Gautier, 1993). In the TWP, the ITCZ migrates seasonally
towards the warmer hemisphere relative to the other (Schneider, Bischoff, and Haug,
2014), indicating the migration of the circulation patterns in this region. The seasonal
movement of ITCZ affects the upwind region to the TWP and thus determines the
air mass origins in the TWP boundary layer. Moreover, the seasonal variability of the
tropospheric composition in the TWP boundary plays an important role in the TTL
atmosphere across the tropics via the interhemispheric transport (IHT) and the STE
transport pathways. However, the mechanisms controlling its position and its rela-
tionship with the rainfall intensity are not fully understood (Schneider, Bischoff, and
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Haug, 2014). Besides, the ITCZ is difficult to define over the TWP region, because
the Western Pacific Monsoon (WPM) (Smith, Moise, and Colman, 2012) adds com-
plexity to the tropical rain belt. In recent years, the advent of global atmospheric
transport models such as p-TOMCAT and the atmospheric tracer transport model
intercomparison project (TransCom) investigated this by non-reactive tropospheric
species such as carbon dioxide (CO2), methane (CH4) and Sulfur hexafluoride (SF6).
The global atmospheric chemical and transport model has the potential to provided
a comprehensive understanding of the differences in tracer distribution between the
northern and southern hemispheres and studies IHT (Krol et al., 2018), specifically
in the TWP boundary layer.

On the other hand, in the upper layer of the troposphere, the TTL is a transition
region a few kilometers thick that separates the troposphere and the stratosphere
and is characterized by a radiatively driven slow ascent and thus considered to be
a processing region for tropospheric air to enter the stratosphere (Fueglistaler et
al., 2009). The cold temperatures of the TTL dehydrate air as it ascends from the
troposphere into the lower stratosphere, resulting in extreme dryness throughout
the middle atmosphere. Consequently, dehydration and transport are intrinsically
coupled, and associated information about dehydration is the cirrus cloud (Sassen,
Wang, and Liu, 2008; Fueglistaler et al., 2009). Thus, in TTL, the presence of cirrus
clouds is of particular interest not only because of its important role as the STE in-
dicator but also the ability to modify the energy budget of the region through their
radiative properties (Fu, Smith, and Yang, 2018) and the release or uptake of latent
heat upon their formation or dissipation (Holton and Gettelman, 2001; Immler et
al., 2008a; Spichtinger, 2014). Recent research shows that the stratospheric water
vapour which mainly comes from the TTL has been increasing (Solomon et al., 2010)
and this increase is closely associated with the changes in the tropopause tempera-
ture because of the global warming (Randel and Jensen, 2013; Bourguet and Linz,
2023). Moreover, cirrus cloud can interplay with the air in TTL both chemically and
microphysically, altering the water vapour budget of the layer(Flury, Wu, and Read,
2012) and eventually of the stratosphere as a whole. The pathway of STE may also
transport short-lived species into the Upper Troposphere and Lower Stratosphere
(UTLS), which shows an ongoing net ozone depletion in the tropical lower strato-
sphere (LS) and has a large impact on the future presence of the ozone layer in low
latitudes (Villamayor et al., 2023). Space-borne Cloud-Aerosol lidar with Orthog-
onal Polarization (CALIOP) aboard Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations (CALIPSO) have partially filled the observational gap of the
cirrus cloud in the last 17 years by providing observations globally (Sassen, Wang,
and Liu, 2008; Martins, Noel, and Chepfer, 2011; Flury, Wu, and Read, 2012; Pandit
et al., 2015). This satellite data of cirrus clouds and aerosols measured in UTLS has
been reported to deepen the understanding of STE (Christian et al., 2019; Pan and
Munchak, 2011). However, because of the narrow swath of the CALIOP, the repeat
cycle of it is only the order of 16 days in the tropical regions (Pandit et al., 2015).
Thus, the dense and continuous cirrus cloud observations from ground-based lidar
over the TWP are essential.

The characterization and probe of the trace gases and cirrus clouds in the TWP re-
gion is therefore of great importance to improve the understanding of the STE trans-
port path in this hot spot place. The column information of different trace gases,
such as O3 and CO have been probed using solar absorption FTIR spectrometry
in Koror, Palau (7.34◦N, 134.47◦E). The FTIR instrument at the measurement sta-
tion Koror, Palau is the only FTIR instrument in the center of the TWP (see Figure
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3.4 for the global map of FTIR stations). The trace gas measurement from FTIR is
of great importance in tracing possible sources and differentiating between types
of origins of air mass. Ground-based Lidar systems have been set up there to ob-
tain the geometrical and optical properties of the cirrus cloud over the TWP region,
which fills the gap concerning the coverage of existing ground-based lidar studies
in this region. Besides, the long-term observations from ground-based stations can
provide intensive measurements over one specific region compared to satellite data
with coarse temporal resolution. Thus, the measurements from the ground-based
station in Palau can provide observational support to the long-standing assumption
in this field about the STE mechanisms that the primary source region of the strato-
sphere air is in the TWP, which is the subject of an ongoing debate (e.g. Pommereau,
2010; Bergman et al., 2012a; Randel and Jensen, 2013; Randel et al., 2016; Boothe and
Homeyer, 2017).

1.2 Aim and Outline

The aim of this study is to investigate atmospheric transport in the TWP region by
a variety of means, including measurements and model simulations, and to deepen
the understanding of the STE pathways characterized by seasonal variations. To
reach the goal, we aim to consider the following objectives:

1. Utilize model simulations to discern the origins and transport routes of air masses
within both the boundary layer and upper atmospheric layers of the Tropical West-
ern Pacific (TWP).

2. Categorize trace gases and cirrus clouds measurements based on seasonal char-
acteristics and air mass origins, and validate the atmospheric transport results from
model simulations.

3. Explore the specificity of the TWP region to the STE mechanism and develop a
scheme for the pathways of atmospheric transport over the TWP region, substanti-
ated by measurements and model simulations.

After the finish the above work, we can be more confident of the pathways over
TWP is the major source for the stratosphere air and shed light on the specificity of
the TWP region to the global stratospheric climate.

This work is presented in the PhD thesis in the following outline:

Chapter 1: the motivation and aim of the thesis is presented.

Chapter 2: the scientific background which is essential to understand the thesis is
given. First, the atmospheric composition and the general circulations are presented.
After that, the main focus is on the tropical region. The major circulation system and
the special features of the vertical structure of the tropical troposphere are reviewed.
Moreover, the tropical clouds highly associated with the vertical transport are also
reviewed.

Chapter 3: The measurements and the model simulations used in the thesis are in-
troduced. First, a basic description of the ground-based observatory is given and a
brief outline of the observational means and instrumentation used in this thesis is
given. Then the theories of FTIR measurements and the trace gases retrieval meth-
ods are described. After that, the technique of ground-based lidar and the detection
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methods for obtaining the cirrus cloud is introduced. The overview of the models
including global 3-D chemical transport model, GEOS-Chem and Lagrangian inte-
grated trajectory model, HYSPLIT is given. The basic set-ups used of the models
used in this thesis are also presented.

Chapter 4: The results of the thesis. First, a tool from model simulations to de-
termine the atmospheric chemical equator (CE), which is a boundary for air mass
transport between the two hemispheres in the tropics is introduced. By this tool, the
FTIR measurements are categorized by the seasonal variations and the associated air
mass origins are also determined. Then, the measurement results of the cirrus cloud
properties by the ground-based lidar system are presented. The back- and forward
trajetory simulation of the air mass from the cloud layer are descibed later, to fur-
ther complete the picture of the vertical transport over the TWP region. Finally, the
horizontal transport results from CE and trace gas measurements and the vertical
transport results from cirrus measurements and trajectory modeling are combined
to give the final atmospheric transport schematic in the TWP region.

Chapter 5: This chapter summaries the results of this work. The futures plan are
discussed in the outlook.
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Chapter 2

Scientific background

2.1 Atmosphere

The atmosphere is a layer of gases surrounding celestial bodies, like Earth, due to
gravity. On Earth, it consists of a mixture of gases and particles enveloping the
planet. This gaseous layer provides vital protection against direct solar radiation,
including harmful ultraviolet rays, and moderates temperature fluctuations. The
atmosphere extends to heights of 2000-16000 kilometers above the Earth’s surface.

Figure 2.1 shows the proportions of the gases that compose the atmosphere. The
Earth’s atmosphere is primarily composed of nitrogen dioxide (N2, 78.1%) and oxy-
gen (O2, 20.9%), with a higher concentration of argon (Ar, 0.9%) compared to other
noble gases (helium (He), neon (Ne), krypton (Kr), xenon (Xe) and radon (Rn)). Ad-
ditionally, the remainder about 0.1% of the atmosphere contains trace gases, e.g.
ozone (O3), carbon dioxide (CO2) and nitrous oxide (N2O), aerosols, and cloud
droplets.

Despite constituting a small fraction of the total atmosphere, these trace gases, aero-
sols, and cloud droplets play a significant role in atmospheric chemical and physi-
cal processes. Water vapor accounts for about 0.25% of the atmosphere’s mass, but
its concentration varies widely from approximately 10 parts per million by volume
(ppmv) in cold regions to around 5% in hot and humid air masses, spanning over
three orders of magnitude. Major greenhouse gases include water vapor, carbon
dioxide (CO2), and ozone (O3). Other trace gases such as methane (CH4), nitrous ox-
ide (N2O), carbon monoxide (CO), and chlorofluorocarbons (CFCs) also contribute
to the greenhouse effect. Besides, CFCs contribute to the destruction of the ozone
layer which protects human beings from the harmful wavelengths of ultraviolet light
passing through the atmosphere. The atmosphere also contains molecules with car-
bon, nitrogen, and sulfur atoms originating from the decomposition of organisms,
plant emissions, and combustion processes. These chemicals are removed from the
atmosphere through oxidation processes, with the hydroxyl (OH) radical playing a
crucial role. Some nitrogen and sulfur compounds are transformed into particles
that are eventually removed by raindrops, leading to acid deposition on the Earth’s
surface. Despite constituting a tiny fraction of the atmospheric mass, aerosols and
cloud droplets play essential roles in atmospheric water cycles, chemical reactions,
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FIGURE 2.1: Visualization of composition by volume of Earth’s atmo-
sphere. Water vapour is not included, as this is highly variable. Each
tiny cube (such as the one representing krypton) has one millionth of

the volume of the entire block.
Data and plot are from https://en.wikipedia.org/wiki/

File:Atmospheric_composition_Langley.svg , From Wikipedia, data
from NASA Langley, last access: 30 November 2023.

and atmospheric optical effects such as reducing the visibility of the atmosphere and
air pollution.

2.1.1 Vertical Structure of the Atmosphere

The density of air at sea level is 1.25 kg m−3 within a few percent (Wallace and
Hobbs, 2006). Pressure and air density decrease with height, and these vertical vari-
ations in pressure and air density are much larger than the horizontal and time vari-
ations. The vertical structure of the temperature profiles for typical conditions in
the Earth’s atmosphere is shown in Figure 2.2. According to the vertical gradient
of the temperature, the atmosphere can be divided into four layers: troposphere,
stratosphere, mesosphere and thermosphere.

Troposphere

The troposphere is characterized by decreasing temperatures with height, with an
average lapse rate of about 6.5°C per kilometer. This is the lowest layer of the at-
mosphere, extending from the surface to about 8 kilometers at the poles and 17 kilo-
meters at the equator (see figure 2.2, right side). Its upper boundary is known as
the tropopause. Almost all weather phenomena occur in this lowermost layer of the
atmosphere. Tropospheric air, constituting approximately 80% of the atmosphere’s
mass, is continuously purified or scavenged of aerosols by cloud droplets and ice
particles, some of which eventually fall to the ground as rain or snow.

https://en.wikipedia.org/wiki/File:Atmospheric_composition_Langley.svg
https://en.wikipedia.org/wiki/File:Atmospheric_composition_Langley.svg
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The transition between the troposphere and the stratosphere is not continuous; the
average height of the tropopause in the tropics is about 16 - 17 km, while in the
subtropics, it is around 10 km, as shown in Figure 2.1.1 (right). However, actual
observations of temperature, winds, and atmospheric trace gases indicate that there
is a transition layer from the troposphere to the stratosphere, rather than at a sharp
boundary "tropopause". In tropical regions, this layer is often referred to as the "trop-
ical tropopause layer" (TTL). This will be discussed in detail later (section 2.2.2).

Stratosphere

In the stratosphere, the air is extremely dry and rich in ozone. The temperature in-
creases with altitude due to the absorption of solar ultraviolet radiation by the ozone
layer, reaching a maximum temperature of around 50 km, known as the stratopause,
with a temperature of about 270 K, nearly the same as the ground level temperature.
The ozone layer in the stratosphere absorbs solar radiation in the ultraviolet spec-
trum, which is crucial for Earth’s habitability. Vertical mixing of gases in the strato-
sphere is strongly inhibited due to the temperature increase with height. Cloud
processes have a limited impact in removing particles injected by volcanic eruptions
and human activities in the stratosphere, leading to longer residence times for parti-
cles in this layer.

Mesosphere

The mesosphere is the layer above the ozone layer, extending from about 50 km
above the Earth’s surface to 80 km. In this layer, temperature decreases with height
until it reaches the mesopause, the top of the mesosphere. This region is where most
meteoroids burn up upon entering the Earth’s atmosphere, creating visible trails or
meteors. The mesosphere is also known for its dynamic and intricate phenomena,
including the presence of noctilucent clouds, and luminescent clouds observed in
high-latitude regions during summer. Additionally, the mesosphere is where the
Earth’s atmosphere is thin enough to support satellite orbits.

Thermosphere

The temperature increase with height in the thermosphere is due to the dissociation
of molecules and the absorption of solar radiation associated with the stripping of
electrons from atoms. These processes are known as photodissociation and pho-
toionization. The photolysis of carbon dioxide in the thermosphere lead to a CO
concentration greater than 50 ppm, which is almost 1000 times that of the tropo-
sphere (Grossmann, Gusev, and Knieling, 2006). Temperatures in the Earth’s outer
thermosphere vary significantly due to changes in ultraviolet and X-ray radiation
from the sun’s outer atmosphere. This layer is where Earth’s auroras occur and is
also the region where the International Space Station (ISS) and other satellites orbit
the Earth.

2.1.2 General circulation of atmosphere

To understand the reasons behind regional climate trends, such as the focus area of
this thesis, the Tropical Western Pacific (TWP) region, it is necessary to consider the
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FIGURE 2.2: A typical midlatitude vertical temperature profile, as
represented by the U.S. Standard Atmosphere, The figure source:

Wallace and Hobbs (2006), Fig. 1.9, Section 1.3.4, Chapter 1.

changes in large-scale atmospheric circulation and assess the impact of internal cli-
mate variability. Changes in large-scale latitudinal circulation affect regional climate
trends. Atmospheric circulation and ocean circulation are how thermal energy is re-
distributed on the Earth’s surface. The Earth’s atmospheric circulation varies from
year to year, but its large-scale structure remains relatively constant.

In the idealized condition, there are three main circulation cells between the equator
and the poles, influenced by solar radiation and the rotation of the Earth, i.e., the
Hadley cell, the Ferrell cell and the polar cell, see Figure 2.3.

George Hadley proposed an axisymmetric single cell in each hemisphere in 1735 to
transport heat from the tropics to the poles, giving the Hadley cell its name (Hadley,
1735). The Hadley cell is an important circulation system in the Earth’s atmosphere,
referring to the movement of heated, ascending air currents within a few degrees of
the equator that reach the tropopause, and then gradually cool down in the upper
tropical atmosphere pole-ward, moving downward at about 30 ◦ latitude (subtrop-
ical region). The idealized tropical circulation depicted in Figure 2.3 (top), where
northeasterly (NE) and southeasterly (SE) trade winds converge near the equator,
occurs in a region known as the Intertropical Convergence Zone (ITCZ). This is an
important circulation system in tropical regions, which will be discussed in detail
later in section 2.2. In the real Earth, ITCZ does not stay in the equator as shown in
Figure 2.3 (bottom) but shifts in the tropics and tends to be seasonally towards the
hemisphere that warms relative to the other (Schneider, Bischoff, and Haug, 2014).
The convergence of the NE and SE trade winds causes large-scale rising of the warm
and moist air and thus the ITCZ is typically characterized by heavy rain in the trop-
ics.

The Ferrel Cell is a weak and variable atmospheric circulation cell located between
the Hadley cell and the polar cell, named by William Ferrel in the 19th century (Fer-
rel, 1856). In this cell the air flows poleward and eastward near the surface and
equatorward and westward at higher levels in the mid-latitude. The Polar Cell, on
the other hand, is a circulation cell that exists near the poles, where cold and dense
air descends, creating easterly surface winds known as polar easterlies. This cell is
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FIGURE 2.3: A schematic view of the idealized atmospheric circu-
lation in the horizontal (top) and in the vertical cross-section (bot-
tom). See Section 2.1.2 for further explanation. The figure source:
https://science2017.globalchange.gov/chapter/5/, Climate Science
Special Report (CSSR): Chapter 5: Large-Scale Circulation and Cli-

mate Variability (Perlwitz, Knutson, and Kossin, 2017).

a vital component of the overall global atmospheric circulation system, facilitating
the movement of cold air from the polar regions towards the mid-latitudes.

2.2 Tropical Meteorology

The tropical regions play a crucial role in Earth’s atmospheric circulation system, in-
fluencing global climate and weather patterns. These areas receive the most direct
sunlight and are the warmest regions on Earth. Intense solar heating causes warm,
moist air to rise, creating low-pressure areas near the equator. This further leads to
the formation of NE and SE trade winds at the surface, historically influencing the
choice of global trade routes. Overall, the tropical regions act as the engine driv-
ing the heat source for global circulation, propelling atmospheric movements. The

https://science2017.globalchange.gov/chapter/5/
https://science2017.globalchange.gov/chapter/5/
https://science2017.globalchange.gov/chapter/5/
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FIGURE 2.4: Idealized schematic of the ITCZ, as historically de-
scribed. The figure source: Nicholson (2018), Figure 1.

Hadley cell, through the transport of heat and momentum, is crucial for maintain-
ing global heat balance and angular momentum balance. Moreover, the tropical re-
gions have a significant impact on global climate patterns. Phenomena like El Niño
and La Niña (Bjerknes, 1969), originating in the tropical Pacific region, can cause
widespread climate anomalies, affecting global weather patterns and precipitation
distribution.

2.2.1 General Circulation Pattern in Tropics

The Inter-Tropical Convergence Zone (ITCZ)

The Inter-Tropical Convergence Zone (ITCZ) is conventionally defined as a lower-
tropospheric convergence region circling the globe where the tropical trade winds
from the Northern and Southern hemispheres meet, typically lying between approx-
imately 15◦S and 15◦N (Waliser and Gautier, 1993), as shown in Figure 2.4. Generally,
it is characterized by fast vertical motion and heavy rainfall and essentially acts as
a meteorological barrier to cross-equatorial flow. As shown in Figure 2.5, the zonal
averaged rain belt is maximum in the Northern Hemisphere (NH) in about 5 ◦N
in July-August-September (JAS) and in about 5 ◦S in January-Febuary-March (JFM).
The ITCZ migrates seasonally towards the hemisphere that warms relative to the
other (Schneider, Bischoff, and Haug, 2014), indicating the migration of the circula-
tion patterns in this region. Previous studies recognize the ITCZ as the boundary
to Inter-Hemispheric Transport (IHT) and/or interhemispheric mixing in the tropi-
cal region (Williams et al., 2002; Stehr et al., 2002). The location of the ITCZ affects
weather conditions and air mass origin throughout the tropics. The time mean or the
climatology of ITCZ locations can be characterized by zonal regions of heavy rainfall
in the tropics. The day-to-day features of the ITCZ, however, can be quite change-
able over the landmasses and due to interactions with monsoon systems (Wang and
Magnusdottir, 2006). The mechanisms controlling its position and rainfall intensity
are not fully understood (Schneider, Bischoff, and Haug, 2014).

Trade Winds and Monsoon

A monsoon is a seasonal wind pattern that brings a noticeable change in weather to
a region. Monsoons are characterized by a distinct shift in wind direction and speed,
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FIGURE 2.5: (left) Tropical precipitation from TRMM for 1998–2014,
Annual, boreal summer (JAS), and boreal winter (JFM). (right) Zonal-
mean precipitation. The location of Palau is marked by the yellow
"+". The figure adapted from: Adam, Bischoff, and Schneider (2016),

Figure 1.

leading to significant changes in precipitation and temperature patterns. The term
monsoon also often refers to a region where there is a clear contrast between the dry
NH winter and wet NH summer (for simplicity, all the following terms of seasons
refers to the general NH seasons). The global monsoon region is generally defined
by the difference between summer and winter precipitation in the region, and the
widely used definition (Lee and Wang, 2014) is shown in Figure 2.6.

In the case of the Asian monsoon, the summer monsoon is a phenomenon result-
ing from the warming of the Asian continent and the cooling of the Indian Ocean,
which introduces moist air and brings widespread rainfall to India, Southeast Asia,
and neighbouring regions, for example, the Tropical Western Pacific region. The
winter monsoon, on the other hand, is a phenomenon caused by a sharp cooling of
the Asian continent and a warming of the Indian Ocean, resulting in dry and cool
weather over much of Asia. For the tropics, there is a clear seasonal shift in the
source of air masses in the tropics due to the north-south shift of the Asian mon-
soon, which feeds the tropics with air masses from the extra-tropics SH in summer
and from extra-tropics NH in winter, respectively.

In addition, the rotation of the Earth and the temperature difference between the
equatorial region and the subtropical high-pressure region cause the easterly winds,
or trade winds, to prevail continuously near the equator. In the tropics, the preva-
lence of NE winds in winter and SE winds in summer similarly affects the seasonal
variations in the source of air masses. The trade winds, historically important for
maritime trade routes, are part of the global atmospheric circulation system and
play an important role in the climate of the regions they affect.

In addition, according to models and observations, as a result of climate change, the
temperature difference between the NH and SH has increased (Wang et al., 2012) and
the extent of the monsoon zone is expanding, especially in Southeast Asia, by 10.6%
to the west(Lee and Wang, 2014), which implies that the extent of the monsoon zone
is further expanding in the Western Pacific region. The Western Northern Pacific
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FIGURE 2.6: The global monsoon domain defined by regions where
the summer-minus-winter precipitation exceeds 2.5 mm day−1 and
the summer precipitation exceeds 55% of the annual total. The lo-
cation of Palau is marked by the red "+", and it is located in the edge
of the Asian monsoon domain. The figure is adapted from Lee and

Wang (2014), Figure 4.

monsoon region specifies that there is the highest frequency of cyclones on Earth
(Basconcillo, Cha, and Moon, 2021; Gao et al., 2020). The details about the Western
Pacific Monsoon will be introduced in section 2.3.

2.2.2 Tropical Tropopause Layer (TTL)

As mentioned in Section 2.1.1, the boundary between the troposphere and strato-
sphere is the tropopause which is captured by the very sharp difference in the tem-
perature lapse rate. However, in the tropics, this is not the real situation. It has been
accepted for almost two decades (Highwood and Hoskins, 1998; Holton and Gettel-
man, 2001; Fueglistaler et al., 2009) that there is a transition layer between the upper
troposphere and the lower stratosphere (UTLS). It has been known as the Tropical
Tropopause Layer (TTL). Since TTL is characterized by the features of both the up-
per troposphere and lower stratosphere, it is best defined as a layer extending over
several kilometers rather than as a sharp boundary.

Many studies, e.g. Gettelman et al. (2009), Fueglistaler et al. (2009), Gettelman et al.
(2004), and Folkins et al. (1999) have been made and focused on the physical and
chemical processes of the TTL, and different upper and lower boundaries are taken
into consideration because of the different central points of these studies. Figure 2.7
shows the different definitions of the TTL by previous studies.

The first definition used in this study is shown by layer A (see Figure 2.7). The level
of Minimum of the Stability (LMS) identifies the lower limit of the TTL (Sunilku-
mar et al., 2017) or the Lapse Rate Minimum (LRM) typically around 10 - 12 km
(Gettelman and Forster, 2002), which is the level of the minimum potential tem-
perature gradient. This level is also characterized by the minimum ozone (O3 min).
The level of the Cold Point Tropopause (CPT) which is the level of temperature mini-
mum (Highwood and Hoskins, 1998; Gettelman and Forster, 2002) or the Lapse Rate
Tropopause (LRT; World Meteorological Organization, 1957) is used to identify the
upper limit of TTL which is about 17 km. The layer between the LMS / LRM and
CPT / LRT is a commonly used definition of the TTL (Folkins et al., 1999; Gettelman
and Forster, 2002; Gettelman et al., 2004; Sunilkumar et al., 2017; Pan et al., 2018;
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Cairo et al., 2021). The example upper and lower limit definitions of TTL and its
features over Palau are discussed in detail in Section 2.3.

Some studies, for example, Immler et al. (2008a), Sherwood (2000), and Folkins, Olt-
mans, and Thompson (2000), focused on the radiative effect of the clear sky in TTL,
and the TTL is the region where a transition of the background clear sky radiative
heating from net cooling to net heating (see the blue and red arrows in Figure 2.7)
takes place. In this definition, the Level of Zero net Radiative Heating (LZRH) is
used to determine the lower limit of TTL.

Fueglistaler et al. (2009) argued for the definition of the upper limit of the top of the
thermal troposphere (CPT/LRT) and proposed a Level of Highest Convective Over-
shooting (LHCO) tops that can reach about 18.5 km (70 hPa). Previous studies have
demonstrated, using radio soundings (Gettelman and Wang, 2015; Birner, Sankey,
and Shepherd, 2006) and cirrus cloud observations (Immler et al., 2007; Immler et al.,
2008a), that there is a maximum static stability layer (Pilch Kedzierski, Matthes, and
Bumke, 2016) within 2 km of thickness above the conventional top of the thermal
troposphere (CPT/LRT). In this layer, the trace gases such as O3 and CO also show
a large vertical gradient (Schmidt et al., 2010; Park et al., 2007), which implies the
need for a higher upper limit of the TTL as the air eventually transits into the lower
stratosphere.

From LZRH (around 15 km) to a level (around 18 km) above the CPT and below
LHCO is the second definition of TTL, denotes by "B" (Figure 2.7), commonly used
for the study of the radiative effect in TTL (Fu, Hu, and Yang, 2007; Immler et al.,
2008a; Dessler, 2002; Sherwood and Dessler, 2001; Sherwood, 2000). The definition
"C" of TTL placed the lower limit to the Level of Main Convective Outflow (LMCO)
which is also the Level of Neutral Buoyancy (LNB) in around 14-15 km. The top
boundary of TTL is LHCO, where there are rare cases of overshooting tops that can
penetrate TTL into the stratosphere(Fueglistaler et al., 2009; Jensen et al., 2010). Even
though this is the most synthesis definition incorporating most previous research on
this topic (Henz, 2010), the exact level of LHCO is difficult to quantify compared
with the thermal tropopause CPT / LRT and varies in different places and seasons.
So this study will use the first definition (definition "A", shown in Figure 2.7) to
quantify the TTL region but also include the discussion about the layer of 1 - 2 km
above CPT as TTL region where several cases of cirrus cloud are observed above
Palau, see details in Section 4.3 and 4.4.

2.2.3 Tropical Clouds and dehydration process

Clouds form when air is lifted to a saturation point by fronts, topography, con-
vergence or convection. Warm clouds have temperatures above 0°C, while cold
clouds have temperatures below 0°C. Mixed-phase clouds have ice crystals and
super-cooled droplets. In higher altitudes above 10 km, clouds contain mainly ice
crystals (Cairo et al., 2021). In the lower and middle troposphere, tropical clouds
are dominated by cumulonimbus. In higher altitudes, cirrus clouds dominate in the
range of the TTL.

The process of atmospheric dehydration is closely related to cloud formation. Dehy-
dration refers to the process of water molecules in the atmosphere transitioning from
a gaseous state to a liquid or solid state (Henz, 2010). When air rises, it cools down in
the atmosphere, causing water vapour to condense into small water droplets or ice
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FIGURE 2.7: Vertical boundaries of the Tropical Tropopause Layer, see
section 2.2.2 for the explanation. The definition of TTL used in this
study is marked by the red bidirectional arrow, namely the definition

"A". The figure is adapted from Henz (2010), Figure 1.

crystals, which is the dehydration process forming clouds. This process is known as
condensation. Clouds are composed of water droplets or ice crystals depending on
the temperature as mentioned before, suspended in the atmosphere, forming cloud
layers.

The process of dehydration in the atmosphere is a prerequisite for the formation
of clouds and precipitation. When water vapour in the atmosphere condenses into
clouds, the moisture content in the atmosphere decreases, indicating dehydration.
The water droplets or ice crystals in the cloud layer may eventually return to the
Earth’s surface in the form of precipitation, replenishing surface water sources.

The convection process is highly related to the cumuli-form cloud. Air parcels are
lifted through the convection process to their saturation point and form a cumulus
cloud. The air parcels continue to ascend until there is a level where the air parcels
become as cool as the surrounding air. This level is the Equilibrium Level (EL) or
the LNB as mentioned before. The parcels do not stop immediately but oscillate
and spread out to form an anvil-shaped cloud top (Pfister et al., 2001; Comstock and
Jakob, 2004). Therefore, EL/LNB is also the main outflow of the convection, which
is also called LMCO (Henz, 2010), as mentioned in section 2.2.2. This anvil-shaped
cloud can detach from the main body of the cumulus cloud flow in the TTL region
and form a thin layer of cloud that only contains ice-crystal, which is called a layer
of cirrus cloud.

Another rare but also important process after the convection cloud penetrates the EL
is overshooting. During intense convective activity, such as severe thunderstorms,
updrafts of warm, moist air parcels can be so strong that they push the top of the
cloud system above the EL and into a higher altitude, forming a dome-shaped over-
shooting top. It occurs when the convective updrafts are exceptionally powerful,
allowing the cloud tops to penetrate the stable layer of TTL and intrude into the
stratosphere (Danielsen, 1982; Fueglistaler et al., 2009; Pommereau, 2010; Wu, Fu,
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and Kodama, 2023). So the detection of the overshooting top is recognized as an in-
dication of the troposphere air penetrating the stratosphere. However, as mentioned
before, the detection of overshooting is challenging because of its small spatial and
temporal scale. This process is rare and the condition for the forming of such inten-
sive overshooting tops that can penetrate the TTL is limited (Fueglistaler et al., 2009;
Pope and Fry, 1997). Other processes can also play a role in the transport from the
troposphere into the stratosphere associated with anvil-shaped and cirrus clouds in
TTL (Fueglistaler et al., 2009; Henz, 2010; Cairo et al., 2021).

Cirrus is one genus of clouds forming at high altitudes made of ice crystals, which is
also a dominant type of cloud with high frequency in the TTL. The global occurrence
of cirrus cloud coverage based on satellite measurement is 16.7% (Sassen, Wang, and
Liu, 2008). In tropical regions, the occurrence of cirrus is higher (Sassen, Wang, and
Liu, 2008; Sassen, Wang, and Liu, 2009), and the frequency can be up to 70% (Wang et
al., 1996). The formation mechanism of the cirrus can be summarized by five types
(Sassen, Wang, and Liu, 2008): synoptic, mountain-wave updraft, contrail-cirrus,
injection cirrus, and "cold trap" (Holton and Gettelman, 2001). The synoptic types
are relative to the jet stream and low-pressure system which is a common process
of cloud forming in the mid-latitudes (Sassen, Wang, and Liu, 2008; DeMott, 2002).
In addition to mountain-wave updraft and contrail-cirrus controlled by terrain and
human factors, the latter two are cloud formation mechanisms that mainly happen
in tropical regions considering the strength and speed of the uplifts (Krämer et al.,
2016).

The injection cirrus is usually called convective forming cirrus. Large amounts of
water vapour and cloud nuclei are uplifted by fast and intensive vertical rising air
masses in the convective activities. This deep convective mix-phased cloud gen-
erates widespread anvils in high altitudes where the temperature is very low and
the freezing of the liquid droplets forms long-lived cirrus (Pfister et al., 2001; Com-
stock and Jakob, 2004). The convective forming cirrus is always linked to the inter-
hemispheric transport between the two hemispheres and is usually indicated by
ITCZ (Waliser and Gautier, 1993). Moreover, there is a tool called Chemical Equator
(CE) that provides a more accurate picture of the interhemispheric exchange (Sun
et al., 2023), which can also related to the hotspot region for the tropical convective
forming cirrus.

The last forming mechanism of cirrus cloud in the TTL, the cold trap, is generated
by cooling and freezing from the slow and large-scale uplifting (Jensen et al., 1996;
Holton and Gettelman, 2001) and atmospheric temperature anomaly by Kelvin or
gravity wave activity in the TTL region (Immler et al., 2007; Fujiwara et al., 2009).
The air rising from the troposphere to the stratosphere is readily dried to saturation
pressure over ice so the cirrus cloud with very low Cloud Optical Depth (COD) is
formed by this process in the TTL region (Spichtinger et al., 2003; Jensen et al., 2005).
This cloud-forming mechanism which is described by the dehydration process, sug-
gests that the horizontal advection rather than vertical motion in the TTL flows into
the cold trap (Holton and Gettelman, 2001) where the temperature is extremely cold
and can favor the dehydration process of the air in this region then releasing latent
heat through the adiabatic ascent in the cold trap (Schoeberl et al., 2019). Bergman
et al. (2012a) from the trajectory modeling, they concluded that in summer, the air
over the Indian subcontinent is the main source of fresh air eventually being trans-
ported into the stratosphere. In contrast, in winter, air moves slowly upward into
the stratosphere mainly from the Western Pacific region (Fueglistaler, Wernli, and
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Peter, 2004). Besides, More air enters the stratosphere from the troposphere in win-
ter as opposed to summer (Bergman et al., 2012a; Bergman et al., 2012b; Randel and
Jensen, 2013).

Cirrus is usually categorized by the COD as Sassen and Cho (1992) suggested. For
COD higher than 0.3, it is thick and opaque cirrus; for COD between 0.03 and 0.3, it
is optically thin cirrus; and for COD less than 0.03, it is the sub-visible cirrus (SVC).
The SVC is often formed in situ by slow and synoptic-scale uplift compared to cirrus
with higher COD which is often related to deep convection (Haladay and Stephens,
2009; McFarquhar et al., 2000). The existence of the SVC was first established from
airborne in-situ measurements (e.g. Heymsfield, 1986) and ground-based lidar ob-
servations by Sassen and Cho (1992). The dehydration of tropospheric air before it
enters the stratosphere is related the occurrence of SVC (Reverdy et al., 2012).

2.3 the Tropical Western Pacific Warm Pool

The Tropical West Pacific (TWP) region is an area extending from the Maritime Con-
tinent (Ramage, 1968) to the International Date Line with the world’s highest sea
surface temperatures (SST, above about 28◦C year round) and is noted to be a trop-
ical warm pool, shown in Figure 2.8. The warm pool provides the environment in
which deep convective cloud systems develop. As mentioned before, the warm wa-
ters in this region act as a reservoir of thermal energy. This heat drives atmospheric
circulation, including the Hadley Cell, which is a major component of the Earth’s
general circulation system. It plays a vital role in redistributing heat from the trop-
ics toward the poles, influencing global weather patterns. The TWP warm pool is
closely linked to El Niño and La Niña events (Bjerknes, 1969), and changes in the
TWP warm pool can influence the onset, intensity, and duration of these events,
leading to widespread climate impacts. Besides, the tropospheric air ascends into
the stratosphere via the TTL mainly in this region, The TWP region is therefore con-
sidered as the major transport pathway from the troposphere into the stratosphere
during winter (Fueglistaler, Wernli, and Peter, 2004; Krüger, Tegtmeier, and Rex,
2008; Newell and Gould-Stewart, 1981). Recent studies have revealed the very low
ozone content inside the tropical warm pool region, leading to a low oxidative capac-
ity in this region (Rex et al., 2014). The specific low oxidative capacity in this region
favours the relatively longer lifetime of short-lived species such as NOx and halogen
species compared with other tropical regions and exacerbates the ozone depletion
in the tropical lower stratosphere (Villamayor et al., 2023). Thus, the tropospheric
chemical composition above the TWP influences the stratospheric composition on a
global scale (Rex et al., 2014; Müller et al., 2023c).

2.3.1 Cold Trap and Stratosphere-troposphere Exchange (STE)

The TTL over the TWP warm pool is the so-called "cold trap" (Holton and Gettelman,
2001) which refers to a layer of the atmosphere that is substantially colder than both
the lower and higher layers. This specific temperature structure plays an important
role in the Stratosphere-troposphere Exchange (STE). It is recognized as the major
source of the stratosphere air in winter when the TTL is extremely cold (Fueglistaler,
Wernli, and Peter, 2004; Fueglistaler et al., 2005; Immler et al., 2008a).
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FIGURE 2.8: SST (in ◦C) in the tropical region averaged from 2015 to
2022. The black line shows the isothermal line of 28 ◦C. The green
dashed line shows the Dateline in 180 ◦. The location of Koror, Palau
is marked in the plot. TWP Warm plot: Tropical Western Pacific warm
pool. TEP cold Tongue: Tropical Eastern Pacific Cold Touge. The
SST data is obtained from the Ocean Surface Diagnostics of MERRA-
2 (The second Modern-Era Retrospective analysis for Research and
Applications) reanalysis, Global Modeling and Assimilation Office

GMAO (2015).

Figure 2.9 shows the annual mean cross-section of tropical (± 30◦N) zonal temper-
ature as a function of longitude and pressure/altitude. Over the TWP warm pool
region (100◦E - 180◦), the zonal temperature shows a structure of the lower temper-
ature from 120 hPa (15.5 km) to 90 hPa (17.5 km) and the minimum center at about
100 hPa. This cold trap structure exists as a climatology phenomenon over the TWP
region, but the value of the minimum temperature of the cold certer (about 194 K)
is reduced by the annual averaging. Figure 2.10 shows maps of monthly mean tem-
perature at 100 hPa for January and July from 2012 to 2022 within the tropics (±
30◦N). The temperatures show a specific spatial structure in January with a gradient
of the temperature up to 5 K within the inner tropical region (± 10◦N) from 194 K
decreasing to 189 K. The coldest center is located over the TWP region in January as
shown by the white dashed line of the isothermal of 189 K in Figure 2.10. In July, the
gradient of the temperature is less intensive and the cold center extends toward the
north and east, over the TWP and Indian/Southeast Asian monsoon region.

The temperature structure of the TTL region is a key determinant of air transport
(Immler et al., 2008b; Fueglistaler et al., 2009). As described in section 2.2.3, when the
temperature of an air mass is higher than that of the surrounding air, a dehydration
process occurs in which the latent heat of the air mass is released and causes an
upward movement of the air mass. This process also applies to the air parcels in the
TTL, except that this upward motion is a slow, large-scale uplift, unlike the rapid
vertical process in the lower troposphere (Holton and Gettelman, 2001). When the
TTL air mass drifts horizontally through the large-scale circulation into a cold trap,
the low-temperature conditions here enable the air mass to further release latent heat
and rise finally into the stratosphere.

Figure 2.11 gives a schematic of the classical four transport paths for STE in the
tropics. The free troposphere below the TTL is characterized by weak large-scale
downwelling interrupted by strong upward motion relative to the convective up-
drafts (Bergman et al., 2012a). In the tropics, air masses converge and lift in the
troposphere to form cumulonimbus clouds, in which they rise and mix with the sur-
rounding air before finally breaking away from the cumulonimbus. Cumulus clouds
vary in intensity depending on the magnitude and speed of vertical motion. Air
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FIGURE 2.9: Upper part: Maps of zonal cross sections of meridion-
ally averaged temperature (in K, annually averaged 2012-2022) from
150 to 50 hPa in latitude range of ± 30◦N. Lower part: Sea surface
temperature (SST, in ◦C) in the tropical region averaged from 2015
to 2022 (2.8). The upper cold center is well above the lower warm
center where the site Palau is located, as shown by the green ar-
rows in the plot. The temperature data in pressure level are from the
ERA5 reanalysis data (Hersbach et al., 2020). The sea surface tem-
perature is from the Ocean Surface Diagnostics of MERRA-2 (The
second Modern-Era Retrospective analysis for Research and Appli-
cations) reanalysis, Global Modeling and Assimilation Office GMAO

(2015).

masses converge and lift into the free troposphere and reach the LNB/EL as men-
tioned in Section 2.2.3. After the air flows into the TTL, there are four main paths
relative to different atmospheric conditions in TTL and the strength of convective
activities.

- Path 1. After the air parcel reaches LNB/EL, and the latent heat of the parcels is
fully released, it will not stop abruptly. The air parcel travels upward before it ex-
hausts all of its momentum. The upward acceleration ceases as it becomes colder
than the environmental temperature, but its momentum propels the air parcel to a
higher level and reaches the maximum parcel level (MPL) or LHCO (Fueglistaler et
al., 2009). Through this extremely deep convection cell, the air parcel can penetrate
the stable layer of TTL and form an overshooting top intruding into the stratosphere
(Danielsen, 1982; Fueglistaler et al., 2009; Pommereau, 2010; Wu, Fu, and Kodama,
2023). This pathway plays an important role in the STE, particularly in favour of the
injection of short-lived chemically active species, i.e., NOx, Bry, Iy, and CO, into the
stratosphere before they can be removed by atmospheric oxidation reactions (Pom-
mereau, 2010).

- Path 2. After the air parcel is detrained away from the deep convective cell, it
flows through the TTL region and eventually descends to low altitudes unless it
encounters a region where the ambient temperature is lower than that of the air
parcel, i.e., the cold trap over the TWP in winter and the Indian subcontinent in
summer (Bergman et al., 2012b). This process is related to the mix-phased deep
convection cell that reaches the TTL and generates widespread anvils in a high layer
of TTL where the temperature is very low and the freezing of the liquid droplets
forms long-lived cirrus (Pfister et al., 2001; Comstock and Jakob, 2004).
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FIGURE 2.10: Maps on 100 hPa of January and July averaged tem-
perature (in K, monthly averaged 2012-2022) fields. The temperature

data are from the ERA5 reanalysis data (Hersbach et al., 2020)

- Path 3. The air parcel is detrained in the lower boundary of the TTL, i.e., LNB/EL.
Then it descends into the free troposphere.

- Path 4. The same as the beginning transport path of Path 2, after the air parcel is
detached from the deep convective cell, it flows through the TTL region. However,
because of the circulation in the TTL, the air parcel flows into the cold trap where the
temperature is extremely cold and can favour the dehydration process of the air then
finally enters the stratosphere. The dehydration of tropospheric air before it enters
the stratosphere is typically related to the occurrence of SVC in the previous studies,
e.g. Reverdy et al. (2012), Immler et al. (2007), and Martins, Noel, and Chepfer (2011),
which is often formed in situ by slow and synoptic-scale uplift in the cold trap and
stays a very long time (Martins, Noel, and Chepfer, 2011).

Air parcel transport through Path 1 and Path 4 can finally reach the stratosphere.
The commonality of the two paths is the air parcel is initially uplifted to TTL from
the convection process in the tropics. The location of the active convection is related
to the ITCZ/CE (Cairo et al., 2021; Sun et al., 2023), which shifts seasonally north-
southwards to the hemisphere that warms relative to the other (Schneider, Bischoff,
and Haug, 2014). The locations with significant strong convective activities in the
tropics are the TWP region (Fueglistaler, Wernli, and Peter, 2004; Fueglistaler et al.,
2005; Bergman et al., 2012a) and the Asian monsoon region (Fueglistaler et al., 2005;
Randel and Jensen, 2013).

The scheme of Path 1 is associated with the fast overshooting of adiabatically cooled
air uplifted with deep convective systems (Danielsen, 1982; Pommereau, 2010). Over-
shooting processes are rare on a global scale and the conditions under which they
form are very demanding (Fueglistaler et al., 2009). However, the rapid overshoot
process prevents short-lived species from being removed during the vertical trans-
port through oxidative reactions in the troposphere. It plays a vital role in the vertical
transport of boundary layer pollutants, especially short-lived species, to the upper
troposphere and lower stratosphere, with important implications for stratospheric
ozone and climate (Wu, Fu, and Kodama, 2023).
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FIGURE 2.11: A schematic of transport paths of Stratosphere-
troposphere Exchange (STE) in the tropics.

Path 4, on the other hand, is a large-scale uplift process in which the air mass is in the
stratosphere vertically for a much longer period than in path 1 (> 60 days, Gettelman
and Forster, 2002; Dessler, 2002). Only the air parcel that flows into the cold trap
can continuously release the latent heat and slowly ascend because of the lower ice
saturation point in the cold trap. However, it has been argued that given the long
time it takes for Path 4, short-lived species will be deactivated through the slow
vertical transport process. The air masses that make it into the stratosphere in Path
4 do not contain short-lived species, so there will be little effect on the atmospheric
composition of the stratosphere, especially ozone (Pommereau, 2010).

In the TWP region, both Path 1 and Path 4 happen. It has been recognized that the
deep overshooting conventions appear frequently in the western Pacific warm pool
(e.g. Fueglistaler, Wernli, and Peter, 2004; Fueglistaler et al., 2009; Wu, Fu, and Ko-
dama, 2023). The cold trap over the TWP region in winter is also with exceptionally
low temperatures, which favors the STE by Path 4. The TWP region is therefore
considered as the major transport pathway of STE (e.g. Newell and Gould-Stewart,
1981; Holton and Gettelman, 2001; Fueglistaler et al., 2005; Krüger, Tegtmeier, and
Rex, 2008; Rex et al., 2014; Müller et al., 2023c).

2.3.2 Low-ozone high water structure

The composition of the stratosphere is mainly determined by species that ascend
from the troposphere into the stratosphere. The reactions with OH in the tropo-
sphere break down most short-lived species. The major source of OH in the clean
troposphere is formation through:

O3 + hv −−→ O(D) + O2 ,O(D) + H2O −−→ OH + OH

The reaction shows that the oxidizing capacity of tropospheric is air closely related
to the ozone concentration (Levy, 1971; Jaeglé et al., 2001).

High SST favors strong convective activity, which can lead to low O3 concentration
in the TWP region, where the air temperature is the highest globally and O3 lowest
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(e.g. Kley et al., 1996). In the warm and humid tropical marine boundary layer,
this particular loss mechanism is very efficient (Kley et al., 1997). Besides, the TWP
area is far away from industrial human activity areas, which is influenced by the
monsoon and the ITCZ, and only receives long-distance transported air masses from
East Asia in winter. It is largely free of air pollution from local sources, especially
NOx, for the chemical production of O3 in the troposphere. Both factors result in the
tropospheric O3 column being at the lowest level in the TWP region throughout the
year (Rex et al., 2014; Müller et al., 2023a).

The corresponding O3 and OH concentrations simulated by the GEOS-Chem model
are shown in Figure 2.12, with low concentrations of O3 and OH in the TWP region.
The cross-sections of the meridionally averaged O3 and OH simulated from GEOS-
Chem in the tropical region from surface to 18 km in the latitude range of ± 30◦N are
shown in Figure 2.13. The OH is lower than elsewhere in the tropics in the vertical
extent from the surface to about 17 km. These low values of OH and O3 in the
TWP region have a large impact on prolonging the lifetimes of short-lived species,
i.e., NOx, Bry, Iy, and CO. As mentioned before, the air mass can transit into the
stratosphere via Path 4 (see Figure 2.11), which takes more than 60 days Gettelman
and Forster, 2002; Dessler, 2002 and is longer than the typical lifetime of those short-
lived species. Considering the low oxidizing capacity of the TWP region, especially
in cold traps, short-lived species can survive and enter the stratosphere before being
removed by oxidative reactions with OH (Rex et al., 2014; Müller et al., 2023b).

FIGURE 2.12: Tropospheric columns of O3 (upper plot) and OH
(lower plot) simulated from GEOS-Chem (average in 2016-2020) in
the tropical region (in latitude range of ± 30◦N). The red mark is site

Koror, Palau.

2.3.3 Walker circulation, El Niño and La Niña

The Walker Circulation is a large-scale atmospheric circulation pattern spanning the
tropical Pacific Ocean. It is named after the British scientist Sir Gilbert Walker, who
studied and identified this phenomenon in the early 20th century (Bjerknes, 1969).
As shown in Figure 2.8, there is a temperature contrast between the warm pool in the
western tropical Pacific and a cold tongue of water in the eastern tropical Pacific. The
Walker Circulation is driven by this temperature contrast, which is a rising branch
over the warm pool surplus heating region and a sinking branch over the east Pacific
cooling region (see Figure 2.14a).

The main variability of the Walker Circulation is the El Niño-Southern Oscillation
(ENSO), a coupled atmospheric-oceanic phenomenon driven by SST anomalies with
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FIGURE 2.13: Maps of zonal cross-section of meridionally averaged
O3 (upper plot) and OH (lower plot) simulated from GEOS-Chem
(average in 2016-2020) in the tropical region from surface to 18 km
in latitude range of ± 30◦N. The red mark is the location of the site

Koror, Palau.

a period of 2-7 years. The normal Walker circulation is accompanied by cold up-
welling in the east and warm SSTs in the west, as shown in Figure 2.14a. The
strongest up-welling branch of the Walker circulation is located in the TWP region,
however, SST anomalies can affect the entire tropics, influencing precipitation on
several continents near the equator, from Africa to Asia to South America, as shown
by the thinner blue arrows in Figure 2.14a.

During the El Niño events, the typically warm pool in the TWP region moves to-
wards to the east Pacific, leading to a shift in the rising branch of the Walker circu-
lation eastwards, as shown in Figure 2.14b. This alteration in the circulation pattern
results in a redistribution of global precipitation. For example, in the El Niño pattern,
the usual rising branches in the TWP and South America are replaced by anomalous
sinking branches, leading to reduced precipitation in these regions.

On the other hand, during La Niña events (Figure 2.14c), the warm pool in the
TWP is warmer than the ENSO-neutral conditions and meanwhile, the east Pacific is
cooler than usual. The up-welling branches in the TWP and northern South Amer-
ica are stronger and cause anomalous high precipitation in this region. Meanwhile,
the anomalous down-welling branches are located in North Africa, leading to a de-
ficiency of precipitation during these events.

It is important to note that the ENSO pattern described and shown above is typically
idealized. The reality of coupled atmosphere-ocean phenomena is complex and vari-
able. Since SST anomalies in the warm pool region are the driving factor of ENSO,
it has a higher correlation with changes in monsoon circulation and precipitation in
the Pacific compared to other tropical regions. During El Niño events, drought con-
ditions usually occur, especially in eastern Australia, while negative SST anomalies
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occur in the TWP and eastern Indian Ocean. During La Niña, an increase in rainfall
is observed over the TWP with positive SST anomalies in the western Pacific and
eastern Indian Oceans.
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FIGURE 2.14: Generalized Walker Circulation (December-February)
during (a) ENSO-neutral conditions, convection associated with ris-
ing branches of the Walker Circulation is found over the Maritime
continent, northern South America, and eastern Africa.; (b) El Niño
events, overlaid on a map of averaged SST anomalies. Anoma-
lous ocean warming in the central and eastern Pacific (orange)
helps to shift a rising branch of the Walker Circulation to the east
of 180◦ while sinking branches shift to over the Maritime conti-
nent and northern South America; and (c) La Niña events, over-
laid on map of average SST anomalies. Anomalous ocean cool-
ing (blue-green) in the central and eastern Pacific Ocean and warm-
ing over the western Pacific Ocean enhance the rising branch of
the Walker circulation over the Maritime Continent and the sink-
ing branch over the eastern Pacific Ocean. Enhanced rising mo-
tion is also observed over northern South America, while anoma-
lous sinking motion is found over eastern Africa. (Loberto, 2014) The
figure source: https://www.climate.gov/media/13542, NOAA Cli-

mate.gov, by Fiona Martin, last access 30 November, 2023

https://www.climate.gov/media/13542
https://www.climate.gov/media/13542
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Chapter 3

Measurements and Models

To make the study of characterization of the trace gases such as O3, CO and CH4
of the tropospheric TWP region, measurements and model simulations are used.
An important aim of this study is to deepen the knowledge of the pathway of the
STE over the TWP region, for this, I use cirrus cloud observations combined with
model simulations. Most of the measurements are from the Palau Atmospheric Ob-
servatory (PAO), located in the TWP region, and it is equipped with comprehen-
sive instruments for atmospheric measurement. Auxiliary data for daily meteorol-
ogy conditions are from Palau Weather Station (PWS). Analysis of the observational
data products is closely combined with model simulations. The 3-D chemical trans-
port model GEOS-Chem version 13.0.0 (Bey et al., 2001) is used for the study of the
characterization and origin sources of the trace gases and cirrus clouds. The tra-
jectory model HYSPLIT (Air Resources Laboratory’s (ARL) Hybrid Single-Particle
Lagrangian Integrated Trajectory model) is used for the study of the STE.

In this chapter, I will first describe the station base PAO which contains most of
the instruments I used for this thesis in Section 3.1. Then thorough descriptions
of the Fourier Transform Infrared (FTIR) Spectrometer and how I obtain the trace
data products of trace gases from FTIR spectrometer are in Section 3.2. The cirrus
cloud data products are measured and retrieved from a Gound-based Lidar system.
The theoretical background of the lidar system and the method for retrieving cloud
products are described in Section 3.3. The descriptions and set-ups of models are
given in Section 3.4.

3.1 The Palau Atmospheric Observatory

The TWP region is of great importance for the study of the STE but has been reported
and recorded as a measurement gap of the atmospheric composition such as O3 and
cirrus cloud. The Palau Atmospheric Observatory (PAO) was established to conduct
comprehensive atmospheric measurements above the TWP region to fill in the gap.

PAO was established in 2015 in the Palau Community College (PCC), in the middle
of downtown Koror, Republic of Palau, see figure 3.1(Müller et al., 2023c; Müller,
2020). It was funded under the EU-funded StratoClim (Stratospheric and upper
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tropospheric processes for better Climate predictions, 2015-2019) project at the be-
ginning of the operation period. Since 2019, measurements have been conducted
and funded by Alfred-Wegener-Institut (AWI) with further contributions from the
Institute of Environmental Physics (IUP), University of Bremen.

FIGURE 3.1: Maps of the location of Koror, Palau. The site is located
in Koror (marked on the left side of the map), the main commercial

centre of the Republic of Palau.

Two scientific laboratories are held separately in two containers. One is used for
measurement of the atmospheric particles, namely cirrus clouds in TTL and strato-
spheric aerosol in high altitude by a micro lidar, The COMpact Cloud Aerosol Lidar
(COMCAL). The other is used for measurement of the atmospheric trace gases by a
Fourier-transform infrared (FTIR) spectrometer. Besides, some space of the labora-
tories are made for a Pandora 2S photometer and weather balloon soundings with
O3, water vapour, aerosol, and radiosondes. The following part will give a short
description of the equipment that is relevant to this study.

FIGURE 3.2: Picture of the outward appearance of PAO.

Grond-based Fourier-transform infrared (FTIR) spectrometer

The ground-based FTIR spectrometer measures the solar spectrum in clear sky con-
ditions to retrieve the abundance of trace gases, such as CO, O3 and CH4. It has been
operated since 2016 and we obtain a large number of spectrum in different months.
By retrieval algorithm, we can obtain a variety kinds of trace gas profiles in 2-4 at-
mospheric layers from the ground to 30 km. The model of the ground-based FTIR
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spectrometer is Bruker 120 M. The solar tracker which is needed for the atmospheric
measurement is mounted on the roof of the container, with a hatch that can be re-
motely opened or closed. The measurements of CO, O3 and CH4 are used in this
study.

COMCAL lidar system

The COMpact Cloud-Aerosol Lidar (COMCAL) system measures the backscatter
Laser Light at 355 nm, 532 nm and 1064 nm and signal from the atmosphere. The
aerosol and cloud information can be obtained from the measurements. The lidar is
multi-channeled and with polarized design, which can help to determine the particle
size and shape. In this study, the measurements of COMCAL are used to detect the
cirrus cloud in the TTL over TWP.

COMCAL has been operating since April 2018 and continued measuring till May
2019. Due to technique issues, there are no measurements between May 2019 and
March 2022. After maintenance, COMCAL started to be operated in March 2022
until December 2022. The details about the operation hours of the Comcal lidar
system are given in Section B.2. In this work, measurements from April 2018 to
August 2022 are used for analysis. In a total of about 332 h of lidar measurements
that is useful for the analysis of the cirrus in 124 different days. Note that the lidar
system is only available during the night, it is assumed that there is no dominant
diurnal feature of the cirrus cloud over Palau following the study by Cairo et al.,
2021.

ECC ozone and radio sondes

ECC ozone sondes and radiosonde launches have been conducted to measure the
profile of O3 and meteorological elements, such as temperature, air pressure, and
relative humidity of the atmospheric environment since 2016. At least two ozone
sondes are launched per week. Vaisala radiosondes were used for data transmis-
sion, measuring pressure, temperature, and humidity, and providing the GPS coor-
dinates. The RS41-SGP (Sun et al., 2019) are used for both ECC ozonesondes and
radio sounds after 2017. Before that, the old model, RS92-SGP (Dirksen et al., 2014)
was used. The pressure and temperature profiles from the radio sounds are used to
obtain air number density via the law of ideal gas (Bucholtz, 1995) and thus to calcu-
late BSR (see section 3.3.2) combined with lidar measurement. On certain days when
both the radiosonde and lidar measurements are available, this dataset was used for
the case study analysis because of their high vertical resolution, see subsection 4.4.2.

Auxiliary Data: radio sounds by Palau weather station

The twice-daily radio sondes are conducted by the US National Weather Service (un-
der NOAA, National Oceanic and Atmospheric Administration) in Palau weather
station (station reference number: PTRO 91408). The location of PAO and Palau
weather station are close to each other and on the same island of Palau. The temper-
ature and potential temperature profiles measured by the Palau weather station are
used to derive the level of the TTL (see section 2.2.2) over Palau and the meteorology
properties of the cirrus cloud, for example, mid-cloud temperature.

http://weather.uwyo.edu/upperair/sounding.html
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3.2 The Fourier Transform Infrared (FTIR) Spectrometer

3.2.1 The principle of the FTIR spectrometer

The Fourier transform spectrometer (FTS) originated with A. Michelson’s classic
attempt to measure luminiferous aether in 1881. The aether was thought to be a
medium that could permeate space and allow light to travel through interplanetary
space at the time. This is probably the most well-known failed experiment in history
(Blum and Lototsky, 2006).

The simple form of FTS is shown in Fig. 3.3a. which is similar to the instrument
used in the Michelson experiment. A beamsplitter splits the light from the source
into two beams, one reflected from the fixed mirror and one from the movable mir-
ror, which introduces a time delay - the core of the FTS is a Michelson interferometer.
The beams interfere, enabling the light’s temporal coherence to be measured at each
different time delay setting, effectively converting the time field into spatial coordi-
nates. This brings an optical path difference (OPD) between the beam’s two paths.
The beam splitter is a plate composed of a partially reflecting and partially transmit-
ting material, for example, Calcium Fluoride (CaF2) and potassium bromide (KBr).

FIGURE 3.3: Schematic diagram of Fourier transform spectrometer.
(a) A simple form of FTS. (b) The overall composition diagram of a

high-resolution Fourier spectrometer (Shi et al., 2023, Figure 1).

The Ground-based solar absorption FTIR spectrometer uses the sun as the light
source. It measures the solar spectrum in the infrared wave range. The gas molecules
in the atmosphere absorb solar radiation at different frequencies of light. This can
be used to derive the abundance, for instance, the total and partial column, of the
trace gases in the atmosphere from the measured solar spectrum. Sunlight is di-
rected into the instrument through a sun tracker and enters the optical chamber. It
undergoes a series of reflections via mirrors, eventually entering the interferometer
chamber. Inside the interferometer chamber, a beamsplitter divides the incoming
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light into two perpendicular beams. One beam travels through the beamsplitter to
reach the fixed mirror, while the other beam goes through the beamsplitter to reach
the moving mirror.

The moving mirror chamber consists of multiple segments, and the total length of
the moving arm can be up to 180 cm (for example, in the IFS 125HR model). A
longer moving arm results in higher spectral resolution. Due to the movement of
the moving mirror, there is a variation in optical path difference (OPD) between the
two beams reflected by the moving and fixed mirrors. When these beams recombine,
interference occurs, and the interfered light intensity signal is collected by a detector.
The difference in the path length to fixed and moving mirrors creates OPD. The
resolution of an FTIR spectrometer is related to the mirror travel or maximum OPD:

Resolution = 1/OPD (3.1)

The interference signal generated at an OPD x by monochromatic radiation with
wavelength λ = 1/ν (frequency) is defined as:

I(x)′ = I(ν)(1 + cos(2πνx)) (3.2)

When the incident radiation is a continuous spectrum, the detector receives an in-
terference signal intensity:

I(x) =
∫ ∞

0
I(x)′dv =

∫ ∞

0
I(ν)(1 + cos(2πνx))dν = IDC(x) + IAC(x) (3.3)

Here, IAC(x) =
∫ ∞

0 I(ν)(cos(2πνx))dν represents the harmonic term, varying with
the OPD, while the constant term IDC(x) =

∫ ∞
0 I(ν)dv is determined by the incident

radiation intensity, and may be ignored because of the clear sky condition required
while measuring.

The interference signal collected by ground-based Fourier spectrometers is a spa-
tial domain function and does not represent the desired solar radiation spectrum
intensity or spectral transmittance. Fourier transformation is necessary to obtain
the transmittance spectrum. Equation 3.3 can be adjusted for the harmonic term as
follows:

IAC(x) = B(ν)cos(2πνx) (3.4)

Mathematically, Equation 3.4 corresponds to the cosine Fourier transform of the
function B(ν). The spectral information is obtained by performing an inverse Fourier
transform on the interference pattern, giving rise to the term "Fourier Transform
Spectrometer (FTS)".

In theory, if the moving mirror could move an infinite distance, an interference spec-
trum can be captured spanning frequencies from 0 to infinity. However, real instru-
ments have inherent systematic errors that require correction.
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Firstly, the limited range of motion for the moving mirror necessitates convolution
in the frequency domain using a truncation function, which is called the windowing
or apodization. And one often used truncation function is Boxcar function:

D(δ) =

{
1, δ ≤ |∆|
0, δ > |∆|

(3.5)

Where ∆ represents the maximum movement distance of the moving mirror. The
corresponding spectrum is given by:

B(ν) =
∫ ∞

−∞
S(δ)D(δ)cos(2πνδ)dδ = B′(ν)⊗ f (ν) (3.6)

Here, B′(ν) represents the spectrum obtained by Fourier-transforming the ideal in-
terference spectrum at infinite OPD, and f (ν) is the frequency-domain representa-
tion of the function D(ν), known as the instrument line shape function.

3.2.2 Retrieval of the trace gases from the FTIR spectrometer

From the measurement of the solar spectrum from the FTIR spectrometer by the
principle mentioned above in section 3.2.1, the next step is to retrieve the abundance
of the trace gases in the atmosphere from the spectrum. This subsection introduces
an overview of the widely used optimal estimation method (OEM) (Rodgers, 2000)
for the retrieval of the column of atmospheric trace gases. The atmospheric radiation
transfer equation can be abstracted as a simple mathematical equation:

yi = F(X, b) (3.7)

where yi is the radiation signal which is the intensity or transmittance in the wave-
length i, and X represents the unknown atmospheric and auxiliary parameters, i.e
instrumental parameters, such as temperature profile etc., which are the quantities
to be determined and that influence the radiation signal yi. The term b represents
the known atmospheric and surface state parameters. The function F encodes the
radiative transfer process, also referred to as the forward process. The inversion pro-
cess involves determining the unknown atmospheric and surface state parameters
X, given the observed spectral data Y. Because observation instruments inevitably
introduce errors ϵ, the observed spectrum can be expressed as:

Y = F(X, b) + ϵ (3.8)

The forward model is F, which describes the physics of the measurements. It repre-
sents the information of the light path through certain conditions of the atmosphere
following the theory of the atmospheric radiative theory. Observational errors ϵ are
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caused by various factors which can be changed with variations in observation con-
ditions, making it impossible to obtain the exact values for each observation. There-
fore, inverse problems require estimating the range of errors and searching for the
optimal solution. According to Bayesian theory, when the observed spectrum Y is
known, the probability density function (PDF) of X can be represented as:

PDF(X | Y) ≈ P(Y | X)P(X)

P(Y)
(3.9)

In the equations provided:

- P(X) represents the probability of X under real conditions, indicating the distribu-
tion state of the target inversion quantity under actual circumstances, known as the
prior (a priori) information.

- P(Y) represents the probability of Y occurring under real conditions. In real case,
P(Y) is not accessible, there fore the equal sign in Equation 3.9 should be the approx
equal sign.

- P(X | Y) represents the probability of X occurring when condition Y is known.

- P(Y | X) represents the probability of Y occurring when condition X is known.

The optimal estimation method suggests that when the observed spectrum Y is
known, the X that maximizes the probability is the sought-after final solution for
the inversion. This can be obtained by taking the derivative of P(X| Y) with respect
to X to find the optimal solution X, as follow:

∂P(X | Y)
∂X

= 0 (3.10)

If we assume that the most general way to describe the distribution characteristics
of a physical quantity in the natural world is the normal distribution, also called
Gaussian distribution, then A can be represented as:

−2lnP(X | Y) = (Y − F(X))TS−1
ϵ (Y − F(X))

+ (X − Xa)
TS−1

a (X − Xa) + C
(3.11)

where Sϵ and Sa represent the observation and prior covariance, respectively, Xa
represents the state variables, and C is a constant, the derivative equation 3.11 can
be represented as:

▽x[(Y − F(X))TS−1
ϵ (Y − F(X))

+ (X − Xa)
TS−1

a (X − Xa)] = 0
(3.12)
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the term [(Y − F(X))TS−1
ϵ (Y − F(X)) + (X − Xa)TS−1

a (X − Xa)] is defined as cost
function J(X):

J(X) = [(Y − F(X))TS−1
ϵ (Y − F(X))

+ (X − Xa)
TS−1

a (X − Xa)]
(3.13)

The cost function can be understood as having two components: observational and
prior information. Y represents the observational information, and Sϵ is the covari-
ance matrix of the observations. Xa represents prior information, and Sa is the prior
covariance matrix.

Then the problem of inversion or retrieval is to find the minimum value of the cost
function. If the function F varies continuously within a reasonable range, then there
must exist a value, denoted as ∆x, such that F is linear within the interval (x, x+∆x),
which be represented as:

∆Y =
∂F(X, b)

∂x
∆x + ϵ (3.14)

where the partial term in Equation 3.14 ∂F(X,b)
∂x is the weighting function:

KT
i =

∂F(X, b)
∂x

∆ (3.15)

But in real atmosphere, the fuction of the radiative transfer is nonlinear, so the
Gauss-Newton method is commonly used to find the solution of the Equation 3.14
for slight non-linear cases. For more severe ones, the Levenberg-Marquardt method
is commonly used. The iteration procedure which is used to find the maximum
probability state x̂ is shown as follows:

xi+1 = xi + Ŝ[KT
i S−1

ϵ (y − F(x, b))− S−1
a [x − xa]] (3.16)

Ŝ = [(1 + γ)S−1
a + KT

i S−1
ϵ Ki]

−1 (3.17)

where xi represent the state x in the "i-th" iteration process, and Ki shows the sensitiv-
ity of the results to the state parameters. Ŝ is the covariance matrix of the solution, γ
is the factor of the Levenberg-Marquardt method. The state vector or the maximum
probability state after the final iteration converges is x̂:

x̂ = x−1
a + A(xt − xa) + ϵ (3.18)

A = GK

= [(1 + γ)S−1
a + KTS−1

ϵ K]−1KTS−1
ϵ K

(3.19)
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In equation 3.19:

- x̂ is the retrieved state vector, and xt represents the state of the atmosphere or
environment.

- The contribution function matrix, denoted as G, represents how observed values
contribute to the inversion results.

- The weighting function matrix, denoted as K, as mentioned above, describes how
simulated values are sensitive to input parameters, such as instrument line shape
functions, spectral parameters and atmospheric state.

- The Averaging Kernel Matrix (AVK), denoted as A, characterizes the sensitivity
of inversion parameters to the true atmospheric state. It shows how changes in the
inversion parameters impact the actual atmospheric condition.

In an ideal condition of the inversion problem, the matrix AVK would be an identity
matrix In, indicating that the inversion results perfectly match the true values at all
altitudes. However, in reality, the values of AVK may not equal to one, and their de-
viations indicate the extent to which the inversion relies on information from specific
altitudes.

The trace of matrix AVK, often denoted as Degrees of Freedom (DOF) for signal,
indicates the number of independent pieces of information used in the inversion
process. In an ideal case, the trace of an n× n identity matrix (where n is the number
of layers or altitudes) would equal to n, signifying that inversion is independent
in each layer, and the retrieval results match the true atmospheric state. However,
in practice, the retrieval results are influenced by both the true state and the initial
values. In an ideal condition, the initial values do not impact the results. But in
reality, the closer initial values lead to the closer inversion results to the true values.

There are several software packages, for example, GFIT (Wunch et al., 2010) and
SFIT-4 algorithm, of this fitting method can be used for the ground based FTIR. GFIT
is a well-established retrieval software, which has been widely used for TCCON
networking. It scales the a priori profiles of the trace gases by a constant parameter
which minimises the root mean square (RMS) value between the observational and
the forward calculated spectrum. By this method, we can obtain the total column of
the trace gases. Another way is used in SFIT-4. It modifies the profile of the mixing
ratio of the trace gases in different layers by the OEM method described before. After
the iterative process, the software can get the profiles of the trace gases in different
layers. The SFIT-4 software package is commonly used in NDACC, which can be
found in the website: Infrared Working Group Retrieval Code, SFIT.

Currently, there are two main high-resolution FTIR monitoring networks world-
wide, namely the Total Carbon Column Observing Network (TCCON) and the Net-
work for the Detection of Atmospheric Composition Change InfraRed Working Group
(NDACC-IRWG), both shown in Figure 3.4. As shown in the figure, there are suf-
ficient spatial coverage of both TCCON and NDACC sites in North America and
Europe. But there is still a clear gap in oceanic regions, for example, the Western
Pacific region. The equipment of FTIR in PAO can partly fill in this gap and shed
light on the trace gas content in the TWP region.

Both TCCON and NDACC observation networks have their own advantages and
disadvantages. TCCON stations typically use CaF2 beamsplitter and InGaAs de-
tectors, while NDACC stations typically use KBr beamsplitter along with MCT and

https://wiki.ucar.edu/display/sfit4/
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TABLE 3.1: Wave bands of spectroscope and detector adopted by
TCCON and NDACC.

Beamsplitter Waveband

CaF2 14000-1850 cm−1

KBr 4800-450 cm−1

Detector Waveband
InGaAs (Indium Gallium Arsenide) 12800-4000 cm−1

InSb (Indium Antimonide) 9600-1850 cm−1

MCT (Mercury Cadmium Telluride)

5000-780 cm−1

12000-600 cm−1

12000-420 cm−1

InSb detectors. The wavelength information for these instruments is provided in Ta-
ble 3.2. As shown in this Table, TCCON mainly concentrates on greenhouse gases,
such as CO2 and CH4 in the near-infrared (NIR) and aims at a very high precision
providing long-term monitoring data and is an ideal data source for verifying the
results of relevant satellite remote sensing detection. And NDACC focuses on the
measurements in the mid-infrared (MIR). Since the MIR includes more gas absorp-
tion peaks, it can measure more kinds of trace gases than NIR. For PAO, the mea-
surements of trace gases are made and retrieved under the framework of NDACC
observation networks.

FIGURE 3.4: Global FTIR observation networks, including TCCON,
NDACC-IRWG, and COCCON networks. This figure is adapted from
(Sun et al. (2022), Figure 3). Palau is marked as the black square in the

plot.

3.2.3 Measurements by FTIR spectrometer in Palau

The FTIR spectrometer in PAO (see Section 3.1) is installed in the container in Palau,
equipped with a Sterling-cooled InSb detector, covering the spectral region between
1900 cm−1 and 6000 cm−1 since the beginning of the installation of the instrument.
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However, the vibrations of the Sterling-cooled system lead to spikes in the spectra
up to 2500 cm−1. Thus, high-quality measurements are available above 2500 cm−1.

In August 2022, the second detector, MCT, was installed to cover the spectra range
between 700 cm−1 and 3000 cm−1. Different from the InSb detector, the MCT detec-
tor needs to be cooled with liquid nitrogen which is available on the Palau island.
The lower wavenumber region allows the study of the concentration profiles with
higher precision, which gives especially importance to the O3 since the isolated suit-
able O3 absorption lines can be found around 1100 cm−1, shown in Figure 3.5.

The retrieval of the profiles requires an optimum alignment of the instrument. The
Instrumental Line Shape (ILS) must be close to the theoretical optimum line shape
and well known. We aligned the whole instrument in 2022, using gas cells, filled
with a gas of known pressure. Using the software LINEFIT allows us to retrieve the
ILS to a sufficient degree Hase, Blumenstock, and Paton-Walsh, 1999. In an iterative
procedure of aligning the instrument, and retrieving the ILS, the alignment results
in an optimal Instrumental ILS.

FIGURE 3.5: The example spectra of O3 for the retrieval.

3.3 Technique of ground-based lidar measurement

Cloud and aerosol have a significant impact on the climate of the earth, which can in-
terfere with the transfer of radiation through the atmosphere. LIDAR is an acronym
that refers to Light Detection AnD Ranging. It is an active remote sensing instru-
ment which emits laser pulses into the atmosphere for detection and measurement.
The measurement by the COMpact Cloud and Aerosol LIDAR (COMCAL) is used
in this study for the detection of the cloud and aerosol over Palau. This section will
describe the theoretical basis of lidar remote sensing technology, and give a brief de-
scription of the lidar system. Besides, how to derive particle optical properties from
lidar data and its related uncertainty are also described.

3.3.1 Elastic lidar equation

Most emitted photons undergo elastic scattering, meaning there is no change in
wavelength between the scattered and emitted photons. In the following text, only
elastic scattering lidar system are described. Below, the equation outlining the oper-
ational mechanism of elastic lidar systems (Eq. 2.1) is introduced.
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P(λ, z) = C · O(λ, z)
z2 · β(λ, z) · exp(−2

∫ z

z0

α(λ, ẑ)dz) (3.20)

In the equations provided:

- z is the altitude. It should be noted that we only consider the ground-based lidar
system, although the lidar has also been used and mounted in aircraft and satellites.

- β refers to the volumetric backscatter coefficient, with the units m−1sr−1. The
backscatter coefficient describes the potential of an atmospheric layer to act as a
mirror which reflects light backwards. It depends on the wavelength λ of the light.

- α refers to the volumetric extinction coefficient, with the units m−1. It depicts how
much energy is lost in a beam when it propagates through an atmosphere. The
energy is lost either due to scattering σ or absorption a. Thus, α(λ, z) = σ(λ, z) +
a(λ, z).

- O refers to the overlap fuction between the laser beam and the field of view (FOV)
of the receiving telescope. The overlap function quantifies how many photons reach
the detector compared to those at the telescope aperture. It starts at zero, increases
with distance, and reaches unity when the laser beam fully enters the detector. z2

accounts for signal intensity decrease with range, representing the lidar’s dynamic
range. The term O(z,λ)

z2 refers to geometric factor of the lidar system, influenced by
factors such as the relative alignment of emitter and receiver optical axes, laser beam
diameter, divergence, telescope diameter, field of view (FOV), and aperture diameter
(Sicard et al., 2020).

- C is the lidar constant, which is the summary of all technical quantities of the lidar:

C = P(z0, λ) · c · τ

2
· A · Temis

λ · Trec
λ (3.21)

This lidar constant linearly depends on the number of emitted photons of the laser
per pulse P(z0, λ) and the transmission efficiencies of the emission and recording
optics Temis

λ and Trec
λ . The term c · τ/2 represents the effective pulse length, indicating

the portion of the volume from which back-scattered light is received. A represents
the area of the receiving telescope.

By using this equation, it is important to emphasize that these lidar equations hold
true when considering single-scattering processes, coherent light emission, and quasi-
monochromatic characteristics. Besides, it is assumed that with the high resolution,
a variability of the backscatter and extinction coefficient within the step of the alti-
tude is negligible. Besides, the altitude resolution should be longer than the length
of the laser pulse.

3.3.2 important definitions for lidar science

By solving the lidar equation, the primary quantities β and α of the lidar equation are
derived. As introduced before in Section 3.3.1, both β and α have a contribution from
the scattering part of the particle, denoted as βpar and αpar, respectively. The scatter
of the gases is denoted as βRay and αRay, respectively. The gas scattering process
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FIGURE 3.6: The picture of COMCAL when the light pulses are verti-
cally emitting during the night.

happens in the clear atmosphere, widely known as Rayleigh scattering (Bucholtz,
1995). The contribution from the absorption to the extinction is denoted as αabs.

When light is scattered or absorbed by one atmospheric constituent, it can no longer
interact with other components. Therefore, the total backscatter and extinction are
simply the sum of the contributions of the individual components:

βtotal = βpar + βRay (3.22)

αtotal = αpar + αRay + αabs (3.23)

where αabs represents the absorption part of the molecules influenced by trace gases,
such as O3 (Pope and Fry, 1997) and water vapour (Pope and Fry, 1997).

For multi-wavelength lidar, the Color Ratio (CR) CR(λ1, λ2) is often used to quantify
the ratio of the particle backscatter between two different wavelength:

CR(λ1, λ2) =
βpar(λ1)

βpar(λ2)
, λ1 < λ2 (3.24)

in this definition, since two of the wavelengths should satisfy the relationship λ1 <
λ2, so CR(λ1, λ2) ≥ 1.
The size of particles detected by multi-wavelength lidar can be roughly determined
by calculating the CR from the two wavelengths used by the lidar system, similar to
the Ångström (Ångström, 1929) exponent, a rough estimate of the particle size. The
simple relationship between particle size and CR is that the larger the particle size,
the closer the CR approaches 1 (Ritter et al., 2016).

Including the COMCAL lidar system used in this study, commonly used lidar sys-
tems are equipped with polarized laser emission systems. The Linear DePolariza-
tion Ratio (LDPR) δ is defined as the ratio the particle backscatter coefficient βpar in
polarization states perpendicular and parallel to the laser:
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δ =
βpar(λ)⊥
βpar(λ)∥

(3.25)

According to the definition of the LPDR, with the particle becomes more spherical,
the value of the LPDR decreases (Ritter et al., 2016).

Finally, the important definition of Backscatter Ratio (BSR) is defined as follows:

BSR(λ) =
βtotal(λ)

βRay(λ)
= 1 +

βpar(λ)

βRay(λ)
(3.26)

When particle scattering is negligible, that is, there is only Rayleigh scattering in the
atmosphere, the value of BSR is approximately equal to 1. Therefore, BSR is used to
calibrate lidar signals. In addition, it is a useful value for the detection of aerosols or
clouds. This method is introduced in the later section 3.3.5.

3.3.3 Iterative Solution of Lidar Equation

As defined in section 3.20, the lidar equation can be rewritten as follows form:

P(λ, z)z2 = S(λ, z) = C · β(λ, z) · exp(−2
∫ z

z0

α(λ, ẑ)dẑ) (3.27)

For this elastic lidar equation, there are two physically unknown terms, the backscat-
ter coefficient β and extinction coefficient α. Collis (1966) introduced a slope method
applied to a homogeneous and turbid atmosphere condition when αpar >> αRay.
However, the condition is rare so this method can only applied in limited cases. In
heterogeneous atmosphere conditions, when there are both aerosol and cloud layers
and aerosol-free layers (Klett, 1981; Fernald, 1984), the Klett-Fernald approach can
be applied. By this approach, the scatter contributed from both particle and molec-
ular is considered. Usually, the relationship between β and extinction coefficient α
needs to be assumed:

LR(λ, z) =
αpar(λ, z)
βpar(λ, z)

(3.28)

So the two terms can then be replaced by one physically unknown term, via this
term Lidar Ratio (LR, in sr). Then the total extinction can be replaced by the sum of
the scatter and the absorption part (eq. 3.23), thus the equation 3.27 can be rewritten
as:

S(λ, z) · exp(−2
∫ z

z0

(αRay − LRβRay)dẑ) = C · β(λ, z)(−2
∫ z

z0

LR(ẑ)β(λ, ẑ)dẑ) (3.29)
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The left side of the equation is known since the αRay and βRay from Rayleigh scatter-
ing can be calculated by air density profile from radiosonde (see section 3.1). So the
equation becomes a non-linear differential equation of the second degree with one
physically unknown term β(λ, ẑ), namely the total backscatter coefficient.

The steps of obtaining the numerically stable solution to derive the backscatter pro-
file from the elastic lidar equation should refer to (Weitkamp, 2006). In this section,
the steps are not discussed here for the sake of simplicity. Finally, the solution of the
total backscatter coefficient β(λ, z) is:

β(λ, z) =
S(λ, z) · exp(−2

∫ zcal
z (αRay − LRβRay)dẑ)

S(λ,zcal)
β(λ,zcal)

+ 2 ·
∫ zcal

z LR(λ, ž)S(λ, ž) exp(−2
∫ zcal

ž (αRay − LRβRay)dẑ)dž
(3.30)

where zcal refers to the backscatter calibration range. Refer to Klett (1981), only stable
solution can be found in the interactions performed from the far side of the lidar
system, hence: z << zcal . This final solution (3.30) is called the "Klett solution".

In summary, the solution of the lidar equation is based on the assumption of a lidar
ratio LR and leads to a second-degree differential equation, which depends on the
calibration of the backscatter as a boundary value. Hence, the uncertainty of the
solution β(λ, z) (backscatter profile) depends on:

- the error of the profile of the lidar signal;

- the chosen of the value of the LR;

- the backscatter calibration.

Errors are introduced due to the signal noise of the lidar system. The error can also
introduced because of the air density profiles obtained from radiosonde. To avoid
such errors to some extent, the selection of the data according to the background
noise is conducted and the maximum errors of the backscatter profiles are also given
in the products of the lidar system.

The assumption of LR in the particle layer poses a challenge in real-world scenarios
where LR varies vertically due to factors like aerosol particle size, refractive index,
and shape. For example, LR can range from approximately 20 sr in the lower tropo-
sphere with marine aerosols to 100 sr when combustion aerosol particles are present
at higher altitudes (Burton et al., 2013; Giannakaki et al., 2007). The accuracy of the
Klett–Fernald method decreases when optically thin clouds are present because their
LR differs from that of aerosols, causing convergence issues in lidar solutions. To
address this, an iterative LR selection method, developed by Nakoudi, Stachlewska,
and Ritter (2021) is employed in this study.

When the iterative LR selection method is applied, backscatter calibration is re-
quired. The backscatter calibration range (zcal) is typically placed at a high altitude in
the atmosphere where particle scattering is negligible compared to Rayleigh scatter-
ing. In this study, zcal was positioned in the lower stratosphere above Palau, typically
between 25-28 km. A calibration value for the BSR (Eq. 3.26) needs to be assumed
(commonly BSR355cal = 1.01 and BSR532cal = 1.05, but may adjust in specific cases
when there is stratospheric aerosol in the calibration range). This value serves as a
boundary condition for the lidar differential equation, which can be solved either
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FIGURE 3.7: The outward appearance of the lidar telescope. From
Immler et al. (2006), Fig. 1.

backward towards the lidar system or upward from the lidar system. The former
solution is numerically stable (Fernald, 1984).

3.3.4 Design of the Lidar System COMCAL

The following part is based on the article by Immler et al. (2006) to briefly introduce
the mechanical and optical design of the lidar system COMCAL.

The lidar system COMCAL was built for working in field campaigns on the ground
or mobile platforms, for example, ships. It was also designed for automatic opera-
tion, allowing one to leave it without continuous maintenance, but only with regular
attendance several times a year. The telescope of COMCAL is designed in Newto-
nian configuration with sending and receiving optics mounted to one rigid frame.
As shown in Figure 3.7, The optical components are all held in one telescope frame
to ensure the stability and limited set-up of the optical components.

The light pulses are vertically emitted by an Nd: YAG Laser (Quantel Brilliant) at
three wavelengths, 1064 nm, 532 nm and 355 nm, the specification of the elastic de-
tector channels are shown in Table3.2. A parabolic mirror collects the backscattered
light from the atmosphere. The received light is then redirected by the flat secondary
mirror in a breadboard that contains the detector optics (see Figure 3.8). A 90◦ off-
axis parabolic mirror deflects the light by 90◦ while parallelizing it. A broadband
dichroic mirror separates light wavelengths of 355 nm, 532 nm, and 1064 nm. While
light at 1064 nm is detected directly by an Avalanche Photo Diode (APD), light at 532
nm and 355 nm is passed through a rotating Glan-Taylor prism that is synchronized
with the laser. Thus, light polarised parallel and perpendicular to the polarisation of
the laser is detected alternately. Because the same detection channel is used for both
polar, this configuration enables depolarization measurement without the need for
calibration.

The COMCAL lidar system is pointed vertically and operates during the local night-
time because of local legal regulations. It obtains backscattering profiles with a time
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TABLE 3.2: Specifications of the detector channels

Channel (nm) Pulse Energy (mJ) max. Transmission repetition rate (Hz)
1064 120 82%

20532 180 36%
355 65 52%

FIGURE 3.8: Schematic diagram of the detector optics: 1: 90° Off-Axis
mirror, 2,3,4,7: dichroic mirrors, 5: Detector for 1064 nm Signal (Inter-
ference filter, lens, APD), 6: rotating Glan-Taylor prism, 8,9: Detectors
for 532 nm and 355 nm signals (Interference Filters, Lens, PMT), 10:
Fiber coupler, 11: fibre bundle, 12: Czerny-Turner Spectrograph, 13:

Multi-Anode-PMT. From Immler et al. (2006), Fig. 1.

resolution of 135 s and an altitude resolution of 60 m. The vertical range of the pro-
files is in principle from the ground up to 25 km.

3.3.5 Detection of the cirrus cloud layer from lidar

As described in 3.3.1, the backscatter coefficient β can be obtained by solving the
lidar equation by "Klett solution" (3.30). So the BSR as the ratio of the total and
the molecular backscattering coefficient as defined by equation 3.26 can be also ob-
tained. Thus, the cloud boundaries can be determined from the profile of the BSR
measured by lidar, which is the signal peak of the BSR as a function of the altitude.

To determine the cirrus boundaries, the wavelet covariance transform (WCT) method
is applied. The coefficient W(a, b) is the result of the convolution between BSR and
a zero-order wavelet function (Haar function). This function usually used to get
the planet boundary layer (PBL), for example, Baars et al. (2008), is defined by the
following equation:
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h(
z − b

a
) =


+1, b − a

2
≤ z ≤ b

−1, b ≤ z ≤ b +
a
2

0, elsewhere

(3.31)

where a and b are the width and the dilation of the wavelet, respectively. The coef-
ficients W(a, b), which are the convolution results between the BSR(z) and h( z−b

a ),
are:

W(a, b) =
1
a

∫ z+a/2

z−a/2
BSR(z)h(

z − b
a

)dz (3.32)

If BSR is in phase or anti-phase with the Haar wavelet, the convolution result shows
a local maxima or minima of the BSR(z) as a function of z. Thus, this can be used to
determine the inflection point of the BSR, which, corresponds to the bottom or top
of the cirrus cloud.

The parameter a is chosen to 500 m, and sensitivity studies show that the change of
the value a between 300 m to 900 m does not show major effects on the determination
of the cirrus cloud boundaries. The parameter b is the height step in the altitude
range where the inflexion points of the BSR are. Thus, the range of the value b
should be the altitude range where the signal of the cirrus cloud occurs. Above 10
km altitude, the cirrus clouds are known to be ice clouds, so we take 10 000 m as the
minimum value of the parameter b, following a previous study by Cairo et al., 2021.
The maximum value of b is 20 000 m which is chosen as the upper limit of the cirrus
cloud.

Another important parameter is the threshold Wthreshold of the W. At which altitude
the value of W exceeds this threshold, this certain altitude represents the bottom or
top of the cirrus cloud. A dynamic method was applied to determine the threshold
of WCT value which represent the base and top height of the cirrus cloud. It is
calculated by:

Wthreshold(top) = max W − max W
10

(3.33)

Wthreshold(base) = min W − min W
−10

(3.34)

For cases with more than one cloud layer, we first use this method to obtain the first
layer, and then remove the first layer. After that, we use the same method again to
the WCT profile without the signal from the first layer until no cloud layer can be
filter out.

Figure 3.9 and 3.10 give an example of this method in 6 December 2018. There are
two distinct layers of cirrus as shown in Figure 3.9 by the enhancement of BSR from
the clear sky background BSR equal to unity. In Figure 3.10, these two lower and
higher layers detected by the WCT method are shown.
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FIGURE 3.9: BSR at 532 nm as a function of time and height measured
by lidar on 6 December 2018.

The dashed line shows the time in 8:00 UTC.

The cloud layer detection method we used is WCT, which is based on an integral
quantity instead of the differentiation technique in vertical layers based on the direct
analysis of a specific threshold of BSR. Since the signal-to-noise ratio (SNR) in the
upper troposphere where the cirrus cloud layers occur is often subjected to low value
(Nakoudi, Stachlewska, and Ritter, 2021; Dionisi et al., 2013), this WCT method we
used to detect the cirrus cloud layer is better than the direct analysis of BSR and has
been used for several studies of similar cloud layer detection, e.g. Nakoudi, Ritter,
and Stachlewska, 2021; Pandit et al., 2014; Dionisi et al., 2013.

3.4 Models

3.4.1 GEOS-Chem

Overview of the GEOS-Chem model

The global 3-D chemical transport model GEOS-Chem in version 13.0.0 (Bey et al.,
2001) are used, driven by meteorology input from the Goddard Earth Observing Sys-
tem (GEOS) of the National Aeronautics and Space Administration (NASA) Global
Modeling and Assimilation Office. GEOSChem Classic uses the TPCORE advection
algorithm (Lin and Rood, 1996) on the latitude-longitude grid of the archived mete-
orological data. The model can be driven by the Modern-Era Retrospective Analysis
for Research and Applications, Version 2 (MERRA-2) reanalysis of meteorological
fields produced by the Global Modeling and Assimilation Office (GMAO) at the
Goddard Space Flight Center. The MERRA-2 reanalysis dataset for 1979 to present
has the finest horizontal resolution of 0.5◦ latitude × 0.625◦ longitude and with 72
vertical levels (for native use) or 47 vertical levels (for reduced use). The coarsest
horizontal resolution option in GEOS-Chem is 4◦ latitude × 5◦ longitude again with
72 or 47 vertical levels. The MERRA-2 reanalysis products are the recommended
meteorology source for the classic GEOS-Chem model. It can be conducted using
OpenMP shared-memory paralleling. This model is called the GEOS-Chem Classic
(GCC) model. Another multi-node variant of GEOS-Chem is the GEOS-Chem High
Performance (GCHP) which aims for paralleling running in the mainframe. It is
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FIGURE 3.10: An example case for the WCT method: (a) BSR at
532 nm and (b) WCT value as a function of height in 8:00 UTC. The
squares show the height of the cloud base and the triangles show the

height of the cloud top detected by the WCT method.

conducted with MPI distributed-memory parallelization across multiple nodes. The
meteorology data in GCHP is the operational GEOS-Forward Processing (GEOS-
FP)product, which has the finest horizontal resolution of 0.25◦ latitude × 0.3125◦

longitude for 2012 to present. The GEOS-FP reanalysis data products are another
optional meteorology input for the classic GEOS-Chem but with limited time cover-
age.

The grids used in those two models are different. The classic GEOS-Chem model
runs in the classic rectilinear grid. But for GCHP, it runs on a specific cubed-sphere
grid, which benefits the study in the polar region. For this study, since the focus on
the tropics, and the requirement for high-speed running is not so urgent, the GCC
model is sufficient. For a simulation in a specific region, the GCC model can be
conducted in the nested mode. It requires the GCC model first conducted in the
native grid in a coarse resolution to save out the boundary conditions, for example,
4◦ latitude × 5◦ longitude globally. Then the model is conducted in a user-specified
region with a horizontal resolution of 0.5◦ latitude x 0.625◦ longitude in the nested
mode. The boundary conditions as an input of the nested simulation are provided
by the global simulation conducted before, see Figure 3.11.

GEOS-Chem uses the stand-alone chemical module that performs chemistry, aer-
osol physics, radiation, emissions, and deposition on 1-D atmospheric columns. In
particular, for emissions, the stand-alone software component for computing emis-
sions in global atmospheric models, Harvard–NASA Emission Component (HEMCO)
(Keller et al., 2014a) is a software component which is combined with GEOS-Chem.
It is used for computing atmospheric emissions from different sources, regions, and
species on a user-defined grid. The emission of different species, such as trace gases,
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FIGURE 3.11: Schematic diagram of the nested simulation. The outer-
most box (Global) is the region of the global simulation, with a coarse
resolution of 2◦ × 2.5◦ or 4◦ × 5◦, which provide boundary conditions
for the nested simulation. The next innermost box (Nested) is the re-
gion of the nested simulation, with a fine resolution, for example, 0.5◦

× 0.625◦. The innermost box (TPCORE) is the actual box in which the
TPCORE advection (Lin and Rood, 1996) algorithm performs. The re-
gion between Nested and TPCORE box is the so-called "buffer zone",
in which the tracer concentration is overwritten by the 2◦ × 2.5◦ or
4◦ × 5◦ boundary conditions at the simulation time. The buffer zone
is typically 3 grid boxes along each boundary, and this set-up is also

used in this study.

different aerosol components, and transport tracers with specified ages, can be de-
fined and controlled by the user through the HEMCO configuration file. It is used
to combine, overlay, and update a set of inventories as the user specifies. In addi-
tion, HEMCO can be conducted in standalone mode or coupled with other atmo-
spheric models such as the Weather Research and Forecasting (WRF), the NASA
GEOS Earth System Model (GEOS ESM) and the Community Earth System Model
Version 2 (CESM2) with different usage and grid (Lin et al., 2021; Keller et al., 2014b).

GEOS-Chem model set-up

The basic setup of our model simulation is summarized in Table 3.3. I first used a
coarse global simulation with a grid resolution of 2 ◦ × 2.5◦ to determine the bound-
ary conditions. Then, I performed nested simulations with the resolution of 0.5◦ ×
0.625◦ in the tropical zonal domain of 30◦N to 30◦S. The model runs used 72 vertical
layers from the surface up to 10 hPa, and the output was saved for every day.

For the analysis of the passive tracer, the chemistry is switched off in the HEMCO
emission configuration file. The emission of the passive trace was manually set as
1 × 10−7 kg m−2 s−1 in specified domains, which means the emission of the passive
tracer is uniformly and constantly emitting in certain regions. The uniform flux
within the specified domains was chosen to eliminate the regional dependency on
emissions. After the release and the spin-up time, the distribution of the tracer is the
result solely of air mass transport and atmospheric circulation.

For the comparison of the non-emission tracer, the simulation of the Sulfur hexaflu-
oride (SF6) was also conducted. I performed the simulation of SF6 for the same time
period of the passive tracer and with the same resolution of 2◦ × 2.5◦ and verti-
cal grid resolution of 72 levels. The emission database of SF6 is annually gridded
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TABLE 3.3: The settings of GEOS-Chem v13.0.0 used in this study

Species Passice Tracer SF6

Resolution
2 ◦ × 2 ◦ (Global simulation)

0.5 ◦ × 0.5 ◦ (Nested simulation)
Meteorology field Merra-2

Transport / Convection timestep 600 s
Emission inventroy 1 × 10−7 kg m−2 s−1 EDGAR v4.2

data available at 0.1◦ × 0.1◦ global resolution for 1970 - 2008 and taken from the
Emission Database for Global Atmospheric Research (EDGAR version 4.2) inven-
tory (Muntean et al., 2018).

For details about the experiment design of the model simulation, please see Section
4.1.1.

3.4.2 Trajectory model: HYSPLIT

To investigate the history and future of cirrus-cloudy air masses in the air mea-
sured over Palau, I use Air Resources Laboratory’s (ARL) Hybrid Single-Particle
Lagrangian Integrated Trajectory model (HYSPLIT) (Stein et al., 2015; Draxler and
Hess, 1998) to conduct trajectory analysis. In the trajectory analysis, an air mass is
assumed to be a small volume of air with uniform characteristics represented by
meteorological parameters, such as temperature, pressure and wind vector. The
HYSPLIT model outputs air mass paths projected forwards or backwards in time
(trajectories) and is a commonly used method in various scientific contexts, specifi-
cally in atmospheric sciences.

HYSPLIT is a complete system for computing air parcel trajectories driven by user-
specified meteorological data: 3-D wind fields, temperatures and several other vari-
ables on a regular grid at multiple levels and periods. The meteorological data are
prepared in a format that HYSPLIT can directly read. In this study, meteorological
data were selected from the operational system Global Data Assimilation System
(GDAS, Kanamitsu, 1989) (1◦ × 1◦, 3-h temperal resolution, archive in HYSPLIT
begin 1, December 2004) from The National Weather Service’s National Centers for
Environmental Prediction (NCEP). GDAS/NCEP is commonly used for air transport
simulation by HYSPLIT(Stein et al., 2015).

HYSPLIT is based on a hybrid calculation method between the Lagrangian and Eu-
lerian methodology. The Lagrangian approach uses a moving coordinate system of
reference for the advection and diffusion calculations such as the forward and back-
ward trajectories, which was used in this study. It can also combined with the Eule-
rian methodology, which uses a fixed 3-D grid as a coordinate system of reference to
compute pollutant air concentrations.

In this study, the HYSPLIT model is used to calculate the backward and forward tra-
jectories of the cirrus-cloudy air masses. 30-day backward and forward trajectories
were released from the position of the cirrus cloud. The releasing points are cal-
culated from the cloud top and base height with corresponding measurement time
from the lidar measurement (see Section 3.3.5). The cirrus clouds are vertically di-
vided into four layers with five heights as the starting points of the trajectories. The
time step of the starting point of the cirrus cloud layer is selected as 1 h, based on
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the assumption that within 1 h, the variation of the cirrus cloud can be neglected.
This assumption is adapted from Cairo et al. (2021), which used a more coarse time
gap with 3 h in the trajectory analysis of the cirrus cloud above Palau using a similar
gound-based lidar system.
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Chapter 4

Results

The Tropical Western Pacific (TWP) plays an important role in global stratosphere-
troposphere exchange (STE) and is an active region of Inter-Hemispheric Transport
(IHT). Common indicators for transport between the hemispheres like the tropical
rain belt are too broad or lack precision in the TWP. In this chapter, we provide
a method to determine the atmospheric chemical equator (CE) (Sun et al., 2023),
which is a boundary for air mass transport between the two hemispheres in the
tropics (Section 4.1). This method used the model output from an artificial passive
tracer simulated by the chemical transport model GEOS-Chem in the troposphere.
The movement of the CE is investigated in the tropics, which indicates the migra-
tion of atmospheric circulation systems and air mass origins. The airmass origins
of the trace gases in the TWP region can be characterised by the simulation results
of CE (Section 4.2) in TWP where the region is thought to be an essential pathway
of STE (Fueglistaler, Wernli, and Peter, 2004; Rex et al., 2014). Thus, the compo-
nent and the source of the troposphere trace gases in TWP play an important part
in the atmospheric composition of the stratosphere. The STE is indicated by the
cloud measurement in the UTLS by a ground-based lidar system. To evaluate the
STE transport above the TWP region, measurements and analysis of cirrus cloud are
presented by the polarization lidar, COMCAL, from 2018 to 2022 over Palau (Sec-
tion 4.3). The aim is to analyse the cirrus geometrical and optical properties at the
TWP region from observations derived with the ground-based lidar system, which
fills the gap concerning the coverage of existing ground-based lidar studies in this
region. To further investigate the STE transport over this region, HYSPLIT trajectory
model simulation is used (Section 4.4). Combined with the trajectories and the cirrus
cloud measurement, the mechanism and pathway of STE above the TWP region are
investigated.

4.1 Chemical Equator (CE) by model simulation

The following part (Section 4.1) is based on the publications by Sun et al. (2023),
which is the publication of this thesis’s author. We aim to provide a tool to determine
the boundary for air mass transport between the two meteorological hemispheres in
the tropics, focusing on the TWP region. This tool can further determine the air
mass origin in the TWP boundary layer. Here, we present model simulations of
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FIGURE 4.1: The releasing area of passive tracer E1 (shown by shaded
blue region in the upper plot) and E2 (shown by shaded red region in

the lower plot).

a passive tracer to determine this boundary. Following Hamilton et al. (2008), we
use the term CE to describe this boundary. This way, we avoid confusion with the
tropical rain belt indicated by the conventional ITCZ definition. To assess regional
differences only caused by air mass transport, we switched off the chemistry in the
model to develop an atmospheric pattern only due to the transport by the analyzed
wind fields. This way, we neglect chemical processes and regional dependency of
the emissions occurring for real species like CO and SF6.

4.1.1 Determination of CE

Description of Different Experiments

A series of tracer experiments were made to investigate the CE. As shown in Ta-
ble. 4.1, two base experiments, Experiment 1 (E1) and Experiment 2 (E2), are carried
out to study the air mass transport from both hemispheres by releasing the tracer
either in the northern or southern extra-tropics latitude bands (see Figure 4.1). The
simulation time of E1 and E2 is from 2014 to 2019 and we take the simulation in
2014 as a spin-up simulation. The tracer experiments follow the same format: the in-
ert chemical tracers with infinite lifetime were released into the atmosphere with the
constant flux of 1× 10−7 kg m−2 s−1 from the start to the end during each simulation.
Similar to the actual vertical extent of the emission of the atmospheric component,
the vertical extent of the emission of the passive tracer is from the surface to 1 km.
The source domains of the passive tracer are marked by red and blue colors which
means the passive tracer released from 30◦N - 90◦N and 30◦S - 90◦S, for different
hemispheres, respectively.

Apart from these two base experiments, there are other experiments Experiment 3
(E3) - Experiment 5 (E5) designed to investigate the method’s stability and ensure
that it is robust in different model settings. These experiments and the results are
described in more detail in the AppendixA.1. Because of the rapid mixing in the
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TABLE 4.1: The settings of two base experiments

Experiment Release area Release layer Simulated time
E1 (NH) 30◦N - 90◦N, zonally Surface - 1 km years (2014 - 2019)E2 (SH) 30◦S - 90◦S, zonally

troposphere, releasing tracers on different altitude ranges does not affect the method.
For example, the uniform release of the tracer between the surface and 10 km only
affects the spin-up time of each experimental case, not the distribution of the tracer
on the ground. This method can also be used to determine the location of CE in
other years of interest like E5 (simulating from 2010 to 2015), which differs from the
simulation starting time of E1 - E4, indicating good repeatability of this method.

The uniform flux in the zonal range within the extra-tropics was chosen to eliminate
the regional dependency on emissions. After release, the tracer first accumulated
in the according hemisphere of release and then travelled to the other hemisphere,
resulting in a stable north-south gradient pattern as a result of air mass transport
and atmospheric circulation. For the sake of simplicity and clarity, the methodology
of determining the CE introduced after is described based on E1. In the base exper-
iment E1, the tracer was released in the NH extra-tropics to determine the northern
boundary of the CE, which is abbreviated as CE-NH. The setup of the E2 was the
same as that of the E1, except that the passive tracer emission region was placed in
the SH. With the same method but applied to the simulation results from the E2, we
can obtain the southern boundary of the CE called CE-SH.

Figure 4.2a shows a time series of the global distribution of the tracer averaged zon-
ally in six latitude bands for the releasing of the tracer from 30◦N - 90◦N. After ap-
proximately one year of simulation, the linear growth rate is roughly equal in each
latitude band. The meridional gradient of the passive tracer is similar to SF6 shown
in Figure 4.2b, supporting the use of a passive tracer for the study of IHT.

Decomposition method

To distinguish air mass transport from either one or the other hemisphere, the de-
composition method is applied to the time series of the tracer, thus deriving the
trend and the seasonality. An additive model of the decomposition is used:

yt = Tt + St + Rt, (4.1)

where yt is the time series of the tracer, Tt is the trend component, St is the seasonal
component, Rt is the residual component or noise. The subscript t denotes the time.

Figure 4.3 shows the decomposition of the time series of the passive tracer released
from 30◦N - 90◦N. Two grid boxes in the TWP are shown here as examples, one
located at 6.0◦S, 127.5◦E and the other located at 6.0◦N, 127.5◦E. The trend compo-
nent in each grid box is a linear increase. The seasonal component of the grid box
in the NH (as shown in Figure 4.3a) varied from positive values to negative values
year-round, which shows the higher concentration from the higher latitude bands
and lower concentration from the lower latitude bands. For the grid box in the SH
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FIGURE 4.2: Comparison of the passive tracer and SF6. (a) Zonally
averaged amount of the passive tracer from GEOS-Chem simulations
from 2014 - 2019 as a function of time for three northern (solid lines)
and three southern (dashed lines) latitude ranges (0◦ - 20◦, 20◦ - 45◦,
45◦ - 90◦). The value of the concentration of the passive tracer is not
meaningful to the studies since we only take into account the rela-
tive higher or lower amount of the tracer. 1-σ of the passive tracer of
each latitude band is shown in shaded color. (b) SF6 monthly means
from Combined SF6 data from the NOAA/ESRL Global Monitoring
Division at six stations corresponding to the latitude bands in Fig-
ure 4.2a (ALT: Alert (82.5◦N, 62.3◦W), NWR: Niwot Ridge (40.1◦N,
105.6◦W), MLO: Mauna Loa (19.5◦N, 155.6◦W), SMO: Cape Matatula
(14.3◦S, 170.6◦W), CGO: Cape Grim (40.7◦S, 144.8◦E), PSA: Palmer

Station (64.6◦S, 64.0◦W)).

(shown in Figure 4.3b), the seasonal component is positive only when a high concen-
tration of the passive tracer is transported from the NH to this grid box. Otherwise,
in other periods, approximately from March to November each year, the air mass
from the south has a concentration value of zero, so the seasonal component is also
around zero value.

After the decomposition, the trend of the tracer in each grid box can be given as
Tt,i,j , where the subscript t, i, j refer to the time, the longitude and the latitude of the
grid box, respectively. The trend in each grid box and each time step are spatially
averaged in the domain of -180◦S to 180◦and 30◦S to 30◦N:

Tt = Tt,i,j, i from − 180◦ to 180◦, j from 30◦ S to 30◦ N, (4.2)

where Tt is the spatial average of the trend which is also the criterion of the CE at
each time step t.
The location of the CE in each time step t is given by Tt, which is the spatial average
at each time step of the trend, which indicates the tracer concentration on the CE:

CEt =
{

where : Ci,j,t = Tt
}

, (4.3)
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FIGURE 4.3: Time series of the passive tracer (blue line), trend compo-
nent (red line), seasonal component (orange line), and residual com-
ponent (grey line) of the passive tracer as a function of time (2015 -
2019) in two example grid boxes (a) [6.0◦N, 127.5◦E] and (b) [6.0◦S,

127.5◦E].

where Ci,j,t is the tracer concentration in each grid box and each time step t . For
example, if the concentration of the tracer (released from 30◦N - 90◦N) in a grid box
is higher than Tt , this grid box is located on the NH, and vice versa for the SH.

The CE-NH and CE-SH calculated by the decomposition method and the global dis-
tributions of the passive tracer averaged in January at each year of the simulation
time from 2015 to 2019 are shown in the Figure 4.4. The concentration of the passive
tracer gradually increases after the releasing time in both experiment cases. This lat-
itudinal gradient can be clearly seen in the distribution of the passive tracer and is
well determined by the CE-NH and CE-SH. There is another common used method
to determine the CE or ITCZ from the gradient of the tracer. The comparison of our
decomposition method and the gradient method is given in Appendix A.2, and it
shows a less robust results by the gradient compared to the decomposition method.

By comparing the results of the two base experiments E1 and E2, we obtain insights
into IHT and answer an important question of whether the northern and southern
boundaries of the CE coincide with each other when the passive tracer was released
in different latitude bands coming from two different hemispheres. The region be-
tween these two boundary lines is where interhemispheric mixing happens and is
referred to as the CE.

4.1.2 CE and inter-hemispheric exchange

Figure 4.5 shows the daily locations of the CE-NH and the CE-SH by colored scat-
ters. Here, we only present the CE in 2015 as an example. For other years (2016 -
2019) similar distributions of the CE are not given, because of the simplicity. Both
CE-NH and CE-SH reach the southernmost position at the end of NH winter and the
northernmost position at around 25◦N at the end of NH summer, but do not coin-
cide with each other (see Figure 4.5a and Figure 4.5b). In general, the daily CE-SH is
further south than the CE-NH. In February, the CE-SH reaches around the southern-
most position at 20◦S in East Africa, the Indian Ocean, the Central Pacific, and South
America. In late August, except for Africa and the Atlantic, the CE-NH reaches its
northernmost position at about 20◦N.
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FIGURE 4.4: The surface concentration (mol/mol) of the passive
tracer averaged in January at each year of the simulation from 2015
to 2019. The subplots in the left column (a), (c), (e), (g), (i) show the
passive tracer released from the NH in Experiment 1 and subplots in
the right column (b), (d), (f), (h), (j) show the passive tracer released
from the SH in Experiment 2. The blue lines and the red lines show

the CE-NH and CE-SH respectively.

The seasonal average of the CE from 2015 to 2019 is shown in Figure 4.6. Here, the
CE clearly shows as a belt of meridional extent around the tropics between the north-
ern and the southern boundaries of CE-NH and CE-SH. Since atmospheric transport
is a continuous process, we don’t expect a single boundary line separating the atmo-
sphere and matter in the NH and SH. The boundary is a belt of longitudinal width in
which air masses from the NH exchange and mix with those from the SH. As shown
in Figure 4.6a, from December to February, the CE is located south of the equator.
After that, the CE moves north from March to August (shown in Figure 4.6b and Fig-
ure 4.6c), crossing the equator to reach the geographical NH. In the NH spring and
summer, the progressive domination north of the equator by the air mass originating
from the SH is characterized by the movement of the CE. In the NH autumn (Figure
4.6d) and winter season (Figure 4.6a) the air flows from the NH gradually strengthen
and the boundary moves southward, finally reaching its southernmost position in
NH winter (Figure 4.6a). This suggests that the CE lags behind the ground position
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FIGURE 4.5: Daily CE-NH and CE-SH calculated from model simu-
lations of (a) E1 (tracer released in NH) and (b) E2 (tracer released in

SH) in 2015; the color shows the day of the year.

FIGURE 4.6: 5-year (2015 - 2019) averaged seasonal location of CE.
(a) December, January, and February. (b) March, April, and May. (c)
June, July, and August. (d) September, October, and November. 1-σ

of the CE-NH and CE-SH of each season is shown in shaded color.

of the sun by about 3 months and coincides with the time lag of the ITCZ.

To further study the migration of the atmospheric boundary between the two hemi-
spheres and its correlation to atmospheric circulation, we compare the circulation
patterns over different regions. Figure 4.8 shows the annual movement of the CE
and zonally-averaged 10-m wind vectors in different regions defined as rectangular
boxes within the tropical band between 30◦S and 30◦N (see Figure 4.7): Central &
Eastern Pacific (CEP): 180◦- 80◦W; South America (SA): 80◦W - 40◦W; Atlantic (AT):
40◦W - 15◦W; Africa (AF): 15◦W - 50◦E; Indian Ocean (IO): 50◦E - 100◦W; Tropical
Western Pacific (TWP): 100◦E - 180◦. The division of the regions is adapted from the
definition of tropical regions by Fueglistaler, Wernli, and Peter (2004). In general,
the wind convergence zone is not always consistent with the latitude of the CE and
follows a similar pattern: it is located south of the equator in winter and north in
summer. However there are regional differences as described in the following. In
the Central & Eastern Pacific and the Atlantic Ocean, the wind convergence zone



56 Chapter 4. Results

FIGURE 4.7: Definition of geographic regions in this study. Central &
East Pacific (CEP): (180◦, 80◦W); South America (SA): (80◦W, 40◦W);
Atlantic (AT): (40◦W, 15◦W); Africa (AF): (15◦W, 50◦E); Indian Ocean
(IO): (50◦E, 100◦E); Tropical West Pacific (TWP): (100◦E, 180◦); all

these regions are with the same latitude range: 30◦S - 30◦N.

agrees with the CE as shown in Figure 4.8 (CEP) and Figure 4.8 (AT). Here, through-
out the year, north-easterly and south-westerly winds meet near the equator from
0◦ to 10◦N, forming a clear convergence zone, while the CE lies in the confluence
bands of the winds. The annual movement of the CE is relatively small in the At-
lantic and Eastern Pacific, between 5◦S and 10◦N, indicating weaker seasonal shifts
of the tropical circulation in those regions.

The seasonal movement of the CE is larger over the land sectors, i.e. tropical South
America and Africa, and wind convergence zone and CE do not coincide, as shown
in Figure 4.8 (AF) and Figure 4.8 (SA). In Africa, the confluence zone of north-
easterly and south-westerly winds lies north of the CE. This implies that air masses
from the NH are transported further south than the location of the wind conver-
gence zone suggests. For South America, we cannot see a pronounced wind field
convergence zone in Figure 4.8 (SA). The contrast between the north-easterly winds
from the NH and the South-easterly winds from the SH is obvious, possibly due
to the distribution of land and sea. In NH winter, from December to February, the
CE-SH reaches its overall southernmost position at 15◦S in South America.

In summary, the circulation system in the TWP and its interaction with the large-
scale atmospheric circulation such as WPM and Hadley cell bring much complexity
to the studies in this region. Over the TWP and the Indian Ocean, the annual move-
ment of the CE is larger than over other ocean sectors, such as the Atlantic Ocean
and Central & Eastern Pacific. From December to April, north-easterly winds deflect
west after crossing the equator and converge with south-easterly winds from the SH
between about 0◦ and 5◦S. From May to November, this convergence zone moves
northward, while the south-easterly winds turn west after crossing the equator and
converge with north-easterly winds north of the equator.

4.1.3 Vertical structure of CE

An advantage of our method of determining hemispheric boundaries is that it al-
lows analysis of the vertical structure of the IHT. The CE are calcuated for each ver-
tical level of the model output. As Figure 4.9 reveals, the CE-NH and CE-SH show
less meridional variation at lower levels than at higher ones. In Figure 4.9 we only
present the vertical structure of the CE in the TWP (100◦E - 180◦, 30◦S - 30◦N, see
Figure 4.7).

In general, the vertical sections of the hemispheric boundary of the atmosphere differ
with seasons. From January to March, the CE tends to tilt north. During these three
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FIGURE 4.8: Monthly averaged 10-m wind vectors (black arrows)
and annual movement of the daily CE. The blue lines show the NH
boundary and the red lines show the SH boundary. The wind data
are the 10-m winds from the ERA5 reanalysis data (Hersbach et al.,
2020) averaged from 2015 to 2019. Both the CE and the wind field are
space averaged zonally in eight different regions such as Africa (AF)
and IO (Indian Ocean). The abbreviations and definition of the region

on the top of each subplot are according to Figure 4.7.
1-σ of the CE-NH and CE-SH is shown in shaded color.

months, air masses from the NH below 2 km move south of the geographic equator
to about 10◦S, while air masses above 2 km south of the geographic equator originate
in the SH. In April and May, the oblique structure becomes less pronounced and the
CE begins to be vertical to the ground. From June to October, the CE tilts south. It
should be noted that the CE-NH slopes southward from the ground up, while the
CE-SH is relatively uniform from the ground to 2 km but tilts south in the upper
altitude. This indicates that the airmasses originating in the SH near the ground do
not move further north in the summer, but stay near the equator, forming a broader
meridional mixing region in the boundary layer. In November, the CE-NH is the
most uniform with altitude throughout the year and the overall CE is a more narrow
band compared to other months. In December, the CE shows a slight sloping trend
to the north. These two months, November and December resemble April and May
with the most narrow and vertically uniform CE above 2 km throughout the year.
They mark the turning points of IHT above 2 km altitude between a more northern
and more southern position. In the discussion of the IHT we only take the model
level under 8 km into consideration. With increasing altitude, the boundary between
the two hemispheres is less pronounced due to the fast horizontal mixing by high-
speed winds in the upper troposphere.
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FIGURE 4.9: Monthly averaged (2015 - 2019) CE at different model
levels from surface to 8 km. The CE-SH / CE-NH are zonally (100◦E-
180◦) averaged over the TWP region see Figure 4.7. The blue lines
show the CE-NH and the red lines show the CE-SH. The dashed black

line shows the latitude =0.
1-σ of the CE-NH and CE-SH are given as thin horizontal lines in

respective colours.

4.1.4 Tropical rain belt and CE

The rain belt is usually regarded as an indicator of the equatorial convergence zone
and thus the boundary for interhemispheric exchange. However, the rain belt in the
TWP region is relatively complex due to the seasonal variation of the WPM system.
Here, we compare the rain rate with the CE in the TWP region: Figure 4.10 shows
the zonal rain rate averaged from 2015 to 2019 and the results of the E1 and E2
simulation as a rate of occurrence, i.e. the number of days that the boundaries of the
CE occur at each latitude as a percentage of the total appearance:

fi =
di

∑ di
, (4.4)

where fi is the rate, i denotes the latitude, and di is the number of days that the CE-
SH / CE-NH is located in the latitude i. A higher rate of occurrence indicates a more
frequent latitudinal position of the respective CE boundary.

In general, as shown in Fig. 4.10, the meridional range of the CE is more concentrated
within a single month compared to the area encompassed by the rain bands. From
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FIGURE 4.10: 5-year averaged (2015 - 2019) monthly rate of the CE-
SH and CE-NH (red) with the rain rate (blue) from TRMM (Tropical
Rainfall Measuring Mission) products 3B43 (monthly) (Huffman et
al., 2007) as a function of latitude averaged over the West Pacific re-
gion (same definition as Figure 4.7). The CE-SH is marked by ‘+’ and

the CE-NH is marked by dots.

May to October, i.e. in summer and autumn, the southern and northern peak of the
rain belt coincide at the southern and northern boundaries of IHT, CE-SH and CE-
NH, respectively, indicating that the location of the north-south rain belt during this
time is related to actual air mass exchange between the two hemispheres.

Both CE-NH and CE-SH tend to be located at the southern peak of the rain band
in the winter and early spring, from December to March. During these months the
northern rain band is outside the range of the CE and therefore seems not associated
with IHT. This suggests that the northern branch of the rain belt is related to the NH
circulation system at around 5 - 10◦N.

The seasonal cycle of both CE-NH and CE-SH is shown in Figure 4.11 together with
the rain rate in the TWP region. The meridional extent of the transition area be-
tween the NH and SH, i.e. the CE, varies with season. As already shown in the
monthly results shown in Fig. 4.10, the CE is broader in NH summer than in other
seasons. During NH winter (DJF, December–January-February) and spring (MAM,
March-April-May), the CE is narrow and the northern part of the rain belt around
10◦N is located north of the CE, while the southern part is included. This indicates,
that the cause of the precipitation in the northern part of the TWP region is not the
convergence of the equatorial flow from the NH and SH, but dependent on regional
circulation within the NH. During NH summer (JJA, June-August) the meridional
extent of the CE is the largest and includes the northern rain belt. During NH au-
tumn (SON, September-November), the northern border, CE-NH, begins to retreat



60 Chapter 4. Results

FIGURE 4.11: Seasonal rain rate (color scale) from TRMM (same
dataset as Figure 4.10) in the TWP region with the blue line showing
CE-NH and the red line showing CE-SH from 2015 - 2019. NH winter:
December-February, DJF, NH spring: March-April, MMA, NH sum-

mer: June-August, JJA, NH autumn: September-November, SON.

southward, and the CE again becomes more narrow again over the Maritime conti-
nent and coincides with the two rain belts in the NH and SH.

4.1.5 Discussion and Summary

The CE is in general not always in agreement with the pattern of the tropical rain belt
as defined and analysed by previous studies (e.g., Adam, Bischoff, and Schneider,
2016; Schneider, Bischoff, and Haug, 2014). The seasonal migration of the CE is more
stable across the oceans than land, specifically in the East Pacific and the Atlantic.
In these two regions, previous studies defined the convergence zone by either the
tropical rain belt (Gu, Adler, and Sobel, 2005), low cloud-top temperature (Waliser
and Gautier, 1993), or the magnitude of the horizontal gradient of divergence field
(Berry and Reeder, 2014).

The seasonal migration of the CE on the continents is tied to the higher complexity of
the atmospheric circulation system compared to the ocean. The circulation is modu-
lated by several regional features such as local atmospheric jets and waves, proxim-
ity to the oceans, terrain-induced convective systems, moisture recycling, and spa-
tiotemporal variability of land cover and albedo, so the location of the tropical rain
belt becomes diffuse and does not coincide with the atmospheric boundary of the
hemispheres (e.g., Arraut et al., 2012; Dezfuli et al., 2017; Magee and Verdon-Kidd,
2018). As mentioned in Sect. 4.1.2, the meridional extent of the CE above the conti-
nents South America and tropical America is larger than the one near ocean sectors.
Considering the land-sea distribution and the complexity of the circulation system
over tropical continents, more studies are needed on the regional circulation in trop-
ical continental regions.
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Previous studies (Hamilton et al., 2008; Petersen et al., 2010; Zhou et al., 2018; Müller,
2020) based on trace gas observations by aircraft, ozone soundings and FTIR spec-
trometers in the tropical regions were aimed to gain a better understanding of trop-
ical dynamics. During NH winter, high concentrations of pollution tracers such as
CO and Ozone from Southeastern Asia are transported towards the TWP by large-
scale circulation, which is modulated by the migration of the CE (Hamilton et al.,
2008; Müller et al., 2023c). The method also captured this phenomenon, which is
shown in Fig. 4.11 (DJF). The region north of the CE-NH, at around 5◦S, is con-
sidered the meteorological NH. The FTIR measurements at another tropical site, at
Suriname, Paramaribo (5.8◦N, 55.2◦W), also suggest that the seasonal variation of
CH4 is highly related to IHT (Petersen et al., 2010). In Reunion Island (21◦S, 55◦E) a
high spike of CH4 coming from the NH was captured by the FTIR measurements in
the local summer (December-February) (Zhou et al., 2018). As shown in Fig. 4.6, the
CE is located around 20◦S during this period, which is consistent with these obser-
vations. The consistent results of trace gas observations and our calculations of the
CE for the tropical sites underline the potential of the CE as a good tool to determine
airmass origin and improve our understanding of tropical dynamics.

In summary, this section introduces the determination method of CE indicating the
region where IHT occurs. Daily values of the CE show reasonable agreement with
the pattern of the tropical rain belt. By comparing the CE with the wind field in
different regions, we find that the confluence of the equatorial flow is consistent with
the CE where IHT occurs in the Central & Eastern Pacific and the Atlantic Ocean.
In Africa, where the confluence zone is north of the CE, further investigations are
needed. The vertical extent of the CE varies with the seasons. It slopes northward
from the ground to higher altitudes in winter, is nearly perpendicular to the ground
in the spring, and slopes southward in the summer. The tilt of the CE diminishes
in the fall and returns to a pattern that is vertical to the ground. The Focuse is on
the relationship between the CE and the tropical rain belt in the TWP region. The
north-south migration of the CE is not always consistent with the maximum rain
rate during the year, especially in the TWP region.

Considering that air mass exchange is a continuous process, we performed simu-
lations with a passive tracer release both in the NH and SH. Its extent varies with
season and region. Two cases set in the two symmetry fluxes region in the NH and
SH help to obtain a complete pattern of the IHT. This mixing process happens in a
transition area, with a continuous gradient rather than a single border separating
the atmosphere in the NH and SH. From this transition area, we find that the north-
ern part of the precipitation band in the TWP in winter is more likely caused by the
regional circulation rather than the convergence of the equatorial flow from the NH
and SH. By combining the CE determined from the two cases, we thus get further
insights into the IHT in the TWP region.

4.2 Characterization of trace gases by CE

In the previous Section 4.1, a new tool Chemical Equator (CE) was introduced to in-
vestigate interhemispheric air mass transport (IHT) in the tropical region by passive
tracer simulations with GEOS-Chem. The so-called CE indicates the region where
IHT occurs. This tool, CE, can help us characterize the trace gases, specifically, in
the TWP region. In this section, the simulation results will be complemented by
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more observational data and measurements from different approaches, such as the
ozone balloon sonding, FTIR spectrometer and satellite. Using the CE in combi-
nation with observations will allow a more detailed characterization of trace gas
transport, sources and sinks in the TWP region.

4.2.1 Measurement and simulation result of trace gases

CO measurements by FTIR spectrometer

The CO measurements are obtained from the FTIR spectrometer. To retrieve the
profiles of CO, NDACC spectra in Palau are analyzed with the SFIT4 algorithm.
The AVKs for NDACC solar absorption CO retrievals are shown in Figure 4.12. As
shown in the Figure (Section 3.2.2), the retrievals have a good sensitivity to the lower
and mid-troposphere below 8 km. As described in Section 3.2.2, the trace of matrix
AVK, often denoted as Degrees of Freedom (DOF) for signal, indicates the number of
independent pieces of information used in the inversion process. The averaged DOF
in of CO is 1.1 (0.2, 1σ), which indicates that there is one layer of the information with
high sensitivity below 8 km, see Figure 4.12.

FIGURE 4.12: The column absorption AVKs of CO varies with the
solar zenith angle (SZA)

.

The total column of CO (TCCO) is retrievd from the FTIR. The dry-air column-averaged
mole fraction of CO (XCO) is the fraction of the total column of gas to the total col-
umn of dry air (TCair):

XCO =
TCCO

TCair
, (4.5)

TCair =
Ps

gmdry
air

− TCH2O
mH2O

mdry
air

, (4.6)
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FIGURE 4.13: The time series of the XCO measured by FTIR spectrom-
eter and the fitted measurements in Palau.

where Ps is the surface pressure. TCH2O is the total column of H2O. The constant g,
mH2O and mdry

air is the gravitational acceleration, molecular mass of H2O and dry air
respectively.

A periodic function as described by Zhou et al. (2018), with a period of 1 year was
used to fit the time series of XCO, which is:

y(t) = a0t + a1sin(2kπt + F1) + a2sin(2kπt + F2) + c + ϵ, (4.7)

where a1, a2, F1, F2 are periodic parameters, y(t) is the fitted measurements (XCO)
as a function of t which is the day of year. a0t is the annual growth. The term
a1sin(2kπt + F1) and a2sin(2kπt + F2) are the periodic variations, representing the
seasonal cycle. c is the intercept. ϵ is the residual between the measurements and
fitting function.

The measurements and the fitted function of XCO are shown in Figure 4.13. The XCO
is lowest from July to September (< 70 ppb) and there are enhancements in from
January to May (> 85 ppb). The extreme minimum measurements of XCO (<60 ppb)
in the summer of 2020 could be caused by the lockdown in the nearby regions such
as Malaysia or the Philippines and locally in Palau because of the Corona pandemic.
Since the measurements of XCO is of the most sensitivity from surface to 8 km (see
Figure 4.12), the variations of XCO throughout the year can be used to characterize
the tropospheric air combined with the model simulation of CE.

Lower and mid tropospheric O3 measurements by ozone sondes

The O3 measurements are obtained by ECC ozone soundes lanched in PAO. From
the balloon-borne observations, the profiles of O3 are obtained. To obtain the local
tropospheric O3, the dry-air column-averaged mole fraction of O3 in the lower and
mid troposphere is calculated. In this study, the layer between the surface and 8
km are taken as the lower and mid troposphere, which is consistent with the most
sensitive layer of CO measurements by FTIR. Similar to Equation 4.5, but the total
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FIGURE 4.14: The time series of the tropospheric XO3 measured by
ozone sondes and the fitted measurements in Palau.

column of gas (TCgas) and air (TCair) are replaced by the partial column of O3 (PCO3)
and air (PCair) in the layer between surface and 8 km, which is calculated by:

TroposphericXO3 =
PCO3

PCair
, (4.8)

PCO3 =
∫ 7km

0
nO3 dz/

∫ 7km

0
ndry

air dz, (4.9)

where the nO3 and ndry
air is the molecular number of O3 and dry air which can be

obtained from the ozone sonde measurements.

The measurements and the fitted function (same format as CO, Equation 4.7) of tro-
pospheric XO3 are shown in Figure 4.14. Similar to the XCO, there are peaks of tro-
pospheric XO3 (> 40 ppb) from January to May in NH winter and early spring, and
lower (< 20 ppb) in the NH summer from July to September. These seasonal vari-
ations of the tropospheric XO3 as well as the XCO are much related to the different
airmass origins throughout the year, which can be characterized by the CE and will
be described in Section 4.2.2.

CH4 and CO measurements by satellite

Column-averaged dry air mole fractions of CH4 and CO (XCH4 and XCO) are ob-
tained from the radiance measurements from the TROPOspheric Monitoring Instru-
ment (TROPOMI) aboard the Sentinel-5 Precursor satellite mission (Veefkind et al.,
2012). Here I use the latest release of the WFMD (Weighting Function Modified Dif-
ferential Optical Absorption Spectroscopy) product (v1.8) (Schneising et al., 2023)
and interpolate it onto a 2◦ × 2◦ grid. For this, each measurement is assigned to a
single grid cell and the weighted average of all measurements per cell is calculated.
For details about the satellite mission, please see Appendix B.1.
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FIGURE 4.15: Sentinel-5 Precursor satellite XCH4 vertical columns
(ppbv) averaged for (a) January 2019 and (b) July 2019.

Figure 4.15 and Figure 4.16 display the XCH4 and XCO measurements from Sentinel-5
Precursor satellite data products. In July, there are data gaps in the SH ocean area
for CH4, primarily due to retrieval algorithm issues specific to methane. Both XCH4

and XCO exhibit noticeable latitudinal gradients, with higher concentrations in the
Northern Hemisphere and lower concentrations in the Southern Hemisphere.

Within regions in the tropics, such as tropical Indian Ocean in Figure 4.15 (a), Figure
4.16 (a) and (b) significant gradients in XCH4 and XCO are observed between the
Northern and Southern Hemispheres. Moreover, localized enhancements in XCO
are observed in specific regions, such as central Africa, Southeast Asia, and northern
South America. These enhancements obscure the sharp north-south gradient in the
tropics, indicating complex spatial patterns.

FIGURE 4.16: Sentinel-5 Precursor satellite XCO vertical columns
(ppbv) averaged for (a) January 2019 and (b) July 2019.
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SF6 Simulations by GEOS-Chem

SF6 is a common tracer to constrain time scales of IHT (e.g., Geller et al., 1997;
Waugh et al., 2013; Yang et al., 2019) and thus to characterize the trace gases mea-
surements. Simulations of SF6 were conducted using GEOS-Chem, as described in
Section 3.4.1. Figure 4.17 illustrates the results of these simulations. Similar to CH4
and CO (shown in Figures 4.15 and 4.16), there is a noticeable latitudinal gradient in
the concentration of SF6.

In both January and July, a clear and sharp north-south gradient in SF6 concentration
is observed in the latitude band near the equator. However, there is also a regional
variation in SF6 emissions in specific areas, such as Southeast Asia and North Amer-
ica. In these regions, emissions obscure the boundary between the NH and SH,
affecting the overall distribution of SF6.

The sharp gradients in trace gases within the tropics suggest an IHT phenomenon
between the hemispheres. The boundary of this IHT phenomenon can be delineated
by CE and will be further discussed in the following section.

FIGURE 4.17: SF6 surface concentration (ppb) simulated by GEOS-
Chem averaged for (a) January 2019 and (b) July 2019.

4.2.2 Characterization of trace gases by CE in TWP

In Section 4.1, a novel method called CE is introduced to investigate interhemi-
spheric air mass transport (IHT) in the tropics through passive tracer simulations
using GEOS-Chem. The term CE stands for the area where IHT takes place. The
seasonal shift of the CE reflects alterations in the circulation system, leading to var-
ied sources of air masses in specific regions. Therefore, combining CE analysis with
trace gas measurements allows for a more precise characterization of the concentra-
tion variations of these trace gases in the TWP region.

Figure 4.18 illustrates the annual motion and zonal mean 10-m wind vector for
the TWP region CE. Comparing the latitude of Palau with that of CE, it is evident
that Palau is situated in different hemispheres at different times of the year. From
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FIGURE 4.18: Monthly averaged wind vectors (black arrows) and an-
nual movement of the daily CE in TWP with color shading to distin-

guish the relative positions of Palau and CE.
The blue lines show the NH boundary and the red lines show the
SH boundary. The latitude of Palau is marked by the dashed orange
line. The orange-shaded area denotes the period when Palau is lo-
cated in the north of the CE, and the blue-shaded area denotes the

period when Palau was located in the south of the CE.
The wind data are the 10-m winds from the ERA5 reanalysis data
(Hersbach et al., 2020) averaged from 2015 to 2019. Both the CE and

the wind field are space averaged zonally in the TWP region.

November and December to May of the following year, Palau is in the southern
hemisphere because its latitude is north of CE. Conversely, from June to October,
Palau is in the NH, specifically in the transition zone, as its latitude falls within the
CE area.

This result suggests that the air masses over Palau have different origins depending
on their position relative to the CE. Further analysis of the monthly average wind
field reveals that from November and December to May of the following year, the
air mass over Palau is primarily influenced by NH air masses, highlighted by the
orange-shaded area in Figure 4.18. Conversely, from June to October, the atmosphere
over Palau is predominantly shaped by SH air masses or in the transition area of the
CE, marked by the blue-shaded area.

This seasonal change in CE can be used to characterize variations in the atmospheric
trace gas content throughout the year. Figure 4.19 shows the characterization of XCO
obtained from FTIR measurements by CE. As mentioned previously (section 4.2.1),
XCO is lowest from July to September (< 70 ppb) and highest from January to May (>
85 ppb). The orange-shaded area (November, December to May) indicates that the
Palau location is in the north of CE, so the air comes from NH, bringing higher con-
centrations of CO. FTIR spectrometer measurements of XCO also show maximum
values from January to May. In contrast, during other times of the year (June to
October), Palau is located in SH and has lower XCO as measured by the FTIR spec-
trometer. The same features can be seen for the characterization of tropospheric O3
measurements. Most tropospheric maximum O3 measurements are obtained during
periods when the CE is south of Palau and vice versa.

To better understand the implication of the CE position on air composition, satellite
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FIGURE 4.19: The time series of the XCO measured by FTIR spec-
trometer and the fitted measurements in Palau, with color shading to

distinguish the relative positions of Palau and CE.
The shaded area corresponds to the Figure 4.18, where the orange-
shaded area denotes the time period when Palau locates in the north
of the CE, and the blue-shaded area denotes the time period when

Palau locates in the south of the CE.

measurements of XCH4 and XCO and model simulation of SF6 are presented together
with the CE in Figure 4.21, Figure 4.22 and Figure 4.23. The CE and the north-south
gradient of CH4 in the Indian Ocean and Eastern Pacific in January and Africa in
July are well consistent with each other. For CO, the sharp gradient of XCO is also
consistent with the location of CE, apart from some hotspots with high XCO emis-
sion, for example, southeast Asia and mid-Africa. This indicates the CE has good
potential to illustrate the IHT inferred by observations.

However, due to the lack of data coverage, it is relatively difficult to see the distribu-
tion of XCH4 in the SH in July. The XCH4 distribution is also affected by sources in the
SH and chemical removal process. This means the XCH4 is not monotonically rising
like the inert artificial tracer used in our study and does not show a clear distinction
between NH and SH. For SF6, there are large emissions in South East Asia, which
may be emitted into the CE area, and the SH emission in South America, which may
impact the latitudinal gradient of the SF6. Apart from those emissions regions, the
SF6 distribution mostly shares the features of an artificial tracer, i.e. the monotonic
rise, and therefore has been used for similar studies(e.g., Geller et al., 1997; Waugh
et al., 2013; Yang et al., 2019).

4.2.3 Summary and discussion

Multiple instruments including ozone sonde and FTIR spectrometry have been used
to obtain measurement of trace gases since 2016. Seasonal changes in CO and O3 are
associated with large-scale circulation and exchanges between the two hemispheres.
The low CO and O3 are in summer and early autumn and high CO and O3 in winter
and early spring can be characterized by the seasonal shifts of the CE.

Both trace gases with different measurement approaches such as ground-based FTIR
spectrometer, ozone sonde and satellite can be characterized by CE. For trace gases
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FIGURE 4.20: The time series of the tropospheric XO3 measured by
ozone sondes and the fitted measurements in Palau and the fitted
measurements with color shading to distinguish the relative positions

of Palau and CE.
The shaded area corresponds to the Figure 4.18, where the orange-
shaded area denotes the time period when Palau locates in the north
of the CE, and the blue-shaded area denotes the time period when

Palau locates in the south of the CE.

measured in a single site, the seasonal variations of the trace gas measurements are
well constrained by the distinguish relative positions of the site and CE in a specific
region. The global distribution of trace gases obtained from satellite and model also
shows the well consistency between the north-south gradient and CE. The consistent
results of trace gas observations and our calculations of the CE for the tropical sites
underline the potential of the CE as a good tool to determine airmass origin and
improve our understanding of tropical dynamics.

Besides, to assess regional differences only caused by air mass transport, the chem-
istry in the model is switched off to develop an atmospheric pattern only due to the
transport by the analyzed wind fields. Since CE is simulated and calculated through
artificial trace gases with constant emission and no chemical process, chemical pro-
cesses and regional dependency of the emissions occurring for real species like CO
and SF6 can be neglected.

CH4 have a relatively long lifetime and clear latitudinal gradient which has the po-
tential as tracers to investigate IHT (Patra et al., 2011; Law et al., 2008; Lin and Rood,
1996). The atmospheric tracer transport model intercomparison project (Trans-Com)
investigated IHT by non-reactive tropospheric species such as CO2, CH4 and SF6 and
provided a comprehensive understanding of the differences in tracer distribution be-
tween the northern and southern hemispheres and studies IHT (Krol et al., 2018). It
has a very long atmospheric lifetime (580 - 3200 yr) (Ravishankara et al., 1993; Mor-
ris et al., 1995; Ray et al., 2017), a large and constant growth rate during the last two
decades (Rigby et al., 2010; Hall et al., 2011) and anthropogenic sources primarily
over the NH. However, tracers with significant north-south gradients (such as CO,
CH4 and SF6) are locally diverse and can be affected by human activities. So, to elim-
inate the regional dependency on human activities and the chemical processes with
other species, an artificial tracer without such features as used in this study, the CE
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FIGURE 4.21: CE with Sentinel-5 Precursor satellite XCH4 vertical
columns (ppbv) averaged for (a) January 2019 and (b) July 2019.

The blue dots show the NH boundary and the red dots show the SH
boundary.

FIGURE 4.22: CE with Sentinel-5 Precursor satellite XCO vertical
columns (ppbv) averaged for (a) January 2019 and (b) July 2019.

The blue dots show the NH boundary and the red dots show the SH
boundary.

simulation, is better to investigate IHT and characterize the trace gas measurements
in the tropics.

The simulation results will be complemented by more observational data such as
the ground-based observation network in the future. Using the CE in combination
with observations will allow a more detailed characterization of trace gas transport,
sources and sinks in the TWP region. Since the TWP is an area of the active tropo-
sphere to stratosphere exchange, the seasonal and in particular vertical characteris-
tics of the CE will be valuable for studies of troposphere to stratosphere exchange.
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FIGURE 4.23: CE with SF6 surface concentration (ppb) simulated by
GEOS-Chem averaged for (a) January 2019 and (b) July 2019.

The blue dots show the NH boundary and the red dots show the SH
boundary.

4.3 Cirrus cloud measured by ground-based Lidar

In this section, measurements, and analysis of cirrus cloud by the polarization li-
dar, COMCAL, from 2018 to 2022 over Koror, Palau in the TWP region are pre-
sented. The long-term observations from ground-based lidar can provide intensive
and extensive measurements over one specific region compared to satellite data with
coarse temporal resolution. Thus, it can improve the understanding of the formation
mechanisms of the cirrus cloud in different seasons and meteorological conditions
over the TWP region, where the region is thought to be an essential pathway of STE
(Fueglistaler, Wernli, and Peter, 2004; Rex et al., 2014). This study aims to analyze
the cirrus geometrical and optical properties at the TWP region from observations
derived by the ground-based lidar system, which partly fills the gap concerning the
coverage of existing ground-based lidar studies in this region.

4.3.1 Occurrence of the cirrus cloud from Lidar measurement

From April 2018 to August 2022, we get 332 hours of measurements within 10 months.
A total of 140 days can be used and cirrus are detected. To assess the impact of cir-
rus clouds on regional climate, understanding their frequency is crucial, especially
in tropical regions, and across various months and seasons. To achieve this, the
percentage occurrence (PO) of cirrus clouds at different altitude levels is calculated
using COMCAL lidar cloud layer datasets. This calculation involves determining
the ratio of profiles with cirrus clouds at a specific altitude bin to the total number
of profiles available. The duration is quantified for which cirrus clouds appear in
various altitude bins whenever lidar is activated to study the PO of cirrus clouds
as a function of altitude and time. The ratio of the cirrus cloud occurrence time to
the overall lidar duration time at each altitude bin yields the cirrus cloud PO at that
altitude bin (Pandit et al., 2015). The PO are quantified at each altitude bin of 0.1 km
from 10 km to 20 km.

The time series of the monthly mean PO of cirrus clouds in Palau from April 2018 to
August 2022 is shown in Figure 4.24. The number of cirrus layers detected by Lidar
is shown by the number in Figure 4.24. The peak altitude of PO occurs in the range of
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FIGURE 4.24: Cirrus monthly percentage occurrence (PO) in Palau
by ComCAL. The numbers in the figure refer to the detected cirrus
layers. The cyan and orange square with 1-σ shows the height of the
cloud base and the top of the cloud base. The height of CPT and LMS
averaged in each month was calculated by the meteorology profiles
from radiosondes by the Weather Service Office of Palau, the same as

Figure 4.30.

15 km to 18 km in most months, with lower PO values near LMS altitude. This indi-
cates that cirrus clouds frequently occur in the upper part of the TTL (above 15 km),
close to the CPT, while cirrus clouds occur less frequently at the lower boundary of
the TTL. The seasonal pattern of the height of the cirrus cloud layer and the peak of
PO is consistent with the CPT, with minimal in July and August then increasing till
December and from January to March next year stable, the reach to maximal height
in April.

On a yearly average, as shown in Figure 4.25, the PO are quantified in each season
against altitude The maximum PO of cirrus clouds is 22% at about 16 km and 1
km beneath the height of the CPT. From December to February (December-January-
February, DJF), the PO is the largest with a peak in 16 km of 42%. There is the
largest faction of cirrus above the CPT in DJF compared to other seasons, followed
by March-April-May (MAM), and the least in June-July-August (JJA). In MAM, there
are two peaks of PO in TTL, one at around 13 km and another slightly above or
around the CPT. This feature in spring is different from other seasons with only
one peak below the height of CPT. The previous one-month campaign conducted by
Cairo et al., (2012) in spring also reported this two-peak feature of the cirrus cloud
over Palau (Cairo et al. (2021), Figure 3). For details about the PO of cirrus in each
month, please see Appendix B.2.

4.3.2 Properties of the cirrus cloud over Palau

Geometrical and Thermodynamic Properties of Cirrus Cloud

The frequency of occurrence of geometrical properties, which are the Geometrical
Thickness (GT), cloud base and cloud top height and thermodynamic properties,
which are cloud base and top temperature and mid-cloud temperature are shown in
Figure 4.26 and Figure 4.27, respectively. The statistical details are given in Table 4.2.

The geometrically thinnest cirrus layer is in spring (mostly less than 2 km), followed
by autumn and winter and the geometrically thickest in summer, as shown in Figure



4.3. Cirrus cloud measured by ground-based Lidar 73

FIGURE 4.25: PO of cirrus in Palau during December-January-
February (DJF, red line), March-April-May (MAM, yellow line),
June-July-August (SON, green line), Septermber-October-November
(SON, brown line) and yearly averaged (dashed black line). Yearly
mean height CPT (grey dashed line) and LMS (dotted dashed) are

shown.

4.26a-e. Only in winter and summer, the GT is more than 4 km with a frequency of
2% and 10%, respectively. The annual averaged GT of cirrus is mostly distributed
between 1 - 2 km with an annual average of 1.4 ± 0.7 km (see Table 4.2), and only a
few cases more than 4 km.

The distribution of the Cloud base height is spread between 10 and 18 km, shown
in Figure 4.26 j. In winter, the height of the cloud base is slightly higher than in the
other seasons with an average value of 15.3 ± 1.4 km (see Table 4.2), compared with
around 14 km in other seasons (Figure 4.26 f-j). For the distribution of cloud top,
see Figure 4.26 k-o, the annual peak is 17 km. The higher the cloud top is the more
frequent they become, except in spring, where we see a second maximum below 13
km. In winter, the probable range of the height of the cloud top is narrower between
14 and 17 km, compared with other seasons between 12 and 17 km.

The temperature of the cloud is derived from the radiosondes launched each day at
12h UTC by the Weather Service Office of Palau. The cloud layers are matched with
the temperature profiles launched at 12:00 UTC / 21:00 local time. As shown in Fig-
ure 4.27 a-e, the cloud base temperature is evenly distributed between −85 ◦C and
−45 ◦C with frequency around 0.1 to 0.2, and the average cloud base temperature
is −71.7 ± 11.5 ◦C (see Table 4.2). For the cloud top temperature, the most proba-
ble temperature is concentrated in the range -85 ◦C and -80 ◦C with a frequency of
about 0.4, shown in Figure 4.27 f-j. This is a very cold temperature and approaches
the temperature of the annually averaged CPT (-83.8 ◦C), see Figure 4.30. Except for
spring, the highest frequency range of cloud top heights in the other three seasons
were all between −85 ◦C and -80◦C, and the frequencies all reached 0.4. As for the
mid-cloud temperature, shown in Figure 4.27 k-o, the distribution is similar to the
cloud top temperature. The coldest cirrus layer is in winter. The mid-cloud tem-
perature of less than −85 ◦C only occurred in winter with a frequency of 0.14. The
annual mean of the mid-cloud temperature is -73.8 ± 9.8 ◦C.
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FIGURE 4.26: Frequency of occurrence of the seasonal and annual GT
of cloud (a-e), cloud base height (f-j) and cloud top height (k-o). The

bin size is 1 km.

FIGURE 4.27: Frequency of occurrence of the seasonal and annual
cloud base temperature (a-e), cloud top temperature (f-j) and mid-

cloud temperature (k-o). The bin size is 5 ◦ C.

Optical Properties of Cirrus Cloud

An overview of the optical properties of cirrus including Cloud Optical Depth (COD),
depolarization, and color ratio (CR) are presented in Figure 4.28 and the statistical
details are listed in Table 3. According to our measurements, the COD is distributed
in a broad range with a minimum of 0.001 and a maximum of 2.1. It can be seen
from Figure 4.28a-e that the COD is mainly concentrated in the range of 0-0.2. In
all seasons, the fraction of a COD between 0 and 0.1 is about 0.75. The annual aver-
age COD is 0.25, and only in summer, the average COD is larger than 0.3, followed
by 0.19 in autumn, the winter and the lowest COD in spring, see Table. 3. From
the frequency distribution, compared with other seasons, only summer has a larger
number of clouds with a COD of 0.3 to 0.5 (Figure 4.28c).

The depolarization ratio is ranging from values very close to zero to 0.69. As shown
in Figure 4.28f-j, the frequency of the range 0-0.1 is slightly larger than other ranges,
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about 0.19, followed by the range 0.3-0.4, about 0.18. The depolarization ratio is
slightly lower in spring and autumn than in winter and summer. However, all sea-
sonal averaged values of the depolarization ratio are closed to 0.3 (Table 4.2), which
indicates the ice cloud particles are irregular in most cases.

As for the CR, shown in Figure 4.28k-o, it varied mainly between 1.1 and 2.5, with an
annual average of 1.6 ± 0.5. In summer, the CR is much lower than in other seasons,
with a high frequency (0.85) of CR between 1.1 and 1.25. This indicates that there are
bigger ice particles during summer than in other seasons. This also can be explained
by the movement of the CE. During the monsoon season, when Palau is located in
the south of the CE or in the transition area, the TTL is humid and warm because of
the intensive convective activities during this time. Under this circumstance, a great
amount of deep convective cells occur in tropical oceanic regions and generate the
spreading anvils with long-lived cirrus with larger particle size compared with in
the other seasons. Comparing our CR values (annual mean of 1.6 ± 0.5) with similar
studies, Voudouri et al. (2020) reported CR values of 1.50 ± 0.80 in Gwal Pahari
(28.43 ◦N, 77.15◦E) in India and 1.40 ± 1.10 in Elandsfontein (26.25◦S, 29.43◦E) in
South Africa, aligning with our results.

Figure 4.29 a shows the frequency of clouds with different values of COD against the
cloud base. Visible thick and thin cirrus occurs in 12 - 14 km, and the cirrus becomes
optically thinner at higher altitudes. SVC usually occur in 16 km. Apart from the
three typical types of cirrus as defined by Sassen and Cho (1992), we use a subdi-
vision definition of the cirrus cloud of COD less than 0.005, which is an Extremely
Thin Tropical Cirrus (ETTCi), adapted from Immler et al. (2007). ETTCi account for
1.6% of the total number of cirrus measured over Palau, and the peak of frequency
altitude of 18 km for ETTCi is even higher than the peak of CPT (17 km), see the
dashed line in Figure 4.29 a. The dehydration of tropospheric air before it enters the
stratosphere is associated with the occurrence of the occurrence of ETTCi. The de-
tails about the STE and the measurements of the clouds will be discussed in section
4.4.

The seasonal and annual occurrence of different types of cirrus is shown in Figure
4.29 b. The most prevalent type of cirrus in Palau is the optically thin cloud ac-
counting for 47%, followed by SVC (32%) and thick cirrus (22%), and the least is
ETTCi (0.27%). The SVC has a higher frequency of occurrence in spring and winter
than in summer and autumn. In summer, thick cirrus and SVC appear at almost the
same frequency (about 28%), which is also the season with the highest frequency of
thick cirrus. For ETTCi, this cirrus was observed only in winter and summer, with a
higher frequency in winter (0.89%).

4.3.3 Comparison of the cirrus cloud in different tropical sites

There have been many previous studies using airborne in-situ instruments and ground-
based lidars to measure cirrus clouds in the tropical region with the probably earliest
back to 1976 by (Uthe and Russell, 1977) in Kwajalein island (8◦N, 116◦N) to many
different sites, e.g. Platt, Scott, and Dilley (1987), Platt et al. (1998), Sassen and Ben-
son (2001), Comstock and Jakob (2004), Pace et al. (2003), Das, Chiang, and Nee
(2009), Pandit et al. (2014). However, there is still a lack of information and knowl-
edge that needs to be filled by long-term measurement over the TWP region. This
study partly filled the gap of measurements in this region.
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FIGURE 4.28: Frequency of occurrence of the seasonal and annual
COD (a-e) particle depolarization ratio (f-g) and color ratio (k-o). The

bin size for a-e is 0.2, for f-j is 0.1 and for f-j is 0.25.

The cirrus clouds observed in Palau are colder compared with other places in the
tropics , see Table 4.3. Table 4.3 shows an overview of the cloud properties in the
tropical site and the results from satellite measurements (Tropics ± 30◦). From Table
4.3, compared with other stations in the tropics, Palau has higher CBH and CTH.
Except for Nauru Island (Comstock and Jakob, 2004), which is also located in the
warm pool, the western Pacific Ocean, its CTH is 16.5-17.0 km, which is similar to
that of Palau. Besides, the cloud temperature in Palau is the lowest, which can be
explained by the fact that the western Pacific region has the lowest temperatures at
TTL (Fueglistaler, Wernli, and Peter, 2004).

The results of the coldest cloud above Palau shed light on the possible transport
pathways from the TTL to the stratosphere. Although transport pathways and mech-
anisms of tropospheric air masses across TTL remain an active research question and
need to be studied in detail. This possible transport pathway needs to be further
investigated through trajectory models focusing on the temperature and humidity
history of the cirrus cloud.

4.3.4 Summary and discussion

In this section, the measurements and analysis of cirrus clouds are presented. The
overall percentage occurrence of cirrus over Palau is 51.3% of the entire sampling
time of the lidar. The annual mean GT of cirrus cloud is about 1 – 2 km, rarely with
GT higher than 3 km. The cloud base height of the cirrus is evenly distributed in
all seasons between 10 and 18 km. The cloud top height is concentrated mainly at
15 - 17 km, which is close to the CPT, especially during winter. A previous study
based on the ground-based Lidar in Palau during the spring season by Cairo et al.
(2021) showed cloud occurrence extends throughout the whole TTL with two de-
fined peaks, one at 10-13 km and the other at or below the CPT. Our results of PO in
the spring season (MAM), see Figure 4.25 are partly consistent with it, one at around
13 km and another slightly above or around the CPT. This feature in spring is dif-
ferent from other seasons. As Cairo et al. (2021) suggested, this feature measured
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FIGURE 4.29: (a) Frequency of occurrence of the cloud base height
with different COD as indicated by different colours and markers.
The dashed line shows the distribution of the height of the CPT. (b)
Seasonal and annual frequency of occurrence of the ETTCi, SVC, thin
and thick cloud. Since the frequency of ETTCi is very low compared
to several other clouds, it is difficult to see its exact frequency of oc-
currence in the figure; please see Table 4.2 for details of its value. Note
that ETCCi (Immler et al., 2007) is a customized sub-classification of
cirrus with an optical thickness defined as less than 0.005, which be-
longs to SVC. The sum of the fraction of SVC, Thin and Thick cirrus

equals 1, which should not include the fraction of ETTCi.

in springtime time is highly related to the local atmospheric temperature anoma-
lies and Madden–Julian Oscillation (MJO). The occurrence of the cirrus cloud was in
phase with the MJO phase and the observations of clouds in the lower part of TTL
(10 - 13 km) can be attributed to the convective activities locally (Virts and Wallace,
2014).

Previous studies based on satellite / ground-based Lidar focused on the tropic re-
gions (e.g., Virts et al., 2010; Martins, Noel, and Chepfer, 2011; Cairo et al., 2021)
have elucidated that seasonal variations in cirrus clouds in the TTL, specifically the
lower part of it (10 - 13 km) are profoundly influenced by the changing monsoon
seasons and relatively dry periods. This variation in convective activities in tropical
regions is typically reflected by the ITCZ (Virts and Wallace, 2014; Virts and Wallace,
2010). Moreover, as mentioned in Section 4.1, the CE provides a more accurate pic-
ture of the interhemispheric exchange, i.e., the location of the convective zone (Sun
et al., 2023). Our results of the optical properties, specifically CR, of the clouds also
manifest a correlation between the convection zone and the cloud measurements. In
summer (June-July-August), the CE is located in the latitude of Palau, (see Figure
4.18) indicating an enhancement of the convective clouds induced by the converg-
ing zone. During this period, the CR is significantly lower with an averaged value
of 1.1 ± 0.1 (532/355 nm), see Figure 4.28 k-o and Table 4.2) than in other seasons
and annual mean (1.6 ± 0.5, 532/355 nm). Combining our observations of cloud op-
tical properties with the location of the CE, we verify that cirrus clouds have larger
ice crystals and higher COD in the summer with lower CR (see Figure 4.28), which
is more likely to originate from convective events. In contrast, in other seasons CE
moves to the south of the Palau and is less influenced by large-scale convergence
zones, and based on our radar measurements, cirrus CRs are larger and ice crystal
particles smaller, and these high cirrus clouds are more likely to originate from in
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situ dry freezes (Flury, Wu, and Read, 2012; Sassen, Wang, and Liu, 2008; Immler
et al., 2007).

Satellite-based studies showing increased cirrus cloud PO in the TTL during NH
winter (Zou et al., 2020; Sassen, Wang, and Liu, 2008). Zou et al. (2020) reported the
cirrus clouds above the tropopause heights were detected in December-February
with a frequency of 15% than June-August of 8% in the tropics (± 20 ◦). Besides,
the Relative humidity with respect to ice (RHi) from the flight measurements over
the TWP region showed the highest RHi over the TWP, and the associated persistent
cirrus formation during the same period of the flight measurement (Schoeberl et al.,
2019). They suggest that such high RHi in TTL during winter are associated with
the adiabatic upward motion in this region and induced the ice cloud formation.
Our measurements of cirrus clouds during winter are consistent with these previous
results, with the coldest and highest cirrus cloud layer during winter. Moreover, the
seasonal distribution of the vertical distribution of PO (Figure 4.25, DJF) suggests
that cirrus clouds in winter are also most frequent close to the CPT (30-40% of the
total observations of that season). Besides, compared with other sites in the tropical
region(Table 4.3), Palau has higher CBH and CTH and the lowest cloud temperature.
Such features of the thin and cold cirrus above Palau indicate that the occurrence of
this cloud is related to the location where the pathway between the troposphere air
into the stratosphere occurs.

As previous studies suggested, the SVC (see Section 2.2.3) is related to the dehydra-
tion of tropospheric air before it enters the stratosphere and is recognized as an im-
plication for the air originating in the TTL and then entering the stratosphere (Jensen
et al., 2010). From our measurements, COD of less than 0.1 accounted for 70% of the
measurements. We detected some cirrus cloud layers with ETTCi layers of COD less
than 0.005, adapted from the definition of Immler et al. (2007). The occurrence of
the ETTCi accounts for 1.6% of the overall cirrus cases over Palau. We identified one
peak of the mid-cloud height frequency for ETTCi, which is situated at 17 km, coin-
ciding with that of CPT height. Although SVC is typically used to locate STE, our
observations indicate that SVC is not concentrated at the CPT height above Palau
but rather at 15 km which is much lower than the height of CPT about 16 to 18 km.
Therefore, we suggest that ETTCi serves as a more reliable indicator for STE than
SVC, given its consistent altitude with CPT.

4.4 Stratosphere-Troposphere Exchange over Tropical

Western Pacific

This section describes the upper air transport and STE paths in the tropical cirrus
cloud region through cloud measurements by Lidar and trajectory analyses by HYS-
PLIT (Lagrangian trajectory model, 3.4.2). The upper air paths of STE are highly
correlated with the dehydration process of the upper air at the TTL, which is a pre-
requisite for cirrus cloud formation. The air slowly rising from the troposphere to
the stratosphere is readily dried to saturation pressure over ice so the cirrus cloud
with very low COD is formed by this process in the TTL region (Spichtinger et al.,
2003; Jensen et al., 2005). This cloud formation mechanism described by the de-
hydration process suggests that horizontal advection rather than vertical motion of
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the TTL would flow into a cold trap with very low temperatures (Holton and Get-
telman, 2001), which leads to a dehydration process of the air in the region, which
then rises adiabatically in the cold trap by the release of the latent heat (Schoeberl
et al., 2019). In this section, the STE paths over the TWP in different seasons will
first be determined in conjunction with the cirrus measurements and their trajectory
analysis.

As discussed in section 4.1, the seasonal variations of the circulation system over
the TWP are highly correlated with the movement of the CE, which will impact
the origin of the low-level air masses over the TWP. The seasonal variations of the
trace gas observations can be categorized by the CE, as discussed in Sect. Thus,
in the TWP region, the TTL upper air transport paths, i.e., the STE channels, are
given by observations of clouds and model simulations of their trajectories, and at-
mospheric transport in the free troposphere and boundary layer is given by obser-
vations of trace gases and simulations of CE. Linking the two, we investigate how
seasonal variations in trace gas measurements affect the atmospheric composition of
the stratosphere through different STE channels.

This section finalizes the combination of upper air paths in the TTL with lower air
transport in the boundary layer and free troposphere and complements the classical
four-path STE theory Figure 2.11 by incorporating seasonal differences. We further
pointed out the mechanisms influencing the source and transport paths of air masses
over the TWP region, i.e., the movement of the CE affects the lower air transport and
the seasonal cycle of the minimum temperature in the cold trap related to the upper
air pathways. Understanding the sources and transport paths of air masses over the
TWP is crucial for unraveling the origin of atmospheric constituents in the global
stratosphere.

4.4.1 STE and cloud measurement from Lidar

In order to understand the correlation between the cirrus clouds in TTL and STE
path, the analysis combining the properties of the clouds and TTL features in differ-
ent seasons is needed.

The TTL features which are shown by the height and temperature of CPT and LMS
estimated from the radio soundings launched in Palau weather station (see Section
3.1) are given in Figure 4.30. The lowest height is around 16 km and the highest tem-
perature is around 195 K of CPT, which occurs in the summer from June to August
in Palau. In winter, the coldest CPT temperature approaches 185 k in December, Jan-
uary, and February. This specific lowermost temperature of CPT is important for the
dehydration process of the optically thin cirrus in TWP. The height and temperature
of LMS representing the lowest boundary of the TTL are shown in Figure 4.30 (b). It
can be seen that the height and temperature of LMS have no clear seasonal variation
compared to CPT. The height of LMS stays stable at about 11.6 km and a temperature
of 347 K.

As mentioned in Section 4.3, Figure 4.29 a, the optically thinner clouds tend to stay
in a higher altitude. The most frequent mid-cloud height of the ETTCi is at 18 km
and even higher than the CPT. In order to analyze the details of the features of CPT
and its relationship to the mid-cloud height in different seasons, the distance from
the mid-cloud height of clouds grouped by their optical depth to the height CPT is
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FIGURE 4.30: Daily and Monthly averaged (a) height (km) and (b)
temperature (K) of CDT (red) and LMS (blue) during the COMCAL
Lidar operation time in 2018, 2019 and 2022. Monthly mean and with
1- σ standard error of the data is shown by a red line and error bar,
respectively. Daily data is shown by the square triangle and square
for CDT and LMS, respectively. The meteorology profiles are from
radio soundings by the Weather Service Office of Palau, see section

3.1.

calculated and shown in Figure 4.31. The height of CPT is calculated from the tem-
perature profiles measured by radio soundings launched over Palau and matched
to the date of the cloud measurements. The distance from CPT to the height of the
mid-cloud layer is calculated by:

dCirrus = HCPT − HMid−cloud,
HMid−cloud = (Cirrusbase + Cirrustop)/2

(4.10)

where dCirrus is the distance from CPT to the mid-cloud height of cirrus cloud layers
measured by Lidar. The height of the mid-cloud height (HMid−cloud) is the average
height of the cirrus cloud base and top derived from the same measurement time
point. The CPT is calculated from temperature profiles obtained on the same day
of the lidar measurement. For simplicity, for example, the distance from CPT to the
mid-cloud height of different types of cirrus, e.g., SVC, thin, thick and ETTCi cirrus
cloud refers to dSVC, dthin, dthick and dETTCi, respectively.

The annual results of all cirrus distance indicates that most cirrus are distributed
below 1 to 2 km of the CPT. For cirrus higher than CPT, the frequency is about 0.1 of
the total cases, and the majority of those clouds that are higher than CPT are in the
range of 1 km above the CPT. For thin cirrus, only a few cases that the cloud layers
are higher than CPT, typically occur in winter and summer. The distributions of dthin
and dCirrus are similar to each other, which is not surprising since thin cirrus is the
predominant type of cirrus cloud measured over Palau (see Figure 4.29b).

For thick cirrus, the most frequent dthick is in the range of 3 to 4 km below the CPT
about 13 to 14 km, which is typically the height of LNB and is also the height of
LMCO (the level of main convective outflow, Section 2.2.2). This infers that the thick
clouds measured above Palau are relative to the avail cirrus related to the outflow
of the convective clouds. Moreover, there were no cases with thick clouds above the
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FIGURE 4.31: Frequency of occurrence of the seasonal and annual
distance from the mid-cloud height for the cases of (1-5) all cirrus
cloud (6-10) SVC (11-15) thin cirrus (16-20) thick cirrus and (21-25)
ETTCi to the height of CPT. The bin size is 1 km. The bin is marked
by the brown-hatched for the mid-cloud height higher than the height

of CPT.

CPT. It indicates that for most cases, the highest altitude the convection cell can reach
is LNB, and becomes equilibrium with the ambient atmosphere. This suggests that
in most cases the highest altitude a convective cell can reach is the LNB, from which
it flows out. Unless the air mass carrying detached ice crystals is further dehydrated
at higher altitudes where the air is supersaturated and cirrus clouds with less COD,
e.g., thin, SVC, and ETTCi cirrus clouds can be formed.

The ETTCi are the rare cases measured over Palau compared with other optically
thicker cirrus. However, the ETTCi is very important because of its indication to the
STE. In each season and annual mean, ETTCi is usually observed to be higher than
CPT, with less than 25% of cases lower than CPT. In winter, About 90% of the cases in
winter are with dETTCi of 1 km above CPT, which indicates the airmass transits into
the stratosphere through the path in the cold trap above the TWP region in winter.
Due to the exceptionally cold environment temperature in the upper TTL over Palau
(can lower to 185 K, see Figure 4.30 b) during this period, the dehydration process
in the air mass favours its slow and continuous rise. In this path, the formation of
ETTCi occurs in parallel with the dehydration and slow rise of the air mass.
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4.4.2 STE indicated by case studies of cirrus cloud

To study the cirrus in the upper troposphere above Palau in detail, typical two case
studies of different types of cirrus are presented. To better understand the mecha-
nism of the formation of the cloud layer, the profiles of temperature and RHi in the
upper air on the same day of the lidar measurements are also presented and ana-
lyzed. The path of the STE is indicated by the cloud measurements from the lidar
and the forward and backward trajectories of the clouds.

Typical case 1: 13 December 2018

The first case, on 13 December 2018 (Figure 4.32), shows a typical situation mea-
sured over Palau with two layers of clouds. During the measurement period, an
SVC/ETTCi is detected at about 18 km, and one thin cirrus is detected at 14.5 to 16
km, as seen in Figure 4.32a. The COD of each cloud layer at the time point of the
measurements is presented in Figure 4.32b.

The radio-sounding balloon was launched at 12:00 UTC, and Figure 4.32d presented
the profiles of temperature. The height of the CPT is about 18 km, with a cold point
temperature of about 185 K. The RHi calculated from the temperature and relative
humidity obtained from the radio sounding are presented in Figure 4.32c. The RHi is
increasing from about 14.5 km, where there is also the base of the lower cloud layer.
The maximum RHi is about 140% at 18 km, which is the altitude of the SVC/ETTCi
and the CPT. This supersaturated and cold environment near CPT suggests a condi-
tion that led to further dehydration of the air mass flow in the altitude range above
14 km up to the CPT. Throughout this process, cirrus clouds with very low COD
were formed, such as the SVC and ETTCi. From the Lidar measurement over Palau,
the SVC and ETTCi are typically detected in the range 2 km beneath and above the
CPT (see Figure 4.31(6-10) and (21-25)), for example in this case 17.5 to 18.5 km on
13 December 2018.

The TTL over the TWP warm pool is the so-called "cold trap" (Holton and Gettel-
man, 2001) which plays an important role in the Stratosphere-troposphere Exchange
(STE). As shown in Figure 2.9, the cold center in 100 hPa (about 16 km) is located
above the TWP region in an annual mean map, and the coldest center is also located
over the TWP region in January as shown by the white dashed line of the isothermal
of 189 K in Figure 2.10. This also agrees with the temperature profiles measured over
Palau on 13 December 2018, with a cold point of 185.2 K, as shown in Figure 4.32d.
When the TTL air mass drifts horizontally through the large-scale circulation into
a cold trap, the low-temperature conditions enable the air mass to further release
latent heat and finally rise into the stratosphere.

In order to further analyze the path of STE with different cloud types on this day,
the 30-day backward and forward trajectory for the upper and lower cloud layers
are presented in Figure 4.32e-h. We started one trajectory each hour from 5 points
inside the cloud. In detail, the releasing points are calculated from the cloud top and
base height with the corresponding measurement time of the lidar. The cirrus clouds
are vertically divided into four layers with five heights inside the cloud layer as the
height of the starting points of the trajectories. The time step of the starting point of
the cirrus cloud layer is 1 h.
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For the backward trajectory of the upper cloud, the long-distance trajectories in the
tropics are the dominant patterns. For several backward trajectories at a high alti-
tude (17 km -19 km), there are circling patterns inside the cold traps. While for the
lower cloud layer, most of the backward trajectories are from the long distance in
lower altitudes less than 12 km.

From the forward trajectories, shown in Figure 4.32f and h, after the air parcel reaches
the height of the upper cloud layer, which is about 18 km, only trajectories circling
inside the cold trap over the TWP region ascend further and reach 20 km. The trajec-
tory of the case for the upper cloud layer measured on 13 December 2018 coincides
with Path 4 of classic STE pathways (see Figure 2.11), where the air parcels flowed
long distances in the TTL until they reached the cold trap and circled in it, eventually
reaching the stratosphere. As the air parcels exited the cold trap, they descended to
lower altitudes of less than 17 km, circled and slowly descended in mid and lower
altitudes (15 - 17 km) of TTL, and finally entered the troposphere. This transport
mode refers to Path 2 of classic STE pathways (Figure 2.11), where the air mass flows
within the TTL and descends outside the cold trap, eventually descending into the
troposphere. For the forward trajectories of the lower cloud layer, the situation is
similar to the upper cloud layer. Only inside the cold trap, the heights of the trajec-
tories were higher than this cloud layer (>16 km), while trajectories outside it tend
to stay at lower altitudes.

Typical case 2: 1 August 2022

Another case on 1 August 2022, is presented by Figure 4.33. During the measure-
ment period, two layers of cirrus were detected, which is similar to the case on 13
December 2018. The lower cloud layer stays at about 14 km with a GT of 1 km, and
most of the COD of the lower cloud layer is higher than 0.1 and even higher than
0.3, namely thin and thick cirrus, respecively. The upper cloud layer stays below the
CPT of about 17.5 km during the measurement time, as shown in Figure 4.33d. The
COD of this layer was less than 0.03 and even less than 0.005 at specific measure-
ment time points. So the upper layer cloud is the SVC and ETTCi, which is very
similar to the first case on 13 December 2018.

The temperature and RHi are presented in Figure 4.33 c and d. The RHi was less than
100% in the whole vertical range from 10 km to 20 km, which shows the relatively
dryer environment than the winter case on 13 December. Even below the height
of cloud bases of both cloud layers, the environment was less than 100%. The cold
point in this case was about 190 K which is higher than the winter case, indicating
the less intensive cold trap over TWP. The lower RHi below the CPT indicates that
the cold trap during this time is not cold enough to further dehydrate the air parcels
flowing in it.

The trajectory results for this case are also presented. The backward trajectory of
the upper cloud layer shows a stable circling pattern above 19 km in the NH inner
tropical regions (10 ◦N) and a lower descending pattern in the SH. This suggests the
large-scale descending air mass in the UTLS for the summer case in contrast with
the ascending air mass below the CPT shown by the winter case.

From the forward trajectories, almost all the air masses descended from the cloud
layer height of about 18 km to a lower altitude of less than 16 km. The results of
the trajectories and measurements on 1st August 2022 suggest that even though
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the SVC and ETTCi were formed near the CPT in the low-temperature layer, they
would disappear later because of the less intensive cold trap and the associated
non-supersaturated environment. The air parcels in this upper cloud layer slowly
descended and finally entered the troposphere. This transport mode refers to Path 2
of classic STE pathways (Figure 2.11), where the air mass flows within the TTL and
descends because of the less intensive cold trap over the TWP region, eventually
descending into the troposphere.

For the lower cloud layer, most of the backward trajectories are from the long dis-
tance in lower altitudes less than 12 km similar to the winter case. The forward tra-
jectories of the lower cloud layer show that air parcels descended to altitudes lower
than the cloud height (< 14 km). This transport pattern of the lower cloud layer is
Path 2 and 3 of classic STE pathways (Figure 2.11). Before the air parcel reached
LNB/EL about 14 km the latent heat of the parcels was fully released and generated
widespread anvils at this altitude. The temperature is very low and the freezing of
the liquid droplets forms long-lived cirrus as the cloud layers detected by the lidar
measurements in this case. After that, the air parcels flowed through the TTL region
and eventually descended to low altitudes.
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FIGURE 4.32: Measurements and trajectory analysis of a typical case
study on 13 December 2018. Figure 4.32a shows the BSR at 532 nm as
a function of time and altitude. Figure 4.32b are the COD at 532 nm of
the cloud layers as a function of time corresponding to Figure 4.32a.
Two cloud layers are detected on this day, the COD of the upper layer
and the lower layer is marked by green and red dots, respectively.
Figure 4.32c shows the RHi profiles as a function of height. Figure
4.32d shows the temperature profiles as a function of height. The
temperature and RHi profiles are obtained from the radio soundings
launched at the Palau weather station (see Section 3.1). The horizontal
lines indicate the altitude range of the TTL between the CPT height
(dashed line) and the height of LMS (dotted line) calculated by the
temperature profiles each day. Figure 4.32e - h displays the trajecto-
ries of the cloud layer corresponding to Figure 4.32a. Figure 4.32 e
and g display the backward trajectories while f and h display the for-
ward trajectories, respectively, for the upper (e and f) and lower cloud
layer (g and h). The colors of the scatter in the trajectory plot depict
the height of the trajectory points. To see the set-up of the trajectory
model, please refer to Section 3.4.2. RHi: the Relative Humidity with

respect to ice.
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FIGURE 4.33: Measurements and trajectory analysis of a typical case
study on 1 August 2022. The description of the plots is the same as

Figure 4.33 but for a different day on 1 August 2022.

TABLE 4.4: Information of the case studies

Case 13 December 2018 Case 01 August 2022
Height of CPT [km] 18.0 17.5

Temperature of CPT [K] 185.2 190.2
Cloud types (upper) SVC, ETTCi SVC, ETTCi
Cloud types (lower) thin thin, thick

Pathway Path 2 and 4 Path 2 and 3

4.4.3 Pathway of STE from trajectory analysis

Based on the analysis of the trajectory simulation by the HYSPLIT trajectory model,
the pathways of STE in winter and summer are compared and presented. The trajec-
tories were released from the cirrus cloud layer in TTL by the lidar measurements on
all available months. The setup and details for the trajectory model simulation are
described in Section 3.4.2. Here, the results of trajectories in August and December,
which are the most representative months for winter and summer are presented and
discussed in detail.
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Source of the air masses in TTL over Palau

The start of the trajectory is divided into two layers, 12 - 16 km and above 16 km,
which represent cirrus clouds measured at the lower and upper levels of the TTL.
For simplicity, the trajectories released from 12 - 16 km are referred to as Trajlow and
those above 16 km are referred to as Trajup.

In December, most of the air masses in Trajup come from the lower levels of the TTL
(< 16 km), as seen from Figure 4.34 a. This suggests that for cirrus clouds staying in
the upper layers of the TTL, they are formed by gradual dehydration in the rising
air mass. Compared to Trajup, more Trajlow are higher than the height of the start
point and coming from long-distance transport. But the dominant trajectories are
still lower than the start point which indicates a mostly ascending process.

In August, Trajup and Trajlow have similar characteristics. In the tropics (±30◦) air
masses come from higher altitudes relative to the starting point. This suggests that
over the summer tropics, the air masses originate mostly from downwelling trans-
port over the NH tropical at the TTL. In terms of the large-scale circulation system,
this is consistent with the characteristics of the upper down-welling branch of the
Hadley cell, with cold air sinking at the TTL on a large scale. Both Trajup and Trajlow
are at lower altitudes in the extratropics. In the NH subtropics (30◦ N - 60◦ N), there
are lower tropopause heights and associated higher ambient temperatures in the up-
per troposphere atmosphere. So there is a large-scale upward process of air masses
from the subtropics into the tropics, i.e., the upper branch of the Ferrel cell.

In summary, the source of the air masses over the TWP region in TTL is different
between summer and winter. In winter, the air masses are coming from the lower
altitude with large-scale up-welling. In contrast, for summer, the air masses sources
are dominated by the large-scale downwelling transport in tropical regions and up-
welling from sub-tropical long-distance transport.

Pathway of STE in TTL over Palau

The forward trajectory simulations of the cloud layers were conducted to under-
stand the forward path of the air masses in the TTL. The simulation results for De-
cember and August are presented in Figure 4.34e-f. The releasing points of the tra-
jectories were also divided into the upper and lower layers similar to the backward
analysis.

In December, most of the air masses that can continue to rise to higher altitudes are
located within the confines of the cold trap, which is the cold temperature center
over the TWP region in winter (shown in Figure 4.34i). For Trajup, higher air masses
further descend into lower altitudes out of the cold trap in the tropical region and
subtropics within the 30-day time span of the trajectory. For Trajlow, the results show
that most of the air masses stay inside the cold trap and slowly ascend for at least 30
days.

In August, the forward paths of the air masses mostly descend to a lower altitude.
Most of the trajectory in August will sink into the SH tropics. Some of the trajectories
in the equatorial Indian Ocean will continue to rise. A few of the Trajup may even
rise to heights greater than 20 km, which enters the stratosphere similar to the winter
season. However, the proportion of trajectories that continue to rise is much smaller
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than in winter. This suggests that in the upper TTL, the STE path over the TWP
through very low temperatures into the stratosphere is still dominant due to the
effect of cold traps.

The temperature over the TWP region in 100 hPa is presented in Figure 4.34i and
j. There is a cold center with the lowest temperature which refers to the cold trap
located over the TWP region both in December and August. The lowest temperature
of about 189 K in December is also located over TWP, and as mentioned before, only
forward trajectories inside the cold trap can uplift and reach the stratosphere. In
August, the cold center moves westward and spreads out over the North Indian
Ocean. This is also consistent with the results of the summer forward trajectory
simulation.

Overall, the results of air trajectories over the TWP show seasonally characterized
transport pathways. The seasonal characteristics of the transport paths are closely
related to the upper layer temperature of the TTL in the corresponding season and
the location of the minimum temperature of the cold trap. In summer, the trajecto-
ries of the air masses are consistent with a large-scale circulation background. They
are controlled by the upper branch of the Hadley circulation in the TTL, showing a
transport path of large-scale cold air sinking. In winter, on the other hand, the air
masses show a large-scale slowly ascending transport path in the cold trap, influ-
enced by the very low temperature in the upper TTL. For the air masses flow outside
the cold trap, they are consistent with the sinking path of the Hadley circulation in
the upper layer of TTL.

The previous analysis was based on the backward and forward trajectories released
in December and August which represent winter and summer, respectively. For
trajectory simulations by HYSPLIT on other months, please see Appendix B.3.
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FIGURE 4.34: 30-days (a)-(d) backward and (e)-(h) forward trajectory
starting from the cloud layer and maps on 100 hPa of (i) December
and (j) August averaged temperature (in K) fields. The height of the
start point is divided into two groups: 12 - 16 km and higher than
16 km, as noted on the plots, Figure4.34(a), (c), (e) and (i) are trajec-
tory groups with starting point higher than 16 km; Figure4.34(b), (d),
(g) and (h) are trajectory groups with starting point higher than 16
km. The location of Palau which is the start point of the trajectory
is marked by the yellow markers in the figure. Trajectory points are
output at hourly intervals, and in Figure4.34(a)-(d) and (e)-(h), the
trajectory points are sparsified at intervals of 20 points for clarity of
display. The white dashed line shows the isothermal line of 189 K in
December. The temperature data are from the ERA5 reanalysis data

(Hersbach et al., 2020).
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4.4.4 Summary and discussion

In this section, the transport paths of the TTL over the TWP area are analyzed by
combining cirrus lidar measurements and trajectory model simulations. The prin-
ciple finding is that only cirrus cloud layers measured in winter have forward tra-
jectories further up into the stratosphere, providing observational support to the
long-standing assumption in trajectory models that the primary path of the STE is
over the winter TWP region. (Fueglistaler, Wernli, and Peter, 2004; Fueglistaler and
Fu, 2006; Bergman et al., 2012b).

We first compare distances from the CPT to the mid-cloud height for different types
of cirrus clouds. Although the SVC is usually taken as the indicator of the STE in
the upper TTL (Reverdy et al., 2012), we found that the most dominant height of
SVC is about 16 km (Figure 4.29) and evenly distributed 1 - 3 below the CPT (Figure
4.31 (6)-(10)). This suggests that the SVC is not a good indicator of STE processes
for air masses. We suggest optically thinner cirrus cloud with COD less than 0.005,
the ETTCi (Immler et al., 2007) to better indicate the relationship between the STE
process and the cirrus cloud. This cloud is dominantly distributed 1 km above the
CPT (Figure 4.31) which suggests a possible better indicator of STE than SVC.

With two typical cases measured in different seasons, we combine meteorological
conditions, measurements of cirrus clouds in the TTL and their trajectory simula-
tion results. Our measurements provide a demonstration for the classical four trans-
port paths of STE (see Section 2.3, Figure 2.11, Fueglistaler, Wernli, and Peter, 2004;
Bergman et al., 2012a) in the TWP region. The characteristics of cirrus clouds, such
as the altitude at which they are located, and the geometric and optical thickness of
the clouds are very similar in both seasons. However, the meteorological conditions
are different, with supersaturation just reaching the clouds in summer. In winter,
the humidity is much higher and much greater than the supersaturation compared
to the summer season case. Combining the results of the trajectory simulations for
both, it is found that the air mass at the height of the cloud in winter rises further
due to dehydration, and the upper-level cloud can even reach the stratosphere. In
contrast, air masses in summer descend after reaching the CPT and do not reach the
stratosphere.

The Backward and forward trajectory simulations are performed based on cloud
measurements to study the upper-air transport path and its seasonal characteris-
tics. The summer trajectory results show that the vast majority of the sources and
destinations of air masses are consistent with a large-scale circulation in the TTL.
Large-scale cold air sinks in the upper down-welling branch of the Hadley circu-
lation close to the CPT over the tropical regions. Only a small fraction of the air
masses over the northern Indian Ocean are able to enter the stratosphere. In winter,
it is distinguished from the sinking transport path of cold air in the upper branch
of the Hadley circulation. Due to the presence of cold traps, large-scale updrafts
replace the cold-air sinking circulation background. Air masses in the cold trap can
rise further into the stratosphere. In conjunction with the 100 hPa temperature field,
the location of the cold trap is consistent with the region of the large-scale rising air
mass.

By cloud layer measurements and trajectory simulations, we demonstrate the four
transport paths of upper air over the TWP in different seasons. In the previous
sections, through model simulations and observations, we used CE to obtain the
source and seasonal variation of the bottom layer of air masses in the troposphere
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over the TWP region. Combining the transport paths in the lower troposphere and
upper air, we give the complete transport path over the TWP considering seasonal
characteristics, as shown in Figure 4.35. The four transport paths over the TWP re-
gion are shown by the arrows, with different cloud types, such as convection cells,
thin cirrus, SVC, associated with different transport paths. In summer, there is only
one path where air mass can reach the stratosphere over the TWP region, the over-
shooting tops penetrating the TTL, which refers to Path 1. The STE by overshooting
tops occur randomly in all seasons, and (Fueglistaler et al., 2009; Pommereau, 2010).
The airmass outflows from the convection cloud and avail-shaped cirrus clouds are
formed. The air mass outflows from it in LNB or in the upper layer of TTL and fi-
nally sinks to the free troposphere for Path 2 and Path 3. The typical altitude of a
convection cloud over a tropical region is the LNB / EL, at about 14 km as shown
by Path 2 in Figure 4.35. Cloud measurements also show high frequency of the thick
clouds below 14 km in TTL over Palau. Path 2 happens when the outflow of the
convection is over LNB, thus the air mass circulates longer time in the upper layer
of TTL than Path 3 (Bergman et al., 2012a; Takahashi, Luo, and Stephens, 2017).

However, Path 4 only occurs in winter, associated with the strong cold trap during
this time, depicted by the upper yellow ellipses over the TWP region, as shown in
4.35b. As mentioned before, the low temperature near CPT over the TWP region
favours the dehydration process of the air mass. The SVC and ETTCi cloud are usu-
ally detected near the CPT (Immler et al., 2007; Pandit et al., 2015). Our trajectory
simulations show the large-scale uplift in the cold trap in winter replaces the cold-
air sinking circulation in the down-welling branch of the Hadley cell in other sea-
sons. This is consistent with the cold trap scheme from the previous studies (Holton
and Gettelman, 2001; Fueglistaler, Wernli, and Peter, 2004; Fueglistaler et al., 2009;
Bergman et al., 2012b).

Moreover, the air mass origins are shown by the blue/red circles at the beginning of
the arrows. The blue and red curves and the two blue arrows in the lower part of
the figure show the location of the CE, which is centered on (a) the 10 ◦N in summer
and (b) the 10 ◦S in winter (for details on the vertical structure of the CE, see Figure
4.9). The blue and red circles in the figure indicate the continental airflow from NH
(Southeast Asia) and the clean ocean airflow from SH (Pacific Ocean), respectively.

Controlled by the north-south movement of the CE in different seasons, the domi-
nant air mass origins are different. The clean air from SH blows to Palau in summer,
through different transport paths into TTL. The short-lived species from the ocean
such as Bry and Iy can be injected into the stratosphere through Path 1 by the in-
tensive overshooting tops. In contrast, the NH, specifically, Southeast Asia, are the
dominant air mass origins over the TWP region in winter, bringing high content of
species related to human activities, such as O3, CO and NOx. This is characterized
by the FTIR and the ozone sonde measurements in Section 4.2. The air mass from
Southeast Asia then via the vertical transport path into TTL. As mentioned in Sec-
tion 2.3.2, there are low values of OH and O3 thus low oxidizing capacity in the TWP
region, especially in cold traps, (see Figure2.13). Thus, Path 4 with a high possibility
to transport the short-lived species into the stratosphere before such species are oxi-
dized and removed in the air. This scheme of Path 4 over the TWP region in winter
has a large impact on the atmospheric composition in the stratosphere and finally
impacts the global climate. However, further quantifying the short-lived species by
direct measurements such as aircraft and satellites over the TWP region in the cold
trap is needed to further validate this process.
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FIGURE 4.35: Schematic diagram of transport and paths over the
TWP region associated with the longitudinal seasonal transitions of
the circulation systems (ITCZ/CE) and the resulting changes in the
sources of air masses in the (a) summer (June-July-August) and (b)
winter (December-January-February). The descriptions of the icon
are given on the right of the Figure. The transport and paths over the
TWP are supplemented with seasonal variations in their characteris-

tics from Figure 2.11.
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Chapter 5

Summary and outlook

5.1 Summary

The major pathway for air entering the stratosphere is over the Tropical Western
Pacific (TWP) region (Fueglistaler, Wernli, and Peter, 2004; Bergman et al., 2012a),
and this key region have a major effect on modifying the atmospheric composition in
the stratosphere (Rex et al., 2014; Villamayor et al., 2023). The model simulations and
measurements from the atmospheric observatory located in Koror, Palau (7.34◦N,
134.47◦E), in the center of the Pacific warm pool, are used to study the transport
paths over this key region. The objective of my PhD is to study the pathways of
STE over the TWP region and exploit the usage of FTIR and ground-based Lidar
measurements for this topic.

The atmospheric transport in the TWP region is highly related to the movement of
the circulation system, the Inter-Tropical Convergence Zone (ITCZ) associated with
the up-welling branch of Hadley cell in the tropics (Adam, Bischoff, and Schneider,
2016; Berry and Reeder, 2014). Since the indicator of ITCZ such as tropical rain belt
is not accurate enough in the TWP region (Schneider, Bischoff, and Haug, 2014), we
developed a method called Chemical Equator (CE) by the simulations of an artificial
passive tracer to indicate the migration of atmospheric circulation systems and air
mass origins. We compared CE with the tropical rain belt, a common indicator for
airmass origins from ITCZ theory, we found that CE is not always consistent with
the maximum rain rate during the year, especially in the TWP region.

Then, seasonal variations in tropospheric columns of CO and ozone measured by
FTIR spectroscopy and ozone sondes were characterized using CE. The low CO and
O3 are in summer and early autumn and high CO and O3 in winter and early spring
can be characterized by the seasonal north-south movement of the CE. Thus, the
effects of transport on the atmospheric composition in the troposphere over the TWP
region were verified with observations and model results. These results suggest that
CE has a good potential to be utilized to distinguish between different origins of air
masses influenced by atmospheric large-scale circulation factors.

The upper-air observations were conducted for the cirrus cloud layers by ground-
based polarization Lidar. The occurrence of the cirrus clouds and their geometrical,
thermodynamic and optical properties were quantified and analysed. The annual
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cycle of the cloud layer height and cloud temperature is consistent with the Cold
Point Tropopause (CPT), with maximum cloud layer height, highest CPT in winter
and minimum cloud layer, lowest CPT in summer. The measurements show that the
cirrus clouds observed in Palau are colder compared with other places in the tropics.
The high occurrence of the colder cirrus cloud layer coincides with the phenomenon
that there is a colder temperature closely below the CPT compared with everywhere
else in the tropics.

To relate the atmospheric transport in the Upper troposphere and Lower Strato-
sphere (UTLS) region to the measurements of the cloud layer, we conducted La-
grangian trajectory simulations based on the cloud layer measurements. Consid-
ering the seasonal cycle of the CPT over the TWP region, the cloud layers mea-
sured and the trajectory simulations in winter and summer were compared. The
principle finding is that only cirrus cloud layers measured in winter have forward
trajectories further up into the stratosphere, lending observational support to the
long-standing assumption in trajectory models that the primary path of the STE is
over the winter TWP region (Fueglistaler, Wernli, and Peter, 2004; Fueglistaler and
Fu, 2006; Bergman et al., 2012a). Combining trajectory results and the temperature
fields, it indicated that due to the presence of a cold trap (Holton et al., 1995; Holton
and Gettelman, 2001) in winter. This is an exceptionally cold center over the TWP
upper layer near CPT, large-scale updrafts replace the cold-air sinking circulation
background which is the down-welling branch of the Hadley cell.

Finally, we provide an atmospheric transport scheme over the TWP region combin-
ing measurements in Palau and model simulations. In the lower altitude from sur-
face to free troposphere, it is characterized by the north-south movement of CE, and
its position associated with the air mass origin can be determined by the simulation
of the passive tracer. In the UTLS region above TWP, the measurements of cloud
layers and the trajectories validate the pathways of the stratosphere-troposphere ex-
change. The clean air from the Pacific Ocean blows to Palau in summer, and the
short-lived species from the ocean such as Bry and Iy can be injected into the strato-
sphere through the overshooting tops which rarely penetrate into the stratosphere
(frequency about 0.5% over the TWP (Pommereau, 2010)). In contrast, Southeast
Asia, has the dominant air mass origins over the TWP region in winter, bringing
high content of anthropogenic species, such as O3, CO and NOx. The air mass from
Southeast Asia then via the vertical transport path inside the cold trap into the strato-
sphere.
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5.2 Outlook

Although there are gaps and uncertainties in the measurements of such short-lived
species and anthropogenic species over the TWP region, specifically in the cold trap,
the atmospheric transport scheme can still be supported by the model simulations
and the cloud layer measurements in the upper air over Palau. Considering the
vertical resolution of the FTIR measurements of such species, future work can focus
on satellite-based measurements over the TWP region, and lend more observational
support to the theory of the pathways from the troposphere to the stratosphere.

There has been an ongoing debate about whether the short-lived species can be
transported into the stratosphere through the cold trap scheme (Fueglistaler and
Fu, 2006; Pommereau, 2010). The time scale of the cold trap scheme is as long as 60
days. The assumption and explanation for this is the low oxidizing capacity asso-
ciated with low OH content in the atmosphere over the TWP region, especially in
the cold trap (Rex et al., 2014). The species can stay longer in the atmosphere before
being oxidized and removed. However, there have been no direct estimations of the
OH content in the atmosphere, and it is only based on the model simulation. Al-
though challenging, the direct estimations of the OH and the related low oxidizing
capacity are the key to the cold trap scheme of STE.

The seasonal cycle of the transport scheme over the TWP region is based on the
general atmosphere circulation systems. However, equatorial climate variation, for
example, El Niño and La Niña, is of great importance in understanding the atmo-
sphere transport process. Future work about the transport scheme over the TWP
region considering the equatorial climate variations is needed.

In the context of global warming, a number of recent studies have reported that cold
traps in the tropics (e.g. Pandit et al., 2015; Bourguet and Linz, 2023) have become
weaker and that the UTLS O3 has also become impoverished due to an increase in
short-lived species (Villamayor et al., 2023). While there is now more discussion and
partial confirmation of the former, the implications of the weakening cold trap for
STE have not received sufficient attention. At the same time, changes in the STE
pathway also bring about effects on the stratospheric chemical composition. So the
question of whether this is related to the depletion of the tropical stratospheric ozone
layer and to what extent it will affect the global climate also needs to be answered.
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Appendix A

Additional Description of Model

Simulation

A.1 Sensitivity study for CE: Experiment 3 to Experiment 5

E3 to E5 are three supplement case studies with different emission regions and ver-
tical layers compared to E1 and E2; the setting of the simulations are shown in Ta-
ble. A.1. These cases are aimed to test the stability of our method to determine the
CE. It should be noted that the north-south gradient of this passive tracer is the ini-
tial condition of the method and the definition of the CE. So, the emissions of the
tracer must exist continuously in one hemisphere to create and maintain this gradi-
ent, rather than an equilibrated atmosphere.

A.2 CE by Gradient Method

The CE calculated from the latitudinal gradient of the passive tracer is shown in
Fig. A.1. In some regions, such as Easter Pacific and Atlantic Ocean, the gradient-
based CE is consistent with the CE calculated by the trend as the method used in
the main text of the study. But in general, the gradient-based CE is less stable
than the trend-based CE in most areas, which shows a better potential to use the
method based on trend to determine the CE than by the gradient. In some cases, e.g.
Fig. A.1b between -130 and -160 ◦E the gradient found by the steepest gradient does
not make sense.
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TABLE A.1: The settings for experiment E3 to experiment E5

Experiment Release area Release layer Simulated time
E3 30◦N - 70◦N, -180◦- 180◦ Surface - 1 km 5 years (2014 - 2019)
E4 30◦N - 90◦N, -180◦- 180◦ Surface - 10 km 5 years (2014 - 2019)
E5 30◦N - 90◦N, -180◦- 180◦ Surface - 1 km 5 years (2010 - 2015)

FIGURE A.1: The CE which is calculated by the trend (CEtrend, solid
black line) compares to the CE which is calculated by the latitudinal
gradient of the passive tracer (CEgradient, dashed dot line). The upper,
middle, and lower plots are CE with the distribution of the passive

tracer on 1, 15, and 31 January 2016.
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Appendix B

Additional Description of

Measurements and Results

B.1 CH4 and CO Products from TROPOMI

The Sentinel-5 Precursor satellite mission (Veefkind et al., 2012) was launched on 13
October 2017 carrying a single scientific instrument, TROPOMI, which is a nadir-
viewing passive grating imaging spectrometer. The satellite is positioned in a near-
polar, sun-synchronous orbit and has a swath width of 2600 km, which allows for
daily coverage of the Earth. The retrieval is however dependent on sun-lit, cloud-
free scenes which limits the daily coverage. The instrument consists of four spec-
trometers measuring radiances in the ultraviolet, ultraviolet-visible, near-infrared,
and short-wave infrared bands. XCH4 and XCO used in this study are retrieved
from TROPOMI measurements of sunlight reflected by Earth’s surface and the at-
mosphere in the SWIR wavelengths (2300 - 2389 nm). The spatial resolution is 5.5
× 7 km2 at nadir. The Weighting Function Modified Differential Optical Absorption
Spectroscopy (WFMD) TROPOMI data product (Schneising et al., 2019) provides
column-averaged dry air mole fractions of both CH4 and CO. Here we use the latest
release of the WFMD product (v1.8) (Schneising et al., 2023) and process it onto a 2◦ ×
2◦ grid. For this, each measurement is assigned to a single grid cell and the weighted
average of all measurements per cell is calculated. The measurements are weighted
using the inverse standard deviation to disadvantage measurements with high un-
certainty. Additionally, only measurements with a quality flag (qf) and qf=0 (good)
are included. Data coverage is therefore limited over regions with many clouds (e.g.
tropics) or challenging measurement conditions.

B.2 The measurement hours of the Lidar system

The measurement hours of the lidar system and the time of the cirrus cloud occur-
rence in each month are shown in Figure A. The total duration hours of the lidar
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system were 332 hours during the period 2018 to 2022. Cirrus cloud layers are being
detected each month. The time of the occurrence of the cirrus cloud is also shown
each month with the total duration time of the lidar system. There were no suc-
cessful measurements by ComCAL in June and September because of the technique
issues.

It should be noted that the uncertainty of the yearly averaged PO can be due to
the gap between our observations and the uneven duration time of the lidar each
month. We have a specifically long duration time of Lidar in August, as shown
in Fig. B.1 since we made an intensive measurement during the Asian Summer
Monsoon Chemical & CLimate Impact Project (ACCLIP) campaign in August 2022.
Apart from that, the other months are with a similar range of duration time. Even
though the duration time in July and August is very different, the PO with 44% in
July and 47.7% in August is within the acceptable difference in the same season. This
gives us confidence that a longer duration time does not introduce large uncertainty.

FIGURE B.1: Monthly measurement hours of the lidar system and
cirrus cloud occurrence in Palau. The number in the upper plot refers
to the average PO of cirrus out of the total duration time of the lidar
system in each month. *The yearly averaged PO is calculated within

the 10 months we had observations.

B.3 HYSPLIT trajectory simulations

The backward and forward trajectory simulations of the cloud layers were con-
ducted to understand the forward path of the air masses in the TTL. The simulation
results for other months as a supplement of Figure 4.34 are presented in Figure B.2
and Figure B.3, respectively. The start of the trajectory is divided into two layers, 12
- 16 km and above 16 km, which represent cirrus clouds measured at the lower and
upper levels of the TTL.
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FIGURE B.2: Backward trajectory simulations on other months as a
supplement of Figure 4.34. The location of Palau which is the start
point of the trajectory is marked by the yellow markers in the figure.
Trajectory points are output at hourly intervals, and in this figure, the
trajectory points are sparsified at intervals of 20 points for clarity of

display.
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FIGURE B.3: forkward trajectory simulations on other months as a
supplement of Figure 4.34. The location of Palau which is the start
point of the trajectory is marked by the yellow markers in the figure.
Trajectory points are output at hourly intervals, and in this figure, the
trajectory points are sparsified at intervals of 20 points for clarity of

display.
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