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Teil 1

1 Aufgabenstellung des Projektes

Im Projekt TROSTRA' wurde der Transport atmospharischer Spurengase von
der Troposphare in die Stratosphare im West-pazifischen Warmpool untersucht.
Dazu wurden Messungen, die sowohl von der AG Notholt der Universitat
Bremen, als auch dem AWI erhoben wurden und Modelle, GEOSCHEM und
HYSPLIT, genutzt.

Der Grund fur die Wahl dieses Standortes, Koror auf Palau, sind besondere
Bedingungen: eine sehr hohe Meerestemperatur, eine sehr reine Troposphere,
insbesondere wenig Hydroxyl, OH. OH ist ein Radikal, das insbesondere mit
organischen Gasen und vielen Umweltschadstoffen reagiert. Der Mangel an
Hydroxyl hat zur Folge, das kurzlebige (weil schnell mit OH reagierenden)
Spurenstoffe aus der Troposphare in die Stratosphare gelangen konnen. Das
Vorhaben schloss dabei an Vorarbeiten zu der atmospharischen Komposition im
Westpazifik an. Rex (2014) und Ridder (2012) berichteten von Beobachtungen,
die den sehr geringen Gehalt von OH in der Troposphare nahelegten. Notholt
(2006) Dberichtete von einem hohen OCS Gehalt in der tropischen
Tropopausenregion. Simulationen, z.B. in (Fuglisthaler, 2004) und Messungen
(Immler, 2004) zeigten, dass es im Westpazifik einen Transportweg von der
Troposphare in die Stratosphare gibt, uber den Gase wie z.B. Schwefeldioxid,
SO, in die Stratosphare gelangen konnen. Marandino (2013) schlugen
Dimethylsulfid, DMS, ein schwefelhaltiges Molekul, als mogliche Quelle von
stratospharischem Schwefel vor. DMS ist ein Stoffwechselprodukt
verschiedener Algen. Da Schwefel in der Stratosphare eine Quelle von
Aerosolen ist, ist es wichtig die naturliche Variation zu beobachten, z.B. die
Abkihlung der Erde nach Vulkanausbruchen, z.B. Pinatubo im Jahr 1991 und
das ,Jahr ohne Sommer ,1816“, das wahrscheinlich eine Folge des Ausbruches
des Vulkans Tambora (Quelle: de.wikipedia.org) war.

Das Ziel des Vorhabens war es, den tropospharischen Spurengasgehalt der
Troposphare im Westpazifik zu messen und zu untersuchen, ob und wie der
Transport von der Troposphare in die Stratosphare im westpazifischen
Warmpool stattfindet.

1 TROposphere STRAtosphere exchange


https://foerderportal.bund.de/profionline/vorhabenliste?command=single&index=0

2  Ablauf des Vorhabens

Das Projekt TROSTRA wurde in der AG Notholt des Institutes fur Umweltphysik
(IUP) an der Universitat Bremen durchgefiihrt. Die AG Notholt hat
umfangreiche Erfahrungen im Betrieb von FTIR? Spektrometern und kooperiert
mit Arbeitsgruppen weltweit im Rahmen der IRWG? des NDACC*. Diese
Kooperation von etwa 20 Arbeitsgruppen weltweit, besteht im
Erfahrungsaustausch im Aufbau und Betrieb der Gerate und Kooperation bei
der wissenschaftlichen Nutzung der Messergebnisse.

Die AG Notholt ist seit 2017 in Koror, Palau, auf der vom AWI betriebenen Palau
Atmospheric Observatory® mit einem FTIR Spektrometer prasent.

Frau Dr. Xiaoyu Sun wurde als Doktorandin in dem Vorhaben beschaftigt. Sie
arbeitete ab September 2020 in dem Projekt und untersuchte den Transport von
tropospharicher Luft uber den Equator hinweg. Sie knupfte an der Arbeit von
Hamilton (2008) an, die aus Satellitendaten das Konzept des chemischen
Aquators ableiteten, einer Grenze zwischen den den Troposharen der
nordlichen und sudlichen Hemisphare. Dazu gibt es schon seit langerem das
Konzept der innertropischen Konvergenz-zone (Inner Tropical Convergence
Zone, ITCZ), einem Regenband entlang des Aquators, das durch starke
Konvektion gekennzeichnet ist. Sun (2023) konnte zeigen, dass chemischer
Aquator und ITCZ nicht identisch sind, sondern insbesondere uber den
Kontinenten voneinander abweichen.

Durch eine Kombination von Lidarmessungen in Palau und
Transportrechnungen konnte in Sun (2024) gezeigt werden, dass
tropospharische Luft, die im Westpazifik den Cold trap Chapter 3.2 des
beiliegenden Reports und (Sun, 2024) erreicht, in die Stratosphare aufsteigt.

Frau Dr. Sun unternahm eine Reise nach Palau, um Messungen mit dem FTIR
Spektrometer durchzufithren, die die Messung von tropospharischem Ozon zum
Ziel hatten. Dies war notwendig, da zu diesen Messungen eine besondere
Instrumentenkonfiguration mit einen KBR Beamsplitter, einem MCT Detektor
und flussiger Stickstoff benotigt wurde. Die Durchfiuhrung dieser Messungen
bedurfte einer recht zeitintensiven Betreuung, die vom CRRF Palau, unserem
lokalen Partner, nicht geleistet werden konnte.

Zusammenarbeit

AWI. Nutzung von Messungen des AWI, die am Palau Observatory erhoben
wurden. Das AWI betreibt neben der gesamten Station in Palau das COMCAL
Lidarsystem und betreut regulare Radiosondenstarts. Am AWI wird ebenfalls
ein Model betrieben, das Sun (2024) nutzte, um den Transport von der
Troposphare in die Stratosphare zu modellieren.
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3

Infrared Fourier Transform

Infrared Working Group

“Network for Detection of Atmopheric Composition Change,
www.ndacc.org

> https://www.awi.de/en/science/climate-sciences/atmospheric-physics/chemistry-
ozone/palau-observatory.html



Palau Community School, der Messcontainer steht auf dem Gelande der
School.

CRRF Palau, operationeller Betrieb des FTIR in Koror, kleinere
Wartungsarbeiten an der Messtation

SAHO Paramaribo, Suriname. Operationeller Betrieb des FTIR in
Paramaribo, kleinere Wartungsarbeiten an der Messtaion in Paramaribo.

MDS Paramaribo, Suriname. Das FTIR System steht auf dem Gelande des
MDS in Paramaribo, Suriname.



Tell 2

1 Allgemein

Gestellte und erreichte Ziele des Projektes TroStra

Fortsetzung der Messungen in
Paramaribo und Palau

Erreicht. Die Spektren sind an der
Universitat Bremen gesichert und
stehen zur Verwendung eigenen
und fremden Arbeitsgruppen zur
Verfugung. Publiziert in Sun,
2024a.

Setup eines DMS Retrievals fur
FTIR Spektren

Nicht erreicht. Wichtige
Grundlagen dafur sind nicht
vorhanden, insbesondere Cross
Sections von DMS bei
verschiedenen Drucken, die fur die
Erzeugung der Pseudolinelist notig
gesen ware.

Diese Arbeit wird von Frau Dr. Sun
wahrend ihres Postdoc an der
Universitat Bremen fortgesetzt.

Installation von GEOS-CHEM,
FLEXPART und Software zur
Bestimmung des chemischen
Aquators.

Erreicht. Publiziert in Sun (2023a,
2024a)

Kategorisierung der Messungen

Erreicht, publiziert in Sun (2024a)

Evaluierung der FTIR Messungen
zum Studium des
tropospharischen Transportes

Teilweise erreicht, nicht publiziert.
Publikation geplant von Dr. Sun
wahrend ihrer Postdoc Phase-

Untersuchung der Transportwege
aus der Troposphare in die
Stratophare

Erreicht. Publiziert in Sun
(2024Db,2025)

Promotion

Erreicht. Sun (2024a)

Eine detaillierte Beschreibung der erreichten Ergebnisse im Projekt ist
im beigefugten Bericht von Frau Dr Sun.

Wichtigste Posten des zahlenmalsigen Nachweises

Zeitraum

Kosten

SAHO Paramaribo
Strom, Flussiger
Stickstoff
Operationeller
Messbetrieb

April 2020 -
Dezember 2024

40678




Wartungsarbeiten

CRRF Karor Palau April 2020 - 225275
operationeller Dezember 2024

Messbetrieb

Wartungsarbeiten

KBR Beamsplitter Oktober 2021 19195

Reisekosten Ausland Christof Petri
@® Paramaribo
Xiaoyu Sun

® Expedition
Koror, Palau

® NDACC
Konferenz Spa,
Belgium

® EGU Konferenz
Wien, Austria

® AGOS Konferenz
Singapore

Aufgrund der Reisebeschrankungen im Zusammenhang mit der
COVID-19 Pandemie konnte Frau Sun erst im September 2020 anfangen.
Frau Packeiser hat schon eher angefangen, da verschiedene
administrative Aufgaben schon ab April 2020 zu erledigen waren. Hierbei
handelt es sich vor allen Dingen um die Zusammenarbeit mit Herrn
Cornelis Becker bei der Betreuung des Instrumentes in Parmaribo und
Durchfihrung der Messungen.

Aus den Mitteln des Projektes wurde ein KBr Beamsplitter beschafft, der,
anders als der beantragte, einen erweiterten Wellenlangenbereich
aufweisst. Dieser ist in der Lage, Gase zu messen, die im TCCON
Netzwerk interessant sind. Diese konen aufgrund des erweiterten
Wellenlangenberiches mit hoherer Genauigkeit gemessen werden. Da wir
Reisemittel aufgrund der durch die COVID- 19 Pandemie bedingten
Einschrankungen nicht verwenden konnten, haben wir Mittel aus dem
Reisebudget in das Investitionskostenbudget umgewidmet.

Weitere Mittel aus dem Reisebudget wurden verwendet, um
Fremdfirmen zu beschaftigen, Wartungsarbeiten fur uns durchzufiithren.
Dies wurde fernmundlich von der Firma Impres GmbH mithilfe des
lokalen Supports, SAHO, Herr Cornelis Becker, in Paramaribo und CRRF
Palau, Frau Sharon Patris, in Koror durchgefiihrt. Der zusatzliche
Aufwand wurde aus Projektmitteln bezahlt.

Zusatzlich wurde uber SAHO Paramaribo flussiger Stickstoff und Strom
fur die FTIR Messungen in Paramaribo, Suriname, bezahlt. Die
Universitat Bremen hat in den Gebauden des CRRF in Koror einen (aus
Eigenmitteln beschaften) Flussigstickstoffgenerator betrieben. Der Strom
fur den Betrieb im Rahmen der Messkampagne von Frau Sun wurde aus



Projektmitteln bezahlt. Aufgrund eines erheblichen Brandschadens in
den Gebauden des CRRF ist dieser Generator zerstort. Eine
Ersatzbeschaffung ist von uns nicht geplant.

Konferenzteilnahmen and Prasentationen

[UP Bremen Seminar on “Physics and Chemistry of the Atmosphere”
2021-2022 Wintersemester, 19 November 2021, Bremen.
Determination of the atmospheric chemical equator from GEOS-
Chem model simulation,

Oral presentation.

EGU general assembly 2022, 23 - 27 May 2023, Vienna.

The Origin of Tropospheric Air Masses and related transport
processes inferred from FTIR measurements and Model
Simulations in Western Pacific Region and South America,
Oral presentation.

TCCON/COCCON/NDACC 2022 Joint Meeting (virtual meeting), 06 Jul
2022.

The Origin of Tropospheric Air Masses and Related Transport
Processes Inferred from FTIR Measurements and Model
Simulations in Western Pacific and South America,

Poster.

EGU general assembly 2023, 23 - 28 Apr 2023, Vienna.

Cirrus clouds in the tropical tropopause layer observed at Koror,
Palau (7.34°N, 134.47°E),

Poster.

TCCON/COCCON/NDACC 2023 Joint Meeting, 12-16 Jun 2023, Spa.
Atmospheric Ozone and CO measurements by FTIR at Koror, Palau
(7.34°N, 134.47°E),

Oral presentation.

AOGS 2023 20" Annual meeting, 30 Jul - 04 Aug, 2023, Singapore.
Atmospheric Ozone and CO measurements by FTIR at Koror, Palau
(7.34°N, 134.47°E),

Oral presentation.

EGU general assembly 2024, 14 - 19 Apr 2024, Vienna.
Exploring the Slow Large-scale updraft Pathway into the
Stratosphere over the Tropical Western Pacific,

Poster.

Palau workshop 2024, 21 - 22 Apr 2024, Potsdam.

The Atmospheric Transport over Tropical Western Pacific: a Focus
on the Cold Trap Processes for the Troposphere-stratosphere
Exchange,



Oral presentation.

TroStra (ROMIC) meeting, 25 - 26 Apr 2024, Kuhlungsborn.

The Atmospheric Transport in the Western Pacific Region by
Measurements and Model Simulations,

Oral presentation.

EGU general assembly 2025, 27 Apr - 2 May 2025, Vienna.
Evidence of Tropospheric Uplift into the Stratosphere via the
Tropical Western Pacific Cold Trap,

Poster.

IUP Bremen seminar on “Ocean, Ice and Atmosphere” 2025 summer
semester, 13 May 2025, Bremen.

Evidence of Tropospheric Uplift into the Stratosphere via the
Tropical Western Pacific Cold Trap,

Oral presentation.

Expeditions partially paid out of TROSTRA funds.

Trip to Koror, Palau. 7 - 28 Oct, 2022.
Operation of the FTIR for O3 measurements, parallel to the ACCLIP field
campaign®

Trip to Potsdam. 13 - 18 Nov, 2022.
Visit to Dr. Christoph Ritter to evaluate the COMCAL Lidar data.

6 https://www-air.larc.nasa.gov/missions/acclip/



Detailed Report on TroStra

Author: Dr. Xiaoyu Sun

1. The Chemical Equator

1.1 Determination of the Chemical Equator

The tropical western Pacific (TWP) plays an important role in global
stratosphere-troposphere exchange and is an active region of the inter-
hemispheric transport (IHT). Traditional markers such as the Inter-
Tropical Convergence Zone (ITCZ) or the tropical rain belt, lack precision
in identifying IHT, especially for the Tropical West Pacific (TWP) region
with complex circulation. The chemical equator (CE) serves as an
atmospheric boundary distinguishing air masses between the Northern
and Southern Hemispheres in the tropics. Hamilton et al., (2008) used
trace gases such as Carbon Monoxide (CO) to determine the CE in the
TWP. We used the GEOS-Chem model to simulate artificial passive
tracers to determine the CE, eliminating the regional dependence of
emissions which is better than using non-uniform emissions of trace
gases like CO. The passive tracer was initiated from the northern
hemisphere (NH) or southern hemisphere (SH) to get the northern and
southern boundary of CE separately. Figure 1 illustrates the results of
our passive tracer simulations and the corresponding CE boundaries.



(a)} 2015-NH (b) 2015-5H

N]

latitude [~
[10% mol/mol]

(c) 2016-NH (d) 2016-5H

latitude [* N]

(e} 2017-NH (f) 2017-5H

latitude [ *N]
[10% mol/mol]

amm e T e am
S = @ —
)
[10 mol/mol]

(h) 2018-SH
14

NJ

12

latitude [*
[10¢ mol/mel]

-
5]

(j) 2019-5H

latitude [ N]

= = o= =
s 8 B &
[10? mol/mol]

—180 -120 -60 0 60 120 180 -180 -120 -60 0 60 120 180
longitude [ * E] lengitude [ * E]

Figure 1. The surface amount of the passive tracer by model simulation in January from
2015-2019. The panels in the left column (a, c, e, g, i) show the passive tracer released
from the NH, and the panels in the right column (b, d, f, h, j) show the passive tracer
released from the SH. The blue lines and the red lines show the CE-NH and CE-SH,
respectively.

1.2 Chemical Equator and Inter-Hemispheric Mixing

The CE is a crucial parameter for understanding interhemispheric
mixing. The model results indicate that the IHT occurs in a narrow
latitudinal band, influenced by land-sea contrasts and atmospheric
circulation patterns. Compared with methane (CH,) and sulfur
hexafluoride (SFs) measurements, the CE shows consistency with the
meridional gradients of these trace gases (Figure 2). This validates the
CE as a robust indicator of air mass boundaries.
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Figure 2. CE with Sentinel-5 Precursor satellite XCH, vertical columns (ppb) averaged
for (a) January 2019 and (b) July 2019. The CE with SF; surface concentration (ppb)
simulated by GEOS-Chem averaged for (c) January 2019 and (d) July 2019. The blue dots
show the NH boundary, and the red dots show the SH boundary.

2. Characterization of Trace Gases by the
Chemical Equator

2.1 Measurements of Trace Gases

Trace gas measurements were conducted using FTIR and ozonesondes at
the Palau Atmospheric Observatory. .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 3. The
retrievals have a good sensitivity to the lower and mid-troposphere below
8 km.

The measurements of the CO column (XCO) are shown in Figure 4b. The
XCO is lowest from July to September (< 70 ppb) and there are
enhancements 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 are of the most sensitivity from the surface to
8 km (see Figure 3), the variations of XCO throughout the year can be
used to characterize the tropospheric air combined with the model
simulation of CE.

The O; measurements are obtained by ECC ozone sondes launched in
PAO. From the balloon-borne observations, the profiles of O3 are
obtained. To obtain the local tropospheric Os;, the free tropospheric
column of O3 (TrC-03) is calculated. The time series of TrC-Ozis shown in
Figure 4c. We take the layer between the surface and 8 km is taken as
the free troposphere, to keep consistent with the most sensitive layer of
CO measurements by FTIR. Similar to the XCO, there are peaks of
tropospheric TrC-Osz (> 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 variations of the tropospheric TrC-O; as well
as the XCO are much related to the different airmass origins throughout
the year, which can be characterized by the CE.
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Figure 3. Averaging kernel (AVK) of CO in Palau, the color scale is the solar zenith angle
(SZA).

2.2 Characterization of Trace Gases by CE

The 10-m wind vector and CE are shown together with the location of
Palau in Figure 4. Comparing the latitude of Palau with CE, Palau is
situated in different hemispheres at different times of the year. From
January to June and November to December, Palau is located in NH
(shown by the orange shaded area), and in another period, it is located in
SH (shown by the orange shaded area). This indicates that the IHT
happens over Palau and can be seen from the CO and O; measured there.

In Figures 4b and 4c, the tropospheric CO and O3 exhibit strong seasonal
variations. Maximum XCO and TrC-Os; occur in winter, coinciding with
the southward position of the CE. This indicates the increased
anthropogenic influences in the clean air over TWP from the NH during
the period with orange shaded (Figure 4). The long transport air mass
from Southeast Asia results in the enhancement of XCO and TrC-Os. In
contrast, during other periods shown by the blue-shaded area in Figure
4, the measured XCO and TrC-Os; are generally lower compared with the
orange-shaded area. The CE shows a northward position to Palau,
indicating the clean oceanic air coming from SH. The CE acts as a tracer-
defined boundary influencing tropospheric composition. The seasonal
migration of the CE aligns with shifts in trace gas concentrations.

Multiple instruments including ozone sonde and FTIR spectrometry have
been used to obtain measurement of trace gases since 2016. Trace gases
with different measurement approaches such as ground-based FTIR
spectrometer, ozone sonde, and satellite can be characterized by CE. For
trace gases measured in a single site, the seasonal variations of the trace
gas measurements are well constrained by the relative positions of the
site and CE in a specific region. The global distribution of trace gases
obtained from satellite and model shows a good 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.
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Figure 4. (a) Monthly averaged wind vectors (black arrows) and annual movement of the
daily CE with color shading to distinguish the relative positions of Palau and CE. The
blue and red lines show the NH and SH boundary, respectively. The Palau’s latitude is
marked by the dashed orange line. The orange-shaded area denotes the period when
Palau was located in the north of the CE, and the blue-shaded area denotes the period
when Palau was located in the south of the CE. (b) The time series of the XCO measured
by FTIR spectrometer and the fitted measurements in Palau, with color shading to
distinguish the relative positions of Palau and CE. (c) The same as (b) but for O;
columns.

3. Cirrus cloud over Palau

3.1 Cirrus Cloud Observations from Lidar

Ground-based lidar measurements over Palau provide a unique
opportunity to fill the observational gap in this remote tropical region.
Spaceborne lidars such as CALIPSO provide global coverage but lack the
continuous temporal resolution and coverage needed to resolve detailed
seasonal and diurnal variations (Pandit et al., 2015). The Compact Cloud-
Aerosol Lidar (ComCAL) system at the Palau Atmospheric Observatory
(PAO) enables continuous monitoring of cirrus cloud properties, offering
critical insights into their role in stratosphere-troposphere exchange
(STE).

Ground-based lidar observations have been conducted since 2018 in
Koror, Palau, examples of the backscatter ratio measurement and the
cloud detection are shown in Figure 5. All three cases with different
geometric thickness cirrus cloud layers and their variations over time are
detected accurately. The variations of cirrus clouds during the
observation time were captured clearly. From polarized lidar in different
wave numbers, we can obtain the optical properties of cirrus clouds such
as the depolarization ratio, color ratio, and cloud optical depth, which are
very useful for the study of cloud microphysics. This dataset is publicly

available at https://doi.org/10.26023/SD3W-WKBH-5X13 (UCAR/NCAR -
Earth Observing Laboratory., 2023).


https://doi.org/10.26023/SD3W-WKBH-5X13

Backscatter ratio at 532 nm [a.u.], (a) 05-Aug-2022, (b) 25-Aug-2022 and (c) 17-Aug-2022, Palau, ComCAL
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Figure 5. A height-time plot of backscatter ratio (BSR) at 532 nm with cirrus cloud base
Cbase (blue dots) and top Ctop (orange dots). Lidar observations using ComCAL over
Koror, Palau on (a) August 5, 2022, (b) August 25, 2022, and (c) August 17, 2022,
represent three different scenarios of cloud geometric thickness from thick to thin.

3.2 Cirrus cloud layer and the tropopause

Cirrus clouds are a critical component in the study of atmospheric
transport, particularly in the tropical western Pacific, where they act as
indicators of air mass movement into the stratosphere. The formation and
occurrence of cirrus clouds in this region are closely tied to the cold trap
mechanism, which governs the dehydration of air masses before they
ascend into the stratosphere.

Figure 5a shows the frequency of clouds with different values of COD
against the cloud base. Visible thick and thin cirrus occurred between 12
- 14 km, and the cirrus became optically thinner at higher altitudes. SVC
usually occurred in 16 km which is lower than the CPT at around 17 km.
We use a subdivision 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 accounts for 1.6% of the total number of
cirrus measured over Palau, and the most frequent altitude of 18 km for
ETTCIi is even higher than the peak of CPT (17 km, see the dashed line in
Figure 6a). The dehydration of tropospheric air before it enters the
stratosphere is associated with the occurrence of ETTCi.

The seasonal and annual occurrence of different types of cirrus is shown
in Figure 6b. The most prevalent type of cirrus in Palau is the optically
thin cloud accounting for 47%, followed by SVC (32%) and thick cirrus
(22%), and the least is ETTCi (1.6%). 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. The
high appearance of thick cirrus in summer and autumn is associated with
enhanced convective activity, which is confirmed by the location of the
CE (see Figure 4a) and the influence of the West Pacific monsoon.

As shown in Figure 6, thinner cirrus clouds tend to form at higher
altitudes. The most common mid-cloud height for ETTCi is around 18 km,



which is even higher than the Cold Point Tropopause (CPT). To
understand how these clouds relate to the CPT in different seasons, we
calculated the distance between their mid-cloud height and the CPT
shown in Figure 7. During lidar observations, both SVC and ETTCi clouds
were found close to the CPT, either just below or above it. However,
ETTCIi clouds were more frequently observed above the CPT compared to
SVC. ETTCi is relatively rare over Palau, mostly appearing in winter and
summer. In winter, ETTCi above the CPT suggests that air masses are
moving into the stratosphere through the cold trap, a process influenced
by extremely low temperatures (as cold as 185 K) in the upper
atmosphere. This cooling helps dry the air and allows the clouds to slowly
rise. In summer, ETTCi above the CPT is likely linked to the western
Pacific monsoon and the chemical equator over Palau.
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Figure 6. (a) Annual averaged FOC distribution of the cloud base height with different
COD as indicated by different colors and markers. The dashed line shows the
distribution of the height of the CPT. (b) FOC of seasonal and annual ETTCi*, SVC, thin
and thick cloud.

*Note that ETTCi is a customized sub-classification of cirrus with a COD defined as less than
0.005, which belongs to SVC. The sum of the fraction of SVC, Thin, and Thick cirrus equals 1.0,
which should not include the fraction of ETTCi.
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Figure 7. (a) Time series of the daily averaged mid-cloud height of Sub-Visible Cirrus
(SVC, shown by green triangles), Extremely Thin Tropical Cirrus (ETTCi, shown by black
"X"s), and Cold Point Tropopause (CPT, shown by black circles). (b) Time series of the
distance from the cold point tropopause (CPT) to the daily averaged mid-cloud height of



SVC and ETTCIi cirrus cloud. If the distance is a negative value, the cloud layer is higher
than the CPT, and vice versa.

3.3 Comparison of Cirrus Clouds in Different Tropical Sites

Cirrus cloud properties in the western Pacific differ significantly from
other tropical regions. Over Palau, cirrus clouds are colder and higher,
with a strong seasonal cycle linked to large-scale atmospheric
circulation. Table 1 compares cirrus cloud properties across different
tropical sites, highlighting the unique characteristics with the lowest
cloud temperature of clouds over Palau.

Table 1. Statistics for cirrus properties based on lidar measurements at different
tropical sites.

. Cbase Ctop GT Temperature
Site (km) (km) (km) °C) Reference
Koror
(7.3°N, 147'1 * }54'8 * (1).3 * 7ax10 This study
134.5°E) : : :
Gwal Pahari
(28.43°N, 0015 %% F 15 * 3316
77.15°E) ) .

. Voudouri et al. (2020)

Elandsfontein 10.8 + 16 +
(26.25°S, 9.2 +0.8 Oé - 0'7 - 34 %5
29.43°E) ) )
Chung-Li
(24.58°N, T Y Das et al. (2009)
121.10°E) ) ) )
Gadanki 13.0 + 15.3 + 2.3 + .
(13.5°N, 79.2°E) 29 2.0 13 -65 + 12 Pandit et al. (2014)
Hulule 11.9 + 13.7 + 1.8 + .
(4.1°N, 73.3°E) 16 14 10 -58 £ 11 Seifert et al. (2006)
Amazonia 12.9 + 14.3 + 14 + .
(2.9°S, 59.9°W) 29 19 11 -60 = 15 Gouveia et al. (2017)
Nauru Island 16.5 - ) Comstock and Jakob
(0.5°S, 166.9°E) 17.0 (2004)
Tropics + 30°% - i 8'3 * 66+ 10 Martins et al. (2011)

*Based on Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) spaceborne lidar
observations.

4. Stratosphere-Troposphere Exchange Over
Palau

4.1 Case Study

Two case studies from December 2018 and August 2022 illustrate the
distinct transport characteristics of cirrus clouds over Palau, providing
insight into the stratosphere-troposphere exchange (STE) process. Figure
8 shows lidar observations of an SVC cloud layer detected in December
2018, coinciding with high supersaturation (RHi > 150%) and
exceptionally cold temperatures (<185 K). These conditions indicate that
air parcels within the cloud layer undergo significant dehydration, which



is a key factor for stratospheric entry. In contrast, Figure 9 illustrates the
lidar observations in August 2022, where similar cirrus cloud layers were
detected but under warmer conditions. The temperature near the cold
point tropopause (CPT) was around 190 K, and the RHi remained lower
than in winter.

Case 1: 13 December 2018
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Figure 8. Lidar and radiosonde observations a typical case of cirrus cloud measurements
on 13 December 2018. (a) The backscatter ratio (BSR) at 532 nm as a function of time
and altitude. (b) The cloud optical depth (COD) at 532 nm of the upper and lower cloud
layers as a function of time. (c) The relative humidity with respect to ice (RHi) profiles
as a function of height. (d) the temperature profiles as a function of height. The
temperature and RHi profiles are obtained from the radiosondes launched at the Palau
weather station. The horizontal lines indicate the altitude range of the TTL between the
CPT height (dashed line, upper boundary of the TTL) and the height of LMS (level of
minimum stability, dotted line, lower boundary of the TTL) calculated by the
temperature profiles each day. Two cloud layers are marked by the box in the profile plot
(c) and (d), with the same color code as in (b): the lower cloud marked as magenta and
the upper cloud marked as green.
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Figure 9. Lidar and radiosonde observations of a typical case of cirrus cloud
measurements on 1 August 2022. The description of the plots is the same as in Figure.
9.



4.2 Trajectory Analysis

The trajectory analysis in Figures 10 and 11 provides a clear depiction of
how air masses evolve over time after being lifted to cirrus cloud
altitudes. Figure 10 reveals that during winter, many air parcels
originating from mid-tropospheric levels gradually ascend, experiencing
sustained cooling and dehydration before reaching stratospheric levels.
This slow ascent is a key feature of the cold trap mechanism in the
tropical western Pacific, where air masses are stripped of excess
moisture, allowing only the driest air to continue rising. This process is
crucial for regulating stratospheric water vapor levels, which in turn
influence radiative balance and ozone chemistry.

In contrast, Figure 11 illustrates a different scenario for August 2022.
The forward trajectories in this case indicate that air masses, instead of
continuing their ascent, tend to disperse laterally or descend back into
the troposphere. This suggests that the weakening of the cold trap in
summer prevents effective stratospheric entry. Moreover, the analysis
shows that while some convective systems inject air near the tropopause,
these air parcels are more likely to mix horizontally rather than rise
further.

Figure 12 further supports this by showing the monthly fraction of air
masses reaching the stratosphere. In December, approximately 46% of
air parcels associated with cirrus clouds surpassed the 380 K potential
temperature threshold, marking their entry into the stratosphere.
Conversely, only 5% of air masses reach this level in August, reinforcing
the notion that significant dehydration and upward transport are
constrained to the boreal winter season. Figure 12 highlights the
seasonal differences in air mass transport, reinforcing that the winter
season is the dominant period for stratospheric entry. The lower
frequency of ascent in summer is likely due to the increased influence of
large-scale subsidence patterns associated with the Asian summer
monsoon (Pan et al.,, 2022). This difference in transport efficiency
between seasons is a crucial factor in understanding the variability of
stratospheric water vapor and its long-term climate implications.
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Figure 10. 20-d trajectories of the upper cloud (17.5-18.1 km, a-b), and the lower cloud
(14.6-16.1 km c-d) in the winter case corresponding to Fig. 9. The left and right columns
show the backward (a and c) and forward (b and d) trajectory points released from the
cloud layers, respectively. The color scale of the trajectory point scatter depicts the
height difference between the trajectory points and the initialization. The starting point
of the trajectory at Palau is marked by the blue star. Trajectory points are output at
hourly intervals but sparsified at intervals of 5 points for the clarity of display.
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Figure 11. 20-d trajectories of the upper cloud (17.1-17.7 km, a-b), and the lower cloud
(13.4-14.4 km, c-d) in the summer case corresponding to Figure 10. The description of
the plots is the same as in Figure 11.



(a) DEC (b) AUG

20.0
>400 | 0 0 0 1 12 - 0 0 0 0 1 1
17.5 =
X
— 390-400 | O 0 0 0 1 9 0 0 0 0 0 1 -~
< 15.0 @
. =
@ o
2380300 | 0 0 0 0 1 6 0 0 0 0 1 1 1058
2 R
Q
£370-380 | O 0 0 0 0 7 0 0 0 1 4 4 L 10.0 >
g S
fras c
-Li’ 360-370 | 5 0 0 0 0 . 0 0 0 2 7 9 r7.5 ﬁ
@ w
5 5.0 2
< 350-360 | 2 0 0 0 0 14 0 0 0 3 9 .
L2s <
<350 | 1 0 0 0 0 2 2 0 0 2 8
Llo.o

2 & @ o

< %

& & ¢ ¥ & & & & ¢ ¢
&.

Region Region

Figure 12. The air mass entry fractions (AEF) in (a) December 2018 and (b) August
2022. Calculations are based on the 10-d trajectory analysis.

4.3 Transport Pathways

Figure 13 provides a schematic representation of transport pathways
over Palau, summarizing the seasonal variations in stratospheric entry.
During boreal winter, the primary pathway involves slow uplift of air
masses through the cold trap. As depicted in Figure 13, the air first
undergoes horizontal transport at TTL altitudes before gradually rising
along isentropic surfaces. This slow ascent ensures that only the driest
air, with minimal water vapor content, enters the stratosphere. This is an
essential process for maintaining the global stratospheric water budget,
as excess moisture can impact radiative balance and ozone chemistry.

In summer, as shown in Figure 13, the dominant pathway shifts towards
lateral mixing and downward transport. The weaker cold trap leads to
less effective dehydration, preventing significant stratospheric entry.
Instead, air masses originating from deep convection remain confined
within the TTL or are transported laterally by large-scale circulation
patterns. This seasonal contrast highlights the role of the Brewer-Dobson
circulation (BDC) in modulating transport pathways, with stronger
upwelling in winter enhancing stratospheric entry while weaker
upwelling in summer limits it.

Overshooting convection represents an additional but less frequent
pathway, where intense convective systems can inject air directly into
the stratosphere. However, as depicted in Figure 13, this process is
sporadic and accounts for only a small fraction of total stratospheric air.
The efficiency of this pathway is influenced by convective intensity and
tropopause temperature conditions, making it a secondary but still
relevant mechanism in the overall STE process.

The seasonal shifts in transport pathways have significant climate
implications, particularly in regulating stratospheric water vapor. Since



stratospheric humidity plays a key role in Earth’s radiative balance,
variations in STE efficiency between winter and summer can influence
long-term climate trends. Understanding these mechanisms through
continued observations and trajectory modeling is essential for
predicting future changes in atmospheric circulation and composition.
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Figure 13. Schematic of transport pathways over the Tropical Western Pacific (TWP)
related to seasonal shifts in circulation: the Innertropical Convergence Zone (ITCZ) or
Chemical Equator (CE) and their effects on air source changes during (a) Northern
Hemisphere (NH) winter and (b) NH summer. Seasonal ITCZ/CE shifts influence the
inter-hemispheric mixing process, with red representing NH air and blue representing
Southern Hemisphere (SH) air. The tropical site Palau is marked at the base of the
figure. Air converges and rises in convective clouds, forming anvils before detaching
from the main tower. After detrainment, three pathways occur: (1) Upward - air ascends
through the cold trap, dehydrating under the formation of thin cirrus before reaching
the stratosphere (NH winter); (2) Downward air descends into the free troposphere or
tropical tropopause layer (dominant in both seasons); and (3) during strong convection,



some air may overshoot directly into the stratosphere. These pathways enable boundary
layer and lower troposphere air masses to differ in composition and affect the
stratosphere.
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