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Abstract. We present observations of the daytime diurnal cycle of tropospheric column ozone over Palau in the
tropical Pacific Warm Pool, based on high-resolution solar absorption Fourier Transform Infrared (FTIR) spec-
trometry during September—October 2022. The tropospheric column-averaged ozone (surface—10.2 km) showed
a distinct diurnal cycle, with concentrations increasing from morning to a midday maximum and declining in the
afternoon, primarily reflecting near-surface variability. Relative comparisons with ozonesonde profiles confirm
this diurnal pattern. GEOS-Chem model simulations reproduce the daily mean variability but are not able to
capture the observed diurnal cycle, underscoring the need for improved representation of local photochemistry
and boundary-layer processes in models.

Palau exhibited persistently low column-averaged ozone between 20-30 ppb during the campaign period,
reflecting limited precursor availability, efficient convective washout, and advection of clean marine air from
the eastern Pacific. Satellite and reanalysis data indicate low aerosol loadings and large cloud droplets, which
suppress convective electrification and reduce lightning activity. With lightning providing a key natural source
of NOy, this suppression limits upper-tropospheric ozone and OH production. GEOS-Chem sensitivity simu-
lations confirm that removing Lightning emissions further decreases both species, underscoring how aerosol—
cloud interactions indirectly shape a chemically low-oxidizing environment. Given that the Tropical Western
Pacific (TWP) is a major pathway for troposphere-to-stratosphere transport, the persistence of low ozone and
OH suggests that air can ascend into the stratosphere before reactive species are removed by oxidation, thereby
influencing the chemical composition of the lower stratosphere.

a potent short-lived climate forcer, contributing significantly

Ozone (0O3) is a trace gas of major importance in the atmo-
sphere due to its adverse effects on human health, vegetation,
and climate. Exposure to elevated surface ozone levels has
been linked to respiratory and cardiovascular illnesses, pos-
ing a serious threat to public health, especially in polluted ur-
ban areas (World Health Organization, 2021). Ozone is also
phytotoxic, damaging plant tissues, inhibiting photosynthe-
sis, and reducing agricultural productivity (Ainsworth, 2017,
Mills et al., 2018). In terms of climate, tropospheric ozone is

to radiative forcing (Myhre et al., 2013). In the stratosphere,
ozone plays a crucial role in shielding the Earth from harmful
ultraviolet (UV) radiation, and its depletion, most notably in
polar regions, has led to substantial changes in stratospheric
temperature and circulation patterns (WMO, 2022).

In the troposphere, ozone is primarily produced by pho-
tochemical oxidation of precursor gases such as methane
(CHy), carbon monoxide (CO), and non-methane hydrocar-
bons (NMHCs) in the presence of nitrogen oxides (NO, =
NO+NO») and sufficient solar radiation. Besides in situ pro-
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duction, ozone concentrations can also be elevated through
episodic downward transport from the stratosphere, or trans-
porting ozone from other non-local tropospheric source re-
gions (Miiller et al., 2024b; Anderson et al., 2016), which
remains a key topic in understanding the mid-tropospheric
ozone distribution in the TWP. Ozone in the troposphere is
removed through several key processes. In the sunlit ma-
rine boundary layer, a major chemical sink of ozone is pho-
tolysis, followed by reaction of excited oxygen atoms with
water vapor, producing OH radicals (Levy, 1971). Addi-
tionally, ozone reacts with hydrogen oxide radicals (HO, =
OH + HO), leading to the formation of secondary products
and reducing ozone concentrations, particularly in low-NO,
environments such as the marine boundary layer (Liu et al.,
1983; Crawford et al., 1997). The chemical lifetime of ozone
in the marine boundary layer is relatively short (about 5d
Liu et al., 1983) and increases with altitude, further influ-
encing the vertical ozone structure. In regions with strong
convection, such as the tropics, ozone can also be rapidly
transported to the upper troposphere and diluted or removed
through convective outflow, often carrying ozone-poor air
from the boundary layer.

Many studies have explored the diurnal cycle of ozone,
particularly in connection with surface-level photochemical
production and removal processes (e.g. Chen et al., 2024b;
Strode et al., 2019; Ou Yang et al., 2012; Oltmans and Levy,
1994). These investigations span diverse environments, from
urban centers to remote mountain observatories, and have re-
vealed characteristic daily ozone maxima driven by solar ra-
diation and precursor availability. In polluted continental ar-
eas, ozone typically shows nighttime minima due to dry de-
position and titration by NO in the shallow nocturnal bound-
ary layer, followed by afternoon peaks driven by photochem-
ical production and mixing with ozone-rich residual layers
(Monks, 2000; He et al., 2023). In contrast, mountain sites
often exhibit a reversed cycle, with nighttime maxima re-
sulting from coupling with the free troposphere and daytime
minima caused by the upslope transport of ozone-poor air
from the boundary layer (Ou Yang et al., 2012; Oltmans
et al.,, 2013). Over marine environments, especially under
low NO, conditions, photolysis, HO, chemistry, and halo-
gen reactions dominate, often leading to suppressed daytime
ozone levels (Caram et al., 2023). While surface ozone vari-
ability is well documented, the diurnal cycle of ozone in the
tropospheric column or vertical profiles has received far less
attention. The variation and magnitude of free-tropospheric
ozone or the tropospheric column are generally considered
smaller than those near the surface, owing to weaker photo-
chemistry and the absence of dry deposition, as indicated by
aircraft in situ profiles over Frankfurt (Petetin et al., 2016).
However, this has not been demonstrated in other regions,
particularly in remote or oceanic environments, where con-
ventional platforms such as balloon or aircraft campaigns
provide limited temporal coverage.
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The tropical western Pacific (TWP) is a key region for
studying tropospheric ozone variability, acting as a major
pathway for troposphere-to-stratosphere transport via deep
convection and the cold trap at the tropical tropopause (Sun
et al., 2025; Fueglistaler et al., 2009; Holton and Gettel-
man, 2001). This pathway regulates the chemical composi-
tion of air entering the stratosphere (Rex et al., 2014). Con-
vection and cirrus formation further influence vertical trans-
port by modulating dehydration and radiative cooling near
the tropopause (Sun et al., 2024). A defining feature of the
TWP is its persistently low ozone, accompanied by reduced
hydroxyl radicals (OH) (Nussbaumer et al., 2024; Rex et al.,
2014; Singh et al., 1996). These conditions arise from high
temperatures, abundant water vapor, and scarce precursors,
such as NO, environments, which favor ozone loss through
reactions with hydrogen oxide radicals (HO, = OH + HO;)
(Liu et al., 1983; Kley et al., 1996). Consequently, the ox-
idative capacity is strongly reduced, lengthening trace-gas
lifetimes and altering chemical processing of ascending air.
Modeling studies suggest that such low-oxidizing conditions
can even influence long-term stratospheric composition and
reactivity (Villamayor et al., 2023).

In addition, lightning-generated NO is typically a ma-
jor source of upper-tropospheric ozone (Schumann and
Huntrieser, 2007). Global satellite lightning-climatology
datasets (e.g. Christian et al., 2003; Cecil et al., 2014) show
that lightning flash rates are generally lower over open ocean
compared to continental regions. In the remote ocean, such
as TWP, lightning activity is weak due to suppressed con-
vective electrification, which has been supported by obser-
vation (Nussbaumer et al., 2024). This suppression is likely
linked to low aerosol loading, which reduces cloud ice con-
tent and limits charge separation necessary for lightning ini-
tiation (Yuan et al., 2011). As a result, NO mixing ratio in
the upper troposphere is low, further limiting in-situ ozone
production and contributing to the ozone minimum at high
altitudes (Nussbaumer et al., 2025).

Regular ozonesonde observations in the TWP from Palau
(7.3°N, 134.5°E) have provided valuable in situ ozone pro-
files since 2016 (Miiller et al., 2024a, b), primarily captur-
ing the long-term vertical structure of O3 in this region. Lo-
cated in the heart of the tropical ozone minimum, this re-
mote oceanic site offers a unique setting to investigate ozone
variability. Building on this background, the present study
introduces a new perspective by presenting the daytime diur-
nal cycle of tropospheric column ozone over Palau, based
on high-resolution solar absorption Fourier Transform In-
frared (FTIR) spectrometry. Section 2 describes the observa-
tion site and instrumentation, followed by retrieval method-
ology, data processing, and other data sources. In Sect. 3,
the diurnal ozone cycle observed from FTIR and its com-
parison with ozonesonde and GEOS-Chem simulations are
presented, along with potential chemical and meteorological
drivers. The broader implications and conclusions are sum-
marized in Sects. 4 and 5.
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2 Method and data

2.1 Solar absorption FTIR spectrometry and O3
measurement campaign

Since 2015, the Institute of Environmental Physics (IUP),
University of Bremen, and Alfred-Wegener-Institut (AWI),
Potsdam, have conducted atmospheric observations at the
Palau Atmospheric Observatory (PAO) in Koror, Palau
(7.3°N, 134.5°E) (Miiller et al., 2024a). PAO is located on
the Palau Community College (PCC) campus. The O3 con-
centration was measured by solar absorption Fourier Trans-
form infrared (FTIR) spectrometry in September and Oc-
tober 2022. The information of the FTIR measurement are
given in Table 1. FTIR measurements have been performed
in one of the PAO scientific containers using a Bruker IFS
120M spectrometer equipped with indium antimonide (InSb)
since 2018. This allows to record spectra from 1900 up to
6000cm~!. In August 2022, Mercury Cadmium Telluride
(MCT) was installed to cover the spectral region between
700-3000 cm™!. The lower wavenumber region allows for
the study of concentration profiles with higher precision,
which is especially important for ozone.

The FTIR spectra are recorded at a high spectral resolu-
tion up to 0.005cm™! by pointing the solar tracker at the
sun during cloud-free weather conditions. The weather con-
ditions can be actively monitored by the sky camera mounted
above the window of the laboratory container to minimize
the influence of clouds on solar absorption FTIR. We per-
formed measurements throughout the day to record the spec-
trum from sunrise to sunset. The number of FTIR measure-
ments contributing to each hourly bin ranges from 10 to 55,
with the highest sampling between 11:00 and 14:00 LT. Each
hourly bin includes measurements from multiple indepen-
dent days (typically 3-10dh~", see Appendix A). The spec-
tra collected after 17:00 LT were excluded from our analysis
due to shading from a tree adjacent to the laboratory con-
tainer. The measurements during the campaign period were
grouped by hour and averaged to evaluate the diurnal cycle of
O3. Therefore, we successfully obtained the ozone daytime
diurnal cycle from 07:00 to 16:00 LT.

The retrieval of trace gas concentrations from solar ab-
sorption FTIR spectra was performed using SFIT-4 (Spec-
tra Least Squares Fitting) software. Spectral line parameters
were taken from the high-resolution transmission molecu-
lar absorption database version 2020 (HITRAN2020) (Gor-
don et al., 2022). A priori profiles were kept constant
for the campaign and were from the Whole Atmosphere
Community Climate Model (WACCM V4). O3 was re-
trieved in three microwindows: 1000.00-1000.08, 1001.00—
1001.30, and 1003.16-1004.50 cm™~! with a simultaneous fit
of H,O and other interfering species (Table. 1), retrieval
strategy is consistent with the the Network for the Detection
of Atmospheric Composition Change (NDACC) framwork
(Vigouroux et al., 2015).
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To quantify tropospheric ozone, we use the part of the re-
trieval corresponding to the tropospheric degree of freedom
(DOF = 1), whose associated partial column averaging ker-
nel (PC AVK) spans the vertical range from the surface to
10.2km (see Fig. 1a, red curve). The vertical range we use
in this study represents the low troposphere in the tropical
region. This layer is used to calculate the tropospheric dry-
air partial column-averaged mole fractions of ozone, Xo,, p.
The tropospheric Xo,, , is calculated as:

PCo;, PCo;,
Xo03.p = aii,[,; = air, p - ’ (D
PCdry PCet —PChy0,p

wet
(in molecules cm_2) of ozone, wet air, and water vapor, re-

spectively, over the vertical range p =0.2-10.2km. Xo;,)
represents the dry-air partial column-averaged mole fraction
of ozone, which is equivalent to a column-weighted mean
mixing ratio (ppb) calculated by dividing the ozone partial
column by that of the dry air. This approach is adopted to
facilitate direct comparison with ozonesonde profiles and
model outputs. For simplicity, Xo,, , is hereafter referred
to as the tropospheric ozone column-averaged mole frac-
tion (TOC in ppb), over 0.2-10.2km. Noting that its unit
(ppb) distinguishes it from the total column abundance ex-
pressed in Dobson Units (DU). The altitude range is consis-
tent with previous FTIR studies defining TOC over 0—10 km
(e.g. Schneider et al., 2008; Vigouroux et al., 2008).

The uncertainty budget of our ozone retrievals includes
different types of contributions as shown in Table 2. For the
total column, systematic uncertainties from spectroscopy and
instrument modeling amount to about 5.5 %, while random
noise contributes 1.6 %. For the tropospheric column, the es-
timated uncertainties are of a different nature and therefore
not directly additive. Day-to-day variability (£3.4 ppb) re-
flects the representativeness of the retrievals.

When interpreting the diurnal pattern from FTIR-derived
TOC, two aspects require consideration. First, the FTIR-
derived TOC is the integration over 0.2—10.2 km, and this in-
evitably dampens near-surface variability, assuming there is
little variability of ozone in the free troposphere over Palau
in a pristine oceanic region, like the TWP. This compro-
mises the representation of boundary-layer changes in the in-
tegrated TOC. Second, besides this vertical smoothing, other
sources of uncertainty also affect the retrieved TOC, such
as solar zenith angle (SZA) dependence and residual strato-
spheric influence.

As shown in Fig. 1a, the PC AVK of the first layer is highly
sensitive within the 0.2-10.2km range, indicating high in-
formation content. This supports using the part of the re-
trieval corresponding to the tropospheric degree of freedom
(DOF & 1) to represent the TOC. Moreover, the PC AVK
is the highest below 2km (PC AVK ~ 1.0), and decreases
with altitude (Fig. la, red line). This indicates that TOC
mainly reflects near-surface information. The same feature

where PCo, », PCA0P  and PCy,0, are the partial columns
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Table 1. Information of FTIR ozone measurement in Palau.

General information

Site Palau

Location 7.3°N, 134.5°E

Time coverage 09.2022-10.2022

Altitude 25ma.s.l.

Instrument Bruker IFS 120M Spectrometer

Retrieving Algorithm

Software SFIT4

Spectroscopy HITRAN 2020

Retrieval microwindows (cm™ 1 ) 1000.00-1000.08, 1001.00-1001.30, and 1003.16-1004.50
A priori profile WACCM V4 (fixed)

Retrieved interfering species
The mean degree of freedom (DOF) 4.3

H,0, CO,, 66803’ 68603
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Figure 1. (a) Partial column averaging kernels (PC AVKs) of O3 for different retrieval layers on 1 October 2022. The solid black line shows
the total column AVK. Colored dashed lines indicate the PC AVKs corresponding to different degrees of freedom (DOFs): 0.2-10.2 km
(DOF = 1.0, red marked), 10.2-17.7km (DOF = 1.0, blue), 17.7-24.1 km (DOF = 1.1, green), and > 24.1km (DOF = 1.8, orange). Red
markers highlight the PC AVK for the tropospheric ozone partial column (0.2-10.2 km), which is the focus of this study. (b) Sensitivity of
the first layer PC AVK (0.2-10.2 km) during the measurement period varies with solar zenith angle (SZA). Each colored line corresponds to

a retrieval at a specific SZA, with the color scale on the right.

was observed for all PC AVK during the measurement pe-
riod (Fig. 1b). The maximum sensitivity always lies near the
surface, where most of the diurnal variation occurs. From
previous aircraft observations, no discernible diurnal ozone
variations were found above 750 hPa (Petetin et al., 2016).
Thus, consistent with the PC AVK, the FTIR-derived tropo-
spheric ozone column primarily captures near-surface ozone
variability, although vertical integration over the column re-
duces the apparent diurnal amplitude. We estimate that the
TOC retains only about 40 % of the near-surface variability
(see Appendix B3).

From FTIR-derived TOC to interpret the diurnal cycle, the
SZA dependency of the measurements should also be con-
sidered. As shown in Fig. 1b, the sensitivity of the FTIR
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measurements varies with SZA. We estimate the result-
ing SZA-induced uncertainty of a maximum deviation of
1.9 ppb (7.6 %), see details of the quantifying method in Ap-
pendix B1. To validate the FTIR TOC diurnal cycle, we
further compare the retrievals with model simulations and
ozonesonde observations.

However, the PC AVK does not drop sharply above
10.2km but gradually decays, reaching near-zero only
around 20km (Fig. 1). This indicates residual sensitivity
above the defined TOC layer, which can lead to vertical
smoothing—induced leakage of stratospheric ozone to the
TOC. Given that ozone mixing ratios increase with altitude
from the upper troposphere, this leakage results in an over-
estimation bias of approximately 1.5 ppb (6.0 %) in the re-

https://doi.org/10.5194/acp-26-4841-2026



X. Sun et al.: Tropospheric low ozone and its diurnal cycle over the Western Pacific warm pool

4845

Table 2. Summary of ozone column uncertainties, including total column relative errors and tropospheric partial column (0-10 km) absolute

uncertainties.
Source Description Magnitude
Total column uncertainty
Systematic Spectroscopic, instrument model 5.5%
Random Measurement noise 1.6 %

Tropospheric column uncertainty

Day-to-day variability
SZA sensitivity
Stratospheric ozone effect

Between-day standard deviations
Max deviation with SZA
tropospheric ozone column overestimation

+3.4ppb (13.6 %)
1.9 ppb (7.6 %)
1.5 ppb (6.0 %)

trieved TOC, see Appendix B2. Together, these values char-
acterize the expected range and type of uncertainty, but they
do not compromise the detection of the observed diurnal pat-
tern.

2.2 GEOS-Chem Model Simulations

O3 concentrations were simulated using the global 3-D
chemical transport model GEOS-Chem (version 13.4.0, clas-
sic, The International GEOS-Chem User Community, 2022;
Bey et al., 2001), with the full-chemistry module. The model
was driven by meteorological fields from the Modern-Era
Retrospective Analysis for Research and Applications, Ver-
sion 2 (MERRA-2), provided by the NASA Global Modeling
and Assimilation Office (GMAO).

Emissions were handled using the Harmonized Emis-
sions Component (HEMCO; Keller et al., 2014; Lin et al.,
2021). Lightning NO, (LNO,) emissions were taken from
the GEOS-Chem standard configuration (HEMCO Lightning
NOx v2014-07), based on cloud-top height parameteriza-
tions and described in the official GEOS-Chem HEMCO
archive.

Moreover, we conducted two sensitivity simulations, one
LNO, emission is turning off and one LNO; is doubling, to
show lightning effect on ozone formation and atmospheric
oxidation. Simulations cover the period 2020-2022, using a
horizontal resolution of 2° x 2.5°, 72 vertical levels from the
surface to 10 hPa, with time steps of 10 min for transport and
20 min for chemistry. Model output was archived hourly.

2.3 Intercomparison

O3 concentrations from FTIR measurements, ozonesonde
profiles, and model simulations are compared in this study
to evaluate the consistency between observations and model
outputs. To ensure a fair comparison, we use model results
from the full chemistry simulation and account for the verti-
cal sensitivity of the FTIR retrievals by applying the retrieval
AVK.

The retrieval sensitivity is described by the AVK matrix
A and the a priori profile x,, both of which affect how true
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atmospheric profiles are represented in the FTIR product
(Palm et al., 2005; Rodgers, 2000). To make the model or
ozonesonde profiles x, comparable with the FTIR retrievals,
they are first smoothed using the following equation:

Xs =X +Axm —Xxy), ()

where x¢ denotes the smoothed profile that incorporates the
FTIR sensitivity characteristics. To ensure consistency in the
application of the AVK, all model and ozonesonde profiles
were interpolated to the vertical grid of the FTIR retrieval.
This step is essential, as the AVK matrix A is defined on the
FTIR retrieval levels, and applying it directly to profiles on
different vertical coordinates would lead to incorrect smooth-
ing. Linear interpolation was used in pressure space, as it pre-
serves the structure of atmospheric layers and is commonly
applied in intercomparison studies e.g. Ridder et al. (2012);
Schneider et al. (2008).

After smoothing, the dry-air partial column-averaged mole
fraction of ozone, Xo,, p, is computed for both the FTIR re-
trievals and the model or ozonesonde profiles as mentioned
in Sect.2.1 Eq. (1). The partial column is defined from the
surface up to 10.2 km, corresponding to the first layer of the
FTIR retrieval product, as described in Sect. 2.1. This consis-
tent vertical integration ensures that differences reflect physi-
cal and chemical discrepancies rather than vertical resolution
mismatches.

2.4 Trajectory simulation

To investigate the large-scale transport influencing ozone
variability over Palau, we performed air-parcel trajectory
analyses using the Hybrid Single-Particle Lagrangian Inte-
grated Trajectory (HYSPLIT) model developed by NOAA’s
Air Resources Laboratory (Stein et al., 2015). The calcula-
tions were driven by meteorological fields from the Global
Data Assimilation System (GDAS; Kanamitsu, 1989), which
provides global coverage at 1° x 1° horizontal resolution and
3-hourly temporal frequency. GDAS data are widely used in
regional and long-range transport studies.

Backward trajectories were initialized at the location of the
Palau Atmospheric Observatory for three starting altitudes:
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the surface, 5, and 10km. These levels represent conditions
within the marine boundary layer, the lower free troposphere,
and the upper portion of the FTIR retrieval range, respec-
tively. Each trajectory was traced 10d backward in time to
identify the dominant pathways and potential source regions
influencing the observed ozone during the FTIR campaign.

The resulting trajectory ensemble provides a dynamical
context for interpreting the tropospheric ozone signal by in-
dicating whether the sampled air masses originated from re-
mote oceanic regions, convective outflow, or areas with con-
tinental influence. While GDAS does not fully resolve small-
scale boundary-layer mixing, it reliably captures the larger-
scale circulation patterns that dominate transport in the TWP,
making it suitable for assessing the origin and history of air
masses arriving at Palau.

2.5 Data
2.5.1 Ozonesonde Observations

To support and evaluate the FTIR ozone retrievals, we use in
situ vertical ozone profiles from ozonesonde launches at the
PAO. Routine ozonesonde observations at this site have been
conducted since 2016, as part of a long-term monitoring ef-
fort to characterize tropospheric composition and transport
in the TWP (Miiller et al., 2024a). These observations pro-
vide high-vertical-resolution measurements of ozone, pres-
sure, temperature, and relative humidity from the surface to
the lower stratosphere.

During our FTIR measurement period (in September and
October 2022), three ozonesonde launches can be matched
with the measurement time of FTIR within the same day.
We identified the FTIR measurements closest in time to
each launch and used these matched pairs in comparison.
To ensure consistency with the FTIR retrieval characteristics,
when we make intercomparison between the TOC from FTIR
and ozonesonde measurements, the ozonesonde profiles were
smoothed using the FTIR AVK following the Eq. (2) as pre-
viously described in Sect. 2.3. For quantitative comparison,
we calculated the dry-air partial column ozone from the sur-
face to 10.2km for each smoothed sonde profile, using the
dry-air number density derived from pressure and tempera-
ture. This provides column amounts in molecules cm™2, con-
sistent with the integration range and units used in the FTIR
analysis. This allowed a direct assessment of the agreement
between FTIR retrievals and in situ measurements in the tro-
posphere under matched temporal and vertical sampling con-
ditions.

In addition to the matched-pair intercomparison with
AVK-smoothed sonde profiles, we also examined whether
the FTIR captures a consistent diurnal pattern by including
all ozonesonde launches from September to October during
2020-2022. In total, 12 sondes were launched on 12 different
days during this period. They were released at varying times
of day, providing a general overview of diurnal variability
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during these months. However, no launches were performed
in the morning due to operational constraints. As a result,
ozonesonde observations do not cover the morning period,
which is instead captured by the FTIR measurements.

Because the number of matched pairs is limited, no AVK
smoothing was applied in this analysis. However, a key chal-
lenge arises from the different measurement characteristics:
FTIR retrievals are influenced by the AVK and have different
sensitivity across the retrieval layer, whereas ozonesondes
provide in situ profiles with uniform sensitivity. To enable
a qualitative comparison of diurnal variability, we therefore
focused on relative rather than absolute values. Specifically,
we calculated the normalized anomaly of each dataset as

X —X

x = 3)

X

where x represents the hourly measurements from FTIR re-
trievals or ozonesonde, and x is the mean over the altitude of
the respective dataset. This normalization x’ is used to es-
timate the relative deviation from the mean value of each
measurement. It removes the offset in absolute magnitude
between the two instruments and highlights their relative de-
viations from the mean, allowing a comparison of the diurnal
pattern of ozone.

2.5.2 (Ozone precursor

The tropospheric ozone column from satellite is from the
Ozone Monitoring Instrument/Microwave Limb Sounder
(OMI/MLS) product (Ziemke et al., 2006). The OMI/MLS
product is the residual of the OMI total ozone column and
the MLS stratospheric ozone column, available from Oc-
tober 2004-December 2024 in monthly means as gridded
(1° x 1°). The tropospheric NO; column was from the Qual-
ity Assurance for Essential Climate Variables (QA4ECV)
project version 1.1 level 3 (L3) product from OMI (2004—
2017), from GOME-2(A) (2007-2016), from SCTAMACHY
(2002-2012), in monthly means as 0.125° x 0.125° grid-
ded (Boersma et al., 2017a, b, c, 2018). The tropospheric
formaldehyde (HCHO) column was also from the QA4ECV
project version 1.0 Level 3 (L3) product based on OMI mea-
surements available between October 2004 and December
2020, monthly means as 0.05° x 0.05° gridded available (Lin
et al., 2021; De Smedt et al., 2018). The total column of CO
was derived from the IASI satellite, also from the QA4ECV
project. We use the level 3 (L3) products, it is available from
2007 to present, with monthly means 1° x 1° gridded avail-
able (LATMOS, 2013).

2.5.3 Cloud effective radius

We used daily gridded cloud effective radius data
from the MODIS/Aqua Level-3 product (CLD-
PROP_D3_MODIS_Aqua; Platnick et al.,, 2019), which
provides globally gridded cloud optical and cloud-top prop-
erties retrieved using a unified algorithm applicable to both
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MODIS and VIIRS sensors, ensuring continuity across in-
struments. The analysis focused on the cloud effective radius
at a spatial resolution of 1° x 1° for the months of September
and October 2022. The MODIS CLDPROP Level-3 dataset
has been extensively validated and widely used to investigate
large-scale cloud microphysical properties, aerosol-cloud
interactions, and climate-related variability (e.g. King et al.,
2013; Platnick et al., 2021).

2.5.4 Lightning

Lightning data are from the ground-based World Wide Light-
ning Location Network (WWLLN), providing a regional
view of lightning activity during the Palau campaign pe-
riod. The data were obtained from the publicly available
WWLLN climatology archive (e.g. Virts et al., 2013; Ka-
plan and Lau, 2021, 2022), which provides globally gridded
lightning stroke densities based on very low frequency (VLF)
detections from a network of ground-based stations. Only
strokes detected by at least five stations are retained to ensure
high location accuracy (e.g. Hutchins et al., 2012; Navarro
et al., 2024), and the overall performance of WWLLN has
been evaluated against satellite-based observations, demon-
strating reliable detection efficiency and spatial accuracy
(e.g. Rudlosky and Shea, 2013). This monthly gridded prod-
uct has been widely used to study large-scale lightning pat-
terns (e.g. Amador and Arce-Ferndndez, 2022).

3 Results

3.1 Tropospheric Ozone Measurement by FTIR and
Comparison with Ozonesondes

We present tropospheric ozone observations over Palau us-
ing FTIR spectroscopy. Figure 2 shows the time series of
daily mean TOC derived from FTIR measurements, com-
pared with GEOS-Chem model simulations and ozonesonde
observations. The FTIR observations reveal very low tropo-
spheric ozone levels, with an overall daily mean of 24 ppb.
GEOS-Chem simulations, smoothed with the same AVK,
yield a mean of 22.85ppb over the campaign period. The
ozonesonde-based TOC shows good agreement with the
FTIR measurements, further validating the reliability of the
retrievals. As shown in Fig. 2b, the differences between the
model and FTIR observations generally vary within &£5 ppb,
indicating that the model captures the day-to-day variability
reasonably well. Overall, the model underestimates the abso-
lute concentrations.

Building upon the time series analysis presented above, we
next focus on the daytime diurnal variability of tropospheric
ozone derived from the high-temporal-resolution FTIR ob-
servations. Because of the continuous solar absorption mea-
surements throughout the day, the FTIR provides hourly re-
trievals between 07:00 and 16:00 LT. These retrievals can be
used to derive the diurnal pattern of the O3 measurements,
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Figure 2. (a) Time series of tropospheric O3 columns (ppb)
from FTIR measurements, smoothed GEOS-Chem simulations,
and smoothed ozonesonde profiles. (b) Daily differences between
GEOS-Chem and FTIR (model — FTIR). All values represent
dry-air partial columns averaged from the surface to 10.2km.
Ozonesonde and model profiles are interpolated to the FTIR grid
and smoothed with the FTIR AVK before integrating 0-10.2 km to
TOC.

as described in Sect. 2.1. Figure 3 summarizes the diur-
nal behaviour: panel a shows the FTIR-derived tropospheric
ozone column (TOC) together with GEOS-Chem simula-
tions, while panel b presents normalized ozonesonde ozone
profiles at different hours for evaluating the FTIR-derived di-
urnal pattern.

Figure 3a shows the daytime diurnal cycle of tropospheric
ozone from FTIR measurements compared with GEOS-
Chem simulations. FTIR data show an increase in ozone in
the early morning, peaking around noon, followed by a de-
cline in the afternoon. Figure 3 also compares the FTIR di-
urnal cycle with the GEOS-Chem simulation, time matched
to FTIR measurements and smoothed. Compared with obser-
vational data, the model shows a much flatter pattern. Sim-
ulations without applying AVK smoothing display an even
flatter diurnal variation with ozone concentrations remaining
nearly constant throughout the day (see Appendix B1). Note
that Fig. 3a shows TOC derived from model profiles after
AVK smoothing. The weak midday enhancement of about
2 ppb mainly results from the AVK smoothing effect associ-
ated with changes in solar zenith angle during the day. This
indicates that the model fails to capture both the midday peak
and the amplitude of the observed variations simultaneously.
It also overestimates ozone in the early morning and late af-
ternoon. Consequently, the simulated ozone diurnal cycle ap-
pears muted compared to observations. While the model cap-
tures the characteristic diurnal variability of photochemical
radicals, the resulting net ozone change is insufficient to drive
a discernible amplitude in the column (see Appendix B1 and
Fig. B1 for details on radical concentrations). This discrep-
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Figure 3. (a) Diurnal variation of tropospheric column of O3 (TOC)
from FTIR measurement and GEOS-Chem (smoothed with AVKs).
Error bars denote +10 variability within each hourly bin. (b) Nor-
malized diurnal variation of O3 from FTIR TOC, GEOS-Chem,
and ozonesonde volume mixing ratios from surface-2.5 and 2.5—
10.2 km. Normalized values are calculated relative to the mean of
each dataset (see Sect 2.5.1). Absolute values of ozonesonde hourly
mean are shown in Appendix C.

ancy likely arises from the coarse horizontal resolution and
parameterized boundary-layer dynamics, which cannot catch
the localized mixing or production mechanisms in the TWP.
In addition, simplified representations of diurnal emissions
and photolysis may further damp small-scale variability, as
suggested by the FTIR and ozonesonde diurnal pattern in
Fig. 3b.

Figure 3b compares normalized ozone variations from
FTIR and ozonesonde measurements (see Sect. 2.5.1). Be-
cause the FTIR retrievals have different sensitivity across
altitude, the AVK must be considered when making such
comparisons (Schneider et al., 2008; Rodgers and Connor,
2003). Given the limited number of time-matched observa-
tions, we used normalized hourly averages to remove abso-
lute differences between datasets, see Sect. 2.5.1. This ap-
proach enables a qualitative comparison of diurnal variabil-
ity based on relative changes without applying smoothing
to the ozone sounding profiles. Relative deviations from the
mean were calculated for each dataset (Eq. 3), and the re-
sulting normalized diurnal variation is shown in Fig. 3b. The
absolute hourly mean plot of ozonesonde is shown in Ap-
pendix A. The ozonesonde data also exhibit a midday en-
hancement, though less pronounced than in the FTIR mea-
surements, followed by a discernible afternoon decline and
a more dispersed distribution in both the near-surface layer
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(below 2.5 km) and the free troposphere (2.5-10 km). These
results highlight the inherent challenges in comparing FTIR
and ozonesonde observations due to their different vertical
sensitivities. Even without sufficient morning ozonesonde
launches and without AVK smoothing of profiles, the nor-
malized O3 from different datasets still provides indirect ev-
idence for the pattern of midday peak and the afternoon de-
cline. The error bars in Fig. 3a indicate an hourly variability
of approximately 2—6 ppb (+10). The daytime diurnal vari-
ation of tropospheric ozone measured by FTIR is on the or-
der of 6-8 ppb, but this magnitude should be interpreted as a
lower limit of near-surface ozone variability, as the FTIR re-
trieval represents a vertically integrated tropospheric column
(0-10km) with a reduced peak-to-peak amplitude.

This interpretation is supported by the ozonesonde ob-
servations in Fig. 3b, which show larger ozone variability
near the surface than in the free troposphere, where photo-
chemical production and dry deposition are weaker above
approximately 750 hPa (about 2.5 km) (Petetin et al., 2016).
Accounting for the solar zenith angle (SZA) effect, which
leads to an overestimation of the apparent diurnal amplitude
by about 1.9 ppb (Appendix B1), the FTIR-derived peak-
to-peak variation is approximately 4—6 ppb. Considering the
~ 40 % damping of near-surface variability in the vertically
integrated tropospheric ozone column (Appendix B3), this
implies a near-surface diurnal ozone amplitude on the order
of ~ 15 ppb.

3.2 Low ozone and precursors in Palau

Palau is located in the TWP, a region characterized by per-
sistently low tropospheric ozone concentrations (Rex et al.,
2014; Ridder et al., 2012). Observations show that daytime
ozone levels typically remain between 10-30 ppb from July
until October (Miiller et al., 2024b), among the lowest val-
ues globally. To examine the origin and transport pathway
of air masses influencing Palau, we computed 10d back-
ward trajectories using the HYSPLIT model. Most trajecto-
ries remain below 10km (Fig. 4a), indicating that transport
occurs within the free troposphere. Trajectories longer than
8 d predominantly originate from the central Pacific, follow-
ing easterly circulation across the Pacific, with trade winds
dominating the lower troposphere and additional contribu-
tions from large-scale tropical circulation at higher altitudes
(Fig. 4b). This flow pattern is typical for the September—
October period, which lies in the transition between the
southwest monsoon and the establishment of the northeast
trade wind regime (Miiller et al., 2024b; Sun et al., 2023).
During this period, the TWP is mainly influenced by persis-
tent marine inflow from the east, resulting in minimal conti-
nental influence. Ozone lifetimes are on the order of 10-20d
in the free troposphere (Prather and Zhu, 2024), but consider-
ably shorter in the marine boundary layer and increasing with
altitude. (about 5 d; Liu et al., 1983; Kley et al., 1997). Thus,
these air parcels are expected to retain their low ozone con-

https://doi.org/10.5194/acp-26-4841-2026



X. Sun et al.: Tropospheric low ozone and its diurnal cycle over the Western Pacific warm pool

centrations upon arrival. In addition, backward trajectories
show that during the 2—6 d before arrival, air masses confined
mostly below 1.5 km originate in the western Pacific, reflect-
ing additional regional marine contributions (Fig. 4a and b).
Together, these results suggest that both long-range and re-
gional transport of ozone-poor air masses contribute to the
persistently low tropospheric ozone observed over Palau.

Satellite retrievals support this interpretation. A broad
ozone minimum is evident over the western Pacific warm
pool (Fig. 4c), coinciding with low column densities of ma-
jor precursors: CO (Fig. 4d), HCHO (Fig. 4e), and NO,
(Fig. 4f). The scarcity of these precursors in both the lower
and free troposphere points to a suppressed photochemical
ozone production regime. The lack of precursors arises from
weak local emissions and the continuous inflow of clean
marine air from the eastern Pacific. In addition, the inter-
hemispheric convective zone (ITCZ) over the TWP during
the campaign coincided with strong precipitation bands (Sun
et al.,, 2025), which likely enhanced the washout of pre-
cursors. Enhanced humidity in the tropical troposphere pro-
motes ozone loss via OH chemistry. At the same time, pre-
cipitation efficiently removes soluble species such as HCHO
and nitrogen reservoir species produced from NO, oxida-
tion (e.g. HNO3), indirectly reducing NO, availability and
suppressing ozone production. Trajectory analyses confirm
that air masses reaching Palau predominantly follow oceanic
pathways with minimal continental influence, as mentioned
before. This is consistent with (Miiller et al., 2024b), who
showed similar oceanic transport patterns in the 5-10km
layer but predominant during September and October. These
pathways align with regions of consistently low CO and
ozone concentrations across the tropical Pacific (Fig. 4c and
d). In contrast, NO, has a short atmospheric lifetime and is
not efficiently transported over long distances, such that its
low abundance near Palau reflects weak local and regional
NO, sources (Fig. 4f). HCHO, while also short-lived, is pri-
marily produced locally through VOC oxidation, and its low
abundance therefore indicates weak photochemical activity
under pristine marine conditions (Fig. 4e), further limiting
in situ ozone formation. The low NO, columns also suggest
minimal contributions from lightning or other episodic NO,
sources, reinforcing the interpretation of limited photochem-
ical ozone production.

3.3 Microphysical suppression of lightning and ozone
formation

In the maritime TWP, despite low lightning frequency,
lightning-generated NO, remains an important free-
tropospheric ozone source. We therefore investigate the
microphysical conditions influencing lightning initiation, in
addition to dynamical and chemical factors. Figure 5a shows
the spatial distribution of lightning stroke density from
WWLLN observations, confirming that lightning activity
near Palau is lower than over the Maritime Continent or
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northern Australia. Although isolated lightning events do
occur over the open ocean (Fig. 5a), they are sparse and less
frequent, indicating that meteorological and microphysical
environments in this region are inherently unfavorable for
intense convective electrification. Observational evidence
for marine convection without lightning has been reported
in several studies, including Nussbaumer et al. (2021) over
the tropical Atlantic and the PEM-West campaign (Crawford
et al., 1997), which found that such convection favors the
washout of NO, derivatives.

The MODIS-derived cloud effective radius is shown in
Fig. 5b. Over the warm pool region, cloud droplets are gener-
ally larger, which is typically associated with enhanced pre-
cipitation water content and reduced ice water content (Braga
et al., 2021). These conditions promote warm-rain processes
and inhibit the development of ice particles, thereby weak-
ening charge separation and suppressing lightning activity
(Huang et al., 2025). Figure 5c displays the dust aerosol opti-
cal thickness over the TWP, showing low dust loadings above
Palau. In contrast to continental outflow regions, the central
Pacific air column is nearly devoid of aerosol particles ca-
pable of serving as ice nuclei. This lack of ice nuclei sup-
presses the formation of ice-dominant or mixed-phase clouds
(Chen et al., 2024a), reducing the likelihood of charge sepa-
ration and lightning initiation (Han et al., 2021). Low aerosol
concentrations favor the formation of larger cloud droplets,
which reduces lightning activity and lowers NO, production.
This, in turn, diminishes ozone levels in the upper free tro-
posphere and illustrates the tight coupling between aerosol
microphysics, cloud dynamics, and atmospheric chemistry.
It provides an additional causal chain rooted in microphys-
ical processes, through which precursor scarcity is further
reinforced, complementing the direct explanations of weak
anthropogenic influence and efficient washout (Sect. 3.2).
In this view, the low precursor abundances over Palau arise
not only from a dynamically clean marine environment but
also from suppressed lightning NOx production linked to the
paucity of ice nuclei and mixed-phase clouds.

While this interpretation is supported by the observed pat-
terns, the spatial differences (Fig. 5) between dust aerosol,
cloud effective radius, and lightning activity suggest that
more complex microphysical processes may also be at play.
This points to the possibility of additional factors influenc-
ing lightning production in marine convective systems, such
as variations in updraft strength, cloud ice content, freez-
ing level height, or the availability of giant cloud conden-
sation nuclei for mixed-phase cloud (Ji et al., 2025). Impor-
tantly, the overall meteorological linkage supports the view
that photochemical background conditions in tropical marine
regions are not only chemically pristine but also dynamically
regulated by aerosol-cloud interactions.

Atmos. Chem. Phys., 26, 4841-4861, 2026



4850
(a) 15000
30°N3 - L X0
M ¢ | 10000
0 - R = 5000
Iy . 1500
3096 1T 1 I
Yo : 0
60°E 110°E  160°E  150°W _ 100°W
DU
40
30
20
10

110°E

160°E
HCHO

150°W  100°W

x 10%> molec cm-2
o T3

100°wW

60°E 110°E 160°E  150°W

X. Sun et al.: Tropospheric low ozone and its diurnal cycle over the Western Pacific warm pool

(b)

30°N -

10

£ [=)] o]
backward days

LN
160°E

110°E

150°wW 100°wW

x 10%% molec cm
= 2000

1000

500
110°E 160°E  150°W  100°W

x 10%° molec cm2

60°S

60°E 110°E 160°E  150°W  100°W
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(c) and (d) indicates the mean transport pathway during the study period based on trajectory simulations.

3.4 Influence of Lightning NO on Regional Ozone

To quantify the role of lightning-produced nitrogen ox-
ides (LNO,) in modulating tropospheric ozone over Palau,
we performed two sensitivity simulations using the GEOS-
Chem model by turning off and doubling LNO, emissions
(Fig. 6). As shown in Sect. 3.3, lightning activity is negligi-
ble in the TWP region. Therefore, substantial perturbations
to LNO, emissions, near-surface and free-tropospheric NO
mixing ratios over the TWP exhibit little response (Fig. Clc—
i). In contrast, pronounced responses to LNO, perturbations
are evident over lightning-active regions such as northern
Australia and the Maritime Continent.

The resulting ozone anomalies extend eastward into the
TWP, indicating that the ozone response over Palau primar-
ily reflects transport from nearby regions, such as northern
Australia and the Maritime Continent rather than local pho-
tochemical production. As a result, removing or doubling
LNO, emissions (Fig. Clb and c) leads to modest ozone
changes over the TWP, with regional differences of approxi-
mately £5 ppb (Fig. 6a and d).

Moreover, LNO, emissions moderately enhance regional
hydroxyl radical (OH) concentrations (Fig. 6b and e), reflect-
ing their contribution to atmospheric oxidative capacity. In
the absence of LNO,, OH levels decrease by approximately
0.02 ppt. Under clean air conditions such as the TWP, OH is
mainly produced by ozone photolysis followed by the reac-
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tion of excited atomic oxygen with water vapor (Schumann
and Huntrieser, 2007). Specifically, the dominant pathway is
03 +hv — O('D) + O, followed by O('D) +H,0 — 20H
(Levy, 1971). While this pathway governs the primary pro-
duction of OH, its regeneration depends strongly on the avail-
ability of NO through the reaction HO; + NO — OH+NOx.
In the absence of NO, the lifetime of HO; increases, yet OH
recycling becomes inefficient (Gao et al., 2014), leading to a
less oxidizing atmosphere and reduced photochemical ozone
production efficiency.

In remote tropical regions like Palau, where anthropogenic
NO, emissions are minimal and lightning activity is strongly
suppressed, lightning represents one of the few potential
sources of NO, .. Our sensitivity simulations indicate that, un-
der such conditions, the impact of LNO, on local ozone is in-
direct and transport-driven rather than in situ. Although the
overall influence on ozone is modest, LNO, plays a system-
atic role in regulating the regional oxidative capacity, consis-
tent with previous assessments identifying lightning as a key
natural NO, source in remote tropical atmospheres (Nuss-
baumer et al., 2024, 2025).

4 Discussions
Previous studies have demonstrated characteristic diurnal

surface ozone cycles in both urban and remote mid-latitude
regions, driven predominantly by photochemical processes.
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For instance, Strode et al. (2019), Bernier et al. (2019),
and (Xia et al., 2021) reported daytime increases in sur-
face ozone over the US and China, highlighting the role
of local photochemistry under sufficient solar radiation and
precursor availability. Similarly, observations from a remote
high-altitude site in the Tibetan Plateau revealed a midday
ozone maximum, further supporting the dominance of day-
time photochemical production even in pristine environments
(Yin et al., 2017). Our measurements in TWP exhibit a
comparable diurnal pattern in the tropospheric column, with
ozone peaking around noon. Comparison with near-surface
ozonesonde profiles further supports the presence of a mid-
day enhancement. It should be emphasized, however, that
the FTIR retrieval provides an integrated column signal (0—
10.2 km), rather than a direct measurement of the surface. If
the free troposphere exhibits little or no diurnal variability,
then the signal detected in the integrated column likely re-
flects a surface-driven cycle that appears in muted form when
averaged over the full tropospheric depth. Still, the FTIR
TOC measurements in Palau capture the diurnal pattern, al-
though the peak-to-peak amplitude is underestimated. The
higher AVK sensitivity in the lower troposphere (Fig. 1) en-
sures that surface-driven variability is retained in the column
retrieval rather than being fully smoothed out. This high-
lights that similar analyses at other FTIR sites must care-
fully consider the altitude-dependent sensitivity of the re-
trieval (AVK), as it determines how surface-driven diurnal
variability is sufficiently reflected in the integrated column.

The comparison between the GEOS-Chem model simula-
tion and the observations in Palau shows an overall agree-
ment in day-to-day variation, suggesting that the tropical re-
gion is reasonably well represented, consistent with findings
from previous studies (Christiansen et al., 2022; Hu et al.,
2017). However, it does not well capture the ozone diurnal
cycle and is biased lower than the observations. This under-
estimation is consistent with previous evaluations of GEOS-
Chem, which have also reported a low bias relative to the
observations. This underestimation aligns with prior evalua-
tions of GEOS-Chem, which have similarly reported a low
bias in tropospheric ozone in both the mid-latitudes — often
linked to limitations in simulating stratosphere — troposphere
exchange — and in tropical regions due to active convection
(Hu et al., 2017). These results highlight the need for fur-
ther improvements in the model performance over the remote
western Pacific, where observational constraints remain lim-
ited.

The tropospheric ozone levels in Palau are the lowest, with
a mean value of 24 ppb, which is consistent with findings
from previous studies. Newton et al. (2018), using aircraft
observations, reported extremely low ozone concentrations
in the tropical tropopause layer (TTL). Li et al. (2020) further
showed that low ozone near the TTL observed by balloon-
borne instruments originated from the TWP boundary layer,
influenced by the Asian summer monsoon. Most recently,
Miiller et al. (2024b) demonstrated that ozone-poor, humid
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air masses over the TWP are primarily of local or convec-
tive origin and occur year-round, with peak prevalence from
August to October. These consistent findings from diverse
platforms support our measurement results, confirming that
the Western Pacific region is characterized by the lowest tro-
pospheric ozone concentrations globally.

The observed ozone minimum over Palau can be attributed
to several factors. First, as shown in our analysis, the region
exhibits low concentrations of ozone precursors, limiting in
situ ozone production. Second, persistent deep convection in
the TWP efficiently transports ozone-poor boundary layer air
into the upper troposphere, leading to low ozone mixing ra-
tios in convective outflow regions and contributing to a well-
ventilated and vertically mixed tropospheric column. Addi-
tionally, we propose a potential aerosol-cloud interaction
mechanism that suppresses lightning activity, which could
produce NO,. As a result, ozone production in the upper
troposphere is not compensated by lightning-generated NO,,
which is the only relevant source of NO, in this region. This
mechanism is supported by Nussbaumer et al. (2025), who
reported co-located low NO and low ozone concentrations
based on in situ aircraft observations close to the north of
Australia.

Our control simulation further suggests that such meteo-
rological and microphysical conditions may also lead to re-
duced OH levels, lowering the oxidative capacity of the at-
mosphere, even at higher altitudes. Although direct obser-
vations of aerosol—cloud interactions and OH concentrations
are limited, this mechanism may contribute to a persistently
low-ozone environment and potentially influence the compo-
sition of air entering the stratosphere. This is particularly im-
portant given that the TWP is a key pathway for troposphere-
to-stratosphere transport (Sun et al., 2025; Rex et al., 2014;
Fueglistaler et al., 2009).

5 Conclusions

Our FTIR measurements over Palau provide new evidence
of a clear diurnal cycle of tropospheric ozone in the Pacific
warm pool region, with concentrations increasing from early
morning to a midday peak and further afternoon decline. This
cycle is most likely surface-driven, reflecting local photo-
chemical production and boundary layer mixing, and appears
in the column retrieval rather than as a free-tropospheric sig-
nal. Relative comparisons with ozonesonde profiles corrob-
orate the midday maximum and the afternoon decline pat-
tern. In contrast, GEOS-Chem captures day-tp-day variabil-
ity but underestimates absolute concentrations and fails to
reproduce the observed diurnal cycle both near the surface
and in the tropospheric column.

Throughout the measurement period, Palau consistently
exhibited some of the lowest tropospheric ozone concentra-
tions observed in the tropics, with a mean value of 24 ppb
between surface and 10.2km. This persistent low ozone is
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Table A1. Hourly-binned statistics of FTIR measurements for tro-
pospheric O3 over Palau.

Local hour Mean (ppb) Std(ppb) N Ng
7 18.45 2.10 12 3
8 20.94 5.85 28 8
9 22.20 5.56 24 5
10 25.74 6.58 25 6
11 27.05 4.30 45 8
12 28.99 5.06 31 10
13 25.06 4.62 55 10
14 23.77 4.03 45 10
15 23.79 3.63 29 7
16 19.67 3.50 10 4

driven by a combination of factors: limited local precursor
emissions, large-scale easterly advection of clean marine air,
and deep convection that efficiently transports ozone-poor air
from the boundary layer to the free troposphere.

In the upper troposphere, additional constraints arise from
suppressed lightning activity, as indicated by low lightning
flash rates and large cloud droplet sizes retrieved from satel-
lite observations. These microphysical conditions are likely
associated with low aerosol loading, which limits convective
electrification and hence NO, production. Sensitivity experi-
ments by GEOS-Chem confirm that removing LNO, reduces
the atmospheric oxidizing capacity, while enhancing LNO,
leads to a corresponding increase. These simulation results
show that LNO, is one contributing factor for the sustained
low oxidative environment in TTL over the TWP region.

Taken together, these findings suggest that the TWP is
characterized not only by dynamically driven ozone minima
but also by chemically suppressed oxidation environments.
The coexistence of low ozone and low OH implies that air in
this region may ascend into the stratosphere before the chem-
ical removal. Given the Pacific warm pool region’s role as a
global stratospheric entrance, such measurements are essen-
tial for understanding the coupled chemical and dynamical
processes governing this region. Improved representation of
these mechanisms in models is critical for quantifying the in-
fluence of tropospheric inputs on stratospheric composition,
radiative forcing, and processes relevant to climate.

Appendix A: Statistical support for the FTIR and
ozonesonde diurnal ozone comparison

This Appendix provides statistical context for the compar-
ison of diurnal ozone variations derived from FTIR and
ozonesonde observations. Figure Al and Table Al summa-
rize the hourly mean values, associated variability, and sam-
pling statistics used in the analysis.

For the FTIR observations, diurnal ozone statistics
were constructed by grouping all valid retrievals during
September—October 2022 into hourly bins in local time
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Figure A1. Diurnal variation of tropospheric ozone over Palau
derived from FTIR measurements, GEOS-Chem simulations, and
ozonesonde observations. Blue circles show FTIR-derived tropo-
spheric ozone (0-10.2km), orange circles denote GEOS-Chem
results smoothed with the FTIR AVK over the same altitude
range, and green squares indicate AVK-smoothed ozonesonde tro-
pospheric ozone (0-10.2 km). Orange squares represent ozonesonde
volume mixing ratios averaged over the near-surface layer (surface—
750hPa). Error bars denote 10 variability. All values are shown
as a function of local time (UTC + 9).

(UTC +9). For each bin, the mean tropospheric ozone (0—
10.2km) and the corresponding standard deviation (+10)
were calculated. The standard deviation reflects a combi-
nation of instrumental retrieval uncertainty and day-to-day
atmospheric variability within each hour. As shown in Ta-
ble Al, most hourly bins contain more than 20 individual
FTIR measurements, spanning multiple independent days
(N4 = 3 for most daytime hours).

Ozonesonde observations are more sparsely distributed in
time and do not cover all local hours. To ensure compara-
bility, ozonesonde profiles were smoothed using the FTIR
AVKs prior to integration over 0—10.2 km. In addition, near-
surface ozonesonde ozone (surface—750 hPa) is shown sepa-
rately to illustrate the stronger amplitude of boundary-layer
variability. Error bars for ozonesonde data represent the stan-
dard deviation within each hourly bin and mainly reflect nat-
ural variability and limited sample size rather than instru-
mental uncertainty.

Despite differences in sampling frequency and vertical
sensitivity, the FTIR and ozonesonde observations show con-
sistent diurnal variation pattern during the overlapping hours.
The observed diurnal variation in FTIR-derived tropospheric
ozone exceeds the typical retrieval uncertainty and remains
robust when considering the reported 1o variability. Taken
together, the number of observations, multi-day sampling,
and explicit treatment of uncertainties support the statistical
significance of the diurnal ozone features discussed in the
main text.
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Appendix B: Uncertainty estimation

B1 SZA influence

To assess the potential impact of solar zenith angle (SZA)
on the retrieved tropospheric ozone partial column, we ex-
amined the partial column averaging kernel (PC AVK) as a
function of SZA. PC AVK quantifies the sensitivity of the
retrieved partial column to the true ozone profile at each alti-
tude and varies systematically with SZA (Fig. 1b).

To quantify the potential retrieval bias associated with
variations in the AVK under different SZA conditions,
we performed an upper-limit error estimation. Specifically,
we calculated the layerwise maximum differences in the
PC AVK across all SZA conditions:

APC AVK; = mgax (PC AVK;(0))

—min(PC AVK;(6)). (B1)

These values represent the maximum possible sensitivity
variation for each layer i due to SZA-dependent retrieval
characteristics. We then propagated this AVK perturbation
into partial column uncertainty using the a priori ozone VMR
profile VMR; and the dry-air column density n; in each layer
from surface to 10.2 km:

N
AXo, p= Z APC AVK; - VMR,; - n;. (B2)
i=1

The resulting upper-limit impact on the 0.2-10.2km tro-
pospheric ozone partial column is estimated to be no more
than 1.9 ppb, corresponding to approximately 7.6 % of the
typical retrieved partial column (~ 25 ppb) over Palau during
the study period. This value should be interpreted as a con-
servative upper-bound estimate, as it is based on the largest
AVK variation observed across all SZA conditions. In real-
ity, the actual PC AVK perturbation within a single day is ex-
pected to be smaller than the constructed APC AVK profile,
since the co-occurrence of maximum SZA-induced changes
in all layers is physically unrealistic, see Fig. 1b. In all cases,
the impact of AVK variability (1.9 ppb, 7.6 %) in the near-
surface layer is smaller relative to the diurnal variation mag-
nitude of approximately 8 ppb, as shown in Fig. 3.

Additionally, Fig. B1 shows the hourly mean ozone con-
centrations from GEOS-Chem for September—October 2022.
The model exhibits no discernible diurnal variation from
the surface to the upper troposphere (model levels 992.5—
356.3 hPa). Moreover, as shown in Fig. B1, there is a strong
relative diurnal variability for OH over Palau. However, the
absolute concentrations of OH and NO, remain extremely
low (peak OH < 0.5 ppt; NO, < 40ppt). Under such pris-
tine, NOy-limited conditions, the absolute photochemical
turnover (the net rate of ozone production and loss) is very
small. Therefore, even significant relative fluctuations in rad-
ical abundance do not translate into a pronounced diurnal
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Figure B1. Hourly mean O3, NO, NO,, and OH concentra-
tions from GEOS-Chem simulations for September—October 2022,
shown at individual model levels (992.5-356.3 hPa).

cycle in the total ozone column. The inability of the model
to capture the observed afternoon ozone peak suggests that
localized O3 production or vertical transport processes may
be smoothed out by grid resolution of the model. For a con-
sistent comparison with the FTIR observations, the model
profiles were smoothed using the FTIR AVK. Nevertheless,
even after AVK smoothing the modeled ozone diurnal cycle
remains much weaker than observed (Fig. 3a). This demon-
strates that the inability of GEOS-Chem to reproduce the
observed diurnal ozone cycle cannot be attributed to AVK
smoothing or retrieval artifacts, but instead reflects insuffi-
cient diurnal variability in the modeled chemical and dynam-
ical processes.

B2 Stratosphere effect in the tropospheric Oz column

To evaluate potential overestimation of tropospheric ozone
due to the vertical sensitivity of the retrieval, we analyzed
the impact of AVK tails above the target range (0-10.2 km),
see Fig. 1a. Unlike trace gases such as CO or CH4, whose
concentrations decrease with altitude, ozone concentrations
increase rapidly near the tropopause and into the lower strato-
sphere. As a result, even moderate AVK values above 10 km
(ranging from ~ 0.5 to 0.0 between 10-20km) can lead to a
measurable contribution to the retrieved partial column.

To estimate this “leakage” effect from upper level espe-
cially for stratospheric ozone, we applied the AVK vector for
the first degree of freedom (DOF = 1) to the a priori ozone
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profile and computed the portion of the column originating
from altitudes above 10.2 km:

dry air,p 1
VMRleak = W Z VMRap(Z) . AVK(Z)
z>10.2km
- APCIY ar(7). (B3)

Here, APCYY () denotes the dry air partial column in each
layer, and PCY @%7 is the total dry air column within the
retrieval’s first partial column layer (0-10.2 km). This pro-
vides an equivalent ozone mixing ratio resulting from high-
altitude leakage. The estimated leakage error is approxi-
mately 1.5 ppb, corresponding to 6 % of the typical tropo-
spheric ozone column (~ 25 ppb) during the measurement
period. So we use this value to assign a 6 % uncertainty
for the stratosphere effect, suggesting that a small fraction
of stratospheric ozone is aliased into the tropospheric par-
tial column. Rather than undermining the retrieval, this rein-
forces our conclusion that ozone over Palau is exceptionally
low — possibly even lower than the retrieved values. Compar-
isons with coincident radiosonde observations support this
finding and confirm that the leakage remains within the ex-
pected uncertainty range.

This method offers a simplified estimate of vertical
smoothing error, consistent with the principle introduced by
Rodgers (2000) and von Clarmann (2014). This estimation
method follows the principles of these two methodologies
and evaluates the impact of the average nuclear tail on the
inversion value by applying AVK to the reference profile. Al-
though we use a prior profile rather than the actual state, this
method can still provide a preliminary estimate of the verti-
cal smoothing effect (i.e. upper layer leakage AVK), which is
important for partial column inversion, especially for species
like O3 with higher VMR at higher altitudes.

B3 Estimation of near-surface contribution to
tropospheric column ozone

The TOC retrieved from FTIR represents the vertically av-
eraged dry-air column mole fractions response to the sur-
face ozone variability. When most of the diurnal variabil-
ity is confined to the near-surface layer and the free tropo-
sphere remains relatively constant, the integration and aver-
aging dampen the observed signal. To quantify this damping,
we define a ratio T between the peak-to-peak amplitude of
the TOC and that of the near-surface layer, using the partial
PC AVK of the FTIR retrievals:
4
1 fO“’AVK(z)a(z)dz

Z

Tavk = (B4)
M @z-am [I°AVK(2)dz
20+AzBL
<a>ZO—AZBL = a(Z) dz. (BS)

AzpL
20
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Here, T represents the fraction of near-surface variabil-
ity that is visible in the TOC. AVK(z) is the FTIR partial
column averaging kernel corresponding to the retrieved tro-
pospheric column (0-10.2km). a(z) is a linear decay shape
function for the diurnal amplitude, which is derived from
the near-surface ozone gradients reported by Petetin et al.
(2016), assuming a linear decrease from the surface to 2.5 km
(see details below). The term (a),,—az denotes the mean
amplitude within the near-surface layer of thickness, where
discernible O3 variability is observed Azpp (Petetin et al.,
2016). In this study, we set Azpr, = 2.5 km, corresponding
approximately to 750 hPa at Palau based on ozonesonde pro-
files. Applying this method to all available FTIR PC AVKs
yields a median T value of 0.4, indicating that the TOC cap-
tures about 40 % of the near-surface diurnal ozone variabil-
ity. This factor quantifies the damping introduced by column
integration and the retrieval sensitivity.

The above estimate is based on an idealized vertical shape
function a(z) that linearly decreases from the surface to zero
at Az = 2.5 km. To assess the robustness of this approach,
we tested alternative profiles, including exponential decays
with scale heights of 0.6—1.0km, and stepwise reductions
following the boundary layer evolution reported by Petetin
et al. (2016). Across these scenarios, the resulting T values
varied within 0.35-0.45, consistent with the median value of
0.4 reported above.

In addition, we considered the dependence of the PC AVK
on SZA. The overestimation of the ozone diurnal cycle by
the SZA effect of 1.9 ppb (Appendix B1), the 8 ppb peak-
to-peak diurnal amplitude during the campaign (Fig. 3 in
Sect. 3.1) can be estimated to 6 ppb. Then, we estimated that
the peak-to-peak diurnal magnitude of the near-surface ozone
is about 15 ppb. Therefore, the conclusion that the FTIR tro-
pospheric ozone column captures approximately 40 % of the
near-surface diurnal variability is robust against reasonable
assumptions about the vertical amplitude shape and SZA-
dependent retrieval sensitivity of approximately 7.6 %.

Appendix C: Sensitivity test results

Sensitivity studies have been conducted for the Lightning
emission over the TWP region. Figure C1 shows the Tro-
pospheric O3, OH, and NO simulated by GEOS-Chem and
averaged over the study period. The difference between the
sensitivity study and the base simulation is shown in Fig. 6.
Note that the color bar scale is larger than the variation in
NO:; the difference between Fig. C1 is not visible, especially
at very low NO values over the TWP region.
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Figure C1. Tropospheric ozone (O3), hydroxyl radical (OH), and nitric oxide (NO) columns simulated by GEOS-Chem and averaged over
the study period. (a—c) The base simulation with LNO, emissions included. (d—f) The sensitivity simulation with LNO, emissions turned
off (no NOy ), and (g-i) the simulation with doubled LNO, emissions (2xNO, ). Columns correspond to O3, OH, and NO from left to right.

The red triangle marks the location of the Palau FTIR measurement site.

Code and data availability. The FTIR tropospheric
ozone dataset used in this study is available at Zen-
odo  (https://doi.org/10.5281/zenodo.17456752,  Sun, 202S5).

The SFIT4 code for ozone retrieval is available at https:
//github.com/NCAR/sfit-core-code (NCAR, 2025). The GEOS-
Chem model is publicly available at https://geoschem.github.io/
(The International GEOS-Chem User Community, 2022).
The meteorology data for the HYSPLIT run are available at
https://www.ready.noaa.gov/data/archives/gdasl/  (last  access:
10 June 2025). The HYSPLIT model code used in this analysis is
publicly available at https://www.ready.noaa.gov/HYSPLIT.php
(last access: 10 June 2025). The OMI/MLS products for
tropospheric ozone column are publicly available at https:
/lacd-ext.gsfc.nasa.gov/Data_services/cloud_slice/new_data.html,
(Ziemke et al., 2006). The satellite products for tropospheric NO»
are publicly available at http://www.temis.nl/qad4ecv/no2.html (last
access: 16 September 2025) (Boersma et al., 2017a, b, c).
The satellite products for tropospheric HCHO are pub-
licly available at  https://www.temis.nl/qadecv/hcho.html
(De Smedt et al.,, 2017). The satellite products for total col-
umn CO are publicly available at https://iasi.aeris-data.fr/co/,
(LATMOS, 2013). The MODIS/Aqua satellite product
for cloud effective radius is publicly available at https:
/Nladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/

products/CLDPROP_D3_MODIS_Aqua (Platnick et al., 2019).
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Lightning data are from the publicly available WWLLN cli-
matology  archive:  https://www.wwlln.net/climate/  (Virts
et al., 2013). The ozonesonde data set is available under
https://doi.org/10.5281/zenodo.19383947 (Miiller et al., 2026)
and is included in the SHADOZ database and public available
under https://tropo.gsfc.nasa.gov/shadoz/Palau.html (last access:
10 April 2026) (the data in the SHADOZ archive has been
processed differently from raw sonde data than the dataset used
in this paper) (Miiller et al., 2024a), 4 April 2026, (Miiller et al.,
2024b).
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