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Abstract. Methane in the upper troposphere and lower stratosphere (UTLS) plays a critical role in atmo-
spheric composition and radiative forcing, yet the processes governing its vertical structure and variability remain
poorly understood. Here, we use high-quality satellite observations from the Atmospheric Chemistry Experiment
Fourier Transform Spectrometer (ACE-FTS) to characterize the vertical structure and global seasonal behavior of
methane in the UTLS, with emphasis on the role of Asian Summer Monsoon (ASM). In the ASM, a maximum in
methane concentration occurs near the tropopause, at a higher altitude than the corresponding carbon monoxide
maximum. The largest relative enhancement for methane — the difference between air inside and outside the an-
ticyclone — occurs above the tropopause and extends poleward to the north. This behavior contrasts with carbon
monoxide, which is confined within the anticyclone. The seasonal cycle of methane near the tropical tropopause
peaks in boreal autumn, following the summer peak in surface fluxes and deep convection. This phase lag re-
flects the combined effects of ASM transport and subsequent large-scale redistribution following the breakdown
of the anticyclone. Positive anomalies occur in the tropical lower stratosphere in boreal winter, consistent with
the upwelling branch of the Brewer—Dobson circulation (BDC). Beyond the seasonal cycle, ACE-FTS data show
a pronounced hemispheric asymmetry in lower stratospheric methane trends, consistent with reported changes in
other long-lived trace constituents. Together, these results provide new observational evidence that ASM trans-
port imprints a distinct methane structure above the tropopause and plays a key role in shaping UTLS variability
on a global scale.

1 Introduction

Methane (CHy) is the second most important anthropogenic
greenhouse gas after carbon dioxide. Its atmospheric life-
time of approximately 9-10 years allows methane to be
transported over large distances and to influence both tro-
pospheric and stratospheric composition. Understanding the
global budget of methane therefore requires careful exami-
nation not only of surface sources and sinks, but also of the
vertical redistribution processes that connect the lower at-

mosphere with the upper troposphere and lower stratosphere
(UTLS) (Patra et al., 2011; Zeng et al., 2021; Saunois et
al., 2025; Fu and Dong, 2026). Methane in the UTLS is es-
pecially important for climate forcing. Enhancements near
the tropopause strengthen the greenhouse effect, while subse-
quent oxidation in the stratosphere produces additional water
vapor that alters radiative balance and modulates ozone pho-
tochemistry (Riese et al., 2012; Fleming et al., 2015). These
processes highlight methane in the UTLS as a sensitive driver
of short-term climate feedback.
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South and Southeast Asia are major CHy4 source regions,
with emissions dominated by agriculture (including rice cul-
tivation and livestock), waste, natural wetlands. Emissions
from these sources increase during the ASM season, likely
due to enhanced rainfall (Yu et al., 2023; East et al., 2024,
Subramanian et al., 2026). Moreover, the ASM exerts a par-
ticularly strong influence on UTLS composition (e.g. Ran-
del et al., 2010). Intense deep convection over South Asia
and East Asia can loft boundary air masses, rich in methane
and other pollutants, to the upper troposphere within sev-
eral days (Randel and Park, 2006; Baker et al., 2012; Pan
et al., 2016, 2024). The upper tropospheric anticyclone acts
as a quasi-closed reservoir in the UTLS, trapping these en-
hancements for weeks to months (Park et al., 2007; Vogel
et al., 2014, 2026). Through subsequent transport by the
Brewer-Dobson circulation (BDC), these regional emissions
can have consequences for the global stratospheric compo-
sition budget (Ploeger et al., 2013, 2017; Vogel et al., 2019;
Riese et al., 2025). Given the strong seasonality of regional
methane emissions and the efficient transport of boundary
pollution into the UTLS by the ASM, an important question
is how these emissions and transport processes together con-
tribute to the global distribution and seasonal variability of
UTLS methane.

The Atmospheric Chemistry Experiment Fourier Trans-
form Spectrometer (ACE-FTS) provides high-quality verti-
cal profiles of CH,4 from the upper troposphere to the strato-
sphere, with near-global coverage every three months and a
long, continuous record since 2004 that provides informa-
tion on seasonal variability (although tropical observations
are limited to four months per year: February, April, August
and October), interannual variability, and long-term trends
(Bernath et al., 2005). These observations are particularly
valuable for examining methane behavior in the UTLS and
for placing regional transport signals into a global context
(Nassar et al., 2005). The limited tropical sampling of ACE-
FTS has been examined in Park et al. (2013) by comparing its
CO measurements with those of Microwave Limb Sounding
(MLS; Waters et al., 2006). They found reasonable agree-
ment in the large-scale spatial and temporal patterns of sea-
sonal mean CO, supporting the use of ACE-FTS observations
to characterize these features despite the sparse sampling.

Previous studies have used ACE-FTS observations to in-
vestigate the regional transport signals and large-scale tracer
variability. Park et al. (2008) documented enhanced CO and
other tropospheric tracers within the Asian monsoon anticy-
clone, providing evidence of convective transport and chem-
ical isolation. CO is an effective tracer of vertical trans-
port because its free-tropospheric lifetime (~ 1 month) is
substantially longer than typical deep convective transport
timescales. Enhanced CO in the UTLS can therefore indicate
recent deep convective transport of polluted air, while corre-
lations between CO and other trace gases can help identify
source characteristics and common transport pathways.
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Park et al. (2013) examined the global distributions and
seasonal variability of CO and hydrocarbons in the UTLS
based on ACE-FTS measurements. These tracers exhibit
semi-annual cycle in the tropical upper troposphere related to
seasonally varying sources and deep tropical convection, and
a maximum tied to the Asian monsoon anticyclone. Above
the tropical tropopause, these species reveal a strong annual
cycle related to annual variation of the upward branch of
BDC. More recently, Sheese et al. (2025) used ACE-FTS
measurements, including CHy, to quantify the contributions
of methane oxidation and circulation changes to stratospheric
water vapor trends. To address the limited tropical sampling,
they supplemented ACE-FTS observations with model sim-
ulations and applied multiple linear regression (MLR) to es-
timate CHy trends entering the stratosphere.

In this study, we first assess the quality of ACE-FTS ob-
servations in the ASM region using high vertical-resolution
in-situ measurements from balloon and aircraft that extend
into the lower stratosphere. Subsequently, we contrast the ob-
served behavior of CH4 with that of carbon monoxide (CO),
which is a tracer of combustion with a shorter photochemi-
cal lifetime of ~ 1 month, also measured by ACE-FTS and
widely used to diagnose UTLS transport associated with the
ASM anticyclone. We then assess the behavior of CH4 in the
global UTLS and characterize the global seasonal cycle and
long-term trends. Together, these analyses provide new ob-
servational evidence for the role of ASM transport in shaping
the distribution and seasonal variability of CH4 in UTLS on
a global scale.

2 Data and Methods

2.1 ACE-FTS measurements of CH4 and CO

The Atmospheric Chemistry Experiment—Fourier Trans-
form Spectrometer (ACE-FTS), onboard the Canadian
SCISAT satellite launched in 2003, is a high-resolution in-
frared Michelson spectrometer with a spectral resolution of
0.02cm™! that measures solar occultation transmission spec-
tra between 2.2-13.3 um (Bernath et al., 2005). From these
spectra, vertical profiles of trace gases are retrieved with a
typical vertical resolution of 3—4 km spanning from about 5
to 75 km altitude. Due to its orbit geometry, ACE-FTS pro-
vides ~ 30 occultations per day with latitude coverage that
shifts seasonally, yielding tropical observations primarily for
four months each year (February, April, August, and Octo-
ber, e.g. Randel et al., 2012). This study uses the recent ver-
sion of level 2 data, version 5.2 (v5.2), which provides inter-
polated data on a 1 km grid (Boone et al., 2023). Validation of
the earlier v2.2 methane profiles showed differences of ~ 5 %
below 35 km and ~ 10 %—15 % at 40—60 km relative to Halo-
gen Occultation Experiment (HALOE) satellite data, and a
negative bias of approximately 10 % at 820 km relative to
Michelson Interferometer for Passive Atmospheric Sound-
ing (MIPAS) (De Maziere et al., 2008). The precision and
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Figure 1. Latitudinal coverage of the ACE-FTS measurements for
2005-2023.

accuracy are 660 ppt and less than 2 % for CO, and 1200 ppt
and 5 %20 % for CHy, respectively (Schmidt et al., 2024).
Overall, ACE-FTS CH4 and CO retrievals are considered ro-
bust for UTLS studies when standard quality flags are ap-
plied, and they provide a unique multi-decadal record for in-
vestigating the seasonal cycle and interannual variability of
methane.

The V5 retrievals from ACE-FTS measurements span-
ning 2005-2023 are used in this study. ACE-FTS pro-
vides near-global coverage approximately every three
months (Fig. 1), thus we group the data into four sea-
sons: December—January—February (DJF), March—April-
May (MAM), June-July—August (JJA), and September—
October—November (SON). As can be seen, the annually re-
peating measurements in the tropics and ASM region are in
February for DJF, April for MAM, August for JJA and Octo-
ber for SON. As a further check on data quality, we examine
all profiles within every 30° latitude bands for each season
and year, and omit a small number of points falling outside
three local standard deviation. Climatological concentrations
are then constructed by combining all measurements from
2005 to 2023 for each season. The data are gridded onto a
5° x 10° latitude-longitude grid using a Gaussian-weighted
average of measurements within 500 km of each grid box,
following an approach similar to Randel et al. (2012).

2.2 In-situ measurements
2.2.1 AirCore observations

The AirCore observations were conducted in August 2019
and 2020 over the Tibetan Plateau to investigate the role of
ASM transport in redistributing greenhouse gases. During
the campaign, eight vertical profiles of CO,, CH4, and CO
were collected using the AirCore technique. The AirCore
system consists of a long, thin stainless-steel tube carried
aloft by a balloon, which samples the ambient atmosphere
during descent from ~ 25km to the surface, followed by a
laboratory analysis with a Picarro G2401. The average mea-
surement uncertainty of CHy and CO are less than 10 and
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Figure 2. CO (blue) and CHy (red) profiles on Tibetan Plateau in
August 2019 and 2020 obtained from AirCore. Black dashed line
marks the average lapse-rate tropopause.

5 ppb below 20 km. Further details of the campaign are pro-
vided in Yi et al. (2026).

Here, we focus on eight CH4 and CO profiles to compare
with ACE-FTS measurements and to highlight their contrast-
ing structures near the tropopause, identified from collocated
temperature profiles using the WMO definition (Fig. 2). Both
species exhibit clear enhancements in the upper troposphere,
but with distinct vertical structures: CO decreases rapidly
with height beginning about 2km below the tropopause,
whereas CH4 reaches a maximum near the tropopause be-
fore sharply declining. Previous studies show that deep con-
vection uplifts surface pollutants to ~ 13 km within a week,
after which air masses are confined within the anticyclone
and ascend slowly over weeks to months (Vogel et al., 2019).
During this slow ascent, CO decreases due to its shorter pho-
tochemical lifetime, whereas CHy remains relatively stable
(Yi et al., 2024). Building on these in situ observations, we
use ACE-FTS data to examine the large-scale distributions of
CHy and CO and the role of tropopause-level methane max-
ima in the global UTLS.

2.2.2 In situ measurements from the ACCLIP campaign

The Asian summer monsoon Chemical and Climate Impact
Project (ACCLIP) was a large-scale aircraft campaign con-
ducted over the western Pacific in August 2022 to inves-
tigate the impact of the ASM on atmospheric composition
in the UTLS. The campaign deployed two research aircrafts
equipped with state-of-the-art instruments capable of mea-
suring numerous chemical species. The NCAR Gulfstream-
V (GV) primarily operated below ~ 16 km, while the NASA
WB-57 reached altitudes of up to ~20km. We use CH4 and
CO vertical profiles measured by Picarro G2401-mc aboard
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the NCAR GV and the Whole Air Sampling (WAS) aboard
the NASA WB-57 to compare with the ACE-FTS measure-
ments from a broader perspective. The WAS samples were
also analyzed by Picarro G2401-mc. For Picarro G2401-
mc, CO and CHy precision are 5 and 0.5 ppbv within 1 min,
respectively. The accuracy of CO and CHy is 3 % and
5+ 0.1 %, respectively. Note that the ACCLIP campaign tar-
geted highly polluted regions, whereas the spatial resolution
of ACE-FTS is insufficient to fully resolve local structures.
Additional details about the ACCLIP campaign are provided
in Pan et al. (2025).

2.3 Supplementary data

Meteorological fields from ERAS, the fifth-generation global
reanalysis produced by the European Centre for Medium-
Range Weather Forecasts (ECMWF; Hersbach et al., 2020),
are used to characterize the circulation associated with the
observed CH4 and CO distributions. We use ERAS monthly
pressure-level data provided on a regular 0.25° latitude-
longitude grid, with 37 standard pressure levels ranging
from 1000 to 1hPa. The time periods are from 2005 to
2023, matching the period of the ACE-FTS analysis. ERAS-
based lapse-rate tropopause heights are obtained from Hoff-
mann and Spang (2022). This product identifies the lapse-
rate tropopause using the World Meteorological Organiza-
tion (WMO) definition in 1957. These heights provide a
reference for interpreting the observed CHy4 and CO distri-
butions relative to the tropopause. Monthly mean outgoing
longwave radiation (OLR) for 2005-2023 is obtained from
the Clouds and the Earth’s Radiant Energy System (CERES)
Energy Balanced and Filled top-of-atmosphere Edition 4.2
product (Loeb et al., 2017, 2024). We use the all-sky Top-of-
Atmosphere (TOA) outgoing longwave flux, provided on a
1° latitude-longitude grid in W m~2. Regions with OLR less
than 220 W m~2 are used as a proxy for deep convection. For
comparison with ACE-FTS observations in the tropics, cli-
matological OLR fields are calculated for February, April,
August, and October.

The CH4 surface flux dataset provided by Saunois et
al. (2025) is constructed by combining bottom-up emission
inventories and model estimate for individual source and
sink categories. The prior flux draws on Emission Database
for Global Atmospheric Research (EDGAR v7; Crippa et
al., 2023) for anthropogenic emissions, with extension based
on Food and Agriculture Organization (FAO) agriculture
data and includes an alternative configuration using the
Greenhouse gas and Air pollutant Interactions and Synergies
(GAINS) model for fossil fuel emissions (Hoglund-Isaksson
et al., 2020). Biomass-burning emissions are obtained from
Global Fire Emission Database (GFED) v4.1 (van der Werf
et al., 2017), and wetland emissions are represented by the
monthly ensemble mean of 11 models reported by Saunois et
al. (2020). Additional components include termite emissions,
ocean emissions from Weber et al. (2019), geological emis-
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sions from Etiope and Schwietzke (2019), and soil methane
uptake from the MeMo model (Murguia-Flores et al., 2018).
These components are assembled into gridded surface flux
fields for use as prior inputs to atmospheric inversions, with
temporal variability determined by the underlying invento-
ries and models.

2.4 Multiple linear regression method

To estimate the trends and reconstruct monthly methane time
series in the tropics, we apply the Long-term Ozone Trends
and Uncertainties in the Stratosphere (LOTUS) regression
code (SPARC/IO3C/GAW, 2019), following the standard
multiple linear regression (MLR) framework described by
Dubé et al. (2023). The model is fitted separately to the avail-
able observations in each latitude-altitude bin:

CHy (1) = BP(t) + Burend X linear (1)

+ ﬁéi)oa x QBO, (1) + ﬁéﬁlb x QBOg, (1)
+ Bsolar X F10.7 (1) + Benso X ENSO ()
+ Baod X AOD (1) + R(?) 9]

Here, each B is a regression coefficient for each term, the su-
perscripts are the number of highest seasonal harmonic for
a given term, ,8(2) (t) = const+ Asin(2mt) + Bicos(2mt) +
Ajpsin(4mt)+ Bycos(4mt), A; and B; are the sine and cosine
coefficients, respectively, with subscripts i = 1 and i = 2
denote the annual and semi-annual cycles. Time ¢ is ex-
pressed in years. QBO(,) (r) and QBOy,) (¢) are the first two
principal components of the Singapore zonal winds, Fi9.7 (¢)
is the solar flux at 10.7cm, ENSO (¢) is the multivariate
ENSO index, and R(t) is the residual. These predictors are
further described in SPARC/IO3C/GAW (2019). Dubé et al.
(2023) applied this standard MLR framework to estimate
stratospheric N> O trends from ACE-FTS observations.

3 Results

3.1 Comparison of ACE-FTS with in-situ measurements

ACE-FTS measurements in the ASM region are compared
with AirCore observations and ACCLIP campaign. For the
AirCore comparison, we select ACE-FTS profiles within 33—
41°N and 80-110°E, centered around the AirCore obser-
vation location (37.8°N, 95.3°E). To increase the sampling
size given the sparse satellite coverage over this region, we
include measurements covering 4 recent years from August
2019 to 2022, resulting in a total of 8 profiles. For the AC-
CLIP campaign, ACE-FTS measurements within 20—40°N
and 120-150°E are selected, covering most of the flight
tracks. The same 4-year temporal window (August 2019-
2022) is used to obtain adequate regional sampling for ACE-
FTS, yielding 19 profiles within this region. For each altitude
level, the mean and standard deviation are calculated across
all selected profiles.
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Figure 3. Comparison of ACE-FTS measurements with in-situ observations in the ASM region. (a) Layer-normalized relative frequency
distributions of CHy measured during the ACCLIP campaign, with horizontal and vertical bin sizes of 20 ppbv and 0.5 km, respectively. The
red line shows the mean CH4 mixing ratio for each vertical bin level. The blue dots represent the mean vertical CHy profile measured by
ACE-FTS, and the blue error bars indicate one sigma standard deviation at each level. The black dashed line indicates the mean tropopause
determined from the collocated temperature profiles using the WMO definition; (b) Same as (a), but for CO. (¢) Comparison between the
AirCore CHy profiles (gray lines) and the mean ACE-FTS profile (blue dots and error bars, as in a). (d) Same as (c), but for CO.

Comparisons of methane vertical profiles from ACE-FTS,
AirCore, and the ACCLIP campaign show overall good
agreement (Fig. 3). ACE-FTS captures the broad CHy en-
hancement layer between 12 and 16 km and the rapid de-
crease above 17km, as expected due to oxidation in the
stratosphere. Concentrations are systematically lower than
those observed during ACCLIP, which preferentially sam-
pled more polluted air masses. We also include CO to pro-
vide a contrast to CHy under the influence of the ASM an-
ticyclone. The ACE-FTS CO profiles agree well with in-
situ measurements, showing the enhancement layer at 13.5—
14.5 km followed by a pronounced decrease above, reaching
stratospheric background levels at ~ 19 km.

Overall, ACE-FTS measurements are consistent with the
in-situ observations. Both datasets reveal a stronger CHy en-
hancement and a sharper gradient near the tropopause than
observed for CO, suggesting that CH4 is more efficiently
transported upward within the ASM anticyclone, while CO is
largely confined to lower altitudes due to its shorter lifetime.
The long-term high-quality satellite measurements provide
opportunity to investigate the contrasting large-scale behav-
ior between CHy4 and CO under the influence of ASM trans-
port and to assess their potential impact on the global UTLS.
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3.2 Contrasting Vertical Structures of CH4 and CO in
the ASM Anticyclone

Near-global climatological distributions of CH4 and CO
in JJA, together with the corresponding climatological
stream function indicating the ASM anticyclone, are shown
in Fig. 4. The climatological fields are constructed from
Gaussian-weighted gridded average of ACE-FTS observa-
tions during 2005-2023. Note that the JJA map is a com-
posite primarily consisting of measurements over the tropics
in August, the northern subpolar region in July, and the mid-
latitudes in June, as shown in Fig. 1. With two decades of
continuous ACE-FTS observations, the sampling density is
sufficiently high at lower latitudes. The gridded results reveal
clear enhancements of both CO and CH4 within the region of
the ASM anticyclone, with CO showing a larger relative en-
hancement with respect to the surrounding background. This
feature is consistent with Park et al. (2008), who found that
enhancements of tropospheric trace species within the anti-
cyclone are closely linked to their photochemical lifetimes,
with shorter-lived species exhibiting the larger increases.
The climatological vertical structure of CH4 and CO
within the ASM anticyclone, averaged over 20-120°E, is
shown in Fig. 5. Both species exhibit enhanced mixing ra-
tios within the anticyclone (10-30°N), but at different alti-
tudes. For CO, the peak mixing ratio occurs around 14 km,

Atmos. Chem. Phys., 26, 16013-16028, 2026
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Figure 4. Horizontal distributions of JJA climatological mixing ratios from ACE-FTS measurements during 2005-2023. (a) CH4 at 16.5 km
and (b) CO at 14.5 km. The black solid contours show selected stream function levels ([4, 14, 25] x 10° m?2 s_l; based on the ERAS data) at
the corresponding altitudes, averaged over JJA during 2005-2023, to indicate the climatological location and horizontal extent of the ASM
anticyclone. Note that the JJA map predominantly represents measurements over the midlatitudes in June, the northern subpolar region in
July, and the tropics in August (see Fig. 1), rather than spatially uniform sampling throughout JJA.
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Figure 5. Meridional cross-sections of JJA climatological mixing
ratios over the ASM region (20-120° E), derived from the horizon-
tal maps shown in Fig. 4. Observed (a) CHy mixing ratios and
(b) CO mixing ratios from ACE-FTS. The white dashed lines de-
note the JJA climatological lapse-rate tropopause obtained from
ERAS reanalysis during 2005-2023 provided by Hoffmann and
Spang (2022). Note that the JJA map predominantly represent mea-
surements over the midlatitudes in June, the northern subpolar re-
gion in July, and the tropics in August (see Fig. 1), rather than spa-
tially uniform sampling throughout JJA.

approximately 2 km below the tropopause, whereas for CHy,
the highest mixing ratio is found around 16 km, extending
across the tropopause. A similar vertical structure of CHy
within the anticyclone has also been reported by Park et
al. (2004). These results highlight the contrasting vertical be-
havior of trace gases with different photochemical lifetimes:
CHy4 persists into the tropopause region, while CO decays
more rapidly, producing a sharp decline at lower altitudes,
consistent with in situ observations (von Hobe et al., 2021;
Yi et al., 2024).
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The JJA enhancements of CO and CHy inside the an-
ticyclone are further quantified in Fig. 6 by subtracting
the profiles outside the anticyclone (longitudes outside of
20-120°E) from those inside (longitudes 20—120°E). The
largest CH4 enhancements occur above the tropopause and
extend poleward (north) of the anticyclone, whereas CO
enhancements are confined within the anticyclone. The
methane enhancement structure suggests that long-lived trac-
ers inside the ASM anticyclone are preferentially transported
into the northern extratropical lower stratosphere, likely due
to weaker confinement on the northern side of the anticy-
clone above the westerly jet and the tropopause. This result is
consistent with Riese et al. (2025), who reported strongly en-
hanced methane mixing ratios, but no comparable enhance-
ment in CO, for in-situ measurements of high-latitude air
masses influenced by export from the ASM region. Previ-
ous studies have shown that eastward eddy shedding from
the Asian monsoon anticyclone facilitates the transport of
tropospheric trace gases into the lower stratosphere at north-
ern mid- and high latitudes (Vogel et al., 2014; Clemens et
al., 2022).

3.3 Methane seasonality in the global UTLS

We examine the seasonality of CH4 near the tropopause as
observed by ACE-FTS and relate it to surface flux seasonal-
ity, with particular emphasize on the role of ASM transport
in shaping CHy4 variability near the tropical tropopause layer
(TTL). Understanding CH4 seasonality in the TTL is critical
because this region controls the entry of CHy4 into the strato-
sphere, where CHy4 is oxidized to form water vapor (Fu and
Dong, 2026).

Climatological zonal mean cross sections of CHs mix-
ing ratio from ACE-FTS are shown for the four seasons in
Fig. 7. Overall behavior shows maximum CH4 mixing ratios
in the northern hemispheric (NH) troposphere, due to natu-
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reanalysis. Note that the vertical velocity is converted from pressure-coordinate vertical velocity using the hydrostatic relation.
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Figure 7. Climatological meridional cross sections of zonal mean
CHy for the (a) DJE, (b) MAM, (c¢) JJA and (d) SON seasons
derived from ACE-FTS observations, averaged over period 2005—
2023. White dashed lines denote the lapse-rate tropopause provided
by Hoffmann and Spang (2022). Unlike the AMA regional distribu-
tions in Fig. 5, these panels show the full zonal mean. Note that in
the tropics, DJF, MAM, JJA and SON primarily represent observa-
tions in February, April, August and October, respectively.
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ral and anthropogenic sources over the continents (Saunois
et al., 2025). Additionally, a relative maximum in CHy per-
sists near the tropical tropopause throughout the year, with
the highest values observed during the SON season, when it
also extends above the tropopause. Vogel et al. (2019) de-
scribed isentropic transport from the Asian monsoon anti-
cyclone into the tropics during the upward spiralling within
a few months (see their Fig. 14). These transport processes
provide a pathway for air mass originating within the anti-
cyclone and in adjacent tropical regions to enter the tropi-
cal pipe. This transport pathway may contribute to the ob-
served SON enhancement of CH,4 near and above the tropical
tropopause.

The climatological horizontal distribution of the CH4 an-
nual cycle at 16.5 km is shown in Fig. 8, together with clima-
tological deep convection indicated by low outgoing long-
wave radiation (white contours). In JJA, CH4 exhibits a pro-
nounced maximum around the ASM anticyclone. This fea-
ture is linked to the deep convection and strong confinement
of the anticyclone during ASM (Park et al., 2004; Randel
and Park, 2006; Pan et al., 2016). The maximum persists into
SON and extends throughout the global tropics. During the
boreal autumn season, the chemical composition within the
anticyclone can be transported into the tropics as the anticy-
clone breaks up (Vogel et al., 2015, 2019; Orbe et al., 2015).

We further examine the role of ASM transport in shaping
CHy seasonality in the tropics using the seasonal variability
of CHy4 surface fluxes obtained from Saunois et al. (2025)
and the area of low outgoing longwave radiation (OLR) as
a proxy for deep convection over 15°S-30°N (Fig. 9). The
surface flux estimates are independent of the ACE-FTS ob-
servations used in this study. CHy surface fluxes and deep
convection are both strongest during boreal summer, driv-
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Figure 8. Climatological horizontal distributions of CH4 at 16.5 km for (a) DJF, (b) MAM, (c) JJA and (d) SON seasons derived from
ACE-FTS observations gridded at 5° latitude by 10° longitude, averaged over the period 2005-2023. The white contours represent outgoing
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Note that in the tropics, DJF, MAM, JJA and SON primarily represent observations in February, April, August and October, respectively. The
OLR data are monthly means for February, April, August, and October in (a)—(d), respectively, to match the tropical ACE-FTS sampling.
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ing the observed systematic increases in upper tropospheric
CHy. The strongest deep convection in boreal summer occurs
in the region of the ASM, which is also one of the major sum-
mertime methane source regions (Yu et al., 2023). Together
with the UTLS anticyclonic circulation, this leads to local-
ized CH4 maxima (e.g. Fig. 4a). The localized CH4 maxima
can be transported isentropically from the Asian monsoon
anticyclone into the tropics (Vogel et al., 2019). This trans-
port, together with further redistribution of monsoon air dur-
ing the seasonal break-up of the anticyclone and convective
transport at other longitudes, leads to the global UTLS max-
imum in the tropics in SON.

Variations in the tropical CH4 annual cycle and links be-
tween the upper troposphere and lower stratosphere are stud-
ied in Fig. 10. Here two versions of seasonal CH4 anoma-
lies (deviations from the annual mean at each altitude) over
20°N-20°S are shown, based on (panel a) the four monthly
ACE-FTS samples in August, October, February and April,
and (panel b) monthly reconstruction using annual and semi-
annual harmonic fits (method described in Sect. 2.4).

The observations show the boreal autumn (October) pos-
itive anomaly extends up to and across the tropopause, con-
sistent with the seasonal peak shown in Fig. 7. In the lower
stratosphere, there is a predominant annual cycle with a max-
imum in February and minimum in August, and largest am-
plitude over 18-20km. The timing and altitude maximum
of this variability suggests a link to the annual cycle in up-
welling in the tropical lower stratosphere (BDC, with max-
imum in boreal winter) acting on the background vertical
gradients in CH4 above the tropical tropopause, e.g. Fig. 7.
This is similar to the seasonal behavior observed for car-
bon monoxide and ozone (with opposite sign) in the tropical
lower stratosphere (Randel et al., 2007).

The timing of the lower stratosphere CH4 maximum in bo-
real winter may also suggest some upward propagation of
the CH4 maximum near the tropopause in October, as sug-
gested by the white dashed lines in Fig. 10 (with a slope of
8km yr~!, corresponding to the calculated upwelling veloc-
ity). However, this direct association from upper troposphere
to lower stratosphere is poorly defined by the lack of ACE-
FTS tropical measurements between October—February.

3.4 CHy trends

Global increases in tropospheric CHs over recent decades
are well-known and increasing trends in upper tropospheric
CH4 over the past decades have been previously reported
from ACE-FTS measurements (Schmidt et al., 2024). Time
series of seasonal ACE-FTS data in the tropical UTLS
(15°S-30°N; Fig. 11a) highlight increases over time, along
with the repeating seasonal maximum during boreal sum-
mer and autumn. Linear trends in these data are estimated
using the Long-term Ozone Trends and Uncertainties in the
Stratosphere (LOTUS) multivariate regression code (SPAR-
C/103C/GAW, 2019). Schmidt et al. (2024) reported a tropo-
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spheric methane trend of 6.41ppbyr~! during 20122018,
increasing to 15.12 ppbyr~! after 2019. Results in Fig. 11b
show broad positive trends of 43 % per decade to 4 % per
decade in the global troposphere, with a slight relative max-
imum near the tropical tropopause (which is not statistically
significant). The larger trend near the tropical tropopause
than above may reflect a more immediate response to the ac-
celerating tropospheric CHy increase, whereas the response
at higher altitude is delayed and smoothed by stratospheric
transport and mixing.

In contrast, CHy trends in the lower stratosphere (above
18 km) show a pronounced hemispheric asymmetry, with
near-zero trends in the Northern Hemisphere (NH) and pos-
itive trends in the Southern Hemisphere (SH). This pattern
is consistent with previously reported hemispheric asym-
metries in stratospheric tracer and age-of-air trends after
2000 for other long-lived stratospheric tracers (e.g. Mahieu
et al.,, 2014; Haenel et al., 2015; Han et al., 2019; Stra-
han et al., 2020; Prignon et al., 2021; Dubé et al., 2023,
2025) and with reanalysis-driven simulations indicating rel-
ative aging of air in the NH compared to the SH (Ploeger
and Garny, 2022). Stiller et al. (2017) attributed much of
the observed age-of-air trend asymmetry to a southward
shift of subtropical transport barriers. More recently, Ivaniha
et al. (2026) confirmed a southward shift of the tropical
pipe in CESM1-WACCM and linked it to nonlinear Quasi-
Biennial Oscillation (QBO) effects. These studies suggest
that changes in stratospheric transport, including circulation
shifts and QBO-related variability, may contribute to the
hemispheric asymmetry in our CHy trends.

4 Summary and discussion

This study investigates methane variability associated with
ASM transport and its impact on the global UTLS using
high-quality ACE-FTS observations. Comparisons against
high vertical-resolution AirCore profiles and aircraft mea-
surements demonstrate that ACE-FTS captures both the
upper-tropospheric CH4 enhancement and the sharp vertical
gradients near the tropopause. Consistent agreement is found
for ACE-FTS CO, further supporting the robustness of the
ACE-FTS observations. Both ACE-FTS observations and in-
situ measurements reveal CH4 and CO enhancements within
the anticyclone, with distinct vertical structures: CH4 max-
imum extends up to the local tropopause, whereas CO de-
creases sharply about 2 km below it. This highlights distinct
transport characteristics of the short- and long-lived tracers
associated with the ASM.

The contrast in tracers between the interior and exterior
of the anticyclone reveals distinct spatial structures for CHy
and CO: the largest CH4 enhancements occur poleward to the
north and above the tropopause, whereas the strongest CO
enhancements are found below the tropopause within the an-
ticyclone. The behavior demonstrates that air masses inside
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ACE-FTS CH4 20°S-20°N detrended monthly anomalies (2005-2023)
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Figure 10. Climatological detrended monthly anomalies of ACE-FTS CHy4 averaged over 20° S—20° N during 2005-2023, derived from
(a) observations in August, October, February and April (b) monthly reconstructions using regression fit including annual and semi-annual
cycle. At each altitude, the linear trend is first removed from both observations and reconstructed values. Anomalies are then calculated
relative to each year’s mean of the four detrended observation months in (a) and the 12 detrended reconstructed months in (b), before
averaging each month across the 19 years. Black dashed lines indicate the climatological tropopause height. White dashed lines in (a) trace
the maximum anomalies at each altitude to indicate the possible upward progression of positive anomalies. The same white dashed lines are
overlaid in (b) for comparison. August is repeated at the right edge to show continuity across the annual cycle.
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Figure 11. (a) Time series of zonal mean CH4 mixing ratio averaged over 15°S-30°N for multiple levels, as obtained from ACE-FTS
(colored solid line). (b) CHy trends in UTLS over the period January 2005-December 2023, as calculated by LOTUS regression code
(SPARC/IO3C/GAW, 2019). Hatched regions are insignificant at the 20 level. Black dashed line represents the WMO-tropopause obtained
from ERAS reanalysis.
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the ASM anticyclone are preferentially transported into the
northern extratropical lower stratosphere. The methane dis-
tribution is consistent with previous study on transport from
the ASM anticyclone into the northern extratropical lower
stratosphere (Ploeger et al., 2013, 2017; Vogel et al., 2014,
2015; Clemens et al., 2022). These studies identify eastward
eddy shedding and quasi-horizontal poleward transport along
isentropic surface as pathways by which air within the ASM
anticyclone reaches the extratropical lower stratosphere. Our
observations provide additional tracer evidence consistent
with these transport pathways revealed by the simulation re-
sults.

On a global scale, an upper tropospheric CH4 maximum
is observed throughout the year in the tropics, maximizing
during boreal summer (JJA) and autumn (SON). This cli-
matological maximum likely arises as a result of enhanced
deep convection overlying maximum surface CH4 fluxes dur-
ing boreal summer (Fig. 9). The ASM circulation is part of
this boreal summer maximum, and the confining ASM cir-
culation further enhances CHy4 in the monsoon region (e.g.
Fig. 3a). As the ASM anticyclone dissipates in boreal au-
tumn, this CH4 maximum broadens toward the tropics, and
mixing ratios near the tropical tropopause layer reach their
seasonal maximum. This evolution is consistent with simu-
lations showing a late-season broadening of monsoon-source
tracers toward the tropics (Vogel et al., 2015) and disper-
sal of anticyclone air across the tropics (Garny and Randel,
2016). Previous studies have identified pathways involving
diabatic ascent and quasi-horizontal transport into the tropi-
cal stratosphere, followed by further ascent within the tropi-
cal pipe (Ploeger et al., 2017; Vogel et al., 2019). Large posi-
tive anomalies in the tropical lower stratosphere in the boreal
winter suggests a possible role for tropical upwelling associ-
ated with the BDC. However, direct association of the posi-
tive anomalies from upper troposphere to lower stratosphere
is poorly defined by the lack of ACE-FTS tropical measure-
ments between October—February.
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ACE-FTS data show the well-known growth in CHy over
time, with increases of 3 % per decade to 4 % per decade
throughout the troposphere and UTLS region. A clear hemi-
spheric asymmetry is evident in lower stratospheric trends
(above 18 km), with negative values in the NH and positive
values in the SH. The spatial pattern is consistent with post-
2000 trends in other long-lived tracers and reanalysis-driven
simulations reported in recent studies (Mahieu et al., 2014;
Haenel et al., 2015; Ploeger and Garny, 2022). They may re-
flect variability in the strength and spatial structure of the
BDC, including shifts in subtropical transport barriers and
QBO-related modulation of transport and mixing (Stiller et
al., 2017; Ivaniha et al., 2026). But these asymmetric strato-
spheric CHy4 trends have little impact on the ASM or global
tropical tropopause region.

Overall, these results highlight the role of the ASM in
shaping methane variability in the UTLS and its subsequent
influence on global distributions. As emphasized in the In-
troduction, understanding the redistribution processes that
couple the lower atmosphere with the UTLS is important
for constraining the global methane budget and evaluating
its radiative impacts. The long-record high-quality ACE-FTS
methane data provides a unique benchmark for testing model
performance and for quantifying the ASM’s role in CHy
transport and variability.

Atmos. Chem. Phys., 26, 16013-16028, 2026
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Appendix A: Additional figure

The regression fits, obtained using the method described in
Sect. 2.4, reproduce the long-term increase and the main
seasonal variations in ACE-FTS CH4 observations averaged
over 20°S-20°N during 2005-2023 at selected altitudes
(Fig. Al).

Y. Yi et al.: Methane in the Asian Monsoon anticyclone

Monthly reconstruction of ACE-FTS CH4 20°S-20°N
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Figure A1. Monthly reconstruction of ACE-FTS CH,4 mixing ratios averaged over 20° S—20° N at selected altitudes during 2005-2023. Black
dots represent observations available in February, April, August, and October. Red lines show monthly reconstructions from regression fits.
Regressions were fitted separately at each altitude using only available observations. The root-mean-square error (RMSE) between fitted and

observed values is indicated above each panel.
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