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Abstract. Long-lived atmospheric species like carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and
CFCs exhibit discernible trends reflecting anthropogenic emissions, with increases observed in CO2, CH4, N2O, and
decreases in CFCs. Conversely, trends for short-lived species like carbon monoxide (CO) and nitrogen oxides (NOx)
remain less understood due to rapid chemistry and limited upper tropospheric observations. We utilize extensive in-
situ CO measurements spanning 2012-2023, supplemented by prior airplane campaigns from 1991-2019, to examine5

short-term fluctuations in CO influenced by anthropogenic emissions and rapid chemical removal. Comparisons with
MOPITT satellite data and chemistry budgets from 1948-2003 simulations further elucidate the interplay of sources
and sinks, revealing the significant impact of chemistry on CO profiles and trends.

1 Introduction10

Given the significant scale of anthropogenic emissions originating from Asian regions since the 1970s (UNEP, 2023),
there is a critical need for routine measurements of anthropogenic air pollutants in the Pacific upper troposphere.
Such measurements would not only enhance our understanding of the spatial and temporal extent of anthropogenic
emissions in this region but also facilitate the development and validation of models aimed at predicting the export
of air pollution from Asian sources (Petzold et al., 2015).15

The impacts of atmospheric short-lived species such as carbon monoxide (CO) and nitrogen oxides (NOx) are
challenging to track compared to longer-lived species like carbon dioxide (CO2), methane (CH4), and chlorofluoro-
carbons (CFCs) (Seiler and Junge, 1970). This difficulty arises from the faster chemistry involved, compounded by
the complex interactions of these short-lived species with various Earth system components such as the lithosphere,
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biosphere, hydrosphere, and cryosphere, particularly within the troposphere. Moreover, the tropospheric dynamics,20

including temperature, wind patterns, humidity, and observational constraints, pose additional challenges in tracking
the long-term trends of these short-lived species originating from anthropogenic emissions.

In the lower troposphere, elevated temperatures accelerate chemical reaction rates, while abundant gas-phase
water vapor facilitates the production of hydroxyl radicals (OH), leading to shorter chemical lifetimes for short-lived
species like CO compared to the upper troposphere, where lower temperatures and drier air prevail (Seiler and25

Junge, 1970).
While in-situ observations of atmospheric gas-phase pollution levels in the upper troposphere over the North

Pacific are scarce and challenging, satellite remote sensing techniques offer passive observations of emissions in near
and thermal infrared wavelengths to infer total column density of gas-phase molecules (Martin, 2008). However,
obtaining good vertical resolution of CO in the upper troposphere remains a challenge. Ozone (O3) measurements30

by ozonesonde provide valuable vertical profile data but are limited to ozone (Thompson et al., 2021).
The global atmosphere has been continuously impacted by significant inputs of ground-level anthropogenic pollu-

tants since the industrial revolution (Barbante et al., 2004; Rose, 2015).
Routine and long-term in-situ measurements of Asian air pollutants over the North Pacific upper troposphere are

rare but crucial for understanding anthropogenic impacts in this region. In this study, we present routine in-situ35

measurements of CO from the PGGM/IAGOS air-based measurement project conducted during the period 2012-
2018. Combining these measurements with previous in-situ data collected in various years between 1991 and 2019,
we observed a significant increase in ground-level anthropogenic pollutant CO in the upper troposphere over the
North Pacific.

Over the 28-year period, mean CO volume mixing ratios increased from 60 ppbv in 1991 to 80 ppbv in 2018,40

reflecting a 30% rise in observed CO mixing ratios. This increase correlates with a calculated 26% increase in
ground-level CO emissions over Asian countries, from 180 MT in 1991 to 228 MT in 2018 (Wang et al., 2024).

In contrast, ground-level CO emissions over North America decreased by 51%, from 69 MT in 1994 to 35 MT in
2018. Similarly, observed CO mixing ratios over the North Atlantic upper troposphere decreased by 15%, from 80
ppbv in 1994 to 68 pptv in 2019.45

The sensitivity of CO mixing ratios in the upper troposphere to ground-level CO emissions was assessed using
a three-dimensional tropospheric chemistry model. Model simulations with constant ground-level CO emissions for
the 20-year period of 1994-2003 demonstrated zero growth trends in CO mixing ratios over the North Pacific and
North Atlantic.

Comparison of PGGM/IAGOS aircraft measurements during the 2012-2018 period with previous NASA Global50

Troposphere Experiment (GTE) aircraft missions revealed elevated CO mixing ratios in the upper troposphere.
These elevated levels, predominantly observed during the summer months of July and August, indicate effective
vertical transport of ground-level anthropogenic pollutants (Thompson et al., 1996; Blake et al., 1996, 1997; Jacob
et al., 2003a, b; Streets et al., 2006; Wofsy, 2011; Brune et al., 2020).
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In the following, we present new insights into air pollution in the upper troposphere, highlighting the importance55

of routine in-situ measurements for understanding the impacts of anthropogenic emissions on atmospheric chemistry
and dynamics. By combining observational data with advanced modeling techniques, we can track and predict the
spatial and temporal variations of air pollutants, thereby informing effective mitigation strategies and policies.

2 Data and Methods

2.1 In Situ Observations60

2.1.1 PGGM/IAGOS

Figure 1(a) depicts the flight routes of three routine in-service commercial passenger Airbus aircraft operated by
China Airlines (CAL) and equipped with the IAGOS Package 1 instruments for in-situ measurements from 2012 to
2018 (Petzold et al., 2015; Nédélec et al., 2015; Wang et al., 2024). These flight routes span various regions, covering
heavy emission areas over East Asia (Streets et al., 2006), upwind and downwind of Asian emission areas over65

the Euro-Asia continent, the North Pacific, tropical northwestern Pacific regions, as well as flights to the southern
hemisphere, including Australia and New Zealand (Clark et al., 2015).

It is noteworthy that the IAGOS project is a continuation of the MOZAIC project, which commenced in 1994
(Marenco et al., 1998). The innovative aspect of the MOZAIC project lies in its utilization of five in-service commer-
cial passenger Airbus A340-300 aircraft to routinely collect air pollutants in the upper troposphere during commercial70

passenger service flights. Unlike dedicated research aircraft, commercial passenger aircraft operate extensively, al-
lowing for data collection during take-off, cruising, and landing stages, thus providing abundant data opportunities
(Wang et al., 2024). This stands in stark contrast to research aircraft, which typically have limited operational
windows spanning only a few days.

2.1.2 NASA GTE, HIPPO, and ATom Aircraft Measurements75

Thanks to the visionary, courageous, and painstaking effort of David Keeling and collaborators, the Mauna Loa
CO2 data provide long-term, in-situ, and consistent monitoring of atmospheric CO2 since March 1958 (Keeling et
al., 1976; Heimann, 2005). These data serve as a crucial reference for quantifying the current status of atmospheric
CO2 in a climate characterized by rising temperatures and continuously increasing anthropogenic emissions (UNEP,
2023).80

For short-lived greenhouse gases such as CO (IPCC, 2013), long-term measurements downwind of heavy surface
emission areas are rare but essential for understanding changes in air pollutants over the North Pacific upper
troposphere. During the period 1970-1994, when technological emissions grew significantly year by year, the only
in-situ measurements in the upper troposphere over the North Pacific were conducted as part of NASA’s Global
Troposphere Experiments (GTE) (Thompson et al., 1996).85
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(a) (b) (c)

(d) (e) (f)

Figure 1. The flight routes of the measurement aircrafts and analysis domains. (a) The flight routues of the PGGM/IAGOS
aircrafts during 2012-2018. (b) The flight routes of the NASA PEM-WEST A in 1991 (red), the PEM-WEST B in 1994
(green), and the TRACE-P in 2001 (blue). (c) The flight routes from the NASA HIPPO aircraft measurements during 2009
(red), 2010 (green), and 2011 (blue). (d) The flight routes from the NASA ATom aircraft measurements during 2016 (red),
2017 (green), and 2018 (blue). (e) The analysis domains. The area with intensive surface cyclogenesis (dark blue), and its
dwonwind region to the central Pacific (purple), and over the entire North Paicific (sky blue). The northern hemisphere warm
conveyor belt (light green in the NH), and its subdomains, including downwinds of the Asian continent, and across the entire
North Pacific(magenta); in the exit of airs from Asia content over the Japan and Korea region (blue); and further downwinds,
across central Pacific (navy blue). The western part of the Euro-Asia continent, including part of the warm conveyor and its
northern latitudes (brown). The eastern part of the Euro-Asia continent and the North Pacific (red). The tropical regions
and the sourthern hemisphere (dark green), and the tropical regions (fresh green). (f) Time-series technological emissions
of carbon monoxides estimated by the EDGAR version 6.1 for UAS, OECD and Central Europe, Asian countries excluding
China, China, and Russia and Central Asian countires.

Figure 1(b) illustrates the flight routes of NASA’s PEM-WEST A in 1991 (Blake et al., 1996), PEM-WEST B
in 1994 (Blake et al., 1997), and TRACE-P in 2001 (Jacob et al., 2003a). The PEM-WEST A and B flight routes
focused on regions west of 140◦E over the western North Pacific, near the East Asia emission areas. These flights
provided valuable data on air pollutants over the North Pacific upper troposphere immediately downwind of East
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Asia emission areas, especially during crucial periods such as 1991 and 1994, which marked the end of steady CO90

emission growth and significant growth thereafter, particularly from China (Streets et al., 2006). The visionary
PEM-WEST measurements offer valuable data for comparison with later in-situ measurements from projects like
IAGOS and ATom.

Figure 1(c) depicts the flight routes from NASA’s HIPPO aircraft measurements during 2009, 2010, and 2011
(Wofsy, 2011), while Figure 1(d) shows the flight routes from NASA’s ATom aircraft measurements during 2016,95

2017, and 2018 (Brune et al., 2020). The HIPPO measurements focused on regions close to the International Dateline
(ID) and longitudes east of it in the North Pacific upper troposphere. Similarly, the ATom measurements over the
North Pacific focused on regions similar to those covered by HIPPO flights.

Based on these flight routes, we categorized the data into regions for analysis, as shown in Figure 1(e). These regions
represent key dynamical processes responsible for transporting ground-level air pollutants to the upper troposphere.100

They include regions of intensive surface cyclogenesis and their downwind areas, the northern hemisphere warm
conveyor belt and its subdomains, areas of air exit from the Asian continent, as well as regions across the Euro-Asia
continent and the North Pacific.

2.1.3 Mauna Loa Surface Long-Term Measurements

The Mauna Loa monitoring site, operated by the Global Monitoring Laboratory (GML) at the Earth System105

Research Laboratories (ESRL), National Oceanic and Atmospheric Administration (NOAA), provides high-quality,
long-term, in-situ measurements of atmospheric CO (Andrews et al., 2009). These measurements play a crucial role
as a standard reference for verifying long-term CO trends observed from satellite measurements by instruments like
MOPITT and simulations by models such as the IMS model.

2.2 MOPITT Satellite Remote Sensing Measurements110

Satellites serve as valuable tools for remote monitoring of CO on a continuous and global scale from low Earth orbit.
The Measurement of Pollution In The Troposphere (MOPITT) instrument onboard NASA’s Earth Observing System
Terra has been monitoring CO globally since March 2000 (Buchho et al., 2022). The openly available MOPITT data
are extensively utilized in documenting CO variations associated with various atmospheric processes. In this study,
we leverage MOPITT data as a consistent reference to assess the long-term trends of CO in the troposphere.115

2.3 EDGAR Technological Emission Estimates

An openly available and widely used source for estimating gridded anthropogenic emissions in global chemistry
and climate models is the Emissions Database for Global Atmospheric Research (EDGAR) from the European
Commission (Olivier etr al., 1994).
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In this study, we utilize EDGAR estimates to track variations in technological emissions of CO during the period120

1970-2020. Figure 1(f) illustrates time-series technological emissions of carbon monoxide estimated by EDGAR
version 6.1 for various regions including the United States (USA), OECD countries, Central Europe, Asian countries
excluding China, China, and Russia and Central Asian countries. EDGAR data play a crucial role in revealing the
variations of technological emissions in our analysis.

It is worth noting that accurate estimates of anthropogenic emissions are essential for quantifying the discrep-125

ancies between observed rising temperatures and anthropogenic emissions, as highlighted in the United Nations
Environment Programme Emissions Gap Report 2023 (UNEP, 2023).

2.4 IMS Global Tropospheric Chemistry Model

The three-dimensional chemistry transport model IMS (Integrated Modelling System) is employed in this study
to simulate long-term CO trends and budgets in the troposphere. The IMS model encompasses full tropospheric130

chemistry, with particular focus on the conversion of hydrocarbons to CO (Wang et al., 2001b), along with a
comprehensive suite of anthropogenic and natural emissions (Wang et al., 2001a). Validation of IMS model results
has been conducted against observational data (Wang and Shallcross, 2000a, b; Wang et al., 2001c). Additionally,
the IMS model has been utilized to investigate various phenomena, including the impact of stratospheric ozone on
tropospheric ozone (Wang and Kau, 2015) and the long-range transport of Asian dust over the North Pacific (Wang,135

2007).
In this study, we conducted two long-term simulations using the IMS for tropospheric chemistry. The IMS 1948-

1978 simulation spans 30 years, commencing from September 1948 to August 1978, while the IMS 1984-2003 simula-
tion covers 20 years, starting from September 1984 to August 2003. These simulations were performed with constant
emissions from anthropogenic sources, while biogenic emissions were calculated online based on interactions among140

the atmosphere, ocean, and terrestrial biosphere (Wang and Shallcross, 2000b; Wang et al., 2001a).
The results from the IMS simulations were compared with in-situ measurements from IAGOS, satellite remote

sensing measurements from MOPITT, and long-term in-situ measurements from Mauna Loa.

3 Results

3.1 Long-Term Time-Series CO and Trends145

Figure 2 illustrates long-term time-series CO measurements downwind of the Asian emission areas and over the North
Pacific upper troposphere. The upper panels depict data from high latitudinal regions north of 45◦N , spanning
longitudes 150◦E to 140◦W , and latitudes 45◦N to 60◦N . The lower panels display data from lower latitudinal
regions south of 45◦N , covering longitudes 150◦E to 140◦W , and latitudes 25◦N to 45◦N (the Northern Hemisphere
warm conveyor belt, Figure 2(e)). The time-series data are stratified according to the statistics of all data collected in150
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Figure 2. Time-series long-term CO measreuements downwind the Asia emission areas and over North Pacific upper tro-
posphere. The upper panels shows data from the high latitudinal regions north of 45◦N , in longitudes 150◦E− 140◦W , and
latitudes 45◦N − 60◦N . and over North Pacific upper troposphere. The lowers panels shows data from the lowe latitudinal
regions south of 45◦N , in longitudes 150◦E−140◦W , and latitudes 25◦N −45◦N . and over North Pacific upper troposphere.
The time-series data are stratified according to the statistics of all data collected in a given month: The maximum (left most),
75th percentile (second from left), 50th percentile (center), 25th percentile (second from the right), and the minimum (right
most) observations.

a given month: the maximum (leftmost), 75th percentile (second from left), 50th percentile (center), 25th percentile
(second from the right), and the minimum (rightmost) observations.

The maximum observed CO concentrations are higher over latitudes north of 45◦N (exceeding 280 ppbv) than
over latitudes south of 45◦N (approximately 280 ppbv), indicating exceptionally high CO emission sources from
biomass burning over higher latitudes such as Siberia (Nédélec et al., 2005).155

The linear regression of the 75th percentile observations exceeds 90 ppbv in lower latitudes and falls below 90 ppbv
in higher latitudes. For the 50th percentile observations, the linear regression is higher in lower latitudes (close to 80
ppbv) than in higher latitudes (around 70 ppbv). Regarding the 25th percentile observations, the linear regression
for CO is higher (around 70 ppbv) in lower latitudes than in higher latitudes (approximately 50 ppbv).

Regarding the minimum observed CO levels, both higher and lower latitudes exhibit a decline. The lower latitudes160

contain higher CO levels (around 40 ppbv) compared to the higher latitudes (approximately 30 ppbv).
In summary, key findings from the in-situ aircraft measurements over the middle North Pacific upper troposphere,

downwind of the Asian emissions as shown in Figure 2, are as follows: except for the minimum CO levels, all observed
CO concentrations increased over the 27-year period from 1991 to 2018. The minimum CO levels reflect background
CO, which decreased over time. The 25th, 50th, 75th, and maximum CO levels are impacted by emissions, with165

latitudes south of 45◦N being more affected by Asian emissions compared to latitudes north of 45◦N .
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Figure 3. Time-series long-term CO in-situ measurements during 1991-2012 in the upper (blue) and the lower (red) tro-
posphere over the Asian emission regions 123◦E− 142◦W , and latitudes 31◦N − 42◦N . The measurements are shown as the
maximum (upper left), 75th (upper middle), 50th (upper right), 25th (lower left), minimum (lower middle), and the mean
(lower right) of all in-situ measurements in a given month.

Figure 3 presents time-series of long-term CO in-situ measurements from 1991 to 2012 in both the upper (blue)
and lower (red) troposphere over the Asian emission region spanning longitudes 123◦E to 142◦W and latitudes
31◦N to 42◦N . This region corresponds to the Northern Hemisphere warm conveyor belt (Figure 1(e)), through
which heavy emissions from the Asian continent enter the North Pacific atmosphere (also see transport of Asian170

dust storm over the North Pacific(Wang, 2007)). The measurements are depicted as the maximum (upper left), 75th
percentile (upper middle), 50th percentile (upper right), 25th percentile (lower left), minimum (lower middle), and
mean (lower right) of all in-situ measurements in a given month. Linear regression analysis of the measurements
reveals increasing trends in CO concentrations in both the lower and upper troposphere over the Asian emission
regions.175
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3.2 Seasonal Variability in the Upper and Lower Troposphere

Figure 4. Long-term measurements of CO (top panels), O3 (second panels from the top), and H2O (second panels from the
bottom) measurements during 2000-2018 over the western Pacific (longitudes 123◦E− 142◦W , and latitudes 31◦N − 42◦N).
Long-term measurements of CO and H2O over western Europe (bottom panels; longitudes 1◦E− 5◦E, and latitudes 46◦N −
49◦N). The vertical panels shows the time-series measurements (left panels), monthly (middle panels), and scattered plot of
two observed variables (right panels).

Figure 4 illustrates long-term measurements of CO (top panels), O3 (second panels from the top), and H2O

(second panels from the bottom) during the period 2000-2018 over the western Pacific (longitudes 123◦E− 142◦W
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and latitudes 31◦N − 42◦N). Additionally, long-term measurements of CO and H2O over western Europe are de-
picted (bottom panels; longitudes 1◦E−5◦E and latitudes 46◦N−49◦N). The vertical panels display the time-series180

measurements (left panels), monthly averages (middle panels), and scatter plots of two observed variables (right
panels).

CO trends in the upper troposphere show positive values for the period 2001-2018, consistent with the positive
trends observed over the period 1991-2012 (see Figure 3).

Conversely, CO trends in the lower troposphere are close to zero but slightly negative over the period 2000-2018.185

The CO trends over the period 1991-2012 were 0.6 ppbv yr−1 (trends of the mean of the 50th percentile of CO, as
shown in Figure 3). The reductions in CO trends when comparing the 2000-2018 period with the 1991-2012 period
are consistent with the reduction in technological CO emissions over East Asia after 2012 (see Figure 1(f)).

Monthly variations of CO in the upper troposphere are high during summer months and low during winter months.
In contrast, monthly CO levels in the lower troposphere are low during summer and high during winter. The seasonal190

variations of CO in the upper troposphere are out of phase with those in the lower troposphere. This out-of-phase
pattern is evident in the scatter plot, where CO levels in the upper troposphere are negatively correlated with
those in the lower troposphere. These results highlight the significance of vertical pumping processes during summer
months in transporting CO from the lower troposphere to the upper troposphere.

The evidence of vertical pumping process during the summer months can be seen when comparing the time-series195

long-term measurements of CO and O3 in the upper troposphere. The trends for CO are positive, while the trends
for O3 are negatives. The monthly CO in the upper troposphere are higher in the summer months than in the winter
months. The monthly O3 in the upper troposphere are higher in the spring months than in the summer months. The
negative O3 indicate less downward intrusions of elevated stratospheric O3 in the upper troposphere (ref), and more
pumping input of low O3 from the lower troposphere to the upper troposphere. The O3 are negatively correlated200

with the CO in the upper troposphere.
Figure 4 futher compares CO and H2O in the upper troposphere. The trends for H2O are negative, while the

trends for CO are positive in the upper troposphere. The seasonal H2O are higher during the summer months than
during the winter months. The H2O are positively correlated with the CO in the upper troposphere, indicating the
same sources for the elevated CO and elevated H2O in the upper troposphere.205

Figure 4 also compares CO and H2O in the upper troposphere over Western Europe (1◦E−5◦E, 46◦N−49◦N). In
this region, both CO and H2O trends are negative. Monthly H2O levels are higher during summer months compared
to other months in the upper troposphere. Additionally, CO shows a negative correlation with H2O in the upper
troposphere.
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(a) (b) (c)

(d) (e) (f)

Figure 5. Annual profiles of in-situ CO measurements during the period 2012-2018. Profiles are shown for the 50th percentile
of measurement data: (a) dwonstream of heavy Asian emission ares over north Pacific, in longitudes east of 100◦E and
latitudes north of 25◦N ; (b) Northern Hemisphere warm conveyor belt, in latitudes 25◦N − 45◦N ; (c) upstream of Asian
emission areas over Euro-Asia regions, in longitudes west of 100◦E and latitudes north of 25◦N ; (d) tropical regions, in
latitudes 25◦N − 20◦S; (e) tropical regions and Southern Hemisphere, in latitudes south of 25◦N ; and (f) all data.

3.3 Variability of CO Profiles from 2012 to 2018210

The previous section demonstrated evidence of the vertical pumping of CO and H2O from the lower troposphere to
the upper troposphere, which plays a crucial role in the vertical redistribution of chemicals from ground-level sources
throughout the troposphere.

In this section, we examine the vertical profiles of CO over various regions, as shown in Figure 1, using in-situ
measurements collected by the IAGOS aircraft.215

Figure 5 presents annual profiles of in-situ CO measurements from 2012 to 2018. The profiles represent the 50th
percentile of measurement data in different regions: (a) downstream of heavy Asian emission areas over the North
Pacific, in longitudes east of 100◦E and latitudes north of 25◦N ; (b) Northern Hemisphere warm conveyor belt,
spanning latitudes 25◦N − 45◦N ; (c) upstream of Asian emission areas over Euro-Asia regions, in longitudes west
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(a) (b) (c)

(d) (e) (f)

Figure 6. Profiles of CO trends for the period 2012-2018. The trends were shown for regions downwind of the east Asia
emission areas over the North Pacific region (dashed red), upwind of the east Asia emission ares over the Euro-Asia region
(dashed blue), tropical regions and the Southern Hemisphere (green), Southern Hemisphere warm conveyor belt (gray),
Northern Hemisphere warm conveyor belt (blue), and regions (red). The trends are shown for the (a) maximum, (b) 75th
percentile, (c) 50th percentile, (d) 25th percentile, (e) minimum, and (f) the mean of the in-situ measurement data.

of 100◦E and latitudes north of 25◦N ; (d) tropical regions, covering latitudes 25◦N −20◦S; (e) tropical regions and220

Southern Hemisphere, encompassing latitudes south of 25◦N ; and (f) all data.
CO concentrations near the surface range between 160 ppbv and 560 ppbv, while concentrations in the upper

troposphere vary between 40 ppbv and 120 ppbv. Significant variations in CO were observed at altitudes lower than
3 km and higher than 9 km. A sharp decrease in CO concentration was observed vertically, from near the surface to
about 5 km, followed by a gradual reduction from 5 km to 12 km.225

Figure 5 clearly illustrates that CO is produced from surface emissions and transported upward through vertical
pumping processes.

It’s worth noting that CO concentrations in the upper troposphere over the North Pacific (Figure 5(a)) and the
warm conveyor belt (Figure 5(b)) exhibit more variability than in other regions during the 2012-2018 period. These
measurements in the upper troposphere align with the reduction in surface emission sources of CO from Asian230

emission sources after 2012 (Figure 1(f)).
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Figure 6 presents profiles of CO trends for the period 2012-2018 across various regions, showcasing different
percentiles and means of in-situ measurement data:

Downwind of the East Asia emission areas over the North Pacific region (dashed red). Upwind of the East Asia
emission areas over the Euro-Asia region (dashed blue). Tropical regions and the Southern Hemisphere (green).235

Southern Hemisphere warm conveyor belt (gray). Northern Hemisphere warm conveyor belt (blue). All data (red).
(a) Maximum, (b) 75th percentile, (c) 50th percentile, (d) 25th percentile, (e) minimum, and (f) mean trends are
displayed.

Negative monthly mean CO trends are consistent with the mean and 50th percentile CO trends between 3 and 4
km altitudes, based on IAGOS observations during 2012-2018.240

The airplane measurements indicate positive trends over East Asia and the North Pacific, while negative trends
are observed over the North Atlantic, consistent with a steady decline in technological emissions estimated by
EDGARv6.2.

Figure 6 shows profiles of CO tendencies averaged over the regions shown in Figure 5. Maximum observed CO
exhibits distinctive positive trends in the troposphere, particularly below 6 km altitudes. Conversely, minimum245

observed CO trends negatively below 10 km altitudes, representing background CO.
Positive trends suggest that chemical sources, including hydrocarbon emissions converted to CO and direct CO

emissions, dominate the highest CO concentrations. Negative trends indicate that chemical sinks are the main factor
controlling CO in the atmosphere, with CO generally declining without input from chemical sources.

Trends for the 75th percentile CO resemble those for the maximum CO, with the most significant positive trends250

occurring below 6 km altitudes. In contrast, trends for the 25th percentile CO are generally negative in the tropo-
sphere, similar to trends for the minimum CO, indicating dominance of chemical sinks below 9 km altitudes and
chemical sources in the upper troposphere.

The 50th percentile CO trends mirror those for mean CO, with negative trends below 9 km altitudes except for
small positive trends between 3 and 5 km altitudes. Above 9 km altitudes, positive trends are observed.255

Chemical sources contribute to positive tendencies below 5 km altitudes, while reduced chemical sinks lead to
positive tendencies above 9 km altitudes. The minimum CO exhibits negative tendencies throughout most altitudes,
indicating consistent removal of CO from the atmosphere.

These results highlight the importance of chemical sinks in controlling CO levels, especially in the upper tropo-
sphere where slow chemical sinks contribute to CO accumulation. Continuous emissions of CO and hydrocarbons260

sustain this accumulation, making the upper troposphere a sensitive region for monitoring trends in short-lived
chemical species like CO. High-quality in-situ measurements from IAGOS Package 1 in the upper troposphere are
invaluable for understanding these dynamics.
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(a) (b) (c)

Figure 7. Time-series simulation results from the IMS model and the comparison with the Mauna Loa measurements. (a)
Time-series CO from the IMS simulation, where red for the lower troposphere, and blue for the upper troposphere. The
Mauna Loa measurements are shown in black. (b) Scattered plot analysis of the IMS simulated CO versus the Mauna Loa
measurements of CO. The colors indicate the month of each data point. (c) Scattered plot analysis of the IMS simulated CO
in the upper troposphere versus the IMS simulated CO in the lower troposphere.

3.4 What Controls Long-Term CO Trends in the Atmosphere

3.4.1 IMS simulations and verifications against MLO, IAGOS, MOPITT measurements265

Figure 7 presents time-series simulation results from the IMS model, along with a comparison with Mauna Loa mea-
surements. The IMS simulation results are depicted for both the lower troposphere (red) and the upper troposphere
(blue) in Figure 7(a), while the Mauna Loa measurements are represented in black.

In Figure 7(b), a scatter plot analysis of the IMS simulated CO versus the Mauna Loa measurements of CO is
shown. The comparison reveals a strong correlation between the IMS simulations and the Mauna Loa measurements,270

although the IMS model tends to overestimate CO compared to the Mauna Loa measurements.
Figure 7(c) illustrates a scatter plot analysis of the IMS simulated CO in the upper troposphere versus the IMS

simulated CO in the lower troposphere, with colors indicating the months of the data.
During the summer to autumn months, modeled CO concentrations in the upper troposphere are negatively

correlated with those in the lower troposphere. These months coincide with the period of intensive Asian summer275

monsoon over the North Pacific.
Conversely, during the winter to spring months, modeled CO concentrations in the upper troposphere show a

positive correlation with those in the lower troposphere. These months correspond to the period of intensive Asian
winter monsoon, characterized by frontal activity associated with the development of baroclinic waves.

Figure 8 displays time-series simulation results from the IMS model (blue), comparisons with the IAGOS measure-280

ments (sky blue), and linear regression predictions from the IMS 1984-2003 simulation extended to the end of 2020
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(a) (b) (c)

(d) (e) (f)

Figure 8. Time-series simulation results from the IMS model (blue), the comparisons with the IAGOS measurements (sky
blue), and the linear regression prediction from the IMS 1984-2003 simulation to the end of 2020 over the upper troposphere
of (a) the North Atlantic(50◦W -20◦W , 10◦N − 70◦N); and the scattered plot analysis in (d); (b) immediately downwind of
the East Asia emission areas (123◦E-142◦E, 31◦N − 42◦N), and the scattered plot analysis in (e); (c) upwind of the East
Asia emission areas (10◦E-100◦E, 31◦N − 42◦N), and the scattered plot analysis in (f).

over the upper troposphere of: (a) the North Atlantic (50◦W -20◦W , 10◦N -70◦N), along with scattered plot analysis
in (c); (b) immediately downwind of the East Asia emission areas (123◦E-142◦E, 31◦N -42◦N), with scattered plot
analysis in (e); (c) upwind of the East Asia emission areas (10◦E-100◦E, 31◦N -42◦N), along with scattered plot
analysis in (f).285

The scatter plots demonstrate that while the IMS simulations correlate well with the IAGOS measurements, the
model underestimates CO compared to the IAGOS in-situ measurements.

Figure 8 also showcases linear regression predictions of the 2004-2020 CO concentrations based on the IMS 1984-
2003 simulations, alongside comparisons with the IAGOS 2004-2020 measurements.
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These comparisons yield significant findings. Notably, the IMS 1984-2003 simulations were conducted with con-290

stant technological CO and emissions from hydrocarbons, while the IAGOS measurements reflect the real CO and
hydrocarbon emissions during 2004-2021. Variations in technological CO emissions are estimated in Figure 1(f).

Over the North Atlantic upper troposphere (Figure 8(a)), IMS predictions exceed the IAGOS measurements.
This suggests a significant reduction in CO chemical sources, including CO and hydrocarbon emissions, and an
increase in upper troposphere/lower stratosphere (UTLS) air exchange processes transporting low CO from the295

lower stratosphere to the upper troposphere.
Over the North Pacific upper troposphere and downwind of the East Asia emission areas (Figure 8(b)), IMS

2004-2020 predictions fall below the IAGOS 2004-2020 measurements. This indicates that the impacts of continuous
CO emissions during 2004-2020 outweigh the effects of the constant CO emissions used in the 1984-2003 simulations.

Over the upper troposphere upwind of the East Asia emission areas (Figure 8(c)), IMS 2004-2020 predictions300

approximate the 2004-2020 in-situ measurements. This suggests reductions in chemical sources and emissions of CO
and hydrocarbons upwind of the East Asia emission areas.

Figure 9 illustrates time-series simulation results from the IMS model alongside comparisons with MOPITT
measurements. The IMS simulations depict the upper troposphere (in blue) and the lower troposphere (in red) for
(a) the North Atlantic (50◦W − 20◦W,10◦N − 70◦N ; downwind of North American emission sources), and (e) the305

North Pacific (150◦E− 140◦W,25◦N − 45◦N ; downwind of Asian emission sources). MOPITT measurements are
represented for the lower troposphere (in light green) and the upper troposphere (in sky blue).

Comparison between the IMS model and MOPITT measurements is presented for the lower troposphere over (b)
the Atlantic and (f) the Pacific, and for the upper troposphere over (c) the Atlantic and (g) the Pacific. Additionally,
the correlation between model CO in the upper troposphere and CO in the lower troposphere is depicted over the310

(d) Atlantic and (h) Pacific. The color coding and numerical annotations indicate the month of the data.
The IMS model exhibits strong correlation with MOPITT measurements across both the lower and upper tropo-

sphere in the North Atlantic and the North Pacific. Notably, MOPITT estimates tend to be higher than IMS results
over the North Pacific (Figure 9(b)) and the North Atlantic (Figure 9(f)). Conversely, for the upper troposphere,
MOPITT estimates appear lower than IMS results over the North Pacific (Figure 9(c)) and the North Atlantic315

(Figure 9(g)).
During summer months, IMS CO levels in the upper troposphere show negative correlation with IMS CO in the

lower troposphere over the North Pacific (Figure 9(d)) and the North Atlantic (Figure 9(h)). These findings align
with seasonal trends observed in IAGOS in-situ measurements over the North Pacific (Figure 4).

The IMS model and MOPITT measurements stand out as the only sources capable of providing CO measurements320

on a global scale. The analysis confirms the consistency between IMS model outputs and MOPITT measurements,
reinforcing the observation of CO transport from the lower to the upper troposphere during summer months in the
Northern Hemisphere, as evidenced by IAGOS in-situ measurements over the North Pacific. Further validation of
MOPITT measurements with Mauna Loa in-situ data is planned for the next phase.
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 9. Time-series simulation results from the IMS model and the comparisons with the MOPITT measurements. The IMS
simulations are shown for the upper troposphere (blue) and the lower troposphere (red) for (a) the North Atlantic (50◦W −
20◦W,10◦N−70◦N ; downwind of the North America emission sources), and (e) the North Pacific (150◦E−140◦W,25◦N−45◦N ;
downwind of the Asia emission sources). The MOPITT measurements are shown for the lower troposphere (light green) and
the upper troposphere (sky blue). The IMS model compared with the MOPITT measurements for the lower troposphere over
(b) the Atlantic and (f) the Pacific; and for the upper over (c) the Atlantic and (g) the Pacific. The model CO in the upper
troposphere correlated with the CO in the lower troposphere over the (d) Atlantic and (h) the Pacific. The color and digits
indicate the month of the data.

Figure 10 illustrates time-series CO measurements from MOPITT and their comparison with Mauna Loa mea-325

surements: (a) The MOPITT CO measurements during the period 2000-2022 over the upper (blue) and the lower
(red) troposphere in an area containing Mauna Loa (160◦W -150◦W , 17◦N -25◦N). The Mauna Loa measurements
are shown for the period 1989-2022 (black). Also depicted are the linear regressions of the MOPITT data over the
lower and the upper troposphere, respectively, and the Mauna Loa data. (b) The MOPITT data over the lower
troposphere correlated with the Mauna Loa measurements. The colors and the digits indicate the months of the330

data.
The MOPITT measurements correlate well with the Mauna Loa measurements (Figure 10(b)). However, the

MOPITT overestimates CO during the summer to autumn months when the CO concentrations are lower than 100
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(a) (b)

Figure 10. Time-series CO measurements from the MOPITT, and the comparisons with the Mauna Loa measurements.
(a) The MOPITT CO measurements during the period 2000-2022 over the upper (blue) and the lower (red) troposphere in
an area contains the Mauna Loa (160◦W − 150◦W,17◦N − 25◦N). The Mauna Loa measurements are shown for the period
1989-2022 (black). Also shown are the linear regressions of the MOPITT data over the lower and the upper troposphere,
respectively; and the Mauna Loa data. (b) The MOPITT data over the lower troposphere correlated with the Mauna Loa
measurements. The colors and the digits indicate the months of the data.

ppbv, while underestimating CO during the winter to spring months when the CO concentrations are higher than
100 ppbv compared with the Mauna Loa measurements.335

The linear regression exhibits negative trends in the CO from the Mauna Loa measurements during 1989-2022,
which is consistent with the negative trends in the CO from the MOPITT measurements during 2000-2022 (Figure
10(a)). Conversely, the MOPITT measurements show positive linear regression over the Pacific upper troposphere,
consistent with the IAGOS measurements (Figure 2).

Figure 11 compares MOPITT with IAGOS observations arranged following westerly flow patterns, starting from:340

(a) Downwind of the North America emission sources and over the North Atlantic (50◦W -20◦W , 10◦N -70◦N). (b)
Western Europe flight regions (1◦E-15◦E, 45◦N -55◦N). (c) Paris region (1◦E-10◦E, 43◦N -53◦N). (d) India (73◦E-
87◦E, 10◦N -23◦N). (e) China (105◦E-125◦E, 22◦N -45◦N). (f) Downwind of the East Asia emission areas and over
the North Pacific (123◦E-142◦E, 31◦N -42◦N).

Over the lower troposphere, MOPITT data correlated well but underestimated CO concentrations compared with345

the IAGOS measurements. Similarly, over the upper troposphere, MOPITT measurements also correlated well but
underestimated CO concentrations compared with the IAGOS in-situ measurements.
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(a) (b) (c)

(d) (e) (f)

Figure 11. Comparisons of the MOPITT with the IAGOS observations. The panels are arranged following the westerly flow
patterns, started from (a) downwind of the North America emission sources and over the North Atlantic (50◦W − 20◦W ,
10◦N − 70◦N), (b) western Europe flight regions (1◦E− 15◦E, 45◦N − 55◦N), (c) Paris region (1◦E− 10◦E, 43◦N − 53◦N),
(d) India (73◦E−87◦E, 10◦N−23◦N), (e) China (105◦E−125◦E, 22◦N−45◦N), and (f) downwind of the east Asia emission
areas and over the North Pacific (123◦E− 142◦E, 31◦N − 42◦N).

Hence, while the MOPITT data are well correlated with the IAGOS measurements, they tend to underestimate
the CO concentrations compared with the IAGOS in-situ measurements.

Figure 12 presents time-series CO concentrations from the IMS 1984-2003 simulations and linear regression pre-350

dictions for the period 2004-2022, compared with MOPITT and IAGOS observations in various regions of the upper
troposphere.

The purpose is to verify the impact of continuous growth of CO emissions during the 2004-2022 period in the
upper troposphere. The controlled and predicted CO trends from the constant emissions of CO and hydrocarbons
are based on the IMS 1984-2003 simulations, which used constant emissions for each year from 2004 to 2022. The355

observed CO trends are derived from IAGOS in-situ measurements and MOPITT remote sensing measurements
during the period 2004-2022, reflecting the impacts of real emissions of CO and hydrocarbons.

By comparing the observed CO trends with the controlled CO trends, we can identify the impacts of increased
emissions of CO and hydrocarbons in the upper troposphere.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 12. Time-series CO concentrations from IMS 1984-2003 simulations, and liner gression prediction to the period 2004-
2022 compared with the MOPITT and the IAGOS observations in the upper troposphere. The panels are arranged following
the westerly flow patterns, started from over (a) the North America (120◦W − 80◦W , 22◦N − 45◦N), (b) North Atlantic
(50◦W − 20◦W , 10◦N − 70◦N), (c) Paris region (1◦E− 10◦E, 43◦N − 53◦N), (d) upwind of eastern Asia (10◦E− 100◦E,
31◦N −42◦N), (e) India (73◦E−87◦E, 10◦N −23◦N), (f) China (105◦E−125◦E, 22◦N −45◦N), (g) eastern Asian emission
(123◦E− 142◦E, 10◦N − 70◦N), (h) North Pacific (150◦E− 140◦W , 25◦N − 45◦N), and (i) Mauna Loa (160◦W − 150◦W ,
16◦N − 25◦N).

The comparisons are arranged following westerly flow patterns, starting from: (a) North America (120◦W -80◦W ,360

22◦N -45◦N), (b) North Atlantic (50◦W -20◦W , 10◦N -70◦N), (c) Paris region (1◦E-10◦E, 43◦N -53◦N), (d) Upwind
of eastern Asia (10◦E-100◦E, 31◦N -42◦N), (e) India (73◦E-87◦E, 10◦N -23◦N), (f) China (105◦E-125◦E, 22◦N -
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Figure 13. Time-series CO concentrations from IMS simulations (blue) and linear regression prediction compared with the
MOPITT (black) and Mauna Loa observations (red).

45◦N), (g) Eastern Asian emission (123◦E-142◦E, 10◦N -70◦N), (h) North Pacific (150◦E-140◦W , 25◦N -45◦N),
and (i) Mauna Loa (160◦W -150◦W , 16◦N -25◦N).

The comparisons reveal that the IMS predicts CO trends in 2022 that are higher than the observed CO trends365

from IAGOS in-situ measurements and MOPITT remote sensing measurements over the upper troposphere of North
America, the North Atlantic, Paris region, and upwind of the East Asia heavy emission areas.

For the remaining regions, IMS predictions are lower than the observations. IMS predictions are lower than both
IAGOS and MOPITT measurements over India and the North Pacific. Over China and downwind of East Asia,
IMS predictions are lower than IAGOS measurements and MOPITT observations are lower than IMS predictions370

over Mauna Loa. It’s worth noting that there are few observations from IAGOS over the Mauna Loa area, and most
available observations are actually higher than the trends predicted by the IMS model.

Hence, these results indicate that for regions upwind of the East Asia heavy emission area, the upper troposphere
CO trends have decreased. Conversely, for the upper troposphere downwind of the East Asia heavy emission area,
CO trends have increased during the period 2004-2022.375

Figure 13 displays time-series CO concentrations from the IMS simulations (blue) and the linear regression pre-
diction compared with MOPITT (black) and Mauna Loa observations (red). The negative CO trends from the
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(a) (b)

Figure 14. Time-series chemistry budget for CO concentrations from the IMS simulations. (a) The IMS 1984-2003 simulations.
(b) The IMS 1948-1978 simulations.

IMS 1984-2003 simulations are consistent with the negative linear regression trends from the Mauna Loa in-situ
measurements and the MOPITT remote sensing measurements.

The CO concentration in 2022 from the IMS linear regression prediction (79 ppbv) is lower than the CO concen-380

tration from the linear regression prediction of the Mauna Loa 1989-2021 observations (85 ppbv) and higher than
the CO concentration from the linear regression prediction of the MOPITT measurements (70 ppbv). The higher
CO from Mauna Loa compared to the IMS predictions indicates that the actual annual CO and hydrocarbon emis-
sions during 2004-2022 are higher than the constant emissions of CO and hydrocarbons used in the IMS 1984-2003
simulations.385

The lower MOPITT prediction of CO compared to Mauna Loa observations is consistent with previous analyses
(Figure 11(f)), which show that MOPITT measurements underestimate CO compared to IAGOS in-situ measure-
ments in regions downwind of East Asia emission areas.

What controls long-term CO trends in the atmosphere? We can understand the processes governing CO dynamics
through model simulations.390

The CO budget, calculated from a three-dimensional global tropospheric chemistry transport model IMS, indicates
constant CO mixing ratios during the 20-year period of 1984-2003 (Figure 14(a)), and nearly constant CO mixing
ratios during the 30-year period of 1948-1978 (Figure 14(b)).

In these simulations, the total annual direct CO emissions are approximately 1100 MT per year. These emissions
consist of technological processes (set at constant emissions of 400 MT/yr), biomass burning emissions, and natural395

processes from the ocean and vegetation. Notably, EDGARv6.1 estimates total technological CO emissions at about
400 MT per year.
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The IMS model calculates approximately 2200 MT of CO produced chemically (including direct CO emissions)
per year, and approximately 2200 MT of CO removed chemically from the atmosphere per year. This indicates that
the chemical sinks (2200 MT/yr) are roughly twice the CO emissions from direct sources (1100 MT/yr). The rates400

of chemical production (including direct CO emissions) of CO are balanced by the rates of chemical removal per
year.

The total amount of CO in the atmosphere varies between 200 and 500 MT. According to EDGARv6.2 estimates,
the total CO in the atmosphere is of the same order as CO directly emitted from technological processes.

The total amounts of CO in the atmosphere fluctuate between 200 and 500 MT, depending on seasonal vari-405

ations that drive chemical reactions converting CO to other products and converting other hydrocarbons to CO.
Consequently, CO mixing ratios are predominantly influenced by chemical processes.

The net chemical processes generally yield positive results from late autumn through winter to early spring
months. Conversely, they tend to be negative from late spring through summer to early fall months. Consequently,
the annual net chemical processes are close to zero, resulting in near-zero CO trends during the 20-year and 30-year410

model simulations, respectively.
The satellite remotely sensed CO trends during the period from March 2000 to May 2021 exhibit a range of

behaviors, including zeros to negative trends (as observed over the North Atlantic, Figure 11(a)), and positive
trends (as observed over India, Figure 11(d)).

The global mean trends derived from MOPITT observations are predominantly negative, indicating that, on a415

global scale, chemical sinks for CO exert a dominant influence on long-term mixing ratios in the atmosphere.
Positive trends for CO are observed over areas such as India and downwind of East Asia emission sources over

the North Pacific (Figure 11(f)), suggesting the influence of chemical sources in these regions.
Overall, globally, CO mixing ratios are decreasing. Positive trends in CO are observed only in regions where

chemical sources, arising from direct emissions of CO and hydrocarbons, outweigh chemical sinks, resulting in an420

increase in CO levels.
Therefore, MOPITT provides valuable insights into CO trends on a global scale.
The monthly mean observations from Mauna Loa exhibit negative trends from 1989 to 2021 (Figure 13). While

emission trends over Asian countries were positive during the 1978-2011 period, they turned negative during 2012-
2018 (Figure 1). Consequently, the negative trends in monthly mean CO over Mauna Loa suggest that chemical425

sinks dominate over chemical sources.

4 Conclusions

In this study, we demonstrate that IAGOS provides high-quality in-situ data suitable for analyzing trends in short-
lived species like CO in the upper troposphere. Our IMS model simulations illustrate that chemical sinks continually
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remove CO from the atmosphere unless countered by sources such as direct emissions of CO and hydrocarbons430

converted to CO.
By integrating IAGOS profile measurements with IMS chemical analysis, we discern that chemical sources pre-

dominate below 2 km and above 9 km altitudes, while chemical sinks outweigh sources between 5 km and 10 km
altitudes.

Aircraft in-situ measurements reveal that the North Pacific upper troposphere experienced increased pollution over435

a 28-year period from 1991 to 2018. Elevated CO mixing ratios were more pronounced in summer than in winter,
suggesting vertical transport of CO from surface sources. Model calculations corroborate the transport of surface
CO from Asian sources as the primary contributor to increased pollution in the upper troposphere. Furthermore,
these calculations support the notion that the rise in CO over the North Pacific upper troposphere is attributable
to increased ground-level CO emissions.440

The main findings of this study include: Illustrating vertical profiles of chemical sources and sinks near anthro-
pogenic source regions using in-situ measurements. Presenting profiles of chemical sources compared to chemical
sinks, utilizing data spanning from 2012 to 2018. Highlighting increased CO trends in the upper troposphere based
on data from PEM-WEST A, PEM-WEST B, TRACE-P, HIPPO, IAGOS, and ATom. Confirming through model
calculations that chemistry plays a significant role in shaping CO profiles and trends. Demonstrating the high sensi-445

tivity of CO trends and profiles to variations in chemical sources and sinks, as evidenced by the analysis of minimum,
25th percentile, 50th percentile, 75th percentile, maximum, and mean CO data.

24

https://doi.org/10.5194/egusphere-2024-2414
Preprint. Discussion started: 20 August 2024
c© Author(s) 2024. CC BY 4.0 License.



References

Andrews, A.E., J. Kofler, P.S. Bakwin, C. Zhao, P. Tans, Carbon Dioxide and Carbon Monoxide Dry Air Mole Fractions from
the NOAA ESRL Tall Tower Network, 1992-2009, Version: 2011-08-31, Path: ftp://ftp.cmdl.noaa.gov/ccg/towers/, 2009.450

Blake, D.R., T.-Y. Chen, T.W. Smith Jr., C.J.-L. Wang, O.W. Wingenter, et al., Three-dimensional distribution of non-
methane hydrocarbons and halocarbons over the northwestern Pacific during the 1991 Pacific Exploratory Mission (PEM-
West A), J. Geophys. Res., 101, 1763-1778, 1996.

Blake, N.J., D.R. Blake, T.-Y. Chen, J.E. Collins Jr., G.W. Sachse, et al., Distribution and seasonality of selected hydrocarbons
and halocarbons over the western Pacific basin during PEM-West A and PEM-West B, J. Geophys. Res., 102, 28,315-28,331,455
1997.

Barbante, C., M. Schwikowski, T. Döring, H.W. Gäggeler, U. Schotterer, et al., Historical record of European emissions of
heavy metals to the atmosphere since the 1650s from Alpine snow/ice cores drilled near Monte Rosa, Environ. Sci. Tech.,
38, 4085-4090, 2004.

Brune, W. H., D. O. Miller, A. B. Thames, H. M. Allen, E. C. Apel, et al., Exploring oxidation in the remote free troposphere:460
Insights from Atmospheric Tomography (ATom), Journal of Geophysical Research, 125, e2019JD031685, 2020.

Buchholz, R. R., M. Park, H. M. Worden, W. Tang, D. P. Edwards, et al., New seasonal pattern of pollution emerges from
changing North American wildfires, Nat Commun, 13 (1), 2043, doi:10.1038/s41467-022-29623-8, 2022.

Chen, S.-J., Y.-H. Kuo, P.-Z. Zhang, and Q.-F. Bai, Synoptic climatology of cyclogenesis over East Asia, 1958-1987, Mon.
Wea. Rev., 119, 1407-1418, 1991.465

Clark, H., et al., The first regular measurements of ozone, carbon monoxide and water vapour in the Pacific UTLS by IAGOS,
Tellus B, 67, 28385, http://dx.doi.org/10.3402/tellusb.v67.28385, 2015.

Cunnold, D.M., R.F. Weiss, R.G. Prinn, D. Hartley, P.G. Simmonds, et al., GAGE/AGAGE measurements indicating reduc-
tions in global emissions of CCl3F and CCl2F2 in 1992-1994, J. Geophys. Res., 102, 1259-1269, 1997.

Ding, A., T. Wang, L. Xue, J. Gao, A. Stohl, et al., Transport of north China air pollution by midlatitude cyclones: Case470
study of aircraft measurements in summer 2007, J. Geophys. Res., 114, https://doi.org/10.1029/2008JD011023, 2009.

Eckhardt, S., A. Stohl, H. Wernli, P. James, C. Forster, et al., A 15-year climatology of warm conveyor belts, J. Clim., 17,
218-237, 2004.

Heimann, M., Charles David Keeling 1928-2005. Nature, 437, 331, https://doi.org/10.1038/437331a, 2005.
IPCC, Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of475

the Intergovernmental Panel on Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung,
A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New
York, NY, USA, 1535 pp, 2013.

Jacob, D.J., J.H. Crawford, M.M. Kleb, V.S. Connors, R.J. Bendura, et al., Transport and Chemical Evolu-
tion over the Pacific (TRACE-P) aircraft mission: Design, execution, and first results, J. Geophys. Res., 108,480
https://doi.org/10.1029/2002JD003276, 2003.

Jacob, D. J., J. H. Crawford, M. M. Kleb, V. S. Connors, R. J. Bendura, J. L. Raper, G. W. Sachse, J. C. Gille, L. Emmons,
and C. L. Heald, Transport and Chemical Evolution over the Pacific (TRACE-P) aircraft mission: Design, execution, and
first results, J. Geophys. Res., 108 (D20), 9000, doi:10.1029/2002JD003276, 2003b.

25

https://doi.org/10.5194/egusphere-2024-2414
Preprint. Discussion started: 20 August 2024
c© Author(s) 2024. CC BY 4.0 License.



Keeling, C.D., R.B. Bacastow, A.E. Bainbridge, C.A. Ekdahl, P.R. Guenther, et al., Atmospheric carbon dioxide variations485
at Mauna Loa Observatory, Hawaii, Tellus, 28, 538-551, 1976.

Liu, H., D.J. Jacob, I. Bey, R.M. Yantosca, B.N. Duncan, et al., Transport pathways for Asian pollution outflow over the
Pacific: Interannual and seasonal variations, J. Geophys. Res., 108, https://doi.org/10.1029/2002JD003102, 2003.

Marenco, A., V. Thouret, P. Nédélec, H. Smit, M. Helten, et al., Measurement of ozone and water vapor by Airbus in-service
aircraft: The MOZAIC airborne program, An overview. J. Geophys. Res., 103 (D19), 25631-25642, 1998.490

Martin, R.V., Satellite remote sensing of surface air quality, Atmos. Environ., 42, 7823-7843, 2008.
Nédélec, P., V Thouret, J. Brioude, B. Sauvage, J.-P. Cammas, et al., Extreme CO concentrations in the upper

troposphere over northeast Asia in June 2003 from the in situ MOZAIC aircraft data, Geophys. Res. Lett., 32,
https://doi.org/10.1029/2005GL023141, 2005.

Nédélec, P., R. Blot, D. Boulanger, G. Athier, J.-M. Cousin, et al., Instrumentation on commercial aircraft for monitoring495
the atmospheric composition on a global scale: the IAGOS system, technical overview of ozone and carbon monoxide
measurements, Tellus B: Chemical and Physical Meteorology, 67, 27791, 2015.

Olivier, J.G.J., Bouwman, A.F., van der Maas, C.W.M. et al., Emission database for global atmospheric research (Edgar),
Environ Monit Assess, 31, https://doi.org/10.1007/BF00547184, 1994.

Petzold, A., et al., Global-scale atmosphere monitoring by in-service aircraft-current achievements and future prospects of500
the European Research Infrastructure IAGOS, Tellus B, 67, http://dx.doi.org/10.3402/tellusb.v67.28452, 2015.

Prinn,R.G., R.F. Weiss, P.J. Fraser, P.G. Simmonds, D.M. Cunnold, et al (2000), A history of chemically and radiatively
important gases in air deduced from ALE/GAGE/AGAGE, J. Geophys. Res., 105, 17751-17792, 2000.

Rose, N.L., Spheroidal carbonaceous fly ash particles provide a globally synchronous stratigraphic marker for the Anthro-
pocene, Environ. Sci. Tech., 49, 4155-4162, 2015.505

Seiler, W., and C. Junge, Carbon monoxide in the atmosphere, J. Geophys. Res., 75, 2217-2226, 1970.
Streets, D. G., Q. Zhang, L. Wang, K. He, J. Hao, Y. Wu, Y. Tang, and G. R. Carmichael, Revisiting China’s CO emissions

after the Transport and Chemical Evolution over the Pacific (TRACE-P) mission: Synthesis of inventories, atmospheric
modeling, and observations,J. Geophys. Res., 111, D14306, doi:10.1029/2006JD007118, 2006.

Thompson, A. M., K. E. Pickering, D. P. McNamara, M. R. Schoeberl, R. D. Hudson, et al., Where did tropospheric ozone510
over southern Africa and the tropical Atlantic come from in October 1992? Insights from TOMS, GTE TRACE A, and
SAFARI 1992, J. Geophys. Res., 101 (D19), 24,251-24,278, doi:10.1029/96JD01463, 1996.

Thompson, A.M., R.M. Stauffer, K. Wargan, J.C. Witte, D.E. Kollonige, et al., Regional and seasonal trends in tropical ozone
from SHADOZ profiles: Reference for models and satellite products, J. Geophys. Res., 126, e2021JD034691, 2021.

Umezawa, T., H. Matsueda, Y. Sawa, Y. Niwa, T. Machida, et al., Seasonal evaluation of tropospheric CO2 over the Asia-515
Pacific region observed by the CONTRAIL commercial airliner measurements, Atmos. Chem. Phys., 18, 14851-14866,
2018.

United Nations Environment Programme, Emissions Gap Report 2023, ISBN 978-92-807-4098-1,
https://doi.org/10.59117/20.500.11822/48922, 2023.

Wang, K.-Y., Long-range transport of the April 2001 dust clouds over the subtropical East Asia and the North Pacific and its520
impacts on ground-level air pollution: A Lagrangian simulation, J. Geophys. Res., 112, D09203, doi:10.1029/2006JD007789,
2007.

26

https://doi.org/10.5194/egusphere-2024-2414
Preprint. Discussion started: 20 August 2024
c© Author(s) 2024. CC BY 4.0 License.



Wang, K.-Y., and D.E. Shallcross, A modelling study of tropospheric distributions of the trace gases CFCl3 and CH3CCl3

in the 1980s, Annales Geophysicae, 18, 972–986, 2000b.
Wang, K.-Y., and D.E. Shallcross, Modelling terrestrial biogenic isoprene fluxes and its potential impact on global chemical525

species using a coupled LSM-CTM model, Atmos. Environ., 34 (18), 2909–2925, 2000c.
Wang, K.-Y., J.A. Pyle, and D.E. Shallcross, Formulation and evaluation of IMS, an interactive three-dimensional tropospheric

chemical transport model 1. Model emission schemes and transport processes, J. Atmos. Chem., 38, 195–227, 2001a.
Wang, K.-Y., J.A. Pyle, D.E. Shallcross, and D.J. Lary, Formulation and evaluation of IMS, an interactive three-dimensional

tropospheric chemical transport model 2. Model chemistry and comparison of modelled CH4, CO, and O3 with surface530
measurements, J. Atmos. Chem., 38, 31–71, 2001b.

Wang, K.-Y., J.A. Pyle, D.E. Shallcross, and S.M. Hall, Formulation and evaluation of IMS, an interactive three-dimensional
tropospheric chemical transport model 3. Comparison of modelled C2-C5 hydrocarbons with surface measurements, J.
Atmos. Chem., 40, 123–170, 2001c.

Wang, K.-Y., and Kau, W.-S., Simulation of impact from stratospheric ozone on global tropospheric ozone distribution with535
a chemistry transport model: A case study during the 1990-1991 period, Asia-Pacific Journal of Atmospheric Sciences,
51 (2), 137-155, 2015.

Wang, K.-Y., P. Nédélec, V. Valerie, H. Clark, A. Wahner, et al., In-Situ Monitoring and Origins of Increased Air Pollutants
in the North Pacific Upper Troposphere: Insights from PGGM/IAGOS Carbon Monoxide Measurements aboard the China
Airlines A340-300 Commercial Aircraft (July 2012 - February 2013), Scientific Rep., Submitted, 2024.540

Wofsy, S. C., HIAPER Pole-to-Pole Observations (HIPPO): fine-grained, global-scale measurements of climatically important
atmospheric gases and aerosols, Phil. Trans. R. Soc. A.369, 2073-2086, http://doi.org/10.1098/rsta.2010.0313, 2011.

Author contributions. PN, VT, HC, AW, and AP built the IAGOS instruments to collect data shown in this work. KYW
wrote the manuscript. All authors reviewed and revised the manuscript. All authors contributed equally to this work.

Competing interests. Andreas Petzold is a member of the editorial board of ACP.545

Acknowledgements. We thank China Airlines (CAL) and Evergreen Marine Corporation (EMC) for participating in the
PGGM/IAGOS project. We are very grateful to Taiwan Ministry of Science and Technology and Environmental Protection
Administration for funding the PGGM project; and European Council for funding the IAGOS project. We acknowledge the
use of the NOAA HYSPLIT model; and the use of PEM-WEST A, PEM-WEST B, and TRACE-P data from NASA. The
IAGOS data can be obtained through the IAGOS website at www.iagos.org; the HYSPLIT data can be obtained from the550
corresponding author.

27

https://doi.org/10.5194/egusphere-2024-2414
Preprint. Discussion started: 20 August 2024
c© Author(s) 2024. CC BY 4.0 License.


