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Introduction Results and Discussion

The South China Sea (SCS) is the largest marginal sea in This study presents the preliminary results of CO,, CH,, and CO observed at DSI and TPl in the SCS from May 2019 to November 2022. As shown in Fig. 2, distinct seasonal
the world, covering an area from 99°E to 121°E and from variations were found for all the compounds at both sites. However, higher wintertime maxima were observed at DSI than TPI in response to the Asian continental outflow
the equator to 23°N. It is subject to physical disturbances driven by northeast monsoon. In contrast, summertime seasonal minimum levels at DSI| and TP| were close to each other. A significant CO peak with a monthly mean of 287.0
during various periods of time in a range from short-term ppb was observed at TPl in September 2019, which was suggested being related to the severe biomass-burning episode in Sumatra and Kalimantan, Indonesia, as indicated
events (e.g. typhoons) to seasonal changes (e.g. alternating by VIIRS AOD data (Fig. 3). However, the change was insignificant for CO, and CH, compared to CO in this case. Furthermore, the biomass-burning plume did not spread to
Asian monsoons) as well as inter-annual oscillations (e.g. El northern SCS, thus no such strong enhancement in CO was observed at DSI.

Nino and Southern Oscillation). The prevailing winds in the
SCS typically blow from the northeast in winter and from the
southwest in summer. During winter, the cold surges driven
by frontal passages can carry polluted air masses into the

Similar backward trajectory paths at the two sites as identified by cluster analysis were selected to calculate their differences in concentration (group D3 and T3 as shown in
Figs. 4 and 5). For the same origins of air masses associated with Asian continental outflow, the differences in CO,, CH,, and CO were 6.0 ppm, 54.1 ppb, and 89.7 ppb,
respectively, between DSI and TPI.
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Origins of Air Masses over the Free Troposphere in Subtropical East Asia:
Analysis of Backward Trajectories at Lulin Atmospheric Background Station
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Introduction
The Lulin Atmospheric Background Station (23.47°N, 120.87°E, 2862 m a.s.l.; code: LLN) lies in the free troposphere of subtropical o .. - g 4 mn
East Asia and has been operated since April 2006. As shown in Fig 1, LLN is a two-story building located at the mountaintop of Mt. Mo 1r % Fetony pitin. Ll o P ""!laqr““'”

Front Lulin in Yushan National Park in central Taiwan with no known strong emissions in the proximity of the station. The local
vegetations are mainly hemlocks and spruces within the altitude range of 2500-3100 m. Various observation programs have been
conducted at LLN, including meteorology, acid precipitation, trace gases, atmospheric mercury, aerosol physical and chemical
properties, and solar radiations.

Methods

Five-day (120 h) backward trajectories arriving at LLN were simulated using NOAA/ARL HYSPLIT version 4 model. The meteorological
grid data used were the Global Data Assimilation System (GDAS1 archive) provided by the National Center for Environmental
Prediction (NCEP) with a 6 h time resolution, a 1°x1° latitude-longitude (360 by 181) resolution, and 24 vertical levels. All back-
trajectories were computed at a frequency of 1 synoptic time per day during the intensive biomass burning period from mid-February
to mid-April each year.

Fig. 1 The Lulin Atmospheric Background Station (code: LLN)

Results and Discussion (8)360

Based on the HYSPLIT backward trajectory analysis using NCEP/GDAS1 meteorological dataset, oceanic influences from the Pacific were predominant in summer, leading to
seasonal minima for most species. In contrast, the springtime air masses mainly originated from northern mainland Southeast Asia in association with biomass burning emissions,
causing seasonal maxima of most air pollutants. However, the springtime footprints changed significantly during 2015-2018 (Fig. 2), likely due to the magnified vertical velocity
provided in GDAS1 from 2015 to mid-2017 (Fig. 3). Such hiatus was absent if GDASO.5 was used. The GDASO.5 dataset does not provide vertical velocity; thus, the HYSPLIT model
calculates vertical velocity from divergence. In addition, no significant changes in the wind patterns observed at LLN were found during the same period (Fig. 4).
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Fig. 2 Backward trajectories arriving at LLN in
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Fig. 4 (a) Wind direction and (b) wind speed

observed at LLN in March from 2011 to 2018.
Fig. 3 Pressure vertical velocity for the East Asia from GDAS1 dataset in March from 2012 to 2017.
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xs;s Lulin Atmospheric Background Station

¥ Introduction of LABS:

Location:
23.47°N 120.87°F, 2862 m

Observation period:
2006-present (17 years)

Observation category:
. Meteorological
2. Trace/Greenhouse Gases
. Aerosol Concentration
4. Aerosol Optical Properties
. Mercury

Acid Rain
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Keynote Address: The 2022 Hunga Tonga-Hunga Ha’apai Eruption: NOAA’s Rapid Response

K. Rosenlof

NOAA Chemical Sciences Laboratory (CSL), Boulder, CO 80305; 303-578-0651, E-mail:
karen.rosenlof@noaa.gov

The Hunga Tonga - Hunga Ha'apai (HTHH) volcano, located in South Pacific, erupted on Jan. 13 and 15, 2022,
putting significant amounts of material into the stratosphere. The lower stratospheric winds at the time of the
eruption were blowing toward the west, with expected transit of the volcanic plume to over Reunion Island in about
a week. As there had not previously been fresh in situ stratospheric measurements of a volcanic plume that soon
after eruption, efforts were made to bring aerosol and SO, in situ balloon payloads to Reunion Island immediately
after the eruption. This was only possible because of the existing Balloon Baseline Stratospheric Aerosol Profiles
(B2SAP) program. Measurements of the HTHH plume showed extremely large water vapor perturbations due to
the eruption, and further analysis has shown that the water vapor excess accelerated conversion of SO, gas to
sulfate aerosol. Modeling work is ongoing to understand possible impacts on stratospheric 0zone and dynamics
over the next few years.
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The long lifetime and steady growth rate of sulfur hexafluoride (SF;) have made it a useful trace gas to estimate
the age of air in the atmosphere. This estimation is complicated somewhat by the loss of SF in the lower
mesosphere due to free electron association. Mesospheric air with SF, loss is transported down into the
stratosphere, especially in the winter polar vortices where mean age derived from SF, has been shown to be
biased old due to the presence of air with substantial SF, loss. Recent theoretical and modeling work has shown
that since the amount of SF¢ loss is proportional to the mixing ratio, which has grown larger by several times over
the past few decades, the deviation of SF, mean ages from the ideal mean age is also expected to have grown
larger over this time period. In this work we compare mean age estimates from aircraft campaign and balloon
measurements of SF,, as well as other mean age tracers such as CO, and nitrous oxide (N,O), over the past
several decades, including measurements from the recent DCOTTS and SABRE aircraft missions and AirCore
flights. We use a newly developed correction technique to adjust observed SF; mean ages based on the year and
latitude of the measurements to help evaluate the theoretical and model-based estimates of the evolution of SF;
mean age biases over time.

Measured SF; vs. Ideal Mean Ages
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Figure 1. Theoretical SF; mean age bias compared to
idealized modeled mean ages colored by year from
1960-2040.

Figure 2. SF, mean ages from the STRAT (1995-6)
and SABRE (2023) aircraft campaigns vs. an idealized
mean age based on CO, and N,O measurements from
many aircraft campaign measurements.
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The perfluorocarbons (PFCs) are potent non-CO, Greenhouse Gases controlled by the Paris Agreement under the
United Nations Framework Convention on Climate Change (UNFCCC). The PFCs tetrofluoromethane (CF, PFC-
14) and hexafluoroethane (C,F, PFC-116) are the two most abundant PFCs in the atmosphere, with global
warming potentials of 7,380 and 12,400 respectively over a 100-year time horizon (GWP,,,), and atmospheric
lifetimes of 50,000 and 10,000 years, respectively.

An atmospheric observation network consisting of nine sites located across China has made atmospheric
measurements of CF, and C,F, since 2012 and 2011 respectively. These observations provide good sensitivity to
emissions in most of the important regions of China (Figure 1). Emissions of the two substances in China over the
last decade (2011-2020) were derived from the observations and a top-down Bayesian inverse modelling
approach. Emissions of both substances in China show a substantial increase since measurements in China
began. Emissions inferred by measurements in China are larger than emissions inferred from atmospheric
observations made outside China (e.g., Kim et al., 2021). The difference is likely due to substantial emissions from
the western regions of China to which observations outside China (e.g., made at Gosan in South Korea) do not
have sufficient sensitivity. Significant leakages of CF, and C,F can occur during the large volume of aluminum and
magnesium production in the western regions.
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Figure 1. Locations of the measurement sites in the Chinese network. The color in the plot represents the
sensitivity of all the observations to emissions in China, an average of the sensitivity in each year from all sites.
Plot (a) is for CF, over 2012-2020 and (b) is for C,F, over 2011-2020.



Halocarbons Observations in the Himalaya
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The Himalayas and the Tibetan Plateau (HTP) is a vast geographic area, covering ~ 5 million km?2 and an average
altitude of more than 4000 m (a.s.l) located between South and East Asia, two emission hot spots for several
anthropogenic species, including the ozone-depleting (ODSs) and radiatively active halocarbons. Despite its
crucial location, HTP is an under-sampled region with sparse measurements. Here we report the results from two
field campaigns carried out in April and May 2022 at the Nepal Climate Laboratory-Pyramid station (27.95°N,
86.82°E, 5079 m a.s.l., NCO-P) in the high Khumbu valley, on the southern side of the Mt. Everest and at Mt.
Everest (Qomolangma) base camp (28.19°N, 86.83°E, 5010 m a.s.l), respectively. During the campaigns, flask
samples were collected, and 36 halocarbons were measured through Gas Chromatography-Mass Spectrometry. A
comparison between the results from the 2022 campaigns and data from a monitoring programme running during
2008-2013 at NCO-P are also presented. The dominant ODSs exhibited a declining trend, reflecting the
effectiveness of the Montreal Protocol. On the other hand, a large increase in HFCs and a high abundance of
unregulated chlorocarbons (e.g., CH,Cl) is shown.
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Intense convection occurs in summer within the North American Monsoon Anticyclone (NAMA) circulation, with
over 100 storms penetrating the tropopause daily. These storms can inject water vapor and other chemicals into
the lower stratosphere, with unknown effects on stratospheric ozone. The Dynamics and Chemistry of the
Summer Stratosphere (DCOTSS) mission was designed to study this coupled dynamical and chemical system,
and included deployments of the ER-2 aircraft from Salina, KS, along with radar, satellite and sonde observations
of atmospheric structure and convection. We present measurements and analysis of organic and inorganic
halogen-containing compounds from DCOTSS 2021. Long-lived anthropogenic halocarbons, such as CFCs and
halons, are broken down at high altitudes before descending into the lower stratosphere. Shorter-lived compounds
have both anthropogenic and natural sources, and can enter the stratosphere from the tropics or via direct injection
by convection at mid-latitudes. Photochemical destruction of these compounds releases inorganic chlorine and
bromine, which can lead to halogen-catalyzed ozone loss. The UAS Chromatograph for Atmospheric Trace
Species (UCATS) measures several long- and short-lived organic chlorine species, accounting for about 2/3 of
organic chlorine, and the Advanced Whole Air Sampler (AWAS) measures a comprehensive suite of trace gases,
including most organic chlorinated and brominated halocarbons of interest, allowing an analysis of the organic
chlorine budget of the lower stratosphere at the higher time resolution of the UCATS instrument, using AWAS
samples to account for unmeasured species. We also calculate the approximate total amount of chlorine entering
the stratosphere from the NOAA surface network and UCATS measurements of SF6, a tracer of mean age of air.
From the difference between total chlorine and remaining organic chlorine, we estimate the amount of inorganic
chlorine in each sample. We show results on total organic chlorine over North America in summer 2021, in
background stratospheric air as well as in convectively influenced air and plumes of recent convection, with
estimates of the amount of available inorganic chlorine and measurements of some of the important inorganic
chlorine species.
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Figure 1. Calculated inorganic chlorine (Cly) in the stratosphere over the North American Monsoon circulation,
color-coded by water vapor. Enhanced water vapor, which could activate chlorine, was only present in air
parcels with low Cly measured in 2021.






Investigating Trace Gases other Than CH3CCI3 for Supplying Useful Information About Atmospheric
Hydroxyl Radical Abundance and Variability on Broad Scales.
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Constraints on hemispheric- to global-scale hydroxyl radical concentrations [OH] are important for understanding
changes in the atmospheric abundance of methane and other long-lived gases primarily removed from the
atmosphere via oxidation by OH. The usefulness of constraints on [OH] supplied by the analysis of

CH,CCI, observations has degraded in recent years, such that alternative approaches are desperately needed. We
have investigated other trace gases for supplying constraints on [OH] using approaches that are less sensitive to
budget considerations, given that independent estimates of emissions required for such approaches often contain
substantial uncertainties that are difficult to assess. Many gases we regularly measure exhibit atmospheric
distributions that clearly reflect loss due to OH oxidation processes. Initial results suggest that an analysis of these
distributions can provide insights into OH concentrations on broad atmospheric scales. In this presentation we'll
investigate the robustness of those constraints and their sensitivity to parameters such as mean transport times for
air between the hemispheres, among other processes and variables.
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Figure 1. The lagged mean hemispheric mole fraction difference observed for multiple trace gases from 2017-
2021 as a function of their rate constant for reaction with the hydroxyl [OH] radical. The slope in this plot (1.2 x
108 radicals cm?) is thought to provide an estimate mean of OH concentration for the tropics and much of the
southern hemisphere.
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NASA’s Modern-Era Retrospective analysis for Research and Applications (MERRA-2) reanalysis assimilates
observations from a wide variety of sources, including the Earth Observing System (EOS) platforms. Stratospheric
ozone profile data from the Microwave Limb Sounder (MLS) on EOS Aura represent a consistent ozone time series
since 2004, that captures the large signal of interannual transport variations which dominate the recovery trend in
the lower stratosphere since the early 2000s. In addition, the MERRA-2 Stratospheric Composition Reanalysis of
Aura MLS (M2-SCREAM) further presents a more complete data series of assimilated stratospheric constituents,
allowing for the investigation of long-term changes in water vapor and other key gases, in context of the dynamic
atmosphere.

With the planned decommissioning of the EOS platforms within the next two years, the continuity of the climate
records for atmospheric constituents will be broken. This presentation gives an overview of how feasible it is to
maintain a comprehensive record of ozone and water vapor in the stratosphere using alternative instruments
currently still in orbit. For ozone, the OMPS-LP observation record from the Suomi-NPP and the JPSS-2 platforms
provide suitable spatio-temporal coverage to extend the utility of multi-platform reanalyses in the lower to middle
stratosphere. For water vapor, information from the SAGE-III occultation instrument aboard the International
Space Station provides information that has potential for maintaining the record in a limited latitude band. The
discussion includes some examples of steady changes and of extreme events that occurred over the almost two
decades of MLS observations.
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Figure 1. Stratospheric extrema from a chemical Figure 2. lllustrating the potential continuity of
reanalysis of Aura MLS observations. Monthly mean stratospheric moisture in reanalyses as we transition
detrended anomalies of ozone, (HCI), temperature, from MLS to SAGE III/ISS observations.
and water vapor at selected pressure levels, . _ _ _
calculated from M2-SCREAM. Values outside three- Time series of tropical stratospheric water vapor

standard deviations from the mean are shown in color. anomalies from M2-SCREAM (MLSassimilation) and
Here, the standard deviations are computed over the ~ two SAGEIII/ISS assimilation experiments. Good
17-year period between 2005 and 2021. The colors representation of the seasonal pattern (“tape
illustrate: a dynamically driven anomaly in early 2019  recorder”) and the moisture enhancement from the

(blue); a rare sudden stratospheric warming over Hunga-Tonga Hunga-Ha'apai (HTHH) eruption in
Antarctica in late 2019 (green); an exceptionally string 2022 demonstrates usefulness of SAGE Ill/ISS data
Arctic polar vortex in 2020 (purple); long-lasting for reanalyses. MLS data post 2023 will be essential
Antarctic polar vortices in 2020 and 2021 (orange); for homogenization as the impacts of HTHH on the
and the Hunga-Tonga Hunga-Ha'apai (HTHH) stratosphere continue.

eruption in 2022.
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Joint assimilation of atmospheric carbon dioxide mole fractions along with isotopic ratios of '3C/'2C (denoted
8('%C)) allows for estimation not just of global and regional fluxes of CO, but also information on the sensitivity to
drought of terrestrial ecosystem CO, uptake. In particular, atmospheric 8(3C) observations allow us to optimize
the preference plants have for taking up '2CO, during photosynthesis, i.e., “fractionation”, which is a sensitive
indicator of water stress (Fig. 1). Our data assimilation system is a new variant of the CarbonTracker family, but
constructed to efficiently process multi-decadal CO, and 8(**C) records and the carbon cycle constraints they
provide. Although our new approach is still based on ensembles, TM5 transport modeling is now performed only
once for the full multi-decadal time-span and the flux and fractionation optimizations are completed after transport.
This contrasts with the existing global CarbonTracker systems (CT-Europe and CT- CO,) that use a repetitive
weekly time-stepping approach where optimization is not separated, and where transport is simulated 6 times.
Examples of low frequency processes in the carbon cycle that we target are the isotopic disequilibrium fluxes of
the oceans and land. Separating the transport and data assimilation steps is also cheaper numerically, and allows
quick tests for the influence of the prescribed model-data mismatch, ensemble size, and site selection. We
compare the performance of this new system to an ensemble of other global inversion systems, and benchmark it
with independent aircraft data for both CO2 as well as 6('*C). The added value of §('*C) that we aim to leverage
will be shown in a co-optimization of NEE, fractionation, and disequilibrium fluxes.
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Figure 1. Optimized annual mean photosynthetic fractionation
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Observations indicate accelerating growth of atmospheric CH,, creating a challenge for meeting the Global
Methane Pledge that aims to achieve 30% cuts in emissions by 2030 and eliminate 0.2°C of warming by 2050. In
addition, a recent United Nations Environment Programme (UNEP) report proposes that feasible CH, emission
cuts could result in a 45% reduction in anthropogenic emissions, and avoid 0.3°C of warming by mid-century while
having a positive impact on human health through air quality improvements. However, our understanding of the
processes driving CH, growth in the atmosphere is incomplete, and we need to understand and be able to
discriminate among contributions from chemical, natural and anthropogenic emissions and sinks. In particular, we
need to be able to understand how global microbial emissions from both natural and anthropogenic sources are
changing over time.

Measurements of the '*C stable isotope of CH, could be useful for partitioning emissions between fossil fuel and
microbial sources, and these measurements imply that recent increases in atmospheric growth are dominated by
microbial sources, likely from a combination of anthropogenic and natural sources. Our new version of the
CarbonTracker-CH, inverse modeling system uses the isotopic record as a constraint, and as a result global fossil
fuel emissions are adjusted upwards while global microbial emissions are adjusted downwards. Our results also
show how increases in microbial emissions, especially from the tropics and high northern latitudes have
contributed the observed growth in atmospheric CH,. In this presentation we will highlight findings from
CarbonTracker-CH, over 1998-2021, and we will discuss major uncertainties and future work.
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Figure 1. Annual mean emissions for 2021 estimated by CarbonTracker-CH,



Development of the ECCC’s National Scale Carbon Flux Inversion Modelling System
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Canada is the second largest country in the world, with various ecosystems in the Arctic and boreal forest zones.
In the coming years, Canada may experience a changing balance between warming, CO, fertilization, drought,
and shifting disturbance regimes in boreal forests, as well as the changes in greenhouse gas (GHG) emissions as
permafrost thaws in response to climate change. Thus, the Environment and Climate Change Canada (ECCC)
National Carbon flux Inversion System (ENCIS) was proposed to provide quantitative information on GHG fluxes
over Canada from national to provincial scales using atmospheric GHG measurements (e.g., Fig. 1a), as well as to
address scientific questions with respect to the carbon cycle in Canada. Although the goal is to quantify the
sources and sinks of GHG within provinces and on a national scale, this is a challenging task due to model
transport errors and observation sparsity on regional scales. Here, we present the ENCIS development and its
application to regional CO, inversions for Canada. The ENCIS is a regional-scale inversion modelling system
which uses a Bayesian inversion approach described by NOAA’s CarbonTracker-Lagrange. The system utilizes
multiple transport models, prior fluxes, and background CO, components to estimate the uncertainties in the
optimized biospheric fluxes. The performance of the inversion system is assessed by performing a set of
observing system simulation experiments. In addition, we will also present our flux estimates over Canada using
real observations (Fig. 1b).
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Figure 1. a) The inversion domain of the ENCIS (red solid line) and the observation network used in the
experiment (red dot: surface site, blue star: aircraft profile sites). b) A first look at the annual biospheric CO, flux
estimate over Canada for 2014 (PgC yr') from an ensemble of experiments with real observations (red),
NOAA’s CT2019B (black), and CarbonTracker-Lagrange (grey).
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Quantifying global emissions of non-CO, greenhouse gases and ozone depleting substances using atmospheric
measurements of their abundance is important to understand the environmental impacts of these gases and to
monitor compliance with international protocols. The large number of gases of interest — for example
clorofluorocarbons (CFC), hydrofluorocarbons (HFC), perfluorocarbons (PFC) — requires atmospheric modelling
that is faster and more simplified compared to that of the three major greenhouse gases. Currently, emissions are
mainly quantified using simplified box models of atmospheric transport, which neglect the interannual variability in
atmospheric large-scale dynamics that is known to impact emissions estimates. Here we propose a two-
dimensional model of atmospheric transport, which considers transport variability on a monthly timescale, to
improve measurement-derived estimates of emissions. These estimates could lead to more accurate emissions
reporting, for example through the Scientific Assessment of Ozone Depletion.
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Figure 1. A comparison of the model output of sulfur hexafluoride (SF) mole fraction from the 3D transport
GEOS-Chem, the new 2D model and a 12-box model at four NOAA site locations.
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Methane is a major greenhouse gas (GHQG) that has contributed to one third of the warming induced by all GHGs
since the preindustrial era (IPCC, 2021). Reliable quantification of methane emissions is critical in tracking
progress towards methane mitigation, especially over the U.S. where the government has firm plans for reducing
its national methane emissions. Atmosphere-based top-down estimates play a vital role in supplying an
independent, measurement-based emission estimate that complements the Environmental Protection gency's
(EPA) annual GHG inventories with additional temporal information. In this study, we quantified U.S. methane
emissions using inverse modeling of ground- and airborne- methane measurements made from the NOAA
Greenhouse Gas Reference Network for 2007 — 2021. Our results show an unforeseen seasonal cycle in
anthropogenic methane emissions from the U.S. in all model scenarios, where we considered different transport
models, different a priori emissions, and different background estimates for all years of our analysis. The derived
seasonal emissions were most pronounced in the major natural gas production region and is similar to the
seasonal variability of ethane and propane derived for the U.S. Both suggest this season emissions were likely
caused by national gas-related activities.
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Figure 1. Seasonal cycle of methane derived from atmospheric inverse modeling using whole-air flask
measurements from NOAA’s Greenhouse Gas Reference Network. Seasonal cycle was calculated by derived
monthly emissions normalized by annual emissions and averaged between 2008 and 2017.



Improving Regional Carbon Flux Quantifications with CO, Observations from Satellite, Surface, and
Aircraft
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As climate changes become more severe and many countries pledge to reach carbon neutrality by mid-century, it
becomes ever more urgent to improve our understanding of both fossil fuel emissions and natural carbon fluxes
using CO, observations from all platforms. Satellite CO, observations have the advantage of global coverage, but
are prone to biases. Surface CO, observations are accurate and precise but have limited spatial coverage. CO,
observations collected with aircrafts are limited in both space and time but provide critical vertical information that
surface and satellite observations are lacking. In this presentation, we will focus on the advancement in
simultaneous use of CO, observations from these platforms to quantify natural carbon fluxes and fossil fuel
emissions, with an emphasis on satellite observations from OCO-2/3. Through comparison to surface remote
sensing network TCCON, the retrievals from OCO-2/3 are traced to the WMO standard. We will first show the data
quality of OCO-2 and OCO-3 observations during their records. We will then showcase the advancements in three
aspects: (1) country-scale carbon budget quantification and how the estimate depends on the observation sources;
(2) quantification of impact of extreme climate event on carbon fluxes with regional nested-model (Figure 1); and
(3) quantification of regional carbon flux uncertainties with aircraft observations. In the end, we will discuss
potential future directions to quantify both anthropogenic emissions and natural carbon fluxes by

combining observations from all platforms.
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Figure 1. Regional nested-mode inversions better capture flux anomalies caused by extreme flood events in
2020 over mid-west. Left panel: net ecosystem exchange (NEE) anomalies between June-July 2020 inferred
from NIRv and SIF observations (unit: gC/m?day); middle-panel: NEE anomalies between June-July 2020
estimated by a regional nested top-down inversion model; Right panels: monthly NEE anomalies from bottom-
up and top-down over the mid west and the rest of north America. (Byrne et al., in preparation).
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Adopting cleaner technologies for sectors such as transportation, coal-fired power plants, and industry has reduced
urban anthropogenic emissions for select pollutants in the United States (U.S.). This change in urban emissions
combined with other factors has renewed efforts to understand the impact of biomass burning (BB) and mineral
dust on air quality and radiation budget. To address scientific air quality questions about the frequency and
seasonality of BB and mineral dust and to estimate the impact on radiative forcing, measurements of aerosol
optical properties are made by the (i) Texas Commission on Environmental Quality (TCEQ) Black and Brown
Carbon (BC2) network in Texas, US and (ii) National Oceanic and Atmospheric Administration (NOAA) Federated
Aerosol Network (NFAN) in different parts of the world. The basic aerosol optical properties measured at the BC2
and NFAN sites include aerosol light scattering (total and backward hemisphere) and light absorption. Here we
present a case study of characterizing transport and impacts of June 2020 Saharan dust on the air quality at three
different sites: (i) southern U.S. (West Liberty, Houston, Texas; BC2 site), (ii) eastern U.S. (Appalachian State
University, Boone, North Carolina; NFAN site), and (iii) midwestern US (Bondville, lllinois; NFAN site). The main
aim of this study is (i) to evaluate the feasibility of using aerosol optical properties for near real-time detection of
the influence of Saharan dust at sites with different background conditions and, (ii) to estimate the impact of
Saharan dust aerosols on the regional radiation budget. The details about the relevance of such a huge Saharan
dust event on air quality and its impact on the radiation budget will be discussed during the presentation.
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Figure 1. Spatial distribution of average aerosol index [Al] retrieved from Suomi NPP OMPS for June 25 & 26,
2020 [Source: NASA/NOAA]. A dense dust plume is observed over the eastern, central Atlantic and the
Caribbean Basin with Al above 3. The geographical locations of the BC2 site (WL) and the NFAN monitoring
sites (APP and BND) are also shown.
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The Lulin Atmospheric Background Station (LABS) located at Mt. Lulin (2862m) in central Taiwan was established
to monitor the atmospheric compositions and radiation in the lower free troposphere of East Asia since 2006. The
multi-year monitoring of LABS (17-years) will help to understand the climatology of the anthropogenic activity,
aerosol optical properties, and radiation variation. To look into the details of this topic, we use aerosol and
radiation measurement, including Thermo TEOM, aerosol in situ system (i.e. particle soot absorption photometer,
continuous light absorption photometer, TSI Nephelometer, and TSI Condensation Particle Counter) operated by
NOAA ESRL/GMD, Kipp & Zonen solar instruments (i.e. Pyranometer and Pyrgeometer), to analysis seasonal and
interannual variation.

Figure 1 shows that trends in aerosol mass concentrations and extinction coefficient have decreased over 17
years at the LABS. Using the radiative-transfer calculation of cloud-free conditions, the surface short-wave
downward (SWD) and long-wave downward (LWD) radiation showed a significant increasing trend. The increasing
SWD and decreasing aerosol concentrations matched the direct aerosol effect theory, which illustrates the
interannual variation of aerosol will further have climate implications.
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Figure 1. Trends in (a) the aerosol concentrations of particulate matter (PM) and aerosol extinction coefficient
(b.,), (b) the surface short-wave downward (SWD) and long-wave downward (LWD) radiation during cloud-free
conditions at LABS. The trend analyses were performed using Sen’s slope estimator.



Decreasing Aerosol Hygroscopicity at the NOAA FAN Site at Appalachian State University and the
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The Southeastern U.S., home to high levels of biogenic secondary organic aerosol and sulfate aerosol loading
during summer, is one of only a few regions that did not warm in the 20" century. Aerosol optical depth, lower
tropospheric scattering and absorption coefficients have all demonstrated statistically-significantly decreasing
trends in the past decade (Collaud-Coen, et al., 2020), likely in response to the large decreases in SO, and NO,
emissions in the Eastern U.S. Since sulfate is decreasing faster than organics in the SE U.S. (Hand et al (2014)
and Fig.1), aerosol hygroscopicity and its seasonality may also be changing. The NOAA FAN site at Appalachian
State University (APP) possesses the longest active, continuous dataset of aerosol light scattering enhancement
factor f(RH) in the continental U.S. (2012-present) so studies of changes in aerosol hygroscopicity are now
possible. Aerosol chemistry at APP is representative of the background SE U.S. (Link et al., 2015).

This presentation outlines how aerosol hygroscopicity is changing over the past decade at APP, in the context of
changing aerosol composition at six regional EPA monitoring sites. The scattering hygroscopic enhancement
factor f(RH) experienced a steep decline in 2016 (Fig.2), coincident with increasing organic aerosol concentrations
and continued decrease in sulfate in the region (Fig.1). Since 2016, f(RH) has exhibited only small changes, while
sulfate mass concentrations have remained relatively constant. Strong positive (negative) correlations were
observed between the gamma fit parameter to f(RH) measured at APP and the sulfate and sulfate (organic) mass
fractions measured by a collocated quadrupole aerosol mass spectrometer during summers 2012-2013 and the
winter in between (Fig.1). This, along with the decreasing sulfate mass concentrations and mass fractions (Fig. 1)
suggest that the changing aerosol composition is likely playing a role in the changing aerosol hygroscopicity. Less
hygroscopic aerosols will have effects on not only aerosol light scattering but also their ability to serve as cloud
condensation nuclei (CCN).
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Burning Fractions over the Central Himalayas

P. Srivastava'?, M. Naja2, R. Kumar?, P. Bhardwaj®, and P.T.R. Seshadri

'National Institute for Environmental Studies, Tsukuba-City, Ibaraki, Japan; +81298502567, E-mail:
srivastava.priyanka@nies.go.jp

2Aryabhatta Research Institute for observational sciences (ARIES), Department of Science and Technology (DST),
Atmospheric Science Division, Govt. of India, Nainital, Uttarakhand, India

®National Center for Atmospheric Research (NCAR), Boulder, CO 80307

The continuous and simultaneous ground-based observations of carbon-based aerosols and trace gases are
significantly sparse over the pristine Himalayan region while there are diverse emission sources in its adjacent
plain regions. This limits source apportionment studies essential for formulating pollution mitigation and related
policies. Thus, in the present work, five years (2014-18) of ground-based observations of equivalent black carbon
(eBC) are used for estimating CO mixing ratios and to identify its fossil fuel and biomass emission fraction at a
high-altitude (1958 m a.m.s.l) site in the Central Himalayas. CO and eBC observations are used in the multiple
linear regression based (MLR) framework and it is shown that MLR does well in replicating the diurnal and monthly
variations and is able to estimate CO with an r*> 0.8 for the training period of 2014 - 2017. MLR predicted CO
during 2018 closely follows the observed variations, and its mixing ratios lie within 17% of the observed CO values
in any given month. Segregation shows that the COj (ff: fossil fuel) has a greater unimodal diurnal amplitude (39.1
to 67.8 ppbv) compared to CO,, (bb: biomass burning) which ranges from 5.7 to 33.5 ppbv. Overall, CO is found
to be the major contributor (27%) in CO after its background fraction (58%). CO,, fraction is as high as 28% during
spring, a period of increased agricultural and forest fires in the Northern Indian region. In comparison, the satellite
and model estimates (MOPITT, MERRA2, and WRF-Chem with tracer runs) are unable to reproduce the temporal
variations in CO in this region. The results thus highlight the successful applicability of MLR for CO segregation
and provide the parameters for future estimation of CO from eBC. The work attempts to address the need to have
continuous monitoring of CO and segregate its fossil fuel and biomass source fractions, particularly over the
Himalayan area, to aid in the development of mitigation solutions for the region.
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Figure 1. The monthly mean variation in observed CO and predicted CO for the year 2018. In boxplots, the
lower and upper edges of the boxes represent the 25" and 75™ percentiles, respectively. The whiskers below
and above are the 10" and 90" percentiles and the unfilled triangles and circles depict the 5" and

95" percentiles. The solid triangles and circles inside the boxes represent the mean and the solid lines inside
the boxes represent the median. The percentage difference between observed and predicted CO for the year
2018 is also shown by grey bars.
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Ubiquitous shallow cumulus clouds exhibit detailed three-dimensional (3D) spatial structure leading to complex
variability in surface solar irradiance (SSI). Hygroscopic aerosol embedded in the cloud field introduces additional
scattering and absorption, further modulating SSI. The SSI variability in this environment is encapsulated by the
shape of the SSI probability density function (PDF), which is typically bi-modal representing separately the cloud
shadows and the gaps between (e.g., Fig. 1a). However, detailed understanding of the relationship between cloud
and aerosol properties, and the SSI PDF shape, has remained elusive. Here, we compare observations of SSI at
the Southern Great Plains Atmospheric Observatory in Oklahoma, with simulated SSI derived from large eddy
simulation and Monte-Carlo 3D radiative transfer for a variety of shallow cumulus cases. First, this presentation will
reveal the stark differences between simulated SSI when 3D radiative effects are included or neglected (e.g., Fig.
1b). The observed SSI PDF shape is only reproduced when 3D radiative effects are included, providing direct
observational evidence for 3D radiative effects. Next, a machine learning framework will be introduced for
predicting the SSI PDF using just a handful of key cloud and aerosol properties. It will be demonstrated how well
the SSI PDF can be predicted relative to traditional 1D radiative transfer, while bypassing the computational
expense of 3D radiative transfer. Finally, machine learning inference techniques will be described that permit
quantification of the relative importance of each predictor and aid in the understanding of physical controls on SSI
variability, thereby uncovering the key role of aerosol embedded in the cloud field. The new findings have
important implications for solar renewable energy assessment and highlight the potential significance of shortwave
3D radiative effects in atmospheric modeling. Opportunities and challenges for future parameterization of
shortwave 3D radiative effects in high-resolution atmospheric models will be discussed.
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Figure 1. Probability density functions of down-welling surface solar irradiance at the Southern Great Plains
atmospheric observatory on June 27 2015 from 13:00-16:00 local time, based on (a) observations and (b) large
eddy simulation employing 1-D (orange) and 3-D (blue) radiative transfer.
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The current version of the UV Index forecast system was implemented in 2005. The forecast system makes use of
NCEP forecasts of total ozone, cloud transmission in the UV part of the spectrum, and the surface albedo in the
presence of snow. At that time there was no forecast of tropospheric aerosols, so an aerosol climatology is used.
Validation of the UV Index using GRAD observations showed that the forecasts overestimated the surface UV
when wild fire smoke or African dust were present. In the last couple years NCEP has been working on producing
operational aerosol forecasts resulting in greater location and accuracy than using any climatology. CPC has been
testing the use of these aerosol forecasts in the UV Index forecasts with significant improvements even in areas
not impacted by smoke or dust. Other improvements (0.25° grid output spacing, using hourly vs 3 hourly radiation
forecasts) will also be put in place. The validation exercises also helped to identify problems in the ground
observation networks (calibration, maintenance, etc) that were otherwise unnoticed. This presentation will highlight
all the improvements to the UV Index forecast system with emphasis on the aerosol contribution.
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Linking Atmospheric Data to High-quality Gas Standards — a 25+ Year Perspective
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A key component of GML’s research involves the ability to prepare in-house gas standards, both to establish
calibration scales, and for use as working standards for various measurement programs. The ability to link
measurements made by different instruments across a variety of spatial and temporal scales is one of the
strengths of GML’s measurement programs, and provides the basis for our role as a WMO Global Atmospheric
Watch (GAW) Central Calibration Laboratory. Having the ability to make custom gas standards also gives us the
ability to efficiently test for artifacts, such as co-elution in gas chromatography, and matrix effects in other analytical
techniques. Over the last 25+ years, we have utilized and developed various methods to prepare gas standards
using gravimetric and manometric methods, which tie many atmospheric measurements to common well-defined
scales. Along the way, we have made improvements in the laboratory, in analytical systems, in data management,
and in the preparation of natural air standards in response to new measurement challenges. This presentation will
highlight some of the successes and challenges over the last few decades.
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Figure 1. History of carbonyl sulfide standards prepared since 2001.
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Improving Data Quality in Long-term Canadian Ozone Sounding Records
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An abrupt change in ozone bias relative to several satellite sensors --a total column ozone (TCQO) “dropoff” of
about 2-3% —has been reported at number of ozonesonde stations (Stauffer et al., 2020), including Canadian
stations. The dropoff affects stratospheric measurements from the EnSci ozonesonde, after about 2013
(approximately serial number 25000). Corrections and additional data have reduced the estimated dropoff at most
Canadian sites (Stauffer et al., 2022). The Canadian network recently switched to Science Pump sondes (after
serial number 32000), and this has reversed the dropoff, and approximately restored agreement with satellite
SEnsors.

It is not standard practice to calibrate individual ozonesonde pumps before launch, as this is difficult and labour-
intensive; rather an average pump calibration is used in data processing. Recently, an analysis of an extensive
record of individual EnSci pump calibrations made since 2009 (Nakano and Morofuji, 2023) has shown a small
negative shift, after serial number 25000, in the low-pressure pump correction. This systematic shift agrees well
with the average differences found with MLS for Canadian EnSci data between 100 hPa and 10 hPa, both in
magnitude and in variation with altitude.

The use of these new pump corrections with Canadian data is explored, and results are compared to MLS, and
other satellite sensors. The correction for the change in pump efficiency reduces or removes the dropoff in the time
series of satellite comparisons; when serial number 25000 is chosen as a breakpoint, the step changes over 7
stations and four satellite sensors (GOME2a, GOME2b, OMI, OMPS) vary between +2.4% and -3.1%, with an
average of -0.6%. In contrast, the average change with the recent switch to Science Pump sondes is +1.9%
(based on a limited number of flights).
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Water vapor mixing ratios and aerosol number concentration and size can affect polar stratospheric ozone
chemistry. To date, however, the number of in situ measurements of aerosol or water vapor at high latitudes and
high altitudes in the Northern Hemisphere (NH) are limited. These observations constrain global climate model
simulations and are critical for the evaluation and improvement of satellite retrievals in this region. The
Stratospheric Aerosol processes, Budget and Radiative Effects (SABRE) mission between February and March
2023 was designed, in part, to address these issues. In conjunction with SABRE, our team flew four Baseline
Balloon Stratospheric Aerosol Profiles-Intensive Operation Period (B2SAP-IOP) payloads on weather balloons from
near the Barrow Atmospheric Baseline Observatory in Utgiagvik, AK between March 13 and March 20, 2023.
These payloads carried a combination of aerosol sondes, NOAA frost point hygrometers, and ozonesondes to ~
28 km altitude and were timed to overlap with high-altitude WB-57 research aircraft flights (to ~ 16 km altitude)
over Utgiagvik, AK.

Our balloon-borne observations showed that ozone mixing ratios and air temperature varied considerably between
15 — 25 km across the edge of the polar vortex. Corresponding water vapor mixing ratios increased gradually from
~5 ppmv to ~7 ppmv with altitude above 15 km, agreeing well with Aura Microwave Limb Sounder (MLS) retrievals.
Meanwhile, aerosol number concentrations steadily decreased with altitude in the polar stratosphere. We observed
enhancements in aerosol surface area above the tropopause and enhancements in aerosol number concentration
at ~25 km, likely related to the transport (and dilution) of the Hunga Tonga-Hunga Ha'apai plume, and the descent
of meteoric material descending through the upper branch of Brewer-Dobson circulation, respectively. Overall,
these findings provide valuable insights into the current baseline state and variability of polar stratospheric
composition, chemistry and dynamics.

Figure 1. Launch from Utgiagvik, AK
on March 14th, 2023. Photo by
Patrick Cullis.
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Water vapor is Earth’s most abundant greenhouse gas and is responsible for about half of Earth’s greenhouse
effect. Slight variations in the abundance of water vapor in the stratosphere can significantly affect the Earth's
radiation budget. Monitoring the abundance of stratospheric water vapor is a crucial aspect of detecting and
predicting climate change, as it serves as a significant driver of decadal global surface climate change. In the
lower stratosphere, water vapor mixing ratios are less than 10 ppmv. Making accurate measurements of water
vapor in the upper troposphere and lower stratosphere remain challenging and few in situ instruments are able to
accurately perform this task. For this reason, it is important to have rigorous intercomparisons with stratospheric
water vapor instruments with good spatial and temporal matching.

In September 2022, several lightweight hygrometers were flown on different balloons during a one-week intensive
intercomparison that took place in Aire-sur-I'Adour, France. The newly developed mid-infrared hygrometer, known
as "Pico-Light H,O," was compared with the NOAA frost point hygrometer (FPH) on three nighttime flights. Two
separate Pico-Light instruments were flown on the final night providing an intercomparison between two Pico-Light
instruments and the NOAA FPH. The differences were less than 1 ppmv (10%) between 14-22 km. This campaign
took place within the framework of the E.U. funded HEMERA project. We also evaluate the performance of the
Meteomodem M20 and InterMet Systems iMet-4 radiosondes flown during the campaign with the NOAA FPH.

Aire sur I'Adour, Sept 2022, NOAA FPH vs PICO-Light AsA, Sept 2022, NOAA FPH vs PICO-Light
30 T 30 T T
a) FPH - PICO #19/23 b)
28 1 28 +| * FPH-PICO #29/23
- E |« FPH - PICO 9/21 .
26 § 26 L | * FPH-PICO 9/19 L ®
C L |« Ave All 4 Flights . as 3%
B : [ ] - '.-
24 E 24 T .- L -.:.c..
= ~FPH 9/19 _ (RS
E L » .' L
<22 A ~FPH 9/21 £2 1 -3
@ [0 > .n
3 ~FPH 9/23 i LI
£ 20 4 E 20 A o | . %3,
E ~PICO 9/19 £ ¥
X W
sk PICO 9/21 - o et
PICO #1 9/23 [ 1 3% ¢
16 § ~PICO #2 9/23 16 £ . i
! FAEY
.... .
3 F L] . -
11 14 — < o "o
[ : . .. > o
- [ AR I
12 b } ; } ' 4 12— ..... LN PP S .
3 4 5 6 7 8 9 10 20 -10 0 10 20 30
Water Vapor Mixing Ratio (ppmv) Water Vapor Mixing Ratio Percent Difference (%)

Figure 1. Stratospheric water vapor profiles are shown in panel a) from three-night flights in Aire-sur-I'Adour,
France. The percent differences are shown in panel b). Two different Pico-Light instruments were flown on
September 23, 2023 launched minutes apart.
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The 15 January 2022 Hunga Tonga-Hunga Ha'apai (HTHH) eruption led to the Tonga volcano Rapid Response
Experiment (TR2Ex) deployment to the Maido Observatory in La Réunion (21°S, 55°E). From 21 to 25 January
2022, a suite of balloon-borne in situ stratospheric measurements included sulfur dioxide (SO2), aerosol, ozone,
and water vapor complemented by remote sensing observations from ground-based lidar. Four balloon soundings
measuring SO2 passed through the HTHH eruption plume at altitudes ranging from 19 to 30 km. The balloon-
based in situ SO2 measurements of the HTHH volcanic plume were the first of their kind for a stratospheric
volcanic eruption. The first two soundings on 21-22 January occurred in a dense water vapor-rich part of the
HTHH plume and had lower SO2 to aerosol extinction ratios than the last two profiles on 24-25 January. Profiles
on 21-22 January showed ozone depletion in the HTHH plume, with less than 10% of the observed decrease in
ozone signal due to SO2 interference.
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NOAA'’s ground-based (GB) remote sensing and in situ instruments continuously track stratospheric ozone
recovery in response to the Montreal Protocol and its amendments. Long-term records of daily Dobson total
column ozone, daily Dobson/Umkehr vertical ozone distribution (with a recent new homogenization), and weekly
ozonesonde profiles are well-calibrated. Regular intra-instrument comparisons aid in the tracking of instrumental
changes. Additionally, NOAA’s homogenized satellite record (COH) from SBUV, SBUV/2 and OMPS provides
information on ozone vertical distribution in zonal averages allowing the study of large-scale ozone variability.
Overpass datasets provide further GB validation including verification of the homogenization of the GB records.
The NOAA AC4 funded project assesses the consistency of the trends derived from the different records. We
present an updated evaluation of stratospheric ozone profile trends from the long-term ozone record with focus on
the 2000—2020 period. Analyses were performed using the updated version (0.8.0) of the Long-term Ozone Trends
and Uncertainties in the Stratosphere (LOTUS) Independent Linear Trend regression model. We primarily focus
on Boulder, Colorado (40.0N, 105.3W), Haute Provence, France (43.9N, 5.8E), Lauder, New Zealand (45.04S,
169.68E), and Mauna Loa and Hilo, Hawaii (19.5N, 155.58W) which have both sonde and Umkehr measurements,
and other stations of opportunity (i.e. Arosa, Switzerland (46.8N, 9.68E).

The Northern Hemispheric sites of Arosa, Haute Provence, and Mauna Loa all show positive trends in the mid to
upper Stratosphere with trends peaking at ~3%/decade. Trends in the upper stratosphere at Boulder and Lauder
are positive, but not statistically significant. In the lower stratosphere, trends are mostly negative, but trend
uncertainties here are quite large. The causes of differences in ozonesonde trends at Lauder and OHP as
compared to other datasets are being explored.

We also investigate additional dynamical proxies (Equivalent Latitude, Tropopause Pressure, additional QBO

components for example) in the LOTUS model at these sites. We will discuss the addition of these proxies and the
impact on the trends and uncertainties.
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Figure 1. LOTUS trends at five stations with GB and overpass data.



Challenges and Opportunities in Advancing Speciated Characterization of Atmospheric Organics
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The composition of atmospheric organics ranging from volatiles to aerosol are incredibly complex, spanning an
estimated hundreds of thousands of unique chemical products. Relatively few of these compounds have been
structurally identified and catalogued in mass spectral databases. While some properties of this complex organic
material can be characterized by bulk analysis, speciated analysis, in particular structure-specific speciated
analysis, remains critical for mechanistically probing atmospherically relevant aerosol formation and oxidation
processes. Analyzing the speciated composition of highly complex organic mixtures, especially when most
separated species cannot be identified, poses both instrumental and analytical challenges. This results in
underutilization of the full scope of information made available by advances in instrumentation. This
underutilization biases our understanding of the complexity of ambient aerosol formation dynamics, skewing
analysis away from complex source groups in which mass is distributed among a larger number of individual
contributors. Increased use of data science and machine learning-based techniques has the potential to advance
speciated characterization of the atmosphere across environments without depending on synthesis of new
products for structural confirmation. From remote forested environments to megacities, cataloging unidentifiable
organics throughout the globe has the capacity to streamline identification of key process-specific tracers that
currently lie beyond our boundaries of knowledge. Newly developed machine learning-based models allow us to
place unidentifiable compounds in chemical property spaces commonly used throughout the atmospheric
chemistry community, a process which provides critical context for designing targeted chamber experiments and
highlights chemically distinct populations of products that lie beyond the current bounds of knowledge.
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There has been increasing interest in quantifying methane (CH ,) emissions from a view towards mitigation.
Properly assessing which sources are emitting is an enduring challenge for the emission quantification community.
The use of tracer species to identify particular sources is a promising avenue, however, our understanding of how
tracers such as ethane (C,H,) vary within source categories is often limited. Lack of observational data and/or data
that is not collected directly at the source are common limitations. Here, we present observations of molar ethane
to methane ratios (EMRs) for different oil and natural gas (ONG) components in the Permian Basin.

Ground-based sampling of oil and gas production sites in the Permian Basin was carried out in January and
October 2020. The 100 EMR observations were not normally distributed (Fig. 1) leading to three statistics that
could be used for source attribution: median 14 (x1)%, arithmetic mean 27 (+6)%, and geometric mean 18 (£2)%.
We compared these statistics to a regional regression of background CH, and C,H, and found that the geometric
mean best represented the data. Using the correct statistic is critical for tracer-based attribution methodology.

Source specific EMRs showed that sites where emissions were attributed to a tank produced much higher EMRs
averaging 47%. Sites with other noticeable sources such as compressors, pneumatics, and separators had lower
and less variable EMRs. Tanks displayed distinct behavior with EMRs between 10-21% producing CH, emissions
>30x higher than tanks with EMRs >21%. This observation supports the hypothesis that high emission rate tank
sources are often caused by separator malfunctions that leak produced gas through liquids storage tanks.
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Figure 1. Figure 1. EMR distribution

Distribution of EMRs on (a) normal and (b) lognormal axes. Colors represent the contribution to each bin from
the specific source type. Also shown are the arithmetic mean (black dash), median (black dot) and geometric
mean (black dot/dash) lines.
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Positive trends in tropical free-tropospheric (FT) ozone are frequently ascribed to population and thus emissions
growth, but less is known about the effects of changing dynamics and the possible fingerprints of climate change.
In an update of our previous work (Thompson et al., 2021; JGR; https://doi.org/10.1029/2021JD034691; “T21"),

we re-examine Southern Hemisphere Additional Ozonesondes (SHADOZ) ozone trends over tropical Southeast
Asia, one of the most convectively active regions on Earth, now with 25 years of ozone profile data from 1998-
2022. T21 posited that consistent, early-year positive FT ozone trends at several tropical SHADOZ stations may be
related to decreases in convective activity. Our 25-year analysis of Kuala Lumpur and Watukosek (Java) SHADOZ
stations finds that the +5 to +15% (+2 to +6 ppbv) per decade FT ozone trends from ~February-May (Figure 1a)
are coincident with large increases in satellite infrared (IR) brightness temperatures (T,; 1b) and outgoing longwave
radiation (OLR; 1d; both are indicators of convective activity), and decreases in convective precipitation amount
from NASA’s MERRA-2 reanalysis (1c). Trends in ozone and dynamical indicators are generally weak throughout
the rest of the year. All of these results suggest that dynamical influences, i.e., decreases in the intensity and
frequency of convection, are a primary driver of FT ozone buildup in the early months of the year over Southeast
Asia, with waning convection suppressing the typical lofting and redistribution of low, near-surface ozone
throughout the tropical FT. The decrease in convective precipitation amounts likely also enables the accumulation
of biomass burning emissions, as the Atmospheric Infrared Sounder (AIRS) and the Measurement Of Pollution In
The Troposphere (MOPITT) satellites FT carbon monoxide trends (2000-2022) also show a peak in ~March-May.
Finally, these results demonstrate the need for monthly or seasonally-resolved analyses, as opposed to annual
means, for the robust attribution of observed ozone trends.
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Figure 1. (a): Multiple linear regression FT ozone trends in percent per decade from 5-15 km (cyan hatching
indicates 2-sigma statistical significance) from merged Kuala Lumpur-Watukosek (KL-Java) SHADOZ data. The
month of March (see panels b-d) is highlighted by the red dashed box. (b): March GridSat-B1 11 micron IR
brightness temperature (T,) trends in K per decade. (c): March Modern-Era Retrospective analysis for
Research and Applications (MERRA)-2 convective precipitation trends in kg m? s per decade. (d) March
outgoing longwave radiation (OLR) trends in W m2 per decade. All panels show trends for 1998-2022. Stippling
on panels b-d indicate insignificant trends. Yellow (Kuala Lumpur), blue (Watukosek), and black boxes on the
panel b-d maps represent regions for which trends will be highlighted in our study.
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Wildfire season of 2021 in the Northern Hemisphere was extremely severe. The Atmospheric Infrared Sounder
(AIRS)/Aqua data in accordance with the wildfire data base GFED4 evidences record-breaking CO emissions in
the Northern hemisphere and, in particular, in Siberia [1], Fig. 1. These wildfires occurred in permafrost and tundra
areas of the Central Siberian plateau. Mechanisms of carbonaceous gas emissions still are unknown. Here we
analyze the TROPOspheric Monitoring Instruments (TROPOMI) total column CO measurements for this area and
compare them with AIRS data.

The TROPOMI is a Short-Wave Infrared (SWIR) imaging spectrometer on board the European Space Agency’s
Sentinel-5 Precursor (S5-P) satellite that was launched into a sun-synchronous polar orbit in October, 2017. The
Royal Netherlands Meteorological Institute (KNMI) and the Netherlands Institute for Space Research (SRON) are
responsible for the data processing [2]. An excellent spatial resolution (7.2 x 5.6 km? footprint) and high sensitivity
to the lowest troposphere allow to resolve small patches of the burning Earth's surface. Single pixels of CO
concentrations averaged over the total atmospheric column (X)) in early August, 2021 were plotted in a map of
Fig. 2. X.o=~500 ppb prevails in the fire zone. Corresponding AIRS data for the same area (not shown here) were
in the range 200-250 ppb without any signs of local irregularities. Background X, for both sounders were well
below 100 ppb that was typical for summer time. Relatively small patches with X, between 650 and 700 ppb were
observed. Typical sizes of the "hot spots" varied between single pixels (~6 km) and 5 pixels (~30 km). Some
plumes stretched in the direction of the wind for 500 km or more.

The southernmost part of the fire area is characterized by sparse and undersized swampy larch forests. The
plateau Putorana with mean height 500-700 m and a maximum of 1,678 m is occupied by mountain tundra or
Arctic desert. This area is called the Siberian Traps, it was formed 252 million years ago by one of the largest-
known volcanic events of the Earth's geological history. Modern studies assume that the volcanic activity initiated
catastrophic combustion of fossil coal. Greenhouse (GH) warming effect of emitted CO, and CH, was overlapped
by sporadic cooling by volcanic aerosol. Irregular and strong climatic changes led to the fact that ~90% of
terrestrial and oceanic species were destroyed (the so-called "Permian extinction"). We hypothesize that coal
burning explains anomalous emission of GH gases and CO in July-August, 2021.
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South Asia is one of the most diverse regions, home to pristine Himalayan ranges and the most polluted regions,
i.e., the Indo-Gangetic Plain (IGP). However, ground-based observations of trace species are highly limited in this
region. Because of this, observations of surface ozone have been made at Dehradun (30.330°N, 78.040°E, 700
a.m.s.l.), a valley site between the Himalayas foothills and the IGP region's proximity from August 2009 to
September 2018. Diurnal variations at Dehradun show higher daytime levels than nighttime throughout the year,
implying the photochemical production of surface ozone during the daytime. Further, an evening (8.5 ppbv/h) and
morning (8.0 ppbv/h) time rate of change of ozone (dO%dt) at the site suggests a typical urban environment. A
significant monthly variation was observed, with the maximum levels in late springtime (May; 45£15.5 ppbv) and
the minimum in the summer/monsoon (July; 15+7.5 ppbv). Sometimes during springtime, the hourly levels exceed
100 ppbv levels, and a secondary maximum is also observed in late autumntime (November; 30+£12.4 ppbv).
These monthly variations were similar to the other northern Indian (Nainital; Pantnagar) sites. The springtime
maxima revealed the role of strong photochemistry in the presence of excessive precursors under the shadow of
strong solar radiation with some effect of small-scale dynamic processes. The monthly variation also suggests the
influence of boundary level height and biomass burning during spring and autumn at Dehradun. The comparison
of monthly surface ozone variability at Dehradun with other Indian subcontinent sites shows the region's
heterogeneity in ozone distribution processes. The modeled (CAMs) and observational temporal variabilities are in
good agreement at Dehradun except for Summer/Monsoon season, where model results overestimate (20-25
ppbv) the ozone levels than observations. The photochemical production regime of ozone production assesses
through the ratio (H,O,/HNO,) analysis for model results. These results are further reconfirmed by other ratio
sensitivity indicators (HCHO/NOQO,). Both hands are in good agreement and suggestion the NO,-limited regime. A
photochemical box model (NCAR-Master Mechanism) was also used to understand the photochemical ozone
budget, sensitivity simulation and the role of different NMHC groups at Dehradun and suggest the dominant role of
aromatics NMHCs in photochemical ozone production. More details will be presented during the conference.
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Figure 1. Comparison of Seasonal variations in monthly, daytime (1130-1630 h) and nighttime (0100-0300 h)
average ozone at Dehradun with CAMs modeled dataset. Monthly average ozone mixing ratios are also shown
at a nearby high-altitude site (Nainital) and a semi-urban site in Pantnagar.



A New Era for Observing Air Quality from Space
G. Frost
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Until recently, space-based observations of tropospheric air pollutants such as nitrogen dioxide, tropospheric
ozone, sulfur dioxide, and formaldehyde have been made by instruments operating in the visible-ultraviolet
spectral region on satellite platforms in low Earth orbit, which allows for only one observation per day of any
particular location on the globe. A new era began 3 years ago with satellite missions led by South Korea and more
recently by the United States that feature instruments measuring these same air pollutants from geostationary
orbit, which affords continuous observations of a geographic region during daylit hours. The National Institute of
Environmental Research of the Korean Ministry of Environment launched the Geostationary Environmental
Monitoring Spectrometer (GEMS) mission onboard the GEO-KOMPSAT 2B in 2020, and the GEMS instrument has
been collecting air quality observations over East Asia ever since. The Tropospheric Emissions: Monitoring of
Pollution (TEMPO) instrument, NASA's first Earth Venture Instrument mission, was launched on Intelsat 40e in
April of this year and will begin measuring air pollution over much of North America and the Caribbean later this
summer. NOAA'’s plans for its Geostationary Extended Observations mission (GeoXO) include the Atmospheric
Composition Instrument (ACX) on GeoXO'’s third spacecraft, scheduled for launch in 2036. Highlights of these
missions and the applications of their observations to air quality understanding and prediction will be presented.



Remote-Sensing Derived Trends in Gross Primary Production Explain Increases in the CO, Seasonal Cycle
Amplitude
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An increase in the seasonal cycle amplitude (SCA) of atmospheric carbon dioxide (CO.,) since the 1960s has been
observed in the Northern Hemisphere (NH). However, dominant drivers of the amplified CO, seasonality are still
debated. In this study, we employ satellite-based remote sensing observations to track spatial and temporal
changes in global gross primary production (GPP) of different vegetation types. Then, we use a state-of-art
atmospheric transport model to examine whether our bottom-up estimates of ecosystem fluxes can capture the
magnitude of CO, SCA trends at multiple surface sites. Further, we explore dominant drivers of the observed

CO, SCA trends across different locations of sites. To our best knowledge, this paper makes the first effort to link
long-term satellite remote sensing observations with ground atmospheric CO, measurements across the NH to
explore how terrestrial carbon fluxes shape and change spatiotemporal pattern of atmospheric CO..
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Figure 1. Diagram of the Sg_ccines Sriuxeom @Nd Syir, Simulations based on CO, fluxes from multiple sources. [CO,]
represents the atmospheric CO, concentrations. Mathematically, [CO,] simulated in Sg,qqines Seiuxcom: @aNd Syir, €AN
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application of a forward atmospheric model to simulate CO, concentrations driven by fluxes X.



Developing an Australian Greenhouse Gas Observing Network (AGGON)
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Etheridge?, A.K. Luhar', P.J. Fraser', B. Mitrevski?, C. Roulston', J. Ramirez-Gamboa', N. Shahrokhi’, B. Dunse?,
T. Ziehn', and R.M. Law'
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The Paris Agreement has been signed by 195 parties who together account for more than 95% of global
greenhouse gas (GHG) emissions. Yet based on current emissions, we’re likely to deplete the remaining carbon
budget within the next 10 or 30 years, to increase global average temperatures by 1.5 °C or 2 °C above pre-
industrial levels, respectively (Friedlingstein et al. 2022; Liu et al. 2023). Whilst global emissions continue to rise,
more than 70 countries now have net zero targets, covering about 76% of global emissions (UN, 2022). Trillions of
dollars have already been allocated and invested to reach net zero, with the total amount required estimated in the
hundreds of trillions of dollars (IEA 2021; Kumra & Woetzel 2022; United Nations Framework Convention on
Climate Change (UNFCCC), 2021). The effectiveness of greenhouse gas mitigation strategies, including the
targeting of investment, relies heavily on the accuracy of greenhouse gas accounts. It is therefore essential that
these accounts are informed by the most up-to-date science.

Australia’s National Greenhouse Accounts are used to meet emissions reporting requirements under the Paris
Agreement, UNFCCC and Kyoto Protocol. These accounts are almost exclusively compiled using ‘bottom-up’
methods, which have been shown to contain significant uncertainty and may not account for potentially large
sources (Assan et al. 2022; Dunse et al. 2022; Luhar et al. 2020; Neininger et al. 2021; Sadavarte et al. 2021).
Where ‘top-down’ methods have been applied, they have provided invaluable independent assessment of the
accuracy of emissions and methodologies included in the national accounts, as well as insights that can be used to
improve the national accounts (DISER 2021; 2022). It is for reasons such as these, that IPCC emissions reporting
guidelines were revised in 2019 to encourage greater use of top-down methods, and that the WMO have recently
proposed an expanded global GHG monitoring system (IPCC 2019; WMO 2023).

The Australian atmospheric science community has established expertise in GHG measurements and inverse
modelling of fluxes, and a proven track record in applying top-down methods on global, regional and local scales.
However, contributions to national emissions verification are presently limited by sparsity of observations, with only
4 long-term sites covering an area comparable to either Europe or the USA (Figure 1) resulting in a relatively high
reliance on satellite and short-term (campaign-based) observations.This presentation will provide an overview of
recent and continuing efforts to expand the Australian Greenhouse Gas Observation Network (AGGON) including
network design, instrumentation, and resourcing requirements.
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Figure 1. Map of atmospheric GHG monitoring networks for Europe (ICOS), the United Kingdom and Australia
showing the number of sites relative to land surface area.






Evaluation of the Impact of the Expanded in Situ Measurement Network on the Diagnosis of North
American Methane Fluxes
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'The Pennsylvania State University, Department of Meteorology and Atmospheric Science, University Park, PA
16802; 814-880-8087, E-mail: nmiles@psu.edu

2NOAA Gilobal Monitoring Laboratory (GML), Boulder, CO 80305

SEarth Networks, Inc., Germantown, MD 20876

“Earth and Environmental Systems Institute, The Pennsylvania State University, University Park, PA 16802

Accurate diagnosis of methane (CH,) emissions at regional scales is crucial in order to monitor progress towards
emissions reductions attributable to policy changes. In this study, we use the regional inversion system
CarbonTracker-Lagrange (CT-L) to diagnose North American methane emissions to evaluate the impact of the
increasing density of the in-situ tower-based measurement network. We show results from an ensemble of six
priors and four measurement networks, for seven regions within the North American domain. The posterior
indicates an increase in emissions above the most realistic prior for six of the seven regions, with the most
dramatic difference being in the central region of the U.S.. The differences in the regional totals using the different
measurement networks are small (0.3-15.4% in magnitude, except for the western U.S. region), even starting from
a spatially flat prior. Additional towers included in the inversion increase the error reduction slightly from 63% to
69% for the continental total. Using the most dense tower network available, the normalized standard deviation of
the posteriors using multiple priors is reduced substantially for much of the U.S. (from 11% to 5% in the midwest,
for example). We cross evaluate the inverse flux estimates using independent atmospheric CH, mole fraction
observations from the Atmospheric Carbon and Transport (ACT) - America Earth Venture Suborbital flight
campaigns, finding that the enhanced network improves agreement in the northeast U.S., from a bias of 10.4 ppb
for the minimal network to 3.8 ppb. We conclude that even a relatively sparse tower network is able to infer the
large-scale patterns and net fluxes of methane from North America. Increased network density does increase the
resolution of the inversion system and reduces biases, and thus is beneficial for understanding regional, seasonal-
scale methane emissions.
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Figure 1. Prior emissions, posterior emissions using the enhanced network, difference from the prior for the
minimal network posterior, and difference between enhanced and minimal network posteriors. Units are
Tg/yr/5°x5° pixel.



Identifying Methane Emissions from Animal Feeding Operations in a Mixed Emission Region Within the
Colorado Front Range
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Agriculture and oil and natural gas (ONG) production are two of the largest sources of methane (CH,) emissions in
the U.S and are often found near each other, like in the northern Colorado Front Range (NCFR), making CH,
source attribution difficult. Using data from the Transport and Transformation of Ammonia (TRANS2Am) campaign,
we separate CH, emissions related to agriculture from other sources, like ONG production. Phase one of the
TRANS?Am campaign consisted of 15 research flights during August 2021 over the NCFR (Figure 1 shows the
flight path for RF 13). CH,, ammonia (NH,), and ethane (C,H,) concentrations were measured using the University
of Wyoming King Air (UWKA) research aircraft, which circled concentrated animal feeding operations (CAFOs)
housing sizable beef and dairy cattle populations. Two different approaches were used to differentiate CH,
emissions by source. The first approach removed the CH, associated with ONG by subtracting an amount of CH,
based on the C,H,:CH, ratio. The second approach estimates the CH, emissions from CAFOs using multivariate
regression (MVR), incorporating the NH, concentration and NH,:CH, ratio. These two approaches were used to
calculate CH, emissions from CAFOs sampled during the first phase of the TRANS?Am campaign. We have found
that our calculated CAFO CH, emissions are slightly higher than those of previous studies and the EPA’s National
Emission Inventory estimate for beef cattle. This research shows the importance of correctly attributing CH,
emission sources to properly represent CH, sources in inventories and to better understand the role of livestock
emissions on the atmosphere and climate.
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Figure 1. Path of TRANS2Am RF 13, colored by CH, (ppbv). Black numbers represent the corresponding
transect number. Animal operations are indicated by the different colored circles as in Figure 1. Green dots
represent ONG wells, data of ONG as of 2015 (Colorado Department of Natural Resources QOil & Gas
Conservation Commission).



Updated Time-varying Maps of Surface Ocean 6'*C of DIC and the *CO, Isotopic Disequilibrium Flux with
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Estimates of spatial and temporal patterns in the '*C:'2C ratio (expressed as 8'3C) of surface ocean dissolved
inorganic carbon (DIC) are essential for interpreting atmospheric 8'*C of CO,. The work described here is part of a
larger project focused on using atmospheric CO, and 6'°C measurements to quantify terrestrial and oceanic net
carbon fluxes as well as isotopic fractionation by terrestrial plants. Previously, we compiled a dataset of more than
8700 surface ocean &'*C of DIC measurements collected from research vessels and ships of opportunity from
1978 to 2018. In this analysis, we use a trend analysis over different regions of the global oceans and the
approach of Takahashi et al. [2009] to create monthly maps of 8'C of DIC on a 4° (latitude) x 5° (longitude) spatial
grid from 1990 to 2021. These values are then used to calculate the *C isotopic disequilibrium flux at the same
spatial and temporal resolution. The uncertainty of the 6'°C of DIC is estimated using cross-validation whereby
surface ocean §'*C of DIC observations are withheld and then compared to gridded predictions. We then use the
cross-validation statistics to inform a Monte Carlo scheme to estimate the uncertainty of '*C isotopic disequilibrium
flux for each grid cell. We use the same Monte Carlo scheme to assess the uncertainty of both the gross and net
air-sea CO, flux from 1990 to 2021 and compare this uncertainty to the spread of estimates based on widely-
available surface ocean partial pressure of CO, (pCO,) products covering the same time interval. We find that
uncertainties related to air-sea gas exchange can be substantial relative to the spread among estimates due only
to differences in the pCO, product used in the flux estimate.
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Figure 1. Fig. 1. Annual mean *CQO, isotopic disequilibrium in per mille for 1990-2021.






