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North American Urban AQ and GHG – Emissions & Trends
Mortality & Non-Attainment Recent Trends

Historical improvement in O3

Fleming et al. (2018)

Recent 
slowdown 
in O3

trends

Kim et al. 
(2022)

O3

PM2.5

NOAA Geo-XO report 2021
Fann Risk Anal. 2012

U.S. Air Quality Non-Attainment Areas

130 million residents; >100,000 deaths; 
~$900 billion in annual damages; 

significant impacts during extreme heat

Emissions Reductions

McDonald et 
al. (2018)

Coggon et al 
(2021)

Warneke et al. 
(2012), Pollack 

et al. (2013)

Substantial 
reductions in 
urban 
pollutants, 
especially 
VOCs

VCP 
importance

U.S. Annual Mortality



Geostationary Atmospheric Composition Measurements
• The NASA Tropospheric Emissions: Monitoring of Pollution (TEMPO) instrument launches in December 2022

• Opportunity for new science in emissions, air quality, climate with high spatial resolution, hourly satellite data
• Validation mission for NOAA in preparation for the 2030’s GeoXO atmospheric composition instruments

Standard Products
Nitrogen dioxide NO2

Formaldehyde CH2O
Total ozone
Boundary layer ozone

Enhanced Products
Aerosol optical depth AOD
Glyoxal C2H2O2
Bromine monoxide BrO
Sulfur dioxide SO2

Nitrate radical NO3

All TEMPO products 
included in 
AEROMMA/STAQS 
in-situ airborne 
observations

NASA TEMPO: 2023 – 20xx NOAA GeoXO: 2030 – 20xx

GeoXO atmospheric composition 
may also include an IR sounder for a 
suite of other species (e.g., GHG, 
NH3, etc.) currently measured in 
LEO but validated by AEROMMA

TropOMI NO2

mapped to TEMPO 
field of regard

Hourly data across 
North America and 
marine areas

Product Lead: 
Shobha 
Kondragunta
User Lead: 
Greg Frost



Adapted from Thompson et al. 2022

The Marine Atmosphere, Urban Interface, 
and Climate Impacts

- Emissions and chemistry

- Reactive nitrogen

- Air/Sea exchange

- Aerosol nucleation and growth

- Coupling chemistry and cloud processes

Remote Marine Chemistry

Urban Marine Interface
- Impact of urban NOx

- Marine impact on coastal urban AQ

- Urban impact on cloud properties

Climate 
- Impact on key climate gases, e.g. CH4, O3

- Marine/urban aerosols cloud interactions

- Aerosol radiative properties
prom
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Change in global sulfate burden with updated 
DMS oxidation scheme  

prompt formation of SO4
2− from aqueous HPMTF cloud chemistry

dramatically increases the production rate of SO2−
4 in the MBL (by

over 500%) and the SO2−
4 concentration in the marine lower at-

mosphere (0 to 3 km) by 22%. While the total, global sulfate
burden changes only slightly, the acceleration of DMS conversion
to SO2−

4 leads to a marked shift in the spatial distribution of sulfate
in marine environments (Fig. 5C) and the temporal connections
between DMS emissions and SO4

2− formation.
The unified approach of direct ambient measurement of cloud

uptake rates and global chemical modeling reveals the substan-
tial role of clouds in regulating the budget of volatile organic
molecules in the lower troposphere. We expect that cloud uptake
contributes significantly to the budgets of a wide array of reactive
trace gases in the atmosphere, with consequent impacts on CCN
and chemical budgets in cloudy regions across the globe.

Materials and Methods
HPMTF Airborne Observations. Full details of the airborne detection of HPMTF
are provided by Veres et al., with a brief description given here (15). HPMTF
mixing ratios were measured on the NASA ATom and SARP campaigns with
an iodide-adduct chemical ionization time-of-flight mass spectrometer (io-
dide CIMS, Aerodyne Research Inc.). Ambient air was sampled through a
temperature, pressure, humidity, and mass flow-controlled inlet. Instrument
backgrounds were determined by overflowing the inlet with scrubbed am-
bient air periodically, and instrument sensitivity to HPMTF was determined
in postcampaign laboratory studies. HPMTF is detected as a stable adduct
ion with iodide (I-C2H4O3S

−) at a mass-to-charge ratio (m/z) of 234.8931. This
mass is not fully resolvable from the detected product ion of dinitrogen
pentoxide (N2O5) at the mass resolution of the instrument (m/Δm = 5,000),
and data were filtered to remove periods in which N2O5 potentially con-
tributed to observed HPMTF. We note that the expected contribution of
N2O5 to the observed HPMTF signal during the flights discussed here is
negligible, as they took place during daytime under low-NOx conditions in
which N2O5 concentrations are low (<1 ppt). Subsequent to the publication
of Veres et al., further evaluation of the calibration method identified a bias
in the experiment, resulting in an overestimation in the originally reported
HPMTF mixing ratios. Revised calibration experiments were performed
which removed that source of bias, yielding a corrected instrument cali-
bration factor. A corrigendum to Veres et al. has been posted detailing the
updated calibration factor and the impact of those changes on the ATom
observations reported in that work (15). The HPMTF mixing ratios used here
for both the SARP and ATom flights reflect the updated HPMTF calibration
factor. The updated ATom dataset is available through the Distributed Ac-
tive Archive Center for Biogeochemical Dynamics (39, 41). The total uncer-
tainty for HPMTF for the ATom observations was 12% + 0.4 ppt, and 1σ

precision was 0.3 ppt for 1 s measurements. For the SARP flight, HPMTF
uncertainty was 12% + 0.8 ppt, and 1σ precision was 0.9 ppt. DMS during
SARP was measured with a proton transfer time-of-flight mass spectrometer
(42). The DMS measurement from ATom used in this analysis was from
whole-air samples analyzed with gas chromatography (43). Further details of
the DMS measurements and other ancillary airborne measurements during
ATom and SARP are listed in SI Appendix, Tables S1 and S2, respectively.

Airborne HPMTF Vertical Flux. The airborne vertical flux of HPMTF was com-
puted using the EC technique using the CWT method (44–46). CWT methods
for computing EC flux have emerged as a powerful technique in airborne
flux studies, as it does not require homogeneity or stationarity over the
averaging period and because it preserves time information, allowing for
the computed flux to resolve changes over heterogeneous surfaces (44, 45, 47).
All EC flux determinations for HPMTF were performed at 1-Hz time resolution.
Standard flux data processing procedures and uncertainty analysis were
implemented as described in SI Appendix, section S2. Flux averaging periods
were manually selected for periods of stable aircraft altitude, pitch, and roll and
to avoid data gaps in the HPMTF measurement, as described in SI Appendix,
section S2. The SARP flight presented here was the only available flight in the
MBL below cloud during the SARP or ATom missions. The ATom-4 May 1, 2018,
flight was selected as a clear sky comparison case study because of the similar
atmospheric conditions (e.g., SZA, O3, NO, and aerosol surface area) compared
to the SARP flight in order to limit differences in HPMTF chemistry between the
flights to the presence or absence of clouds.

Global Chemical Transport Model. The chemistry of DMS and its oxidation
products, including HPMTF, were simulated using the GEOS-Chem global
chemical transport model (version 12.9.2). The model includes comprehensive,
tropospheric oxidant chemistry, with recent updates to halogen chemistry (38)
and cloud processing (18). Simulations were performed at 4 × 5° horizonal
resolution with 72 vertical levels. Model sensitivity simulations were run at
multiple rate constants for HPMTF+OH. The base model case uses a rate
constant of 1.11 × 10−11 cm3 · molecules−1 · s−1. Additional simulations using
HPMTF+OH of 5.5 × 10−11 cm3 ·molecules−1 · s−1 are taken to provide an upper
limit case of HPMTF gas-phase oxidation by OH, which would reduce the
significance of HPMTF cloud uptake. A lower limit HPMTF+OH case was
simulated using the calculated rate constant of Wu et al. of 1.40 × 10−12

cm3 · molecules−1 · s−1 (16). Heterogeneous uptake to both clouds and
aerosols was simulated using a reactive uptake coefficient (γ) of 0.01. Model
sensitivity simulations were also performed with and without HPMTF
heterogeneous uptake to clouds and aerosols. A full description of the GEOS-Chem
model implementation, sensitivity simulations, and model comparison to the
ATom observations are provided in SI Appendix, sections S6–S8.

Data Availability.Merged airborne observation data from the ATom campaign
is published through the Distributed Active Archive Center for Biogeochemical

A B

C

Fig. 5. (A) Pathways for DMS removal, as simulated by GEOS-Chem are the following: 1) OH addition and BrO reaction with DMS leading to MSA and SO2

(gray); 2) H abstraction of DMS, primarily by OH, resulting in SO2 production from biomolecular CH3SCH2O2· chemistry (red), the oxidation of DMS by Cl and
NO3 radicals are an additional minor contribution; 3) HPMTF + OH gas-phase chemistry (dark green); 4) HPMTF irreversible uptake to clouds (blue); 5) HPMTF
heterogeneous uptake to aerosol particles (orange); and 6) HPMTF wet and dry deposition (purple). Annual mean marine DMS emissions as a function of
latitude are also shown on the right y-axis in black. The inclusion of cloud loss and aerosol heterogeneous uptake into the HPMTF budget results in a large
reduction in [SO2] (B) and large increase in [SO4

2-] (C) for altitudes below 3 km. Results are for the model Test Case 3. The updates to the GEOS-Chem chemical
mechanism used in this model implementation are detailed in SI Appendix, Table S4, and conditions for the model test cases are detailed in SI Appendix, Table S5.

6 of 7 | PNAS Novak et al.
https://doi.org/10.1073/pnas.2110472118 Rapid cloud removal of dimethyl sulfide oxidation products limits SO2 and cloud

condensation nuclei production in the marine atmosphere
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AGES 2023: Sampling Strategy
DC-8: Marine and urban in West Coast,
Mid/East Coast

Twin Otter (NOAA Aircraft): CUPiDS -
Remote sensing & dynamics, regional 
focus

G-V and G-III (NASA Aircraft): NASA 
STAQS - Remote sensing package 
coordinated with DC-8

C-130 (NSF Aircraft): GOTHAAM - In-
situ, mostly regional focus

ARL/UMD Cessna: NYC flights+mobile

NPS Twin Otter: regional marine flights

Albany mobile lab: regional NYC

Ground sites (NYC x 3, Toronto, 
Atlanta, Scripps)



Platform/Location Experiment name PIs Affiliation Sponsor Web resource
Aircraft

NASA DC-8 AEROMMA (Atmospheric Emissions and 
Reactions Observed from Megacities to 
Marine Areas)

Urban: Carsten Warneke, Rebecca 
Schwantes
Marine: Patrick Veres, Drew Rollins

NOAA CSL NOAA, NOAA 
NESDIS, NOAA 
GeoXO

https://csl.noaa.gov/projects/aeromma/

NOAA Twin Otter CUPiDS (Coastal Urban Plume Dynamics 
Study)

Alan Brewer NOAA CSL NOAA https://csl.noaa.gov/projects/aeromma/cupids/

NASA GV/G-III STAQS (Synergistic TEMPO Air Quality 
Science)

Laura Judd NASA Langley NASA https://www-
air.larc.nasa.gov/missions/staqs/index.html

NCAR/NSF C-130 GOTHAAM (Greater New York Oxidant, 
Trace gas, Halogen, and Aerosol Airborne 
Mission)

John Mak Stony Brook NSF https://www.nsf.gov/awardsearch/showAward?
AWD_ID=2023574&HistoricalAwards=false

ARL/UMD Cessna NEC-AQ-GHG (NEC Air Quality and 
Greenhouse Gas Study)

Xinrong Ren
Russ Dickerson

NOAA ARL
U. Maryland

NOAA ARL

NPS Twin Otter SCILLA (Southern California Interactions of 
Low cloud and Land Aerosol)

Mikael Witte Naval Postgraduate 
School

ONR, DOE

Ground sites
NYC CUNY NYC-METS (New York City metropolitan 

Measurements of Emissions and
TransformationS)

Drew Gentner, Andy Lambe Yale, Aerodyne NOAA AC4 https://csl.noaa.gov/projects/aeromma/partners/
NYC-
METS_ProjectSummary&MeasurementLocatio
ns.pdf

NYC Yale Coastal Site NYC-METS Drew Gentner, Andy Lambe Yale, Aerodyne NOAA AC4
NYC Minneola FROG-NY (Fluxes of Reactive Organic 

Gasses in New York)
Delphine Farmer, Dylan Millet CSU, U. Minnesota NOAA AC4

Atlanta Atlanta Nga Lee (Sally) Ng, Jennifer Kaiser Georgia Tech. NSF, NOAA AC4
Toronto THE CIX (Toronto Halogen, Emissions, 

Contaminants, and Inorganics eXperiment)
Cora Young York U. NSERC, TBD

Scripps Pier La Jolla, 
Mt. Soledad

EPCAPE (Eastern Pacific Cloud Aerosol 
Precipitation Experiment)

Lynn Russell Scripps DOE ARM https://www.arm.gov/research/campaigns/amf2
023epcape

Long term monitoring
7 cities and mobile units TOLNet (Tropospheric Ozone Lidar Network) John Sullivan NASA Goddard NASA https://www-air.larc.nasa.gov/missions/TOLNet/
multiple locations Pandonia Global Network Thomas Hanisco NASA GSFC NASA https://pandora.gsfc.nasa.gov/
43 cities PAMS (Photochemical Assessment 

Monitoring Stations)
Luke Valin EPA EPA https://www.epa.gov/amtic/photochemical-

assessment-monitoring-stations-pams
Indianapolis, LA, North 
East Corridor

Urban Test Bed Measurements: greenhouse 
gas fluxes

Kimberley Mueller, Anna Karion NIST NIST https://www.nist.gov/topics/greenhouse-gas-
measurements/urban-test-beds

12 cities ASCENT (Atmospheric Science and 
mEasurement NeTwork)

Nga Lee (Sally) Ng Georgia Tech. NSF https://chbe.gatech.edu/news/2021/10/
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