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AEROMMA Marine Science Themes
• Sulfur emissions and chemistry: Do we 

understand the source budget and fate of 
sulfur in the MBL?

• Reactive Nitrogen: Is the ocean a NOx source?

• Air/Sea Exchange: What are the fluxes of key 
gas phase species into and out of the oceans?

• Aerosol Nucleation and Growth: What 
chemical and microphysical conditions are 
conducive to this process? Are non-sulfur 
species important?

• Coupling of Chemistry and Cloud Processes: 
What are the key rates for cloud uptake of 
trace species affecting MBL chemistry? How 
does gas-phase chemistry via aerosol 
formation affect cloud properties?

Thompson et al., 2022



Theme 1: Sulfur Emissions and Chemistry

Oceanic sulfur emissions and oxidation control CCN over vast regions of Earth’s 
surface and may be the primary source of stratospheric sulfate aerosol via OCS.

Sulfur science targets
• Methanethiol / Dimethyl Sulfide emissions ratios
• Other sulfur containing organic emissions DMSO2, CH5NO2S
• Evaluation of lab-derived sulfur chemical mechanisms
• Evidence for OCS sources
• Importance of various radicals (BrO, NO) on fate of emitted reactive S

Veres et al., 2020
Novak et al., 2021, 2022
Jernigan et al., 2022

Global OCS Source

POCS [µmol m-2 d-1] 



Theme 2: Reactive N in the MBL

Potential sources
• Direct oceanic emissions
• Photolytic ”re-noxification” of nitrate aerosols
• Downward transport of NOx or PAN in the FT

Differences between observed and expected NOx in remote regions represents major uncertainty in OH 
concentration & methane lifetime, O3 tendency.

Guo et al., 2021
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Theme 3: Air/Sea Exchange

Fast observations of key trace gases in the MBL are rare / nonexistent for many species. 
Indirect evidence suggests important sources of reactive N, S and C are unaccounted for.

Wang et al., 2019; Thames et al., 2020
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AEROMMA will provide Observations of the 
Emissions / deposition of:

• Ozone
• NO
• Sulfur Species

• Acetaldehyde, Acetone
• Isoprene



Veres et al., 2020

New particle formation from DMS oxidation 
observed during the NASA ATom mission

Theme 4: Aerosol Nucleation and Growth to CCN

• Atom observations show that clean air parcels above MBL cloud 
layers can promote new particle formation.

• Targeted sampling and extended dwell in and around regions 
with NPF might allow for mechanistic understanding of the 
roles of various sulfur or organic compounds.

What are the sources of CCN in the remote MBL?

hydroperoxymethyl thioformate, which may also contribute to
the NPF and particle growth in marine environment30. The
combination of low existing Stot, availability of reactive gases
such as DMS, high actinic flux for photo-oxidation in the clear
region between clouds, and low ambient temperature makes
possible the observed NPF in the upper MBL.
Subsequently, these newly formed particles are transported

downwards by clear-air subsidence compensating the cumulus
updrafts, and mixed into the surface layer by turbulent mixing at
the boundary between the upper decoupled layer and the surface
mixed layer. The downward transport of newly formed particles
is evident from the vertical profile of N>3nm/N>10nm (Fig. 1c).
During the downward transport and subsequent residence in the
lower MBL, new particles likely undergo growth and reach larger
sizes, as suggested by the shift of the nucleation mode particles
towards larger diameters in the surface mixed layer (Fig. 1e).
Over the mid-latitude oceans, open-cell convection and scattered
cumulus clouds frequently occur behind cold fronts, and satellite
images show that their spatial coverage is usually very extensive,
on the order of several hundred kilometers. Therefore, it is
expected that the NPF occurs in the upper MBL over large
geographic area of mid-latitude oceans.
The above airborne measurements indicate that following the

passage of cold fronts, nucleation mode particles observed near
the ocean surface often originate from NPF in the upper MBL,
rather than the FT. Regular and frequent occurrence of MBL
NPF is supported by the year-long (June 2017 to June 2018)
measurements at the Eastern North Atlantic (ENA) site on
Graciosa Island, which show nucleation mode particles and their
growth during a total of 67 events, all of which are associated with
a decoupled MBL following the passage of a cold front (Methods,
Supplementary Fig. 8a). An example of the growth events is
shown in Supplementary Fig. 8b. Among the 67 events, 65 events
occurred with open cell convection or scattered cumulus clouds
(Supplementary Data 1). Low Stot in the upper decoupled layer
during these events is supported by Raman lidar measurements
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Fig. 2 Key factors driving new particle formation in the marine boundary
layer (as indicated by elevated N>3nm/N>10nm). Dependence of N>3nm/
N>10nm on total particle surface area concentrations and ambient
temperature is shown under different cloud conditions during the ACE-ENA
campaign. These conditions include: a scattered clouds (cloud fraction
between 0.3 and 0.85); b overcast conditions (cloud fraction over 0.85),
and c clear sky (cloud fraction below 0.3). The cloud fraction is determined
from the measurement of a total sky imager at the ENA site. Each data
point represents the average of measurements within an altitude bin of
200m inside the marine boundary layer during the vertical profiles by the
G-1 aircraft. Source data are provided as a Source Data file.
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Fig. 3 Mechanism of new particle formation in a decoupled marine boundary layer when clouds form open cell convection or exhibit a scattered cloud
field following the passage of a cold front. In a decoupled marine boundary layer, particles and ocean-emitted trace gases are transported upwards from
the surface mixed layer to the upper decoupled layer through rising thermals that form cumulus clouds. Cumulus-associated drizzle and precipitation
efficiently remove large particles and thus reduce existing aerosol surface area, while reactive gases of low water solubility survive and are detrained into
the upper decoupled layer. In the clear region between clouds, these reactive gases undergo more rapid photo-oxidation and produce nucleation
precursors, leading to new particle formation. The newly formed particles are subsequently mixed down to the surface layer through turbulent mixing.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-20773-1

4 NATURE COMMUNICATIONS | �������� �(2021)�12:527� | https://doi.org/10.1038/s41467-020-20773-1 | www.nature.com/naturecommunications

Zheng et al., 2021 Nature Communications

New particle formation can occur in a 
decoupled marine boundary layer



Theme 5: Coupling of Clouds and Chemistry

Clouds have major impact on abundance of key species in the MBL. 
Detailed chemical sampling in the vicinity of clouds is sparce and 
insufficient to understand impacts of various cloud types on 
chemistry.

of similar particle formation and growth events above the MBL
where existing particle surface area was small, were attributed to
DMS oxidation to SO2 leading to sulfuric acid nucleation (21–23).
Our observations suggest that HPMTF may contribute to particle
formation and growth events in cloud outflow; however, estimates
of HPMTF-driven particle formation relative to other sulfur species
cannot be determined from the ATom observations alone.
We propose that HPMTF formation plays a substantial role in

sulfate particle formation and/or growth from DMS oxidation,
either directly or via its impact on SO2 formation yields. One or
more of the following scenarios may explain the correlation of
HPMTF with SO2, particulate MSA, and submicron aerosol sulfate
(SO4

2−): 1) HPMTF is coproduced with lower-volatility oxidation
products such as MSA, 2) HPMTF can be oxidized to SO2 with
subsequent gas-phase H2SO4 and SO4

2− production, or 3) HPMTF
may be oxidized in the gaseous or condensed phase to directly
contribute to the growth of existing aerosol.

The relationships observed between HPMTF, DMS, SO2, and
SO4

2− strongly suggest that HPMTF is formed by DMS oxida-
tion, a conclusion that is supported by recent theoretical and
laboratory oxidation studies that identify HOOCH2SCHO as a
product of DMS autoxidation (16, 17). Production of HPMTF in
the atmosphere is initiated by the H abstraction reaction of OH
with DMS and subsequent molecular oxygen (O2) addition to
produce the methylthioxymethyl-peroxy radical (CH3SCH2OO•).
CH3SCH2OO• can undergo a rapid unimolecular H shift to form
•CH2SCH2OOH. Then, molecular O2 addition and an additional
rapid H shift, a process known as autoxidation (24), produces HPMTF
and regenerates OH. Consideration of this HPMTF formation
mechanism in standard models of DMS oxidation reduces SO2
yields (5) and may have a substantial effect on lifetime and dis-
tribution of marine sulfur species.
The ATom observations provide constraints on the impor-

tance of HPMTF formation relative to other oxidation pathways
and enable the development of an accurate chemical mechanism.
We developed a model to constrain branching ratios for the
DMS oxidation processes identified in Fig. 5 utilizing ATom
measurements of the primary atmospheric DMS gas-phase oxi-
dants (OH and BrO) combined with known kinetic data (details
provided in SI Appendix, section 4). In the model, H abstraction
accounts for 40 to 50% of the instantaneous DMS loss rate in the
lowest 2 km of the atmosphere where DMS is most abundant,
leading to the formation of CH3SCH2OO•. The relative im-
portance of the OH abstraction reaction decreases to less than
20% at altitudes above 8 km (SI Appendix, Fig. S3B). The OH
addition channel to produce MSA accounts for another 40 to
50%. Counter to previous studies (4, 5), we find that BrO con-
tributes less than 5% to the instantaneous DMS loss rate due to
the relatively lower BrO mixing ratios observed here. ATom
observations show that over the remote oceans below 2 km al-
titude, BrO mixing ratios averaged 0.1 ppt, with a measurement
uncertainty of 25% + 0.2 ppt. Nighttime DMS oxidation via NO3
radical is not considered in this study but would proceed through
the same peroxy radical intermediate and has been shown to
contribute significantly to DMS oxidation (4, 25, 26). The low
concentrations of NO expected in the nighttime atmosphere
would further increase the yield of HPMTF relative to SO2 and
are therefore also expected to play a role in HPMTF formation.
Our model results show that once formed, the fate of

CH3SCH2OO• depends on the competition between isomeri-
zation to •CH2SCH2OOH and reaction with hydroperoxyl

A

B

Fig. 2. Global observations of HPMTF from ATom-3 and ATom-4. (A and B)
Global observations of HPMTF made aboard the NASA DC-8 aircraft dur-
ing the ATom-3 and ATom-4 circuits. The 1-Hz observations of HPMTF are
colored according to the legend above. (C and D) Vertical distribution of all
HPMTF 1-Hz observations. (E and F) HPMTF, DMS, and SO2 vertically binned
(0.5 km resolution) mean observations. HPMTF, SO2, and DMS observations below
the detection limit of the instrument were not included in the data presented.

Fig. 3. Example time series of HPMTF removal by cloud uptake. In situ observations of HPMTF during ATom-3 and ATom-4 (black) are strongly anticorrelated
with observed clouds (blue). Observations over the northern Atlantic Ocean (47°N and 135°W; Left) and the South Pacific Ocean (62°S and 150°W; Right) show
a similar response to clouds suggesting that cloud removal of HPMTF is a dominant atmospheric loss process.

Veres et al. PNAS | March 3, 2020 | vol. 117 | no. 9 | 4507

EA
RT

H,
A
TM

O
SP

HE
RI
C,

A
N
D
PL

A
N
ET

A
RY

SC
IE
N
CE

S

D
ow

nl
oa

de
d 

fro
m

 h
ttp

s:/
/w

w
w

.p
na

s.o
rg

 b
y 

N
O

A
A

 B
ou

ld
er

 L
ab

s L
ib

ra
ry

 o
n 

Se
pt

em
be

r 2
3,

 2
02

2 
fro

m
 IP

 a
dd

re
ss

 1
40

.1
72

.2
40

.5
5.

Veres et al., 2020

Novak et al., 2021

How much does this 
rate vary for variable 
cloud systems?

(Sample size n=1)



Large eddy simulations:    Kazil et al., JAMES, 2021    Narenpitak et al., JAMES 2022                                      Cloud type illustration: Cesana et al., Earth Syst. Sci. Data, 2019

l Spatial variability of chemical species, fluxes, and conversion rates, depending on cloud type
l HPMTF processing pathways for:

l different cloud types
l degree of boundary layer decoupling

l Simulations for AEROMMA flights
l Emulate/evaluate what a global model would simulate in a grid box corresponding to the large eddy simulation domain

Large eddy simulations represent clouds and turbulent mixing at high resolution. Goals:



Sampling Strategy 1: Low latitude marine fluxes

Target flux sampling opportunities in tropical and mid-latitude Pacific where important fluxes of key species 
are inferred to occur
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1. Targeted sampling and extended dwell in and around regions with higher likelihood of NPF

2a. NPF Identified – Sample within region to observe 
evolution of NPF events  

2b. No NPF identified - Divert to secondary goals of flux 
sampling in variable cloud and cloud free fields (as in example) 

Sampling Strategy 2: Chasing New Particle Formation from DMS 



AEROMMA Marine: Expected Outcomes and Analysis Strategies

• How do marine sourced species control 
tendencies of key climate trace gases, e.g. 
CH4, O3?

• What are the roles of marine sourced 
species for aerosol NPF and growth? 

• Is there a direct oceanic source of OCS 
relevant for stratospheric aerosol?

Climate Relevance RF1 RF2 RF3 RF4
Sampling 
Strategy

NPF/Cloud 
sampling

Tropical Flux 
Module

NPF/Cloud 
sampling

Tropical Flux 
Module

Locate/Observe 
NPF event

x

NO and O3 Flux x x
DMS / MeSH
Flux

x x x x

Cloud loss rates x x

AEROMMA Targets
Direct observations of processes
• Ocean NO emission flux
• O3 deposition velocity
• DMS / MeSH Flux ratio
• Organic carbon emissions

Large Eddy Simulation
• Is expected spatial distribution 

of reactive species and aerosols 
in and around clouds 
consistent with observations?

Budget closure using box models
• Marine gas-phase sulfur: DMS, 

MeSH, SO2, HPMTF, OCS
• NOy in the MBL



Summary:

Lots of opportunity! Target flights to investigate 
climate-relevant chemistry of reactive sulfur and 
nitrogen in the clean MBL.

Questions / Comments / Suggestions:
andrew.rollins@noaa.gov, patrick.veres@noaa.gov


