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Introduction
NOAA: Understand and predict changes in climate, weather, oceans, and coasts
OAR: Detect changes in the ocean and atmosphere

What we do at CSL:
• Modeling of aerosol-cloud interactions
• Climate properties of atmospheric aerosol
• Emission sources, budgets, and trends for greenhouse gases
• Laboratory measurements for ozone depleting substances
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Our aim: Understanding atmospheric
processes to improve environmental prediction. The Aeronomy Laboratory carries out
fundamental research on the chemical, dynamical, and radiative processes of the Earth's atmosphere to improve the capability to observe, understand, and predict its behavior. In
helping improve the fundamental understanding of the atmosphere, the Aeronomy
also assists our scientific community in their periodic taking stock of the current state
nding and in their description of this understanding in "user-friendly" terms to those
s scientific information. Sections II – IV of this summary describe, in more detail,
ory's research – its rationale, approach, accomplishments, payoffs, and plans – all in
of the environmental issues of today.
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- Not a summary of everything in the StoryMaps
- Use a few of the StoryMap highlights as illustrations
- Case study of large eddy simulations
- Case study of dust
- Case study of aerosol optical properties
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Sustained efforts: Greenhouse gases
StoryMaps 2.3.2 and 2.3.3
Methane:
Multiple field missions over ~ 10 years
• Major US production regions
• Rice-growing regions
• Urban area
• Major leak
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Assessment of methane emissions from the U.S. oil and gas
supply chain
Ramón A. Alvarez1*, Daniel Zavala-Araiza1, David R. Lyon1, David T. Allen2, Zachary R. Barkley3, Adam R.
Brandt4, Kenneth J. Davis3, Scott C. Herndon5, Daniel J. Jacob6, Anna Karion7, Eric A. Kort8, Brian K. Lamb9,
Thomas Lauvaux3, Joannes D. Maasakkers6, Anthony J. Marchese10, Mark Omara1, Stephen W. Pacala11, Jeff
Peischl12,13, Allen L. Robinson14, Paul B. Shepson15, Colm Sweeney13, Amy Townsend-Small16, Steven C. Wofsy6,
Steven P. Hamburg1

Methane emissions from the U.S. oil and natural gas supply chain were estimated using ground-based,
facility-scale measurements and validated with aircraft observations in areas accounting for ~30% of U.S.
gas production. When scaled up nationally, our facility-based estimate of 2015 supply chain emissions is
13 ± 2 Tg/y, equivalent to 2.3% of gross U.S. gas production. This value is ~60% higher than the U.S. EPA
inventory estimate, likely because existing inventory methods miss emissions released during abnormal
operating conditions. Methane emissions of this magnitude, per unit of natural gas consumed, produce

CSL makes sustained commitments to understand greenhouse gases.
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Sustained efforts: Greenhouse gases
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StoryMaps 2.3.2 and 2.3.3
Ozone:
Ten-year effort
CSL co-chair
CSL lead authors on major papers
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Aircraft observations since the 1990s reveal increases
of tropospheric ozone at multiple locations across
the Northern Hemisphere

Tropospheric Ozone Assessment Report: Present-day
distribution and trends of tropospheric ozone relevant
to climate and global atmospheric chemistry model
evaluation

Audrey Gaudel1*, Owen R. Cooper1, Kai-Lan Chang1, Ilann Bourgeois1, Jerry R. Ziemke2,3 ,
Sarah A. Strode2,4 , Luke D. Oman2, Pasquale Sellitto5 , Philippe Nédélec6 , Romain Blot6 ,
Valérie Thouret6 , Claire Granier1,6
Tropospheric ozone is an important greenhouse gas, is detrimental to human health and crop and ecosystem
productivity, and controls the oxidizing capacity of the troposphere. Because of its high spatial and temporal
variability and limited observations, quantifying net tropospheric ozone changes across the Northern Hemisphere on time scales of two decades had not been possible. Here, we show, using newly available observations
from an extensive commercial aircraft monitoring network, that tropospheric ozone has increased above
11 regions of the Northern Hemisphere since the mid-1990s, consistent with the OMI/MLS satellite product.
The net result of shifting anthropogenic ozone precursor emissions has led to an increase of ozone and its
radiative forcing above all 11 study regions of the Northern Hemisphere, despite NOx emission reductions
at midlatitudes.

CSL makes sustained commitments to understand greenhouse gases.

INTRODUCTION
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The Tropospheric Ozone Assessment Report (TOAR) is an activity of the International Global Atmospheric
Chemistry Project. This paper is a component of the report, focusing on the present-day distribution
and trends of tropospheric ozone relevant to climate and global atmospheric chemistry model evaluation.
Utilizing the TOAR surface ozone database, several
s present the global distribution and trends of
daytime average ozone at 2702 non-urban monitoring sites, highlighting the regions and seasons of the
world with the greatest ozone levels. Similarly, ozonesonde and commercial aircraft observations reveal
ozone’s distribution throughout the depth of the free troposphere. Long-term surface observations are
limited in their global spatial coverage, but data from remote locations indicate that ozone in the 21st
century is greater than during the 1970s and 1980s. While some remote sites and many sites in the
heavily polluted regions of East Asia show ozone increases since 2000, many others show decreases and
there is no clear global pattern for surface ozone changes since 2000. Two new satellite products provide
detailed views of ozone in the lower troposphere across East Asia and Europe, revealing the full spatial

Downloaded from http://online.ucpress.edu/elementa/article-pdf/doi/10.1525/elementa.291/436471/291-5158-2-pb.pdf by gues
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18,19
B. Hassler1,2,16, G. Huang17, D. Hurtmans7
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B. Kerridge22, S. Kulawik23,24, B. Latter22, T. Leblanc12, E. Le Flochmoën4, W. Lin25,
J. Liu26,27, X. Liu17, E. Mahieu27, A. McClure-Begley1,2, J. L. Neu23, M. Osman29, M. Palm6,
H. Petetin4, I. Petropavlovskikh1,2, R. Querel30, N. Rahpoe23, A. Rozanov23,
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Gaudel, A, et al. 2018. Tropospheric Ozone Assessment Report: Present-day distribution
and trends of tropospheric ozone relevant to climate and global atmospheric chemistry
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tropospheric ozone burden over the past two decades (5); in parTropospheric ozone originates from in situ photochemical re- ticular, the available satellite products have disagreed on the sign of
actions and transport from the stratosphere (1). Because of a lack of the trend since 2008. TOAR took advantage of the IAGOS (In-Service
ozone observations from preindustrial times, global atmospheric Aircraft for a Global Observing System) database −1
(6), which
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Foundational measurements: Light-absorbing carbon
StoryMap 2.3.4

Light absorption due to black carbon is an essential
climate forcing measurement
CSL developed a photoacoustic instrument
- a fundamental technique
- our design is used at several other labs
- and we developed automated calibrations
CSL led an in-flight comparison to a GML instrument
CSL is also a leader in developing and deploying
SP2 black carbon
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An intercomparison of aerosol absorption measurements conducted during
the SEAC4RS campaign
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ABSTRACT

CSL measures fundamental climate parameters.
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Accepted 25 June 2018

During the SEAC4RS campaign in 2013, inflight measurements of light-absorption by aerosol in biomass burning and agriculture fire plumes were collected along with concomitant measurements of
aerosol extinction, scattering, and black carbon mass concentration. Here, we compare three meas-
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Foundational measurements: Light-absorbing carbon
StoryMap 2.3.4

Light absorption due to black carbon is an essential
climate forcing measurement
CSL developed a photoacoustic instrument
- a fundamental technique
- our design is used at several other labs
- and we developed automated calibrations
Met Office/University of Exeter improved our design.
We implemented their improvements.
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Critical mass of expertise: Tropical cloud nuclei
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A large source of cloud condensation nuclei from
new particle formation in the tropics

Maximilian Dollner3, Karl D. Froyd1,2, Anna L. Hodshire5, Jose L. Jimenez1,7, John K. Kodros5,10, Gan Luo8, Daniel M. Murphy2,
Benjamin A. Nault1,7, Eric A. Ray1,2, Bernadett Weinzierl3, James C. Wilson4, Fangqun Yu8, Pengfei Yu1,2,11, Jeffrey R. Pierce5 &
Charles A. Brock2
1 7 O C T O B E R 2 0 1 9 | VO L 5 7 4 | NAT U R

Cloud condensation nuclei (CCN) can affect cloud properties and
therefore Earth’s radiative balance1–3. New particle formation (NPF)
from condensable vapours in the free troposphere has been suggested
to contribute to CCN, especially in remote, pristine atmospheric
regions4, but direct evidence is sparse, and the magnitude of this
contribution is uncertain5–7. Here we use in situ aircraft measurements
of vertical profiles of aerosol size distributions to present a globalscale survey of NPF occurrence. We observe intense NPF at high
altitudes in tropical convective regions over both Pacific and Atlantic
oceans. Together with the results of chemical-transport models, our
findings indicate that NPF persists at all longitudes as a global-scale
band in the tropical upper troposphere, covering about 40 per cent
of Earth’s surface. Furthermore, we find that this NPF in the tropical
upper troposphere is a globally important source of CCN in the lower
troposphere, where CCN can affect cloud properties. Our findings
suggest that the production of CCN as new particles descend towards
the surface is not adequately captured in global models, which tend
to underestimate both the magnitude of tropical upper tropospheric
NPF and the subsequent growth of new particles to CCN sizes.

New particles form in the atmosphere when condensing gases form
stable clusters with diameters of more than 1.5 nm or so8. Growth by
condensation and coagulation may enable particles to reach diameters of more than around 60 nm, at which point they can act as CCN.
Atmospheric observations are required to guide the incorporation of
NPF mechanisms into models9. Large numbers of small particles have
previously been observed at high altitude in the tropics10–12, because
deep convective clouds loft condensable vapours and remove most
larger particles that would otherwise compete with NPF as sinks for
these vapours13 (Fig. 1). Newly formed particles grow to CCN sizes in
subsiding air outside of the convective clouds14.
Global-scale measurements are needed to understand the scale and
impact of NPF in the upper troposphere. However, satellites cannot
detect particles with diameters of less than 100 nm, and previous
in situ observations have been of regional scale11–13. To address this,
as part of the NASA Atmospheric Tomography Mission (ATom)15 we
conducted in situ, global-scale measurements of particle size distributions over the Pacific and Atlantic oceans during multiple seasons,
with near pole-to-pole coverage and systematic profiling between

Cloud formation is influenced by the availability of
cloud nuclei (CCN)
No commercial instruments measure the relevant
size range (~ 60 nm) with sufficient time response
and sensitivity for aircraft measurements.
Multiple processes contribute to new particle
formation.
Atmospheric dynamics modulate the growth to CCN.
“Working here I can walk down the hall and talk to
an expert on everything I need.”
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CSL has the expertise to tackle complex problems.
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Climate-relevant focus: Large eddy simulations

et al.: Aerosol–cloud interactions and their radiative effect

Extended StoryMap 2.1.4
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addresses major problems.

Climate-relevant focus: Large eddy simulations
Extended StoryMap 2.1.4

What is the impact of anthropogenic aerosol on
low-level clouds?
Going beyond case studies and scenarios:
- many LES simulations
- build an emulator to map those simulations to
real-world situations
- one conclusion: short-term perturbations like
ship tracks overestimate the impact of
extended forcings

2021

CSL aerosol-cloud research addresses major problems.
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Case study: Smoke in the upper troposphere
StoryMap 2.2.3

Upper troposphere aerosol composition
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Widespread biomass burning smoke throughout
the remote troposphere
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Biomass burning emits ~34–41!Tg yr−1 of smoke aerosol to the atmosphere. Biomass burning aerosol directly influences the

Earth’s climate by attenuation of solar and terrestrial radiation; however, its abundance and distribution on a global scale are
Froyd
et al., 2019
poorly constrained, particularly after plumes dilute into the background remote troposphere and are subject to removal by
clouds and precipitation. Here we report global-scale, airborne measurements of biomass burning aerosol in the remote troposphere. Measurements
were taken during four series of seasonal flights over the Pacific and Atlantic Ocean basins, each with
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near pole-to-pole latitude coverage. We find that biomass burning particles in the remote troposphere are dilute but ubiquitous,
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(CALIOP) or the Multiangle Imaging SpectroRadiometer (MISR),
are severely limited in the remote troposphere because background
aerosol concentrations are very often below their limits of detection16,17. They also report over a small swathe once or twice daily and

80 °S

Sustained
effort at CSL resulted in totally new measurements.
8
8

accounting for one-quarter of the accumulation-mode aerosol number and one-fifth of the aerosol mass. Comparing our observations with a high-resolution global aerosol model, we find that the model overestimates biomass burning aerosol mass in the
remote troposphere with a mean bias of >400%, largely due to insufficient wet removal by in-cloud precipitation. After updating the model’s aerosol removal scheme we find that, on a global scale, dilute smoke contributes as much as denser plumes to
biomass burning’s scattering and absorption effects on the Earth’s radiation field.
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ildfires and open burning emit ~2.8–4.9 Tg yr–1 of black
carbon (BC) aerosol and ~31–36 Tg yr–1 of primary
organic aerosol1,2. These estimates correspond to ~40–
59% of global BC and ~60–85% of global primary organic aerosol
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Case study: Dust in the upper troposphere
Extended StoryMap 2.2.3

Dust is crucial to the formation of cirrus clouds
Previously:
>> 100 papers about dust impacts on cirrus
many studies of dust near the surface
Almost no measurements of dust at cirrus altitudes
Here: forward trajectories with a detailed cirrus formation
model with/without measured dust.
Model without dust (blue)
Dust often reduces ice number concentration by factors ~100
(brown)
But sometimes there isn’t enough dust (green)
CSL has made unique progress on a difficult and important problem.
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Case study: Global aerosol properties
StoryMap 2.2.3
Ambient Extinction
Pacific ATom 1-4

a

A new global map of aerosol
scattering b
Ambientlight
Extinction
Atlantic ATom 1-4
(Chuck Brock)
-

custom 10-channel counter for 3 to 60 nm (CSL)
two heavily modified commercial optical counters (CSL)
under-wing probe (U. Vienna)
refractory black carbon (CSL)
PALMS composition > 0.14 µm (CSL)
AMS composition < 0.25 µm (U. Colorado)

Builds on decades of expertise

c basic but crucial measurements
BB Extinction
BB Extinction
d
CSL makes
requiring multiple techniques.
Atlantic ATom 1-4
Pacific ATom 1-4
NOAA CSL Science Review, 23-25 February 2021

Case study : Global aerosol properties
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• Check dry extinction against a precise and accurate
cavity ring-down instrument (SOAP)
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- a custom instrument developed at CSL
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• Check phase function against an independent
imaging nephelometer

SOAP Absorption (m )

SOAP Extinction (m )

curve: Mie theory applied
to a measured size distribution
circles: measurements

- completely redesigned and rebuilt at CSL

We have confidence in these measurements.
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Case study : Global aerosol properties
StoryMap 2.2.3

It is hard to overstate the importance for
satellite measurements
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Sulfate with meteoritic material
Industrial combustion
Alkali salts
Biomass burning
S/O/N
Dust
Sea-salt
Water
Total dry volume

1.0
35

3

-3

dV/dlog10(Dp) (µm cm )

1.2

It isn’t just validation…
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You can’t compare models to satellite data
without
the type of information we are
10
collecting.

CSL measurements enhance satellite data.
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Future directions
• Continued incorporation of lessons from small-scale cloud models into larger problems
• Climate properties of the background and volcanic atmospheric aerosol
• Collaboration with NASA on regular aerosol measurements
• Continued budgets for greenhouse gases
• National resource for properties underlying global warming potentials
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