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Introduction

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

NOAA: Understand and predict changes in climate, weather, oceans, and coasts 

OAR: Detect changes in the ocean and atmosphere
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I.   Introduction

A. The Aeronomy Laboratory:  Our Aims, Approach, and Organization

aer•on•o•my (a(e)r-an´-o-me) n. [fr. Gk aero-]
a branch of science that deals with the
atmosphere of the earth and the other planet with
reference to their chemical composition, physical
properties, relative motion, and responses to
radiation from space.

           Our aim:  Understanding atmospheric
processes to improve environmental predic-
tion.  The Aeronomy Laboratory carries out
fundamental research on the chemical, dynam-
ical, and radiative processes of the Earth's at-
mosphere to improve the capability to ob-
serve, understand, and predict its behavior.  In

addition to helping improve the fundamental understanding of the atmosphere, the Aeronomy
Laboratory also assists our scientific community in their periodic taking stock of the current state
of understanding and in their description of this understanding in "user-friendly" terms to those
who use this scientific information.  Sections II – IV of this summary describe, in more detail,
the Laboratory's research – its rationale, approach, accomplishments, payoffs, and plans – all in
the context of the environmental issues of today.

The research approaches used:  Integrated laboratory, field, and theoretical studies.  The
Laboratory's research involves:

• investigations under controlled conditions in the laboratory,
• field measurements in a variety of environments (both in a campaign mode and via

regular observations), and
• regional and global theoretical modeling.

A hallmark of the Laboratory is the integration of these three endeavors to build a better predic-
tive understanding.  Laboratory investigations characterize fundamental properties of chemical
reactions, which are needed by predictive models and are also a test bed for the development of
new analytical techniques.   Field campaigns provide the observations to test the predictive capa-
bilities of models, as well as  indicate the potential of  heretofore unknown processes that should
be examined in the laboratory.  Theoretical
models, via sensitivity studies, evaluate the
impact of processes on the global picture,
probe which of a basket of poorly
characterized chemical processes would
have the biggest payoff for laboratory inves-
tigations, as well as help guide the design of
regional or global field campaigns.  This
booklet will point to numerous examples of
these synergistic interactions.

  Laboratory
Investigations

  Field
Studies

Theory and
  Model ing

Providing scientific input for the decisions of governments, industry, and the public
regarding current environmental issues.  The chemical, dynamical, and radiative processes of
the atmosphere are the gears, belts, and pulleys of atmospheric change.  As such, their
identification and characterization are a fundamental necessity for understanding and predicting
the behavior of regional and global phenomena.  The Aeronomy Laboratory focuses on
understanding the

• stratospheric ozone layer,
• regional and global tropospheric chemistry, and
• the climate system.

Several societal environmental issues are embraced within these three phenomena:  depletion of
the polar and global ozone layer, increases in regional surface-level ozone pollution, enhance-
ment of fine particles in many continental areas, changes in the acidity of rainfall in Eastern
North America, the waxing and waning of short-term climate changes influenced by the El Niño
– Southern Oscillation (ENSO), and the potential of longer-term climate changes from the

≈

≈≈
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Laboratory 
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Field Studies
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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

CSL makes sustained commitments to understand greenhouse gases.

Aliso

Methane:

Multiple field missions over ~ 10 years 
• Major US production regions
• Rice-growing regions
• Urban area
• Major leak

Cite as: R. A. Alvarez et al., Science 
10.1126/science.aar7204 (2018).  

 
 
 

  REPORTS 
 

First release: 21 June 2018   www.sciencemag.org  (Page numbers not final at time of first release) 1
   
 

Methane (CH4) is a potent greenhouse gas, and CH4 emissions 
from human activities since pre-industrial times are 
responsible for 0.97 W m−2 of radiative forcing, as compared 
to 1.7 W m−2 for carbon dioxide (CO2) (1). CH4 is removed from 
the atmosphere much more rapidly than CO2, thus reducing 
CH4 emissions can effectively reduce the near-term rate of 
warming (2). Sharp growth in U.S. oil and natural gas (O/NG) 
production beginning around 2005 (3) raised concerns about 
the climate impacts of increased natural gas use (4, 5). By 
2012, disagreement among published estimates of CH4 
emissions from U.S. natural gas operations led to a broad 
consensus that additional data were needed to better 
characterize emission rates (4–7). A large body of field 
measurements made between 2012 and 2016 (table S1) has 
dramatically improved understanding of the sources and 
magnitude of CH4 emissions from the industry’s operations. 
Brandt et al. summarized the early literature (8); other 
assessments incorporated elements of recent data (9–11). This 
work synthesizes recent studies to provide an improved 
overall assessment of emissions from the O/NG supply chain, 
which we define to include all operations associated with oil 
and natural gas production, processing and transport 
(Section S1.0) (12). 

Measurements of O/NG CH4 emissions can be classified as 
either top-down (TD) or bottom-up (BU). TD studies quantify 

ambient methane enhancements using aircraft, satellites or 
tower networks and infer aggregate emissions from all con-
tributing sources across large geographies. TD estimates for 
nine O/NG production areas have been reported to date (ta-
ble S2). These areas are distributed across the U.S. (fig. S1) 
and account for ~33% of natural gas, ~24% of oil production, 
and ~14% of all wells (13). Areas sampled in TD studies also 
span the range of hydrocarbon characteristics (predomi-
nantly gas, predominantly oil, or mixed), as well as a range of 
production characteristics such as well productivity and ma-
turity. In contrast, BU studies generate regional, state, or na-
tional emission estimates by aggregating and extrapolating 
measured emissions from individual pieces of equipment, op-
erations, or facilities, using measurements made directly at 
the emission point or, in the case of facilities, directly down-
wind. 

Recent BU studies have been performed on equipment or 
facilities that are expected to represent the vast majority of 
emissions from the O/NG supply chain (table S1). In this work 
we integrate the results of recent facility-scale BU studies to 
estimate CH4 emissions from the U.S. O/NG supply chain, 
and then we validate the results using TD studies (Section 
S1). The probability distributions of our BU methodology are 
based on observed facility-level emissions, in contrast to the 
component-by-component approach used for conventional 

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 
1Environmental Defense Fund, Austin, TX, USA. 2University of Texas at Austin, Austin, TX, USA. 3The Pennsylvania State University, University Park, PA, USA. 4Stanford 
University, Stanford, CA, USA. 5Aerodyne Research Inc., Billerica, MA, USA. 6Harvard University, Cambridge, MA, USA. 7National Institute of Standards and Technology, 
Gaithersburg, MD, USA. 8University of Michigan, Ann Arbor, MI, USA. 9Washington State University, Pullman, WA, USA. 10Colorado State University, Fort Collins, CO, USA. 
11Princeton University, Princeton, NJ, USA. 12University of Colorado, CIRES, Boulder, CO, USA. 13NOAA Earth System Research Laboratory, Boulder, CO, USA. 14Carnegie 
Mellon University, Pittsburgh, PA, USA. 15Purdue University, West Lafayette, IN, USA. 16University of Cincinnati, Cincinnati, OH, USA. 
*Corresponding author. E-mail: ralvarez@edf.org 

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 
radiative forcing over a 20-year time horizon comparable to the CO2 from natural gas combustion. 
Significant emission reductions are feasible through rapid detection of the root causes of high emissions 
and deployment of less failure-prone systems. 

on June 21, 2018
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Sustained efforts: Greenhouse gases

CSL makes sustained commitments to understand greenhouse gases.

Gaudel et al., Sci. Adv. 2020; 6 : eaba8272     21 August 2020
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Notable increases of the lowest ozone values
In addition to the near-consistent positive trends of the median 
ozone values above all regions, the lowest ozone values (first and 
fifth percentiles) have also increased above all regions and at most 
levels (Fig. 4 and fig. S7). The largest increases, throughout the depth 
of the troposphere, have occurred above India, Southeast Asia, and 
Malaysia/Indonesia, mostly in the range of 4 to 8 nmol mol−1 decade−1. 
In the early part of the record (1994–2004), ozone values less than 
10 nmol mol−1 were common in the LT and MT of these regions, 
but today, these low values have largely disappeared. For example, 
values less than 20 nmol mol−1 in the FT above Malaysia/Indonesia 
diminished from 24% of all observations during 1994–2004 to just 
6% during 2011–2016 (fig. S8A). We found that this phenomenon 
has also occurred above the remote tropical Pacific Ocean, where 
the frequency of low ozone observations decreased from 25 to 15% 
over 20 years, based on airborne research missions (fig. S8B). Such 

increases have also been recorded by ozonesondes in the FT above 
Hilo, Hawaï (fig. S7). Observations from the 1970s through the 
1990s established that the marine boundary layer of the North Pacific, 
South Pacific, and Indian Oceans was a broad region of low ozone 
values, especially in the tropics (41–44). Ozone values below 
10 nmol mol−1 were commonly observed in the tropics because of 
net chemical destruction in an environment with limited ozone pre-
cursors. Tropical deep convection routinely transports ozone- 
depleted air from the marine boundary layer to the MT and UT 
(45–47), where it can then be transported to midlatitudes (48–50). 
For example, a transport climatology for marine boundary layer 
observations at the midlatitude site of Bermuda in the North Atlantic 
Ocean demonstrated that the lowest ozone observations originate at 
low latitudes (51) and the lowest ozone values in the UT above the 
Eastern United States originate at low latitudes (52). Furthermore, 
an analysis using 3.9 billion back trajectories to explore the transport 

Fig. 3. Annual trends and distribution of the 50th and 95th percentiles of ozone (nmol mol−1 decade−1) at intervals of 50 hPa. The trends (A and B) are calculated 
between 1994 and 2016 above western North America (gray), eastern North America (green), Europe (blue), Northeast China/Korea (red), southeast United States (brown), 
South America (purple), Gulf of Guinea (salmon), India (orange), and Southeast Asia (cyan); between 1998 and 2016 above the Persian Gulf (black); and between 1995 and 
2016 above Malaysia/Indonesia (magenta). Squares indicate trends with P values less than 0.05. Open squares indicate trends with P values between 0.05 and 0.1. The 
zero trend value is indicated with a vertical black bar. The annual profiles of absolute values of ozone (C and D) are for the recent period 2011–2016 above the same 
11 regions. For reference, the 70 nmol mol−1 value is indicated with a vertical black line, which corresponds to the U.S. National Ambient Air Quality Standards for ozone 
and is the annual fourth-highest daily maximum 8-hour average concentration averaged over 3 years.
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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 
model evaluation. Elem Sci Anth, 6: 39. DOI: https://doi.org/10.1525/elementa.291

RESEARCH ARTICLE

Tropospheric Ozone Assessment Report: Present-day 
distribution and trends of tropospheric ozone relevant 
to climate and global atmospheric chemistry model 
evaluation
A. Gaudel1,2, O. R. Cooper1,2, G. Ancellet3, B. Barret4, A. Boynard3,5, J. P. Burrows6,  
C. Clerbaux3, P.-F. Coheur7, J. Cuesta8, E. Cuevas9, S. Doniki7, G. Dufour8, F. Ebojie10,  
G. Foret8, O. Garcia11, M. J. Granados-Muñoz12,13, J. W. Hannigan14, F. Hase15,  
B. Hassler1,2,16, G. Huang17, D. Hurtmans7��'��-DᒊH18,19, N. Jones20, P. Kalabokas21,  
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,  
M. G. Schultz31,32, J. Schwab33, R. Siddans22, D. Smale30, M. Steinbacher34,  
H. Tanimoto35, D. W. Tarasick36, V. Thouret4, A. M. Thompson37, T. Trickl38,  
E. Weatherhead1,2, C. Wespes7, H. M. Worden39, C. Vigouroux40, X. Xu41,  
G. Zeng43, J. Ziemke42

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 ᒋJXUHs 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 
extent of the spring and summer ozone enhancements across eastern China that cannot be assessed from 
OLPLWHG�VXUIDFH�REVHUYDWLRQV��6XᒍFLHQW�GDWD�DUH�QRZ�DYDLODEOH��R]RQHVRQGHV��VDWHOOLWH��DLUFUDIW��DFURVV�
WKH�WURSLFV�IURP�6RXWK�$PHULFD�HDVWZDUGV�WR�WKH�ZHVWHUQ�3DFLᒋF�2FHDQ��WR�LQGLFDWH�D�OLNHO\�WURSRVSKHULF�
column ozone increase since the 1990s. The 2014–2016 mean tropospheric ozone burden (TOB) between 
��ʜ1ۇ��ʜ6�IURP�ᒋYH�VDWHOOLWH�SURGXFWV�LV�����7J�s�����:KLOH�WKLV�DJUHHPHQW�LV�H[FHOOHQW��WKH�SURGXFWV�
GLᒊHU�LQ�WKHLU�TXDQWLᒋFDWLRQ�RI�72%�WUHQGV�DQG�IXUWKHU�ZRUN�LV�UHTXLUHG�WR�UHFRQFLOH�WKH�GLᒊHUHQFHV��
�6DWHOOLWHV�FDQ�QRZ�HVWLPDWH�R]RQHۍV�JOREDO�ORQJ�ZDYH�UDGLDWLYH�HᒊHFW��EXW�HYDOXDWLRQ�LV�GLᒍFXOW�GXH�WR�
OLPLWHG�LQ�VLWX�REVHUYDWLRQV�ZKHUH�WKH�UDGLDWLYH�HᒊHFW�LV�JUHDWHVW�

Keywords: tropospheric ozone; ground-level ozone; Tropospheric composition and chemistry; Global 
 tropospheric ozone burden; Ozone trends
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Ten-year effort
CSL co-chair
CSL lead authors on major papers
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C L I M A T O L O G Y

Aircraft observations since the 1990s reveal increases 
of tropospheric ozone at multiple locations across 
the Northern Hemisphere
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 Hemi-
sphere 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.

INTRODUCTION
Tropospheric ozone originates from in situ photochemical re-
actions and transport from the stratosphere (1). Because of a lack of 
ozone observations from preindustrial times, global atmospheric 
chemistry models must be used to quantify long-term changes of 
the global tropospheric ozone burden. Ensemble model simulations 
indicate a global burden increase of 40% since preindustrial times, 
producing a globally averaged radiative forcing (RF) of 0.40 ± 
0.20 W m−2 and making tropospheric ozone the third most effec-
tive anthropogenic climate forcer after CO2 and CH4 (2). The rela-
tively large uncertainty of this estimate (±50%) is mainly due to the 
lack of observations to constrain the model estimates of pre-
industrial ozone. However, a recent proxy-based study relying on 
the isotopic composition of oxygen in ice cores corroborates these 
model results (3). New analysis by the Tropospheric Ozone Assess-
ment Report (TOAR) (4) assessed the historical ozone records from 
the early and mid-20th century and concluded that surface ozone at 
midlatitudes and high latitudes of the Northern Hemisphere in-
creased by 30 to 70%, with large uncertainty, between the historical 
period and the modern period (1990–2014); limited historical 
observations indicate similar increases in the free troposphere (FT) 
of northern midlatitudes. Intergovernmental Panel on Climate 
Change [IPCC; AR5, section 2.2.2.3] assessed the available evidence 
for tropospheric ozone trends through the year 2010 and concluded 
that ozone across the Northern Hemisphere had generally increased 
since the 1970s at the surface and in the FT (2). With regard to 
trends since the 1990s, TOAR showed that observations have been 
insufficient for the detection of an unambiguous trend in the global 

tropospheric ozone burden over the past two decades (5); in par-
ticular, the available satellite products have disagreed on the sign of 
the trend since 2008. TOAR took advantage of the IAGOS (In-Service 
Aircraft for a Global Observing System) database (6), which 
contains ozone observations from more than 60,000 commercial 
aircraft flights worldwide, to quantify ozone trends above five 
regions of the Northern Hemisphere (northeastern United States, 
Germany, India, Southeast Asia, and Northeast China/Korea) 
during 1994–2014. Relatively weak ozone increases (<7% decade−1) 
occurred above northeastern United States and Germany but not at 
all tropospheric levels and not in all seasons. However, ozone in-
creased in all seasons and at most levels above the three Asian 
regions (4 to 70% decade−1). An independent analysis of IAGOS 
observations reported widespread upper tropospheric ozone 
increases above several regions in the northern midlatitudes for the 
period 1994–2013 (4 to 5% decade−1), but the study did not address 
the tropics or the lower or mid-troposphere (MT) (7). Global 
chemistry climate models indicate that the tropospheric ozone 
burden and its associated RF have continued to increase since 1990 
(2, 8). However, confirmation of these recent global-scale increases 
from in situ observations has been difficult because of limited 
monitoring in the FT and at remote surface locations, compounded 
by the various and contradictory trend results described above. To 
improve our understanding of ozone trends across the Northern 
Hemisphere, this new study expands the TOAR analysis by includ-
ing two additional years of IAGOS data (2015–2016) and six new 
regions (western North America, South America, Gulf of Guinea, 
the Persian Gulf, and Malaysia/Indonesia) (Fig. 1), using 2.5 times 
as much IAGOS data as the earlier TOAR study. By expanding the 
analysis to a wider spatial coverage and spanning up to 22 (1994–2016) 
years of observations made from consistent and routinely calibrated 
instruments (ultraviolet absorption method), we can now show that 
ozone has increased at 11 of 11 study regions widely distributed 
across the Northern Hemisphere, advancing our understanding 
of Northern Hemisphere ozone changes beyond the more limited 
TOAR analysis.

1CIRES, University of Colorado/NOAA Chemical Sciences Laboratory, Boulder, CO, 
USA. 2NASA Goddard Space Flight Center, Greenbelt, MD, USA. 3Morgan State 
University, Baltimore, MD, USA. 4Universities Space Research Association, Columbia, 
MD, USA. 5Laboratoire Interuniversitaire des Systèmes Atmosphériques, UMR 
CNRS 7583, Université Paris-Est Créteil, Université de Paris, Institut Pierre Simon 
Laplace, Créteil, France. 6Laboratoire d’Aérologie, Université de Toulouse, CNRS, 
UPS, France.
*Corresponding author. Email: audrey.gaudel@noaa.gov
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Foundational measurements: Light-absorbing carbon

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

An intercomparison of aerosol absorption measurements conducted during
the SEAC4RS campaign

B. Masona,b,!, N. L. Wagnera,b , G. Adlera,b , E. Andrewsa,b , C. A. Brocka , T. D. Gordona,b,!! ,
D. A. Lacka,b, A. E. Perringa,b,!!! , M. S. Richardsona,b , J. P. Schwarza,b , M. A. Shookc,
K. L. Thornhillc, L. D. Ziembad , and D. M. Murphya

aNOAA Earth System Research Laboratory, Boulder, Colorado, USA; bCooperative Institute for Research in Environmental Sciences,
University of Colorado, Boulder, Colorado, USA; cScience Systems and Applications, Inc., Hampton, Virginia, USA; dNASA Langley
Research Center, Hampton, Virginia, USA

ABSTRACT
During the SEAC4RS campaign in 2013, inflight measurements of light-absorption by aerosol in bio-
mass 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-
urements of aerosol absorption coefficients: from a photoacoustic spectrometer (PAS), a particle soot
absorption photometer (PSAP), and a continuous light absorption photometer (CLAP). Each of these
absorption measurements was collected in three visible spectral regions: red, green, and blue
(although the precise wavelength and bandwidth vary with each instrument). The absorption meas-
urements were compared during the plumes, in the boundary layer, and in the free troposphere. The
slopes from the comparison ranged from 0.6 to 1.24. For biomass burning plumes, the uncertainty in
the absorption measurements translates into a range in single scattering albedos of 0.93–0.94 at a
wavelength of 660nm, 0.94–0.95 at 532nm and 0.92–0.95 at 405nm. Overall, the aerosol absorption
instruments agreed within their stated accuracies. Comparisons with simultaneous measurements of
refractive black carbon mass concentration (collected by a single particle soot photometer), were
used to derive the mass absorption coefficients (MAC). For all wavelengths, the MAC was high by
greater than a factor of three compared to the expected MAC for black carbon.
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1. Introduction

Optical absorption by atmospheric aerosols including
refractory black carbon (rBC), brown carbon (BrC)
and dust is poorly constrained. A broad assessment of
the radiative forcing by rBC specifically is given by
Bond et al. (2013 ) where they approximate the total
radiative forcing as þ1.1W m#2 (0.7W m#2 is due to
the direct effect) but with 90% uncertainty bounds of
(þ0.17,þ2.1) W m#2. Estimates of radiative forcing
due to BrC and dust are similarly uncertain (Chung,
Ramanathan, and Decremer 2012; Lack and Langridge
2013 ; Stocker et al. 2013 ). Such a high uncertainty in
the radiative forcing motivates efforts to improve
understanding of the radiative properties of light
absorbing aerosol particles.

The measurement of aerosol absorption is particu-
larly reliant on in situ instrumentation. Many satellite

and lidar measurements cannot directly determine aero-
sol absorption and scattering coefficients (babs and bscat,
respectively). Absorbing aerosol optical depth (AAOD)
is routinely retrieved from the alcumantar scans of
Aerosol Robotic Network (AERONET) of sun photo-
meters. This method only allows retrieval of AAOD
when the aerosol loading is high (scattering aerosol
optical depth greater than 0.4 at 440 nm) and requires
validation by in situ measurements (Sheridan et al.
2012). While there have been several successful closure
experiments for the atmospheric column, the same is
not true for in situ absorption measurements (Andrews
et al. 2017; Mallet et al. 2016 ; Strawa et al. 2006).

In situ aerosol absorption instrumentation usually
relies on one of three techniques. One method meas-
ures the change in light transmitted and/or reflected
by a filter on which aerosol is continuously deposited

CONTACT N. L. Wagner nick.wagner@noaa.gov NOAA Earth System Research Laboratory, 325 Broadway St., Boulder, CO 80305, USA.
!Current Affiliation: Gnupp-Ltd, Gaol Ferry Steps, Bristol, United Kingdom.
!!Current Affiliation: Handix Scientific LLC, Boulder, Colorado, USA.
!!!Current Affiliation: Department of Chemistry, Colgate University, Hamilton, New York, USA.
Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/uast.

Supplemental data for this article can be accessed on the publisher’s website.
! 2018 American Association for Aerosol Research

AEROSOL SCIENCE AND TECHNOLOGY
2018, VOL. 52, NO. 9, 1012–1027
https://doi.org/10.1080/02786826.2018.1500012

CSL measures fundamental climate parameters.
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Foundational measurements: Light-absorbing carbon

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.

An intercomparison of aerosol absorption measurements conducted during
the SEAC4RS campaign

B. Masona,b,!, N. L. Wagnera,b , G. Adlera,b , E. Andrewsa,b , C. A. Brocka , T. D. Gordona,b,!! ,
D. A. Lacka,b, A. E. Perringa,b,!!! , M. S. Richardsona,b , J. P. Schwarza,b , M. A. Shookc,
K. L. Thornhillc, L. D. Ziembad , and D. M. Murphya

aNOAA Earth System Research Laboratory, Boulder, Colorado, USA; bCooperative Institute for Research in Environmental Sciences,
University of Colorado, Boulder, Colorado, USA; cScience Systems and Applications, Inc., Hampton, Virginia, USA; dNASA Langley
Research Center, Hampton, Virginia, USA

ABSTRACT
During the SEAC4RS campaign in 2013, inflight measurements of light-absorption by aerosol in bio-
mass 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-
urements of aerosol absorption coefficients: from a photoacoustic spectrometer (PAS), a particle soot
absorption photometer (PSAP), and a continuous light absorption photometer (CLAP). Each of these
absorption measurements was collected in three visible spectral regions: red, green, and blue
(although the precise wavelength and bandwidth vary with each instrument). The absorption meas-
urements were compared during the plumes, in the boundary layer, and in the free troposphere. The
slopes from the comparison ranged from 0.6 to 1.24. For biomass burning plumes, the uncertainty in
the absorption measurements translates into a range in single scattering albedos of 0.93–0.94 at a
wavelength of 660nm, 0.94–0.95 at 532nm and 0.92–0.95 at 405nm. Overall, the aerosol absorption
instruments agreed within their stated accuracies. Comparisons with simultaneous measurements of
refractive black carbon mass concentration (collected by a single particle soot photometer), were
used to derive the mass absorption coefficients (MAC). For all wavelengths, the MAC was high by
greater than a factor of three compared to the expected MAC for black carbon.
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1. Introduction

Optical absorption by atmospheric aerosols including
refractory black carbon (rBC), brown carbon (BrC)
and dust is poorly constrained. A broad assessment of
the radiative forcing by rBC specifically is given by
Bond et al. (2013 ) where they approximate the total
radiative forcing as þ1.1W m#2 (0.7W m#2 is due to
the direct effect) but with 90% uncertainty bounds of
(þ0.17,þ2.1) W m#2. Estimates of radiative forcing
due to BrC and dust are similarly uncertain (Chung,
Ramanathan, and Decremer 2012; Lack and Langridge
2013 ; Stocker et al. 2013 ). Such a high uncertainty in
the radiative forcing motivates efforts to improve
understanding of the radiative properties of light
absorbing aerosol particles.

The measurement of aerosol absorption is particu-
larly reliant on in situ instrumentation. Many satellite

and lidar measurements cannot directly determine aero-
sol absorption and scattering coefficients (babs and bscat,
respectively). Absorbing aerosol optical depth (AAOD)
is routinely retrieved from the alcumantar scans of
Aerosol Robotic Network (AERONET) of sun photo-
meters. This method only allows retrieval of AAOD
when the aerosol loading is high (scattering aerosol
optical depth greater than 0.4 at 440 nm) and requires
validation by in situ measurements (Sheridan et al.
2012). While there have been several successful closure
experiments for the atmospheric column, the same is
not true for in situ absorption measurements (Andrews
et al. 2017; Mallet et al. 2016 ; Strawa et al. 2006).

In situ aerosol absorption instrumentation usually
relies on one of three techniques. One method meas-
ures the change in light transmitted and/or reflected
by a filter on which aerosol is continuously deposited
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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
Christina J. Williamson1,2*, Agnieszka Kupc2,3, Duncan Axisa4,9, Kelsey R. Bilsback5, ThaoPaul Bui6, Pedro Campuzano-Jost1,7, 
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

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 global-
scale 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 diame-
ters 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 distri-
butions over the Pacific and Atlantic oceans during multiple seasons, 
with near pole-to-pole coverage and systematic profiling between 
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Fig. 1 | New particle formation and growth to CCN sizes in the 
tropical convective region. Left, deep convective clouds loft air from 
the boundary layer. Larger particles (CCN; dark blue circles) become 
activated to produce cloud droplets (light blue circles with dark centres) 
and are removed through precipitation and wet deposition (‘wet removal’), 
reducing the condensation sinks that are found in air being moved from 
the cloud to the surrounding air (‘detrained’) at high altitude. Less-soluble 

aerosol precursors detrain, oxidize and form new particles, which grow by 
condensation and coagulation as they descend (right), with many reaching 
CCN sizes before they reach the top of the boundary layer. These CCN 
duly affect cloud properties. Image courtesy of K. Bogan, Cooperative 
Institute for Research in Environmental Sciences, University of Colorado, 
Boulder.
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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.”

CSL has the expertise to tackle complex problems.
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A large source of cloud condensation nuclei from 
new particle formation in the tropics
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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 global-
scale 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 diame-
ters 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 distri-
butions over the Pacific and Atlantic oceans during multiple seasons, 
with near pole-to-pole coverage and systematic profiling between 
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Fig. 1 | New particle formation and growth to CCN sizes in the 
tropical convective region. Left, deep convective clouds loft air from 
the boundary layer. Larger particles (CCN; dark blue circles) become 
activated to produce cloud droplets (light blue circles with dark centres) 
and are removed through precipitation and wet deposition (‘wet removal’), 
reducing the condensation sinks that are found in air being moved from 
the cloud to the surrounding air (‘detrained’) at high altitude. Less-soluble 

aerosol precursors detrain, oxidize and form new particles, which grow by 
condensation and coagulation as they descend (right), with many reaching 
CCN sizes before they reach the top of the boundary layer. These CCN 
duly affect cloud properties. Image courtesy of K. Bogan, Cooperative 
Institute for Research in Environmental Sciences, University of Colorado, 
Boulder.
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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 global-
scale 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 diame-
ters 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 distri-
butions over the Pacific and Atlantic oceans during multiple seasons, 
with near pole-to-pole coverage and systematic profiling between 
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Fig. 1 | New particle formation and growth to CCN sizes in the 
tropical convective region. Left, deep convective clouds loft air from 
the boundary layer. Larger particles (CCN; dark blue circles) become 
activated to produce cloud droplets (light blue circles with dark centres) 
and are removed through precipitation and wet deposition (‘wet removal’), 
reducing the condensation sinks that are found in air being moved from 
the cloud to the surrounding air (‘detrained’) at high altitude. Less-soluble 

aerosol precursors detrain, oxidize and form new particles, which grow by 
condensation and coagulation as they descend (right), with many reaching 
CCN sizes before they reach the top of the boundary layer. These CCN 
duly affect cloud properties. Image courtesy of K. Bogan, Cooperative 
Institute for Research in Environmental Sciences, University of Colorado, 
Boulder.
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Climate-relevant focus: Large eddy simulations

What is the impact of anthropogenic aerosol on 
low-level clouds?

In last 5 years:
• Improved microphysics
• Dynamical buffering
• Feedbacks via winds and sea-salt aerosol
• Metastable states for the cloud field
• Lessons for large-scale models
• Statistically representative aerosols and 

meteorology

E. T. Sena et al.: Aerosol–cloud interactions and their radiative effect 11311
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Figure 7. Daily distribution of the (a) correlation between the relative cloud radiative effect (rCRE) and aerosol index (Ai) and (b) the
correlation between rCRE and liquid water path (LWP) for cos(✓0) � 0.6.

boundary layer leading to more coupled conditions in the af-
ternoon (Fig. 8d). The relation between Di and solar radia-
tion is further explored in Sect. 3.4.2 and 3.5.

After about 16:00 UTC both Ai and LWP, decrease
(Fig. 8a). The mechanisms that lead to the decreases are
most likely associated with entrainment and drying as the
boundary layer deepens. (The relative humidity RH time se-
ries shows that surface RH decreases with time, until about
18:00 UTC, when it stabilizes at about 0.7.) Dilution due to
the increase in the boundary layer depth likely explains the
drop in surface aerosol concentration and decrease in Ai.

Next, we aim to understand how the co-variability between
LWP and Ai could be linked to the response of rCRE to
these two variables. Figure 9a–c show the correlations be-
tween rCRE and Ai (⇢rCRE,Ai), rCRE and LWP (⇢rCRE,LWP)

and LWP and Ai (⇢LWP,Ai) for the selected day. Only points
that have coincident measurements of all three variables –
rCRE, LWP and Ai – are used. The number of valid points is
329.

For this day, all correlations are positive, with
⇢rCRE,Ai = 0.75, ⇢rCRE,LWP = 0.82 and ⇢LWP,Ai = 0.50.
The results and theory shown in Sect. 3.2 and 3.3, indicate
that the changes in LWP drive changes in rCRE. However,
microphysical responses also need to be considered. For a
vertically homogeneous cloud, droplet effective radius (re)
can be calculated as a function of LWP and the ⌧c (Stephens,
1978).

re = 1.5
LWP
⇢w⌧c

, (11)

where LWP is given in g m�2, re is given in µm and ⇢w is the
density of liquid water in g cm�3.

For a cloud with constant LWP, a measure of the strength
of aerosol–cloud interaction (↵) can be obtained from the rel-
ative change between re and Ai:

↵ = � @ lnre

@ lnAi

����
LWP

. (12)

According to this definition, ↵ is expected to be positive
and vary between 0 and 0.33, with a typical value of 0.23
(Feingold et al., 2001; McComiskey and Feingold, 2012).

To assess the microphysical effect of aerosols on clouds,
re was calculated using Eq. (11) and plotted as a function
of Ai. In an attempt to isolate the aerosol effects on re, the
data set was divided into three LWP bins. For each bin, the
linear regression between the logarithm of re and logarithm
of Ai was obtained. The slope of each linear fit provides the
parameter ↵ (Fig. 9d).

For this case, re varied between 2 and 7 µm and ↵ is posi-
tive, as expected. The values obtained for ↵ are within the ex-
pected range, except for the higher LWP category (Fig. 9d).
However, there is a large variability in the magnitude of ↵.
For the highest LWP range, ↵ is about twice the value ob-
tained for the mid-range LWP.

The question remains whether the positive correlation be-
tween rCRE and Ai is a result of the positive correlation be-
tween rCRE and LWP observed on that and many days in this
data set (Fig. 3) – i.e., a macrophysical response – or whether
it is due to the negative correlation between re and Ai – i.e., a
microphysical response. This single case study suggests that
both contributions are possible, but raises concerns about be-
ing too reliant on the microphysical response as an indicator
of aerosol-related rCRE.

3.4.2 Case study 2: negative correlation between rCRE
and Ai

A case that shows a high negative correlation between rCRE
and Ai, 26 April 2006, was also selected and analyzed in
detail. Similar to the previous case, Fig. 10 shows the time
series of some of the relevant measurements and retrievals
for this day. As the cloud completely vanished during late
afternoon the analysis time frame was once again restricted
to between 12:00 and 20:00 UTC. The radar profile is shown
from earlier in the day (05:00 UTC and on), as some drizzle
was detected during nighttime. The drizzle may have scav-
enged the aerosol particles and could explain the low Ai val-
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Abstract. Empirical estimates of the microphysical response
of cloud droplet size distribution to aerosol perturbations
are commonly used to constrain aerosol–cloud interactions
in climate models. Instead of empirical microphysical esti-
mates, here macroscopic variables are analyzed to address
the influence of aerosol particles and meteorological descrip-
tors on instantaneous cloud albedo and the radiative effect of
shallow liquid water clouds. Long-term ground-based mea-
surements from the Atmospheric Radiation Measurement
(ARM) program over the Southern Great Plains are used.
A broad statistical analysis was performed on 14 years of
coincident measurements of low clouds, aerosol, and mete-
orological properties. Two cases representing conflicting re-
sults regarding the relationship between the aerosol and the
cloud radiative effect were selected and studied in greater de-
tail. Microphysical estimates are shown to be very uncertain
and to depend strongly on the methodology, retrieval tech-
nique and averaging scale. For this continental site, the re-
sults indicate that the influence of the aerosol on the shallow
cloud radiative effect and albedo is weak and that macro-
scopic cloud properties and dynamics play a much larger
role in determining the instantaneous cloud radiative effect
compared to microphysical effects. On a daily basis, aerosol
shows no correlation with cloud radiative properties (correla-
tion = �0.01 ± 0.03), whereas the liquid water path shows
a clear signal (correlation = 0.56 ± 0.02).

1 Introduction

Clouds are major contributors to global reflectivity (Tren-
berth et al., 2009). Thus, changes in cloud albedo, coverage
and lifetime have a large impact on the Earth’s radiation bud-
get. Additionally, changes in precipitation patterns may have
a large impact on agriculture, the environment and human
well-being.

The influence of aerosol on clouds and its contribution
to cloud radiative forcing has become a theme of much
debate in the scientific community (Boucher et al., 2013).
The processes involved in cloud development, aerosol and
cloud lifecycles, and cloud radiative responses are complex
and not well represented in global climate models (GCMs).
Microphysical responses associated with aerosol effects on
cloud albedo tend to be described as a sequence of more
aerosol resulting in more cloud condensation nuclei (CCN),
and all else equal, smaller cloud drops and a more reflec-
tive cloud (Twomey, 1974, 1977). However, aerosol, dynam-
ics and macroscopic cloud properties are interconnected, and
may result in mutually compensating effects and adjustments
that are not fully understood (Stevens and Feingold, 2009).
For example, smaller drops may suppress precipitation and
increase cloudiness (Albrecht, 1989) or, by enhancing en-
trainment and evaporation, decrease cloud amount (Wang et
al., 2003; Ackerman et al., 2004; Small et al., 2009). Absorb-
ing aerosol could also modify the atmospheric temperature
profile and stability, and reduce cloud amount via the semi-
direct effect (e.g., Koren et al., 2008; Huang et al., 2009).
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to aerosol to liquid water path

- correlation coefficients: 14 years of data
- influence of meteorology >> aerosol influence
=> must consider susceptible cloud fields

CSL aerosol-cloud research addresses major problems.

Extended StoryMap 2.1.4
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Climate-relevant focus: Large eddy simulations

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.

Extended StoryMap 2.1.4
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Case study: Smoke in the upper troposphere

Upper troposphere aerosol composition

Recent CSL work:
PALMS single particle mass spectrometer

+ optical particle counters
+ custom sampler to improve statistics
+ innovative data analysis

+

+

Froyd et al., 2019
Schill et al.. 2020 Sustained effort at CSL resulted in totally new measurements.

StoryMap 2.2.3
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Wildfires 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 
emissions. In a future climate, some regions are expected to be both 
warmer and drier, causing the frequency and intensity of fires to 
increase3. In areas like the western United States, there is evidence 
that fire intensity and frequency are already increasing4,5. Thus, 
biomass burning aerosol has an increasing potential to affect the 
Earth’s climate system via both direct (light-attenuating) and indi-
rect (cloud modification) aerosol effects.

Evidence suggests that the background atmosphere may be 
greatly influenced by biomass burning. For example, in situ obser-
vations have shown that one-third of the background particles in 
the North American free troposphere originate from biomass burn-
ing6. Filter-based measurements have shown that biomass burning 
accounts for 20–30% of the annually averaged mass concentration of 
atmospheric particles with diameters <2.5 µm in the United States7. 
Furthermore, it is known that smoke plumes are transported thou-
sands of kilometres away from their sources8–10 in both the boundary 
layer11 and upper troposphere/lower stratosphere12,13, where they are 
eventually removed or dissipate into background air. Despite this evi-
dence, in situ quantitative measurements of biomass burning aerosol 
in the global remote troposphere are largely missing14.

Without in situ observational constraints, global climate models 
rely heavily on satellite remote sensing to constrain biomass burn-
ing aerosol abundance. The most useful of these measurements 
resolve the aerosol vertical distribution, which can affect both the 
magnitude and sign of its radiative effects15. Unfortunately, satellite 
remote-sensing techniques that determine aerosol vertical distribu-
tion, such as the Cloud-Aerosol Lidar with Orthogonal Polarization 

(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 detec-
tion16,17. They also report over a small swathe once or twice daily and 
cannot observe through clouds. Undetected aerosol can account for 
>40% of the aerosol mass, causing a globally averaged bias in aero-
sol optical depth (AOD) of −25% or greater17. Thus, in situ aircraft 
measurements capable of sampling low concentrations of biomass 
burning aerosol are vital to the validation of global climate models 
and estimation of the present and future climatic impact of biomass 
burning aerosol.

Global-scale aircraft measurements of biomass burning 
aerosol
To provide constraints on biomass burning abundance and distribu-
tion in remote regions of the troposphere, we performed global-scale 
measurements of aerosol composition and size distributions during 
four seasonal flight campaigns between 2016 and 2018, as part of 
NASA’s Atmospheric Tomography Missions (ATom). ATom targeted 
the remote troposphere, flying over the Pacific and Atlantic Oceans 
from ~85° S to ~82° N and taking near-continuous altitude profiles 
from ~0.18 to ~12 km (Supplementary Fig. 1). Biomass burning 
particles were detected using the instrument Particle Analysis by 
Laser Mass Spectrometry (PALMS)18–20, which detects single par-
ticles of diameter between ~0.15 and ~5 µm. PALMS particle type 
classification errors are typically <5% (ref. 21). For biomass burning 
particles, this is corroborated by calculation of particle number frac-
tions inside biomass burning plumes: >90% of particles in smoke 
plumes, as defined by elevated acetonitrile and CO concentrations, 
were identified as biomass burning6, but few smoke particles were 
identified in air with low biomass burning influence22.

Widespread biomass burning smoke throughout 
the remote troposphere
G. P. Schill! !1,2�ᅒ, K. D. Froyd! !1,2, H. Bian3,4, A. Kupc! !1,2,5, C. Williamson! !1,2, C. A. Brock! !1, E. Ray! !1,2, 
R. S. Hornbrook6, A. J. Hills6, E. C. Apel6, M. Chin4, P. R. Colarco4 and D. M. Murphy1

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 
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 tropo-
sphere. Measurements were taken during four series of seasonal flights over the Pacific and Atlantic Ocean basins, each with 
near pole-to-pole latitude coverage. We find that biomass burning particles in the remote troposphere are dilute but ubiquitous, 
accounting for one-quarter of the accumulation-mode aerosol number and one-fifth of the aerosol mass. Comparing our obser-
vations 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 updat-
ing 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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Historically, airborne single-particle mass spectrometry instru-
ments were limited to qualitative or relative measurements of 
particle abundance. Here, absolute number fractions and mass con-
centrations are derived using a new method21 that pairs PALMS to 
an independent suite of optical particle counters that size aerosols 
quantitatively. To ensure statistically significant counts, quantitative 
size distributions are split into four bins and particle concentration 
data are aggregated by time (3 min). For a 3 min sampling period, 
the estimated statistical errors due to PALMS particle sampling 
and identification are ~30% at a mass concentration of 0.01 µg m−3, 
decreasing to ~10% at 0.1 µg m−3 (ref. 21).

From these global-scale in situ measurements, we find that bio-
mass burning particles are ubiquitous in the remote troposphere. 
Here, we define the remote troposphere as all of the ATom measure-
ments excluding take-offs, final approaches and low passes over con-
tinental land masses (Supplementary Fig. 1). Transported biomass 
burning plumes, such as the air off the west coast of Africa (Fig. 1a), 
were not filtered out. Biomass burning influenced (that is, biomass 
burning number fractions were >0.1) over two-thirds of air masses 
in ATom (Fig. 1a) and, on average, 27% of the accumulation-mode 
(particles of diameter >100 nm) aerosol particles in the remote 
troposphere originated in a fire. Furthermore, although <20% of all 
fire plumes are injected above the atmospheric boundary layer23,24, 
biomass burning influences aerosol number throughout the remote 
tropospheric column (Fig. 1b). Between 2 and 8 km in altitude, bio-
mass burning aerosol comprised 11–46% (interquartile range, IQR) 

of the accumulation-mode aerosol number. Number fractions at 
higher altitudes (8–12 km) were smaller but still non-trivial (4–30%), 
indicating that these surface-emitted particles are transported ver-
tically, consistent with observations over the North Atlantic12,13. 
Biomass burning mass concentrations are consistent with the ubiq-
uity observed in particle number (Supplementary Fig. 2). The range 
of biomass burning aerosol mass during ATom was 0.05–0.22 µg m−3 
(IQR), with a mean mass concentration of 0.30 µg m−3. Fractionally, 
biomass burning accounts for 6–30% (IQR) of the total aerosol mass 
in the remote troposphere, with a mean contribution of 21%.

The level of biomass burning influence in the remote tropo-
sphere ranges from negligible in pristine regions to dominant in 
well-defined plumes directly transported from burning sources; 
however, a majority of the influence during ATom was in an inter-
mediate range where biomass burning aerosol comprised 10–50% 
of the accumulation-mode number (Fig. 1c). For example, while 
African biomass burning routinely emits widespread smoke plumes 
into the tropical Atlantic, integrating the normalized probability 
density function between biomass burning number fractions 0.5 
and 1.0 shows that <13% of the air sampled in the remote tropics is 
dominated by biomass burning. Similarly, the Northern Hemisphere 
extra-tropics are pervasively influenced by biomass burning; how-
ever, the air was dominated by biomass burning only 13% of the 
time. In the clean Southern Hemisphere extra-tropics, sporadic bio-
mass burning events can easily dominate over the low background 
of other particle types. Yet here, biomass burning dominated the 
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Fig. 1 | The influence of biomass burning on aerosol in the remote troposphere. a–c, PALMS biomass burning number fractions shown as altitude/latitude 
curtain plots, split by season and ocean basin (a), seasonal average vertical profiles (coloured lines) and mission-wide IQRs (grey boxes)  
(b) and mission-wide normalized probability density functions (PDFs), split into three latitude bins (c). See Supplementary Table 1 for region definitions. 
NH, Northern Hemisphere; SH, Southern Hemisphere.
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Case study: Dust in the upper troposphere

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.

Extended StoryMap 2.2.3
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Case study: Global aerosol properties

A new global map of aerosol light scattering
(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

Ambient Extinction
Pacific ATom 1-4

Ambient Extinction
Atlantic ATom 1-4

BB Extinction
Atlantic ATom 1-4

BB Extinction
Pacific ATom 1-4

S/O/N Extinction
Atlantic ATom 1-4

S/O/N Extinction
Pacific ATom 1-4

a b

c d

e f

CSL makes basic but crucial measurements requiring multiple techniques.
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Case study : Global aerosol properties

Checks on the aerosol properties:

• Check dry extinction against a precise and accurate 
cavity ring-down instrument (SOAP)

- a custom instrument developed at CSL

• Check phase function against an independent 
imaging nephelometer

- completely redesigned and rebuilt at CSL

140 x10-6

120

100

80

60

40

20

0

Ca
lc

ul
at

ed
 E

xt
in

ct
io

n 
(m

-1
)

120 x10-680400
SOAP Extinction (m-1)

Slope=1.04
R2=0.96

16 x10-6

14

12

10

8

6

4

2

0

Ca
lc

ul
at

ed
 A

bs
or

pt
io

n 
(m

-1
)

16 x10-614121086420
SOAP Absorption (m-1)

Slope=0.95
R2=0.84

a b

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

Field data:
calculated from size
versus measured 

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

NASA Goddard
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It is hard to overstate the importance for 
satellite measurements

It isn’t just validation…

VIIRS and other instruments measure 
sunlight scattered at specific angles.

Models carry aerosol mass in modes or bins

You can’t compare models to satellite data 
without the type of information we are 
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


