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0.0 Executive Summary

This document is the product of a workshop organized by the Atmospheric Composition Focus Area
of NASA Headquarters’ Earth Science Division and held at the NASA Ames Research Center in
May 2014. Seven experts in various research areas of interest to NASA were asked to present an
overview of the state-of-the-art in their particular area with an emphasis on identifying outstanding
questions for the coming decade. Discussion groups followed the overviews. Seven rapporteurs
were asked to capture the high points of the discussions. The results of those discussions are
summarized in the sections below.

Tropospheric gases [Section 2.1]

To address the questions connected with tropospheric composition and chemistry we must continue
to measure numerous trace gas and aerosol species on a variety of scales from both satellite and
suborbital platforms. Models must continue to play an important role in the analyses.
Understanding changes to tropospheric composition requires a commitment to determining
sources, fates and long-term trends of a number of species, including: O3, CH4, NOx, CO,
PAN, NHs, N2O, HNO3, VOCs, and radical oxidants. The connections between gaseous
constituents and aerosols must be understood and measured. The effects of boundary layer
dynamics, including convection, precipitation scavenging, and surface exchange on
composition and chemistry, transport and lifetimes should be studied and understood. The
impact of human activity and a changing climate on the atmospheric nitrogen cycle should
be investigated. Critical questions include:

2.1.1.1 What are the major pollution sources in the developing world and how can we
improve projections of future air quality and global composition?

2.1.14 How will changing patterns of energy-related and agricultural emissions affect global
tropospheric composition?

2.1.2.1 What are the processes, source types and fluxes responsible for methane
emissions and their trends?

2.1.3.1 How are water-soluble species transported and transformed in different types of deep
convective systems?

2.1.33 How does convection produce chemically distinct layers in the troposphere, why do
these layers persist, and what are the implications of these layers?

2.1.4.2 What is the full oxidation cascade of VOCs across NOx regimes and how can this be
represented in models?

2.143 What is the fate of VOC oxidation products? What is the importance of wet and dry
removal? How do we relate VOC emissions to the formation of organic aerosols?

2.1.5.1 Will methylchloroform continue as a reliable long-term record of global

OH concentration? If not, what can serve as a substitute proxy?

2.1.5.2 What are the distributions and drivers of the most important radical oxidants (OH,
NOs, halogens) and their reservoirs (e.g., peroxides) over a spectrum of spatial and temporal scales?
2.1.7.1 How is tropospheric ozone changing globally and regionally, and what drives these

long-term trends?



Stratospheric gases [Section 2.2]

To answer outstanding questions associated with stratospheric composition and chemistry we must
address issues of composition change and its climatic impacts and feedbacks. This includes
research to increase the understanding of 1) perturbations to the ozone layer driven by the decline in
the abundance of ozone depleting substances (ODSs) and the rise in greenhouse gases (GHGs), as
well as future trends of water vapor, 2) natural and climate change forced perturbations on exchange
between stratosphere and troposphere and 3) the fundamentals that control the stratospheric aerosol
layer and how it could change through volcanic or human intervention. Answering these questions
requires measurement of an array of coupled tracers, chemically reactive intermediates, and radicals.
These observations can be obtained by a synergistic deployment of orbital and sub-orbital
measurement platforms, and ground-based remote sensing observations. Additionally, a suite of
models of varying complexity are needed to fully understand measurements and trends. Critical
questions include:

22.1.1 How will stratospheric H2O and O3 and associated chemical processes evolve in a
climate with increased GHGs and changing ODSs?
2.2.1.2 How do stratospheric temperatures respond to changes in O3 and the major GHGs?

How do we quantify impacts of temperature changes on stratospheric chemistry, dynamics, and
radiation?

2222 What are the relative roles of various stratosphere-troposphere exchange (STE)
mechanisms (Brewer-Dobson Circulation, convection, monsoon transport, isentropic transport
across the subtropical jet, Pyro Cbs) in establishing the composition of the lower stratosphere.
How will those roles change in an evolving climate, assuming the Coupled Model
Intercomparison Project (CMIP) view of future climate?

2.2.3.1 What controls the basic evolution of aerosols in the Junge layer under non-volcanic
background conditions or with only small volcanic input?

Clouds [Section 2.3]

The inadequate treatment of clouds in atmospheric models is a major obstacle to improved
understanding. Six broad topical areas represent the foremost questions relating cloud processes to
climate prediction. These questions are pertinent and remain unanswered largely because of
uncertainties in our predictive skill that in turn are due to a scarcity of relevant observations. A
number of concepts are common among the outstanding questions. These are: the role of
microphysical processes, process rates, and the coupling of those processes to atmospheric motions;
the role of aerosols in cloud processes; ice nucleation and collection processes; the spectrum of
vertical motion, from the turbulent to the grid scale, is especially critical because of the role of
vertical motions in vertically advecting condensate and/or in making water vapor available for
condensation. Observations must be combined with modeling at the process level as an integral
component to addressing each question. The critical questions include:

2.3.1 What is the sensitivity of the climate system to low-level cloud structure and
variability over the middle and high latitude oceans?



2.3.2 How will the radiative balance over sea ice and permafrost change as the polar
regions warm? What are the important feedback mechanisms between clouds, precipitation, and
surface processes in the high latitudes?

2.3.3. How will shortwave cloud forcing change as the climate warms?

2.3.4. How will long-wave cloud forcing change as climate warms?

2.3.5 How do clouds respond to perturbations in aerosols Cloud Condensation Nuclei
(CCN) and Ice Nuclei (IN)?

2.3.6 What is the role of (mixed phase) snow and rain in cloud processes and how is this

modulated by aerosols and dynamics?

Aerosols [Section 2.4]

Aerosol science is an inherently interdisciplinary field, crossing the boundaries of most core earth
science disciplines. Important feedbacks occur between cloud and aerosol life cycles, between
atmospheric temperature and secondary aerosol formation, and between wind, surface moisture, and
soil dust mobilization. To meet the demands of this interdisciplinary field, aerosol data has to evolve
into a more integrated system of satellite data and network observations combined with models, and
supplemented with targeted field campaigns. Aerosol particles are ubiquitous in the atmosphere and
have strong relationships to such overarching climate themes as radiation, circulation,
thermodynamics, hydrology, cryosphere, biosphere, bio-geochemical cycles, composition and
chemical processes. Understanding aerosol impacts on climate is predicated on the quantification of
the physical processes and short-term weather relationships within the aerosol system. Aerosol
lifecycle (including sources, transformation, transport and scavenging/fate), especially in the
troposphere happens fundamentally on short time scales and must be understood. Aerosols have a
significant impact on the radiation budget, which affects boundary layer dynamics and chemistry,
and thus the air quality, human health, biological productivity and visibility. Critical questions
include:

24.1.1 How are natural and anthropogenic aerosols and their impact on the radiation budget
at the top, within, and at the bottom of the atmosphere changing in response to a warming climate,
and how to these changes feed back to the climate system?

2.4.1.2 How will projected changes in atmospheric circulation affect aerosols within the
climate system through generation, transport, and deposition mechanisms and through their impact
on biogeochemical cycles?

24.14 What regions are most susceptible to aerosol phenomena, how are different aerosol
types affecting regional brightening or dimming and what impacts are regional pollution controls
and emissions changes having?

2.4.1.5 What are the connections between forcing in one region and impact in another and
what are the underlying transport mechanisms of different aerosol types?

2421 What are the meteorological processes that control the distribution, transport, and
deposition of aerosols?

2422 Clouds as transformative and removal processes.

2423 Vertical redistribution, PBL entrainment/detrainment



2.4.25 What are the important underlying mechanisms through which aerosols impact the
meteorological cycle? What are the relative magnitudes of the dynamic, radiative, microphysical,
and thermodynamic effects, and when and where are these important?

2.4.2.6 At what temporal and spatial scales and at what loadings do different aerosol types
impact the meteorological cycle, especially through their activation as cloud droplets?
2.4.2.7 How do biogenic emissions regulate secondary aerosol formation and how is this

process influenced by cloud processing?

2.4.2.14 What is the vertically resolved distribution of atmospheric heating due to the
presence of different types of aerosols in clear sky, partly cloudy, and cloudy conditions?

2.4.2.15 How do aerosol changes affect the radiation budget through the diurnal cycle?

243.1 How do different aerosol types, stratified by size and composition, from natural and
anthropogenic sources affect air quality in the PBL and surface layer?

Atmospheric radiation [Section 3.0]

Outstanding questions in the area of atmospheric radiation stand on their own, but also are clearly
connected to cloud, aerosol, convection, atmospheric circulation, and atmosphere-surface exchange
questions. While radiation science questions tend to be large time and space scale questions related
to climate change, the related cloud and aerosol questions contain an additional focus on smaller
time/space scale processes. Solving climate change requires both of these perspectives. Process
studies are critical to improving physical processes in climate models, while long time/space scale
observations are key to testing the ability of climate models to accurately predict climate change.
The radiation science questions contain some common themes. The most obvious of these is the
need for higher accuracy in a wide range of satellite observations: top of the atmosphere (TOA) and
surface radiative fluxes, passive and active cloud properties, passive and active aerosol properties,
total and spectral solar irradiance, precipitation, as well as in-situ ocean heat storage observations
and boundary layer temperature/humidity profiles. New observations of far-infrared spectra also are
key to certain questions. Finally, the potential use of systematic aircraft flights to achieve sufficient
statistical sampling of cloud and radiation processes is a common theme. Critical questions include:

3.1.1.1 What are the cloud and radiation properties, with sufficient interannual and decadal
climate change accuracy, necessary to reduce cloud feedback uncertainty by at least a factor of 2?
3.1.2.1 What observations and modeling are required to reduce uncertainty in anthropogenic
aerosol by at least a factor of 2 relative to the ARS IPCC estimate?

3.1.3.1 What is the annual net radiation (1o) and uncertainty in interannual variations to 0.1
Wm? (16)?

3.1.4.1 What observations are required to close the surface and atmosphere net energy
budget to within less than 5 Wm™ ?

3.1.5.1 Do clouds in the arctic increase or reduce the rapid warming there? Determine the
arctic cloud feedback to within 25% of the sea ice extent driven surface albedo feedback.

3.1.6.1 What is the far-infrared absorption spectrum at the spectral resolution, coverage, and
accuracy sufficient for verification of the water vapor greenhouse effect and water vapor feedback
in climate models?



Circulation [Section 4.1]

Outstanding questions related to the circulation of the atmosphere breakdown into a number of
specific but connected questions.

The Brewer-Dobson circulation (BDC) is critical to understanding the evolution of stratospheric
ozone as well as gases relevant to the overall climate, such as water vapor. The fundamental
theoretical framework for understanding the BDC is well-established, but important details,
including the role of unresolved gravity waves, are not well-quantified.

Long-term stratospheric temperature trends will occur most prominently in the upper stratosphere as
a result of GHG changes. The issue is crucially important because of its direct impact on the
photochemistry of ozone in the stratosphere. As CO; increases, stratospheric temperature decreases,
and ozone increases.

There are significant uncertainties in quantifying convective influences on the lower stratosphere.
Entrainment and detrainment throughout the full vertical profile is likely important for maritime
convection but is poorly understood.

Monsoon circulations are a fundamental aspect of the large-scale circulation in the tropics and
subtropics. Monsoons exhibit a high degree of dynamic variability, reflected in constituent behavior
that is poorly understood.

Questions related to interhemispheric and extra-tropical to tropical transport are directly related to
composition questions through atmospheric oxidation chemistry (lifetime) and vertical transport into
the stratosphere, both of which are dominated by processes in the tropics.

Gravity waves are ubiquitous in the atmosphere and can propagate in any stably stratified region,
thus almost everywhere. While the most prominent effects of GWs are their influences on the mean
winds and overturning circulations, especially in the middle atmosphere, GWs also produce rapidly
fluctuating vertical velocities and temperatures.

Critical questions include:

4.1.1 To what degree is the Brewer-Dobson stratospheric circulation accelerating?

4.1.2 How is the mid-to-upper stratosphere temperature responding to GHG increases?
4.1.3 What are the transport pathways from the PBL to the stratosphere?

4.1.4 How does deep convection contribute to troposphere-stratosphere coupling?

4.1.5 How do monsoon circulations contribute to troposphere-stratosphere coupling?

4.1.6 What are the processes controlling atmospheric transport between the tropics and
extra-tropics and between hemispheres, and how are they changing?

4.1.7 What role do gravity waves (GWs) play in driving the large-scale circulation?
Convection [Section 4.2]

Atmospheric convection exists in a wide variety of forms and in a broad range of scales. Each form
has its unique characteristics and circulation features. It is rarely in a steady state, so that
observations are needed during the growing, mature, and dissipating states of the convection, it is
highly turbulent so that observations are needed on the sub-convective scale, and both warm and



cold-cloud microphysics require data down to the micron scale. A full understanding of convection
or any of the roles it plays in the atmosphere requires attention to the specific form taken by the
convection as well as all of its internal properties. The interactions of convection with the wide
variety of aerosol and important trace constituents of the atmosphere are among the factors that need
to be specified in reference to the particular form of convection. Outstanding questions are generally
related to the situation that: basic in-cloud properties are poorly known; the relationship of deep
convective clouds and mesoscale convective systems to the humidity field is very poorly
understood; why and how mesoscale systems evolve is still under study; understanding of multiscale
diurnal behaviors related to underlying surface conditions has not been achieved; aerosol
environment effects on convection are not understood; the role of cold pools is a focus in efforts to
understand how convective populations develop; and one of the primary inhibitors in understanding
how convective processes vary around the globe is the lack of time resolution in observations from
space. Critical questions/tasks include:

4.2.2.1.1 Quantify how different forms of convection affect lightning-generated NOx
production and subsequent ozone production, namely, ordinary thunderstorms, supercell
convection, and mesoscale convective systems.

42221 Processes need to be examined on various timescales, different latitudes, and
between land and ocean.

42222 Collect measurements of chemical species in cloud top regions.

4.2.23.1 Address aerosol effects on convection from space platforms in order to capture the
global variability.

42232 Quantify the transformation of all types of aerosols (dust, black carbon, sulfate, and
nitrate) in the context of different forms, scales, and strengths of convection.

42233 Enhance ground-based networks to sample the full vertical profile of aerosol through
both the PBL and free atmosphere.
4.2.2.3.5 Create a model that treats processes in a unified and consistent manner, e.g. cloud

particle microphysics and transformation.



1.0 Introduction

This document is the product of a workshop organized by the Atmospheric Composition Focus Area
of NASA Headquarters’ Earth Science Division and held at the NASA Ames Research Center in
May 2014. Seven experts in various research areas of interest to NASA were asked to present an
overview of the state-of-the-art in their particular area with an emphasis on identifying outstanding
questions for the coming decade. Discussion groups followed the overviews. Seven rapporteurs
were asked to capture the high points of the discussions. The surveyors and rapporteurs, and their

topics were:

Topic Surveyor Rapporteur
Tropospheric composition D. Jacob E. Fischer

Harvard University Colorado State University
Stratospheric composition R. Gao K. Rosenlof

NOAA NOAA
Clouds J. Mace S. Massie

University of Utah NCAR
Aerosols J. Reid C. Dutcher

NRL University of Minnesota
Radiation B. Wielicki P. Zuidema

NASA LaRC University of Miami
Circulation P. Newman W. Robinson

NASA GSFC N. Carolina State University
Convection R. Houze M. Barth

University of Washington

NCAR

A list of attendees at the workshop is contained in Appendix A. Discussions were specifically
guided away from identifying particular instrument developments or favorite field programs or
missions. Rather, there was an emphasis on identifying specific observations that could be made to
help answer outstanding questions. Reports from the seven groups were collected and revised to a

uniform format.

Critical, Very Important and Important questions are identified in each section.

M. Coffey, R. Eckman, K. Jucks, H. Maring, A. Pszenny

NASA Headquarters
Science Mission Directorate
Earth Science Division

October 2014
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2.0  Atmospheric Composition and Chemistry

2.1 Tropospheric gases

This section describes the priority questions related to tropospheric gases. To address the
questions we must continue to measure numerous trace gas and aerosol species on a variety
of scales from both satellite and suborbital platforms. Models will continue to play an important
role in the analyses. Understanding changes to tropospheric composition requires a
commitment to long-term measurements, and to measurements that aid in the interpretation of
target species.

2.1.1 What is the future of air quality in a changing world?

The developing world is experiencing serious and worsening air quality problems as rapid
industrialization takes place in combination with high population density and limited emission
controls [Cohen et al., 2005]. China and India have tremendous air quality problems and other
countries in Southeast Asia and Africa (such as Nigeria and South Africa) are following suit
[Kan et al., 2009; Tawari and Abowei, 2012; Zhu et al., 2012; Liousse et al., 2014]. Smoke from
biomass burning in the tropics is also becoming a major public health issue as it affects
population centers [Pavagadhi et al., 2013]. Relevant observations include near surface and
profiles of particulate matter and Os at very high spatial and temporal resolution, and
measurements of NOyx, CO, and VOC oxidation products. Priority research questions include:

2.1.1.1 What are the major pollution sources in the developing world and how can we
improve projections of future air quality and global composition (Critical)?

2.1.1.2 Can we develop a space-based observing system for global air quality with spatial
and temporal resolution relevant for public exposure (PM and O;) that can be used to issue air
quality warnings (Very Important) ?

2.1.1.3 How do extreme air quality events form and evolve in understudied regions
and how do they affect global composition (Important) ?

2.1.14 How will changing patterns of energy-related and agricultural emissions affect
global tropospheric composition (Critical) ?

Question | Observation Resolution Accuracy Precision
time and space

2.1.1.1  [Satellite and in situ Hourly 1x1 km? See specifications for GEO-
observations of AOD, AAOD, |(aerosol), 4x4 km?>  |[CAPE geostationary mission
tropospheric ozone, CO, NO», |(gases) [Fishman et al., 2012]
HCHO, SO,, CHOCHO,NHj;

2.1.1.2  [Ibid. Ibid. Ibid.

2.1.1.3  [Ibid. Ibid. Ibid.

2.1.1.4 [Ibid. Ibid. Ibid.
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2.1.2 How are the sources of methane changing?

Radiative forcing by methane emissions since pre-industrial times amounts to more than 50% of
that by CO2 [IPCC, 2013]. Methane is an important driver of tropospheric ozone, a pollutant and
GHG, and tropospheric OH, the primary atmospheric oxidant. Methane is a near-term climate
forcer that is as important as CO2 on a 20-year horizon and is thus a critical component of
climate policy. However, the sources responsible for the methane trends over the past decades
are poorly understood [Kirschke et al.,2013]. Satellite observations of methane combined with in
situ observations of fluxes can make a unique contribution for quantifying anthropogenic
emissions (fossil fuel extraction and use, agriculture, landfills) and natural emissions (in
particular wetlands. Better validated space-based methane measurements could constrain
top-down approaches to deriving emissions. Satellite observations of CHs will need
support from sub-orbital measurements, including co-emitted species (e.g. hydrocarbon ratios,
and agricultural tracers) and isotopic methane. Priority research questions include:

2.1.2.1 What are the processes, source types and fluxes responsible for methane
emissions and their trends (Critical) ?

2.1.2.2 How do we integrate top-down and bottom-up approaches towards a better
understanding of the processes controlling methane sources (Very Important)?

2.1.23 What role will methyl hydrates play as sources of methane in the future
(Important)?
Question | Observation Resolution Accuracy Precision
time and space

2.1.2.1 |Geostationary and low-Earth [Hourly (geo), daily [0.5% 0.5%

orbit observations of CHy4 (LEO), 5x5 km?
2.1.2.2  [Ibid + in situ field campaigns |l-min, landscape 0.5% 0.5%

including isotopic information
2.1.2.3  [Ibid + in situ field campaigns |l-min, landscape 0.5% 0.5%

including isotopic information

2.1.3 How do convection and precipitation transform and redistribute trace
species?

Convection plays a dominant role in the vertical redistribution of chemicals in the troposphere
with implications for radiation, long-range transport, and chemical aging [Pickering et al.,
1996, Apel et al., 2012; Bertram et al., 2007]. Transformation of gases and aerosols during
convective transport from the boundary layer is critical in understanding the free troposphere and
global atmospheric composition [Pickering et al., 2001; Tost et al., 2010].  The research
community needs a combination of remote sensing, ground-based lidar, sondes and in
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situ (aircraft) observations integrating cloud dynamics, microphysics, and chemical properties.
Priority research questions include:

2.1.3.1 How are water-soluble species transported and transformed in different types
of deep convective systems (Critical)?

2.13.2 How do different precipitation forms transform and redistribute water-soluble
species (Important)?

2.1.33 How does convection produce chemically distinct layers in the troposphere, why
do these layers persist, and what are the implications of these layers (Critical) ?

2.1.3.4 How do pollution and deep convection interact to deliver pollutants to the upper
troposphere (Very Important)?

Question | Observation Resolution Accuracy Precision
time and space

2.1.3.1 |Multi-aircraft campaigns Cloud scale See specifications for
focused on sampling deep SEAC*RS campaign; add
convective events and INH3 to payload (accuracy
including extensive payloads and precision 100 pptv)
for gases, aerosol, cloud

2.1.3.2  [Ibid. but for different kinds of |Cloud scale Ibid ibid

precipitation systems including
shallow convection and frontal

lifting

2.1.3.3  [Satellite and aircraft Hourly on synoptic to|0.05 AOD for 0.05 AOD for
observations of persistent global scale, 1 km  [lidar, other  |[lidar, other
layers — geostationary and LEO specs as abovejspecs as above

lidar aerosol observations,
aircraft campaigns

2.1.3.4 |Sameas?2.1.3.1 Same as 2.1.3.1 Same as Same as
2.1.3.1 2.1.3.1

2.1.4 How do biogenic, anthropogenic and pyrogenic organics affect oxidants and
aerosols?

The terrestrial biosphere is the largest source of volatile organic compounds (VOCs) to the
atmosphere. Anthropogenic and pyrogenic VOCs are also important in urban and biomass
burning regions respectively. The atmospheric chemistry of these VOCs has important
implications for oxidants and aerosol formation but is very poorly understood, particularly in the
low-NOy regime prevalent in the tropics (and, increasingly, in North America) [Paulot et al.,
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2012]. Observations over the remote oceans indicate that the oceans may also play a major role
in controlling atmospheric abundances of oxygenated VOCs [Carpenter et al., 2012], with
possibly important implications for global atmospheric chemistry. We also understand little
about the lifecycles and importance of marine organic aerosol [Gantt and Meskhidze, 2013].
Answering the questions below will require combining in situ measurements and satellite
observations of VOCs, their oxidation productions and land surface properties (e.g. Leaf Area
Index, LAI and Net Primary Productivity, NPP). Priority research questions include:

2.14.1 What are VOC emissions and their trends on land and over the oceans
(Very Important)?
2.1.4.2 What is the full oxidation cascade of VOCs across NOy regimes and how can this

be represented in models (Critical) ?

2.143 What is the fate of VOC oxidation products? What is the importance of wet and
dry removal? How do we relate VOC emissions to the formation of organic aerosols (Critical) ?

2.1.44 How will biogenic and biomass burning VOC emissions respond to changes
in climate, land use, and atmospheric composition (Important)?

Question | Observation Resolution Accuracy Precision
time and space
2.1.4.1 |Geostationary and LEO Hourly (geo), daily  |1x10!° 1x101°
observations of HCHO, (LEO), 4x4 km? molecules cm™ molecules cm™

CHOCHO, CH30H, HCOOH,
together with surface properties

2.1.42 |Laboratory studies of VOC  [N/A IN/A IN/A
oxidation with particular focus
on low-NOy regime

2.1.43 |Aircraft campaigns with I-minute, 1-km SEAC“RS payload
extensive gas an aerosol requirements
payload and focus on tropics
2.1.44 |Sameas2.1.4.1 Same as 2.1.4.1 Same as ‘Same as 2.1.4.1

2.1.5 What controls the concentrations of radical oxidants?

Inferences of the global OH concentration from measurements of the methylchloroform proxy
have played a critical role in the past 30 years to constrain the atmospheric lifetime of methane
and other gases such as HCFCs and HFCs. A recent analysis by Montzka et al. [2011] shows no
trend in global OH for the past 30 years and an interannual variability (IAV) of only 2%,
consistent with models though not necessarily for the right reasons. The models show strong
potential for future increases or decreases in OH concentrations due to changes in emissions and
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climate [ Voulgarakis et al., 2013]. However, the continued value of the methylchloroform proxy
is called into question as its concentrations decay. At a process level we need to better
understand the factors controlling local OH concentrations, particularly the dependence on NOx
and VOCs, but are presently limited by confidence in OH measurements. A research priority is
to improve, intercompare and evaluate (via related species) in situ measurements of OH
concentrations. We also need better measurements and understanding of halogen radical oxidants
(ClOy, BrOy, 10y) and their implications for the budgets of O3, NOy, and mercury in the different
tropospheric domains where halogens play an important role [Saiz-Lopez and von Glasow,
2012]. Priority research questions include:

2.1.5.1 What atmospheric constituents can effectively serve as substitute proxies for
global, regional, and vertical distributions of OH concentrations? (Critical) ?

2.1.5.2 What are the distributions and drivers of the most important radical oxidants (OH,
NOs, halogens) and their reservoirs (e.g., peroxides) over a spectrum of spatial and temporal
scales (Critical) ?

2.153 What are the mechanisms that determine lightning NOy emissions? How are they
coupled to deep convective transport and outflow chemistry (Very Important)?

2.1.54 What is the role of halogen radicals in the budgets of tropospheric O3, NOy, and
mercury (Very Important)?

2.1.5.5 What is the role of nighttime radical chemistry with respect to sulfur, nitrogen,
halogen and aerosol chemical cycles [Brown and Stutz, 2012] (Important)?

Question | Observation Resolution Accuracy Precision
time and space
2.1.5.1 [Surface measurement of global Global 1% 1%
OH proxy
2.1.5.2 |Aircraft measurements of OH, |I-min, 1-km 10% 10%

HO, and reservoirs, halogen
radicals and reservoirs, NO3

2.1.5.3 [Focused aircraft campaign Cloud scale 10% 10%
including measurements of
NOx and reservoirs, together
with surface measurements of
lightning flashes and energies

2.1.5.4 [Improved satellite retrievals of [Synoptic to global  [10% 10%
tropospheric halogen radicals, [scales
aircraft campaigns with
payloads including halogen
radicals and reservoirs, HOx,
NOx and reservoirs,
Hg(0)/Hg(Il)
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2.1.5.5 |Aircraft campaign focused on |l-min, 1-km 10% 10%
nighttime radical chemistry
including measurements of
NO3, N2Os, other NOy species,
ozone, VOCs, organic nitrates,
halogen radicals and their
reservoirs, DMS

2.1.6 How are humans and climate perturbing the nitrogen cycle?

Global fixation of nitrogen by human activity, principally for food production and with also
some contribution from fossil fuel combustion, now greatly dominates over natural fixation. The

resulting emissions of NHj3 and NOy have important implications for aerosols and oxidants.
Atmospheric transport delivers this nitrogen to remote ecosystems through deposition, resulting
in inadvertent fertilization that affects ecosystem function and carbon uptake. Improving our
understanding of these processes will require taking advantage of NH3 observations from space,
and integrating bottom-up and top-down approaches to constrain emissions [Paulot et al., 2014;
Van Damme et al., 2014].

We also need observations of the broadest suite possible of oxidized nitrogen species (NOy, PAN,
N,O, HNOs, etc) over land and ocean through in situ measurements and satellites where
possible. Priority research questions include:

2.1.6.1 What are typical vertical distribution of NH3, what controls these, and what is the
role/response of gas-aerosol partitioning (Important) ?

2.1.6.2 What is the quantity and seasonality of ammonia emissions over local to global
scales (Very Important) ?

2.1.6.3 How is nitrogen deposited and cycled through the terrestrial and marine
ecosystems, and re-emitted, resulting in a “grasshopper effect” (Very Important)?

2.1.6.4 How are organic nitrates formed, what is their fate, how do they contribute to
nitrogen deposition and what is their impact on O3 and secondary organic aerosol [Perring et al.,
2013] (Important) ?

Question | Observation Resolution Accuracy Precision
time and space
2.1.6.1 |NHj3, aerosol composition Vertical profiling 10% 10%
with 0.1 km
2.1.6.2  |Geostationary and LEO Hourly (geo), daily [{10% 10%
satellite observations validated |(LEO), 1-min
with aircraft campaigns (aircraft), 4x4 km?
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2.1.6.3  [Field studies of N Hourly, landscape- |10% 10%
biogeochemistry in different |scale
terrestrial ecosystems and
including atmospheric
deposition and emission

measurements,

2.1.6.4 |Aircraft campaign with I-min, landscape to  {10% 10%
SEAC*RS-type payload in the [synoptic scale
tropics

2.1.7 What drives long-term trends in tropospheric ozone?

Observations generally show a steady increase of baseline Os in the remote troposphere over
the past century, particularly at northern mid-latitudes; although long-term records for Europe
show that ozone has either leveled off or is decreasing since 2000 [Cooper et al., 2014].
Observed increases are larger than simulated in models [Parrish et al., 2014], suggesting that
Intergovernmental Panel on Climate Change (IPCC) estimates of radiative forcing by tropospheric
O3 may be too low and calling into question the ability of models to capture the sensitivity of O3
production to future changes in emissions. Changes in the Oj; baseline have increasing
implications for surface air quality as current air quality standards to protect public health are
being ratcheted down. Thus Oj; pollution is transitioning from an urban/regional problem to a
global problem [NRC, 2010; UNEP, 2011], and better understanding of the linkage of air quality
and climate is required. = Understanding these changes will require continuation and
interpretation (models) of satellite, sonde, lidar and in situ records of Os and its precursors. The
development of capabilities for multi-constituent chemical data assimilation to integrate all
available observations of tropospheric Os and related species may benefit these research
questions. A priority research questions is:

2.1.7.1 How is tropospheric ozone changing globally and regionally, and what drives these
long-term trends? (Critical) ?

Question | Observation Resolution Accuracy Precision
time and space

2.1.7.1 |Development of a global multi-(Global, multi-decadal |5 ppb (ozone) |5 ppb (0zone)
constituent data assimilation
system and the measurements
necessary to produce a
meaningful tropospheric ozone
product
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2.1.8 How do boundary layer dynamics, surface exchange and chemistry interact to
determine the vertical distribution and evolution of trace species?

Boundary layer mixing and venting is critical to understanding the impact of emissions on air
quality and global atmospheric composition. Observations show boundary layer structure that is
far more complex than is commonly represented in models, and this may have important
consequences for chemical evolution and transport. Cloud cycling in the boundary layer may be
a major driver for chemical and aerosol evolution through aqueous-phase processes. Better
understanding of vertical gradients in the boundary layer is essential for improving UV and
thermal infrared (TIR) retrievals of atmospheric composition from space, and for relating
satellite measurements of tropospheric columns to surface concentrations. Thus a key task is to
characterize lower atmosphere vertical structure for the benefit of satellite retrievals and for
relating satellite retrievals to surface processes. The scale of this problem points toward more
ground based and in situ measurements. Priority research questions include:

2.1.8.1 How does the coupling of chemical and dynamical timescales determine the
vertical structure of trace species in the lower troposphere (Very Important)?

2.1.8.2 What is the role of boundary layer cloud processes for chemical and aerosol
evolution, and for venting to the free troposphere (Very Important)?

Question | Observation Resolution Accuracy Precision
time and space
2.1.8.1 |Ground-based lidar 1-min, 100-m 10% 10%
observations and in situ (vertical)

profiles of chemical and
dynamical variables

2.1.8.2 |Observations of chemical, 1-min, 100-m 10% 10%
cloud, and dynamical (vertical)
properties from aircraft

2.1.9 What controls background ozone concentrations in surface air?

Surface air observations in high-elevation areas show elevated O3 background concentrations
that are problematic for meeting air quality standards. Understanding the factors determining this
elevated background and its variability is essential for air quality policy. The related processes
are not well understood [Lin et al., 2012a; Lin et al., 2012b]. Satellites have a critical role to play
in observing the long-range transport of O; in the free troposphere and its implications for
surface air. Ozone profiles with high vertical resolution and correlative observations (such as

CO and PAN) and information on lightning strikes and fire activity may be of high utility.
Priority research questions include:
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2.1.9.1

What is the variability of background surface ozone in response to biogenic
emissions, air mass history, meteorology, stratospheric intrusions, deep convection, lightning,
and fires (Very Important)?

2.1.9.2 Can we develop a space-based capability for diagnosing and forecasting high-
ozone background events (Important)?
Question | Observation Resolution Accuracy Precision
time and space
2.1.9.1 |Geostationary observation of |[Hourly 4x4 km? 10 ppb O3, 10 ppb O3,
O3 and CO with sensitivity to 20ppb CO 20ppb CO
boundary layer Vertical resolution:
Ground based and in situ (lidar) ~700m
observations of ozone profile |(sonde) ~100m
2.1.9.2  |Ozone data assimilation system[Hourly 4x4 km? 10 ppb 10 ppb

using geostationary data
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2.2 Stratospheric gases

The Stratospheric Composition (hereafter SC) community has a fundamental responsibility to
address issues of stratospheric composition change and its climatic impacts and feedbacks. This
includes research to increase the understanding of 1) perturbations to the ozone layer driven by
the decline in the abundance of ozone depleting substances (ODSs) and the rise in greenhouse
gases (GHGs), as well as future trends of water vapor, 2) natural and climate change forced
perturbations on exchange between stratosphere and troposphere and 3) the fundamentals that
control the stratospheric aerosol layer and how it could change through volcanic or human
intervention. These issues require a deeper understanding than we currently have of feedbacks
between stratospheric processes and tropospheric climate. Variations in ODSs and GHGs alter
stratospheric ozone, which in turn affect surface climate. The variability of stratospheric ozone
is difficult to accurately forecast, as exemplified by the unusually large amount of Arctic ozone
depletion experienced during winter 2011. These issues have a direct bearing on public health,
given that changes in stratospheric ozone will alter UV exposure at the surface, affecting large
parts of the earth’s ecosystem. A 5% decrease in column ozone in the summer over the US
translates into an increase of approximately 350,000 skin cancer cases a year. This quantitatively
defines the degree to which we must understand the coupling between forcing of the climate and
changes to the column concentration of ozone.

Significant work has been conducted to quantify ozone depletion due to anthropogenic
perturbations in the stratospheric halogen budget and forecast ozone recovery in response to
controls established by the Montreal Protocol and its subsequent amendments. Stratospheric
water vapor changes also impact surface climate, as do stratospheric aerosol changes, although
there is a recent study that questions the impact of stratospheric sulfur on surface climate.
Predicted GHG-induced increases in the strength of the Brewer Dobson Circulation, which
drives key components of the variation in stratospheric ozone, differ by large amounts between
various climate models, but have not been verified by observation. Methane (CH4) and nitrous
oxide (N2O) are a special class of GHGs, as these compounds have both radiative and direct
chemical effects on stratospheric composition. The response of stratospheric O3 to rising N2O is
sensitive to future stratospheric temperature, which in turn is difficult to accurately forecast
given our present state of knowledge. Finally, NASA satellite and balloon data show evidence
that ocean biota are presently supplying a considerable portion of the total bromine loading to the
stratosphere, in the form of so-called very short lived (VSL) compounds. It has been suggested
that increased tropical maritime convection could result in more efficient future delivery to the
stratosphere of halocarbons produced by oceanic biota.

Recent work indicates that the exchange between the troposphere and the stratosphere is not as
simple as previously thought. Missing from the accepted conceptual view is the influence of
midlatitude convection on the lower stratosphere. Recent work has shown evidence that water
vapor enters the stratosphere via convective activity over North America in summer. One study
using NASA aircraft observations [Anderson, et al., 2012] suggested major ozone loss could
result, while a second study [Schwartz, et al., 2013] using NASA satellite data reported that in
today’s climate, convective injection of H>O does not appear to enhance halogen-driven, mid-
latitude ozone loss. Finally, changes in the latitudinal extent of the tropics caused by changes in
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lower stratospheric midlatitude water vapor has been postulated; this needs to be further
explored.

To detect trends in climate-relevant stratospheric ozone, water, aerosols, and temperature, it is
critical that observations of profiles of these species continue with at least current spatial and
temporal resolutions. Measurements of chemical constituents (nitrogen, hydrogen, chlorine, and
bromine oxides) are needed to empirically quantify a number of emerging issues, such as the
relative roles of transport and photochemistry in Arctic ozone loss during particularly cold
winters, the effect of future changes in stratospheric H>O, CHs, and N>O on ozone
photochemistry, and the role of biogenic halocarbons in stratospheric ozone chemistry.
Additionally, in anticipation of the possible use of Solar Radiation Management (SRM) for
climate change mitigation, a solid understanding of the stratospheric aerosol (Junge) layer is
needed. Many models handle this region very simplistically; a more thorough scientific
understanding of the current layer is needed to properly assess how SRM may alter stratospheric
constituent distributions. Recent work shows that there may be a tipping point associated with
biogenic halocarbons, which may not be accurately represented in models, that controls whether
surface UV will rise, or fall, if SRM via stratospheric sulfate injection is pursued.

Coupled with the continuation of stratospheric profile measurements from satellite and ground-
based networks, it is also important that work continues to allow the merging of new data records
with existing time series for those species/parameters in a well-documented manner that allows a
realistic estimation of uncertainties. Significant work is ongoing on these issues, but it should
not be considered a solved issue and requires additional research support. Merging data sets of
stratospheric ozone, water and temperature has not proven to be easy or straightforward;
significant problems remain. These need to be solved to improve our ability to detect and
attribute trends.

Meeting the SC science goals requires measurement of an array of coupled tracers, chemically
reactive intermediates, and radicals. These observations can be obtained by a synergistic
deployment of orbital, sub-orbital measurement platforms, and ground-based remote sensing
observations. Additionally, a suite of models of varying complexity are needed to fully
understand measurements and trends. Questions noted below are split into three science topics.
These include 1) Stratospheric Ozone and Water — Drivers and Impacts; 2) Stratosphere-
Troposphere Exchange: How will climate change alter transport and links between the
stratosphere and troposphere? And 3) Stratospheric Aerosols: Linkages between their chemical
and radiative impacts and the temperature and species distribution of the stratosphere.
Measurements needed for each question are detailed in Tables 2.2.1-3.

2.2.1 Stratospheric Ozone and Water — Drivers and Impacts

2.2.1.1 How will stratospheric HoO and O3 and associated chemical processes evolve in a
climate with increased GHGs and changing ODSs? (Critical)
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2.2.1.1.1  Water vapor has been observed to increase in the mid-latitude stratosphere since
1980. Why? How much is natural variability and how much is forced? How have individual
pathways evolved over the past decades to change the stratospheric entry of water and how
will that be affected by climate change?

2.2.1.1.2 How does O3 and H2O transport change with increased GHGs? (This directly
links to the Atmospheric Circulation question on “How is the Brewer Dobson circulation
(BDC) changing?”’)

2.2.1.1.3  What is the sensitivity of O3 to CHs and N2O, which are chemically as well as
radiatively active, and will it become a larger driver of the abundance of radicals that control
both photochemical loss and production of O3?

2.2.1.1.4 What role does continental convection play in altering HoO and O3? Does
summertime injection of H>O over the US produce chlorine activation? Quantify transport of
water and other short-lived tropospheric species due to direct injection at mid latitudes in
summer as well as their ultimate mixing out into the background lower stratosphere.

2.2.1.2 How do stratospheric temperatures respond to changes in O3 and the major GHGs? How
do we quantify impacts of temperature changes on stratospheric chemistry, dynamics, and
radiation? (Critical)

2.2.1.3 How do very short-lived (VSL) halocarbons get into the stratosphere? How much and in
what form are they getting in now? How will that change in the future? What are the emission
regions from which transport is most effective? (Very important)

2.2.1.4 How can we improve our ability to model denitrification and springtime chlorine
activation/re-activation? How much do these processes change ozone in springtime?
(Important)

2.2.2 Stratosphere-Troposphere Exchange (STE): Impact of climate change on transport
and links between the stratosphere and troposphere

2.2.2.1 What is the current contribution of stratospheric ozone on the tropospheric Oz budget?
How will transport of O3 from the stratosphere change with climate change? (Very important)

2.2.2.2 What are the relative roles of various STE mechanisms (BDC, convection, monsoon
transport, isentropic transport across the subtropical jet, PyroCbs) in establishing the composition
of the lower stratosphere. How will those roles change in an evolving climate, assuming the

Coupled Model Intercomparison Project (CMIP) view of future climate? (Critical)

2.2.2.3 What is the effect of future changes of stratospheric composition (ozone, water, and
aerosol loading) on surface temperature/precipitation? (Very important)

22231 What is the radiative effect of stratospheric aerosol loading on surface climate:
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i.e., does longwave trapping of heat largely offset reflection of solar radiation, as has been
suggested?

22232 How do atmospheric climate modes such as the decadal time scale variability in
the strength of the Atlantic Meridional Overturning Circulation (AMOC), which is not well
represented in climate models and which happens by chance to be aliased with stratospheric
aerosol loading, complicate proper association of stratospheric drivers and surface response?

2.2.24 How do the budgets of chemically reactive greenhouse gases (CHs, N>O) and O3
depleting gases evolve with climate change? (answering this question requires models as well as
measurements) (Very important)

2.2.3 Stratospheric Aerosols: Linkages between their chemical and radiative impacts and
the temperature and species distribution of the stratosphere.

2.2.3.1 What controls the basic evolution of aerosols in the Junge layer under non-volcanic
background conditions or with only small volcanic input? (Critical)

2.2.3.1.1  What are the relative roles of natural and anthropogenic sources in determining
the background stratospheric sulfate aerosol layer?

2.2.3.1.2  What controls the presence of the Asian Tropopause Aerosol Layer (ATAL) and
North American Tropopause Aerosol Layer (NATAL)?

2.2.3.2 What are the relative contributions of sulfate aerosols, PSCs and cirrus clouds to chlorine
activation and how will these factors impact ozone depletion in a changing
climate? (Important)

2.2.3.3 How does a major volcanic eruption impact the earth’s climate? (Important)

When there is a major volcanic eruption, we need to be prepared to quickly respond and make
direct measurements and those that can be used as surrogates for studying the radiative and
chemical effects due to possible large anthropogenic perturbations to the Junge layer and
additional understand the perturbation on the key stratospheric variables. Measurements should
encompass:

* Short-wave and long-wave direct radiative forcing of the volcanic aerosols integrated over the
time of largest forcing.

* Rate of change of tropical upwelling; and any other major dynamical shifts (beyond
climatological variability) such as tropopause height.

* Regions where ozone photochemistry appears to have changed in response to the aerosols; and
(2™ tier) if there appears to be enhanced chlorine activation and ozone loss.
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Table 2.2.1 Satellite measurements needed for answering Stratospheric Composition Questions. C = Critical; VI = Very Important; [ =

Important
Rank | Q Measurement | Rationale Sampling Resolution Precision
2.2.x.x Spatial | Temporal | Horizontal | Vertical
(lat. x long.)
C 1.1 Total Column | a) A crucial factor for determining | Global | Weekly for | 1° x 2° N/A 3DU
C 1.2 Ozone the amount of UV reaching the surface
VI 2.3 ground. UV, daily
VI 2.4 b) Document spatial coverage of for process
polar ozone losses. studies
CcC 1.1 1.2 | Ozone profiles | a) Separate photochemical changes | Global | Weekly for | 5° x 10° for | 2 km for | 0.1 ppmv
VI 2.1 due to chlorine change from surface UV, 1°x2° | UV, 0.5 | (should be
C 2.2 photochemical and transport UV, daily | for process | km for | valid in cases
VI 2.3 changes due to climate change for process | studies process | of high aerosol
VI 2.4 b) Separate stratospheric and studies studies | loading)
I 3.2 tropospheric ozone changes
| 3.3
C 1.1 Temperature a) Determine kinetic rates for Global | Weekly for | 5°x 10° for |2 km for | 2K/decade
C 1.2 Profiles ozone removal trends, trends, 1° x | trends, (Long-term
C 2.2 b) Temperature trends (see below). daily for 2° for 0.5km | precision
VI 2.3 process process for critical; should
VI 2.4 studies studies process | be valid in
I 3.2 studies | cases of high
I 33 aerosol
loading)
CC 1.1 1.2 | H,O Quantify processes affecting water | Global | Weekly for | 5° x 10° for | 2 km 0.5 ppmv
I 1.4 vapor and its impact on climate radiative climate (should be
CVl |2223 and ozone chemistry forcing, impact, 1° x valid in cases
VI 2.4 daily for 2° for of high aerosol
CIl 3.13.2 process process loading)
| 33 studies studies
CVI | 1.1 1.3 | Sulfate Radiation, separation of natural Global | Weekly 5°x10° 2 km 10%/decade
I1C 1.4 2.2 | aerosols variability from chlorine-caused
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CIl 3.1 32 changes
| 3.3
VIC |13 22 | SO Major sulfur uncertainty Global | Monthly 5°x 10° 1 km 10 ppt
CI 3.1 33
I 1.4 Polar Attribute polar ozone change to Polar Daily 1°x2° 1 km 10%/decade
I 3.2 stratospheric Montreal Protocol (>50°)
| 33 clouds, HNO;3
ccC 1.1 1.2 | N2O, CHa, O; chemistry, GHGs, dynamics Global | Monthly, 10° x 10°, 4km, 1 |20%/decade
VII 1.3 1.4 | CFCs daily for 1°x2°for | km for
CVI 2224 polar polar vortex | polar
Il 3.2 33 vortex vortex
C 1.1 NO, NO», Separate ozone loss due to non- Global | Monthly to | 10° x 10°, 2km, 1 |20%/decade
VI 1.3 CIONOa, chlorine catalytic processes seasonal, 1°x2°for | km for
I 1.4 HNO:s, CIO, Document temporal change in daily for polar vortex | polar
I 3.2 HCI, BrO relative balance of ozone loss polar vortex
I 3.3 processes vortex
C 1.1 1.2 | CO2 GHG Global | Seasonal 10°x 10° 4 km 10%/decade
CVI |1.11.3 | HDO, HCN Convection tracers Global | Weekly 1°x2° 0.5km | [JD <20 parts
VIC |23 3.1 per thousand
CVvl |1.1 13 |CO Tropospheric and mesospheric air | Global | Weekly 1°x2° 4 km, 10 ppb
VIC |21 22 tracer 0.5 km
C 3.1 for

UTLS
VI 23 Precipitation Target species Global | Weekly 10°x 10° N/A 10%/decade
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Table 2.2.2 Aircraft in situ measurement requirements

Rank Q Measurement | Rationale Detection | Accuracy | Time
2.2.x.x limit resolution
CVII |1.11314|0;s Target gas, 1 ppb 5% 1 Hz
VICVI | 212224 transport tracer
I1 3233
CVIl |1.11314 | HO Target gas, 100 ppb 10% 1 Hz
VI 212224 transport tracer
11 3233
CVII |1.11314 |Ice Dehydration 0.1 liter! | 20% 1 Hz
CI 2232
CVvivl|1l11321 |CO UTLS tracer 10% 1 Hz
C 2.2
CCVI |1.12224 |CHs4 Target gas, 1 ppb 5% 0.01 Hz
transport tracer,
O3 chemistry
CVIC |1.12.122 |N0O Target gas, 1 ppb 5% 0.01 Hz
VI 2.4 transport tracer,
O3 chemistry
CCVI |1.12.224 | SFs Transport tracer <1 ppt 10% 0.01 Hz
CCVI |1.12224|CO; Target gas, 100 ppb <1% 1 Hz
transport tracer
CVIC |1.11.32.2 | Halocarbons Target gas, <1 ppt 10% 0.01 Hz
VI 2.4 (CFCs, transport tracer,
HCFCs, O;3 chemistry
solvents, also
including VSL
ODSs)
VICC |1.3223.1 SO Major sulfur <10 ppt 10% 0.01 Hz
I 33 uncertainty
CI 3.133 OCS Major sulfur 10 ppt 10% 0.01 Hz
species
ccCcC 1.1 2.2 3.1 | Aerosol ND, Target species Size <100 | 20% 0.01 Hz
11 3233 SAD, nm
composition
CVIC |1.11.32.2 | Organics with | UTLS tracers 1 ppt 10% 0.01 Hz
Cl 3.133 various
lifetime
CVIC |1.11322 | HDO Convection D<10 10% 0.1 Hz
C 3.1 diagnostic species | parts per
thousand

30




C 1.1 OH O3 chemistry, <1 ppt 20% 0.1 Hz
VI 1.3 HO, chlorine 5 ppt 20% 0.1 Hz
I 1.4 NO activation 5 ppt 20% 0.1 Hz
| 3.2 NO2 1 ppt 20% 0.1 Hz
I 3.3 NOy or HNO; 20 ppt 20% 0.1 Hz
ClOo 1 ppt 20% 0.1 Hz
BrO 1 ppt 20% 0.1 Hz
CIONO; 20 ppt 20% 0.1 Hz
HCl 20 ppt 20% 0.1 Hz
C All T, p, winds Chemistry, <1 hPa, <1% 1 Hz
transport, 0.3K,w
dynamics <0.1 m s,
uwv<1lm
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Table 2.2.3 Balloon, remote, and ground-based in situ measurement requirements

Rank Q Measurement Rationale Detection | Accuracy | Time
limit resolution
CVII 1.1 1.3 1.4 | Temperature Tropopause 100 m 0.5K 0.01 Hz
VICC |2.1223.1 |profile (aircraft) | locator vertically
11 3.233
CCVI |1.11221 |O;column Long-term N/A <3 DU 0.01 Hz
I 33 (ground-base trend, satellite
network) validation
CCVI 1.1 1.22.1 | CO2, CHs, N2O, Source See Table | See Table | Daily
VIC 243.1 SFs, sulfur stratosphere 222 222
species, gases
halocarbons
(ground-base
network)
CCVI |[1.11224 |03 HO, T Target gases | See Table | See Table | Monthly
profiles 222 222
(balloons)
C 1.1 SFs, NoO, CH4 Target gases, | See Table | See Table | Seasonally
profiles age of air 222 222
(balloons) determination
VI 2.1 Os profiles for Track of 1 ppb, 100 | 1 ppb 0.01 Hz
STE and above stratospheric | m precision
~30km (lidar) intrusion vertically
VIC 2.122 UTLS H:O (lidar) | Radiatively 500 m 1 ppm 0.01 Hz
important vertically
CIVI 1.11.42.1 | O3, HNO;, HCL, | O; chemistry, | 4-8km See Table | Daily
VIII 2.43.23.3 | HF, NO, CIO, chlorine 2.2.2
CIONO:; (ground- | activation
base network
FTIR, MW, UV)
CVII 1.12.13.3 | O3, HNO;, HCl, | Long-term 4-8km See Table | Daily
CO, HDO, CHaq, trend, satellite 222
N2O (ground-base | validation
FTIR network)
CCVI |1.11223 |H20 and O3 Long-term 10 km 1% Weekly
I 33 (microwave) trend, satellite | vertically
validation
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2.3 Clouds

Improvements in representing hydrological processes in models have been difficult to realize.
Knutti et al., (2013) show that the current generation of climate models in the most recent
Coupled Model Intercomparison Project (CMIP5) exhibit modest improvements in reducing
biases in temperature and precipitation fields relative to observations. Klein et al (2013)
demonstrate that cloud properties in current models also exhibit only incremental
improvements.

The physical processes that drive the forcing and feedback mechanisms that are the root of
the biases noted by Klein et al. and Knutti et al. occur within circulation regimes that inhabit
the largest spatial scales of the climate system. However, the physical processes that drive
cloud and precipitation properties proceed on the microphysical scale. Until recently, these
processes have been represented in global models as statistical representations that attempted
to represent cloud effects based on the spatial scales resolved by the models (Randall et al.,
2003). Global cloud resolving models are now being developed (Satoh et al., 2008) and
cloud parameterizations are being abandoned or modified extensively (Larson et al., 2012).
Explicitly representing microphysical processes or their statistics on small scales has
emerged as the fundamental weak link in climate change predictions because of our limited
understanding of the important processes that link cloud microphysics to atmospheric
motions at the finer grid scales of present day models.

Clouds tend to form in small-scale updrafts while precipitation grows by accreting
condensate through differential sedimentation. Within any cloudy volume, both precipitation
and cloud droplets (often of different phases) can, and typically do, coexist. It is the very
coexistence of different droplet modes that cause certain microphysical processes to proceed.
Therefore, to fully understand cloud processes, the properties of coexisting clouds and
precipitation and their dynamical environment must be known. This degree of complexity
demands that multiple measurements that independently constrain different aspects of the
vertically resolved particle continuum must be observed simultaneously to diagnose and
ultimately understand the dominant microphysical processes.

We discuss six broad topical areas that are among the foremost questions relating cloud
processes to climate prediction. These questions are pertinent and remain unanswered largely
because of uncertainties in our predictive skill that in turn are due to a scarcity of relevant
observations. The approach we take is to describe an issue briefly and then discuss the
geophysical parameters, required observations, and obstacles associated with each question.
We finish with a discussion of issues that cut across all the questions and how these
overarching issues might be dealt with.

2.3.1 What is the sensitivity of the climate system to low-level cloud structure
and variability over the middle and high latitude oceans?

While the storm tracks of the middle latitudes are typically known for deep frontal cloud
systems associated with migratory cyclonic disturbances, the maritime regions are
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characterized by a background state of shallow convective clouds (Mace, 2010; Haynes et al.,
2011). The large cloud coverage of these low-level clouds significantly increase the albedo of
oceanic regions resulting in a net negative cloud radiative effect at the surface that acts to
maintain meridional temperature gradients — particularly in the summer (Mace, 2010).
Trenberth and Fasullo, (2010) and others (Bodas-Salcedo et al, 2012; Naud et al., 2014;
Williams et al., 2013) note that model biases in these regions, particularly the Southern
Oceans, are large and lead to a significant bias in absorbed sunlight at the ocean surface in
the present generation of climate models. Beginning with anomalously low cloud coverage,
anomalously high absorbed energy at the surface, and therefore weak poleward heat
transport, climate models tend to respond to increased greenhouse gasses by dramatically
increasing cloud cover in this region as the climate changes. However, such a change is
untenable as noted by Tremberth and Fasullo because observed cloud coverage in these
regions is now near a maximum. Therefore, the actual response of these vast oceanic regions
under climate change is not known.

To address this problem, it is necessary to understand the lifecycle of shallow convective
clouds in these regions. This understanding needs to be linked to precipitation processes in
clouds that in turn are coupled to boundary layer dynamics. Ultimately, knowing the
relationship between accretion and autoconversion in the growth of the precipitation mode is
also necessary (Feingold et al., 2013).

Question 2.3.1: High Latitude Boundary Layer Clouds

Geophysical Quantities | Observations Resolution
e Acrosol e Multi-Frequency
e Cloud and Precip Doppler Radar ¢ (Cloud-scale measurements
Liquid water e Low frequency are needed for process
contents microwave studies.
¢ Cloud and precip e Visible, IR and e Larger basin and global scale
phase, size TOA radiation statistics are crucial for
distribution e Polarimetry model validation
e Vertical motion e Lidar
spectra
2.3.2 How will the radiative balance over sea ice and permafrost change as the

polar regions warm? What are the important feedback mechanisms between clouds,
precipitation, and surface processes in the high latitudes?

One of the robust features that emerged in early climate model predictions was an
amplification of projected global warming in the high latitudes (i.e. Manabe and Weatherald,
(1967), Weatherald and Manabe, (1988)). However, the scenarios now playing out in the
Polar Latitudes are complex and have the potential for feedbacks that have global
consequences (Comiso and Hall, 2014). These feedbacks are linked fundamentally to
precipitation and the surface radiation budget that depends largely on clouds.
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A lack of knowledge regarding clouds and precipitation significantly hinders our ability to
understand high latitude surface processes. For instance, the problem of sea ice retreat in the
Arctic is well known (Stroeve et al., 2012; Kattsov et al., 2011) with summer minimum ice
extent declining at 11% per decade over the past 40 years. The decline in summer ice cover
has been linked to seasonal variability in cloud cover (Kay et al., 2008 2009) via surface
radiative fluxes.

Cloudy sky surface fluxes have also been noted as one of the fundamental unknowns
regarding the melting of permafrost. It is thought that the upper 3 m of Arctic permafrost
that comprise nearly a quarter of the Earth’s northern hemisphere surface area contain as
much as 1000 petagrams of carbon (Cosimo and Hall, 2014). The variables involved in this
process are complex yet increasing periods of snow free surfaces over the northern continents
amplify the snow-albedo feedback (Stieglitz et al., 2003; Dery and Brown, 2007) linking this
problem to surface radiative fluxes and precipitation.

Critically, while Arctic clouds are often shallow stratiform or strato-cumulus clouds, they are
not the same as their low latitude dynamical cousins, because they often contain ice as well
as liquid. Many of the important processes also occur in conditions where liquid phase
supercooled cloud produces solid precipitation. For instance, stratiform mixed phase clouds
often exist over large spatial scales and produce light ice precipitation (De Boer et al., 2009)
over long periods of time where ice nucleating aerosols are seemingly absent (Morrison et
al., 2012).

Question 2.3.2: High Latitude Radiative Forcing

Geophysical Quantities | Observations Resolution
e Cloud e Multi-Frequency
occurrence and Doppler Radar e Process Studies require

vertical structure

e Phase and
Particle Habit

e Vertical Motion
spectra

e CCN (especially
ice nuclei)

e Surface Fluxes

Passive microwave at
high frequencies
Visible, IR include far
IR fluxes

IR and Far IR Spectra
In Situ measurements
of particle habit, sizes,
and aerosol

Surface Polarization
Radar

airborne and
collaboration with
surface sites
Global satellite
measurements are
crucial because of
remoteness of high
latitude regions

2.3.3.

How will shortwave cloud forcing change as the climate warms?

The predicted change of top of atmosphere radiative forcing per unit change in global
temperature due to clouds (i.e. the cloud feedback) is the primary contributor to uncertainty
in climate change predictions (Dufiresene and Bony, 2008). It has been shown that large
regions of shallow cumulus or stratocumulus clouds that occur over the sub-tropical oceans
are the principal sources of this variability in cloud feedback among climate models
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(Dufresene and Bony, 2008; Soden and Vechi, 2011). These clouds, while coupled to the
surface via fluxes of heat, water, and aerosol, are also sensitive to the strength of the marine
inversion, water vapor in the free troposphere, and to subsidence above the boundary layer
(Wood, 2012; Stevens and Feingold, 2009). Individual cloud elements go through lifecycles
that depend to a great extent on precipitation processes, which in turn are sensitive to the
portion of the aerosol distribution that serves as cloud condensation nuclei, on cloud depth,
and vertical motion (Feingold et al., 2013). The overall cloud fraction in a region is
therefore a complicated balance between the lifecycles of individual cloud elements and the
meso- and larger scale dynamics and thermodynamics. Small changes in cloud condensation
nuclei (CCN) over clean oceans can have large effects on cloud albedo and precipitation, and
hence have a large effect on climate (Twomey, 1977; Albrecht et al., 1989).

The principal interaction between marine boundary layer clouds and the climate system is
through their regional-scale albedo. Given the low albedo and therefore highly absorbing
nature of the ocean, the amount of shortwave radiation reflected by these cloud systems
imposes large controls on climate sensitivity. Observations are needed to provide constraints
on many aspects of high-resolution cloud resolving models and to provide global statistics
from which global models can be evaluated.

Question 2.3.3: Shortwave Cloud Forcing

Geophysical Quantities | Observations Resolution
e Boundary Layer e Doppler Cloud Radar e Measurements for
Cloud e Passive microwave process studies must
occurrence and sensitive to liquid resolve cloud vertical
vertical structure e High Spectral and horizontal structure
e Cloud and Resolution Lidar (10’s of meters) on
Precipitation e Polarimetry timescales critical to
droplet spectra e In situ measurements cloud element lifecycles
e Vertical Motion of aerosol, cloud and (minutes).
spectra precipitation mode e Global satellite
e CCN size distributions measurements are
* Surface Fluxes e Aerosol composition crucial to observe
of water, heat, e Boundary Layer relatlonshlps. with larger
chemistry Thermodynamics and scale dynamics.
inversion strength e Global measurements
for model diagnostics

2.34. How will long-wave cloud forcing change as climate warms?

Cloud feedbacks are consistently positive in the leading climate models (Soden and Vechi,
2011). While the uncertainty (intermodel variability) of this feedback is primarily
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determined by marine boundary layer clouds, the positive sign in the feedback is determined
by tropical cirrus. As shown by Zelinka and Hartmann, (2010), this positive feedback arises
because as the climate warms, the troposphere deepens and convective clouds are predicted
to detrain at colder temperatures. While models tend to agree in this prediction, their mean
ice water paths differ by enormous amounts with each other and with observations. It is not
known why this is so. What is certain is that tropical cirrus clouds are fundamental to the
response of the climate system to changes in greenhouse gasses. Being able to faithfully
simulate tropical cirrus is of first order importance to understanding climate change.

High-level cirrus heat the upper troposphere and, thereby, influence the stability of the
troposphere. Both the cirrus themselves and the associated water vapor perturbations have
strong impacts on the longwave radiation budget (Liou, 1986; Forster and Shine, 2002;
Solomon et al., 2010). Basic uncertainties in physical processes such as ice nucleation,
aggregation, and entrainment have limited our ability to represent cirrus even in high-
resolution detailed models. The relative importance of heterogeneous nucleation on
insoluble particles (with implications for anthropogenic perturbations to cirrus) has not been
fully determined.

Progress on these issues requires a better quantification and understanding of temperature
variability driven by mesoscale waves and radiatively-driven turbulence in the upper
troposphere and lower stratosphere. The compositions, sources, concentrations, and regional
variations of heterogeneous ice nuclei need to be better quantified, as well as the impact of
nucleation mechanisms on overall cirrus lifecycle and radiative effects. Quantification of
crystal aggregation efficiency at low temperatures and the corresponding impact on
development of cirrus ice crystal size distributions and habits is required.

Question 2.3.4: Longwave Cloud Forcing

Geophysical Quantities | Observations Resolution

e [ce water content e Lidar attenuated e The nature of extended
vertical profiles backscatter and cirrus clouds require a

e Particle size and depolarization ratio collaboration between
number profiles remote sensing and in
concentration e Doppler cloud radar situ airborne assets.
vertical profiles vertical profiles e Global satellite data sets

e Ice crystal habit e Aecrosol —IN are crucial to observe

e Vertical motion measurements cirrus over remote

e Ice Water Path e Vertical motion tropical regions and

e Radiative spectra under conditions that
Heating Profiles e Water vapor aircraft have difficulty

supersaturation reaching routinely.

e Insitu crystal Habit, e Global satellite data sets
particle spectra and remain crucial for model
bulk mass. diagnostics and

validation.
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2.3.5 How do clouds respond to perturbations in aerosols (CCN/IN)?

Human activities give rise to significant emissions of aerosols and their chemical precursors
and the anthropogenic source of aerosols significantly modifies the distribution of natural
aerosol in many regions on earth. Since aerosols, in the form of Cloud Condensation Nuclei
(CCN) and Ice Nuclei (IN), govern the drop and crystal size distributions, knowledge of them
are critical for understanding many cloud processes. Aerosol effects can be complex, by both
increasing cloud albedo (with more and smaller liquid drops, e.g. Twomey, (1977)) and
changing cloud element lifetime via modulation of precipitation processes (A/brecht, 1989).
But even given a CCN or IN concentration, we do not fully understand the microphysical
responses that are possible. Understanding the details of autoconversion and accretion rates
and the details of CCN activation in a turbulent vertical motion field is fundamental to
understanding aerosol-cloud interactions.

With respect to aerosols, it is expected that aerosols of different composition types, with
differing scattering and absorption characteristics will have different impacts on cloud
development. Absorbing aerosol can alter the temperature profile in the first few kilometers
above the surface, and have a stabilizing effect on the temperature profile and convection
(Ramanathan et al. 2007). Conversely, an increase in aerosol is thought to alter the vertical
profile of latent heat release, leading to an “invigoration” of cloud development (Rosenfeld et
al., 2008). However, these processes are complex, and often competing, resulting in counter
intuitive outcomes. Of particular importance is how the aerosol are vertically distributed — a
diagnostic that is nearly impossible to know from passive satellite data.

One reason for difficulty in making conclusive headway in aerosol-cloud research is that the
physics is governed by a multitude of variables, only several of which have been adequately
incorporated in analyses. As stated in the recent comprehensive review of Tao et al., (2012)
“Despite ever-escalating efforts and the virtually exponential increase in published studies
concerning aerosol-cloud-precipitation interactions, we are still puzzled by many seemingly
contradictory findings as reviewed above, although they really attest to the complexity of the
problem. Disentangling meteorological and aerosol effects remains a daunting task.”

There is a need to obtain a better understanding of fundamental process rates that convert one
cloud particle type to another in the presence of different CCN backgrounds. These are
inherently dependent on vertical motion statistics at multiple scales that ultimately control
supersaturation. Also, knowledge of the characteristics and vertical distribution of the
aerosol and cloud particle size distributions, habit, composition, etc. are necessarily needed to
improve understanding.

Question 2.3.5: Aerosol-Cloud-Precipitation Interaction

Geophysical Quantities | Observations Resolution and Scale of
Measurements
e Aecrosol e Vertical distribution of e Process studies will
Extinction, aerosol Size require airborne
single scattering Distribution, measurements,
albedo, speciation, CCN, IN preferably with multiple
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asymmetry e Acrosol precursor aircraft (in situ and
parameter gasses vertical profiles remote sensing)
vertical profile e High Spectral e (Global satellite

e Vertical profiles resolution lidar measurements of a
of Cloud and e Vertically pointing selected subset of the
Precipitation Doppler radar observations are needed
Liquid water, measurements for statistical regional
size distribution, (multiple freq in and global studies of
phase, particle precip) aerosol indirect effects.
habit e Polarized weather

e Vertical motion radar for precip
spectra from e Passive microwave
cloud-scale to e thermodynamics
mesoscale

2.3.6 What is the role of (Mixed Phase) snow and rain in cloud processes and

how is this modulated by aerosols and dynamics?

Most precipitation on Earth starts as ice in synoptic systems (fronts), shallow convection, and
stratiform anvils. The process of initial freezing is complex, and the subsequent evolution of
the frozen condensate includes interactions with ice and liquid in clouds. These processes
include riming, aggregation and ice multiplication that modulate the ice phase precipitation.
These processes determine many of the resulting cloud properties, and the resultant mass and
intensity of precipitation from clouds. Understanding these cold phase processes are critical
for assessing cloud and condensate dynamics.

This question shares many of the same challenges expressed in questions 2.3.1 and 2.3.2.
Both of these questions address mixed phase precipitation from cumuliform and stratiform
clouds. Of particular emphasis here are the processes that control ice crystal properties such
as shape, degree of riming, and aggregation. These ice crystal properties can be reduced to
several measurable parameters such as bulk ice density and the internal distribution of ice
within crystals as a function of particle size at various locations within the ice-producing
cloud system. Knowledge of these parametric relationships are at a rudimentary level and
cause significant uncertainties in both measurements and modeling.

Question 2.3.6: Mixed Phase Snow

Geophysical Quantities | Observations Resolution
e Liquid and Ice e Multiple frequency e Process studies require a
water content Doppler cloud radar collaboration between
vertical profiles vertical profiles airborne and ground-
e Particle size and e Polarization scanning based measurements,
number cm radar preferably with multiple
concentration measurements aircraft (in situ and
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vertical profiles e Vertical motion remote sensing)
of liquid and ice spectra e Global satellite
phases e Water vapor measurements of a
e Ice crystal habit supersaturation as a selected subset of the
e Vertical motion function of height observations are needed
e Ice and liquid e In situ crystal Habit, for statistical regional
Water Paths particle spectra and and global studies
e Vertical profiles bulk mass. especially over remote
of Particle habit oceanic and high
and bulk density latitude regions.
as a function of
size

3. Overarching Issues

Ideally, formal Science Traceability Matrices would be developed to address the questions
listed above. Such a set of matrices would allow for a natural flow of understanding from the
broad questions to what geophysical parameters must be known, what measurements are
necessary to derive the geophysical parameters, what instruments are necessary to make the
measurements, and a strategy for collecting the appropriate information.

A number of concepts emerge that are common among the questions outlined above. These
are:

e The role of microphysical processes, process rates, and the coupling of those
processes to atmospheric motions must be better understood.

e The role of aerosols in cloud processes is largely unknown and central to
understanding.

e The spectrum of vertical motion, from the turbulent to the grid scale, is especially
critical because of the role of vertical motions in either vertically advecting droplets
and ice crystals and/or in making water vapor available for condensation.

e The need for modeling at various scales as an integral component in addressing each
question.

Several cross cutting geophysical quantities are common among the questions. The
commonality of these are largely derived from the need to understand basic processes — the
processes that convert aerosols to cloud mode droplets and ice crystals through nucleation,
and that convert cloud droplets to precipitation.

e Cloud-mode particle size distributions: liquid and ice water contents, effective
particle size, total particle concentration, phase

e Precipitation-mode particle size distributions: liquid and ice water content, effective
particle size, total particle concentration, and phase.
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The spectrum of vertical motion and humidity. Particularly pertinent are the
statistics of vertical motion on the 1 to 10 km scale that would tend to drive modern
GCM parameterizations.

Aerosol properties, their sources, sinks, and composition below, near, and within
clouds.

The presence and properties of ice nuclei are fundamental to several of the questions.
The physical properties of ice crystals such as the particle mass as a function of
particle maximum dimension, the particle cross sectional area as a function of particle
maximum dimension and the distribution function of mass within the ice crystal
volume among others. Not only are these 