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Greeting from the 
new co-Chairs of SPARC

T. Peter, ETH Zürich, Switzerland 
(thomas.peter@env.ethz.ch)
T. G. Shepherd, University of  Toronto, Canada 
(tgs@atmosp.physics.utoronto.ca)

We feel honoured and excited to be taking on the role of SPARC co-Chairs. Both 
of us have been involved in SPARC for many years, and have been inspired by 
the leadership provided by the past co-Chairs: first Marie-Lise Chanin and Marv 
Geller, and more recently Alan O’Neill and A. R. Ravishankara. By keeping 
SPARC focused on “bite-sized” deliverables that are responsive to the needs of 
the scientific community, by crossing disciplinary boundaries and forging new 
partnerships, by engaging the leading scientists internationally, and by continu-
ally renewing SPARC to drive the scientific agenda, they have set the standard 
for a successful and effective international project. We must also acknowledge 
the tremendous support that has been provided by the SPARC Office, first in 
Paris under the Directorship of Marie-Lise Chanin, and more recently in Toronto 
under Norm McFarlane. They have established the SPARC Newsletter as a 
“must read” publication which boasts thought-provoking articles of the highest 
scientific calibre. Through all these efforts, SPARC has established an enviable 
reputation for high-quality climate science which is innovative, inter-disciplinary, 
and exciting. 

Our goal for SPARC is to build on these achievements by remaining true to 
the guiding principles that have made SPARC so successful up to now. The 
future directions of SPARC will involve a closer integration with 
tropospheric climate science, in terms of both chemistry-climate coupling 
and stratosphere-troposphere dynamical coupling. In this respect, we look 
forward to an ever-deepening interaction with IGAC, and with other 
components of WCRP. The challenge will be to achieve this while 
maintaining the inter-disciplinarity — where chemists talk with dynamicists, 
and where data assimilators talk with process-oriented scientists — that has been 
the hallmark of SPARC, and has made it so much fun. 

We look forward to working with all of you. 
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Report on 28th Session of the JSC
Zanzibar, Tanzania, 
26-30 March 2007

T. G. Shepherd, University of  Toronto, Canada (tgs@atmosp.physics.utoronto.ca)
T. Peter, ETH Zürich, Switzerland (thomas.peter@env.ethz.ch)

The Joint Scientific Committee (JSC) of 
the World Climate Research Programme 
(WCRP1) meets annually to review prog-
ress and decide on future directions. This 
year’s JSC meeting was held in Zanzibar, 
Tanzania, and was hosted by the Tanzanian 
Meteorological Agency. The middle day of 
the meeting was devoted to a workshop on 
climate science in Africa, which attracted 
both young and well established African 
scientists, and included a panel discussion 
on networking and research needs chaired 
by the Tanzanian Minister of the Environ-
ment, the Hon. Prof. Mark Mwandosya.

One of the first actions of the JSC was to 
approve the nominations of Tom Peter 
(ETH Zürich) and Ted Shepherd (Univer-
sity of Toronto) as the new SPARC co-
Chairs with immediate effect. The outgoing 
co-Chairs, Alan O’Neill and A. R. 
Ravishankara, were deeply thanked for all 
they had contributed to SPARC and WCRP 
over the years.

Challenges faced by the WCRP

There was considerable anticipation before 
this year’s session, because the WCRP is 
facing a number of challenges including 
an expected severe shortage of resources 
to support coordination activities.  While 
a significant part of this funding shortfall 
is due to the decline in value of the US 
dollar in recent years, the fact remains 
that the sponsor funding has been slowly 
declining in real terms. There appears to 
be a widespread feeling among research 
sponsors that there is an ever-growing 
“alphabet soup” of organizations crying out 
for financial support of climate research, 
and that some sort of rationalization is re-

quired. Thus, for example, the advantages 
of a merger between WCRP and IGBP 
(the International Geosphere-Biosphere 
Programme) are being seriously discussed. 
At the same time, governments everywhere 
are increasingly concerned about “value 
for money” and requiring more demon-
strated impact of their research invest-
ments. In this respect, it has been noted that 
WCRP is nearly invisible in the public eye 
as compared with the IPCC, even though 
WCRP-facilitated research has made such 
an enormous contribution to the IPCC re-
ports. Finally, there also appears to be a 
growing perception in governments that, 
with the now essentially universal accep-
tance of the reality of global warming, the 
need for additional research on climate 
science is over and efforts need to be 
directed instead to fundamental science 
on impacts and adaptation, as well as 
mitigation.

In the light of these challenges, it was felt 
that for the WCRP to continue “business 
as usual” was not a viable option, and that 
some changes in approach were required. 
The very spirited discussions that took 
place throughout the week were conducted 
in this context. There seemed to be general 
agreement that there was scope for WCRP 
to improve its visibility with more active 
communication of its specific achieve-
ments.  The WCRP Joint Planning Staff 
was thanked for significantly improving 
the Programme’s website and keeping it 
updated, and launching several outreach 
actions such as the new Electronic news-
letter eZine and the News sections on the 
website. There was a consensus that in or-
der to convince governments and sponsors 
of the need for WCRP-facilitated research, 
all WCRP activities need to take an end-to-
end view of their research programmes by 
identifying and documenting specific deliv-
erables and outcomes. The main points of 
discussion concerned how best this could 
all be done. The COPES (Coodinated Ob-
servation and Prediction of the Earth Sys-

1The WCRP is  jointly sponsored by the World 
Meteorological Organization (WMO), the In-
ternational Council for Science (ICSU) and the 
Intergovernmental Oceanographic Commission 
(IOC) of UNESCO. (For more information: 
http://wcrp.wmo.int/).

tem) framework had been introduced by the 
JSC several years ago in an effort to pro-
vide more integration of and visibility for 
WCRP activities, but there appeared to be 
some confusion as to what COPES actually 
meant in practice. Conversely, there was 
broad agreement at the JSC meeting that 
many of the individual activities of the core 
projects are very well placed in this respect 
and already taking an end-to-end view, and 
that this also started to apply to the sev-
eral “cross-cutting initiatives” that formed 
the centre-piece of the agenda of this JSC 
session. 

It was noted by many speakers that the lion’s 
share of WCRP-facilitated research was 
carried out by the four WCRP core projects 
(CliC, CLIVAR, GEWEX and SPARC), 
and that the funding raised through the 
core projects represents a many-fold lever-
aging of that provided to the WCRP from 
its sponsors. Certainly, when assessing the 
financial situation and outreach of the 
WCRP the entire package needs to be 
considered, and any changes in WCRP 
structure made in that light. In particular, 
the core projects have established quality 
“brands”, which are valuable assets when 
it comes to obtaining funding. It was also 
noted in this respect that the core projects 
were in an excellent position to be respon-
sive to the specific needs of governments, 
expressed through their national and re-
gional funding agencies, as they have di-
rect links with those agencies for their 
various funded activities. Similar remarks 
apply to the other precious, and increas-
ingly stretched, commodity — the time of 
leading scientists who participate in WCRP 
activities on a voluntary basis. 

While there are a number of topical cross-
cutting research initiatives which help to 
build bridges between the core projects, 
it is clear that the funding agencies would 
have little appetite for supporting addition-
al infrastructure (such as project offices) 
which would duplicate the infrastructure 
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already existing in the core project offices. 
Nor would it be easy to find additional sci-
entific leadership. Thus, the decision was 
made by the JSC to have the cross-cutting 
initiatives run through the core projects, 
with particular core projects taking the lead 
within WCRP: “Decadal prediction” and 
“Seasonal prediction” will be led by 
CLIVAR, “Extreme events” and “Mon-
soons” jointly by CLIVAR and GEWEX, 
“International Polar Year” by CliC, and 
“Atmospheric Chemistry & Climate 
(AC&C)” by SPARC together with IGAC 
of IGBP (see below). 

Each of the core projects has a presently 
anticipated phase-out in the range 2012-
2015, and between now and then it is imag-
ined that the cross-cutting initiatives may 
well define the roadmap for the future of 
the WCRP. In addition, the exact configura-
tion of all this will depend on future coop-
eration between WCRP and IGBP.

Report on SPARC

The annual report on SPARC activities 
was prepared by both the outgoing and the 
incoming SPARC co-Chairs together 
with the SPARC Office Director, Norman 
McFarlane, and was presented by Ted 
Shepherd. Given that there was a “chang-
ing of the guard” in the SPARC co-Chairs, 
some historical perspective was pro-
vided. It was noted that SPARC’s modus 
operandi had always involved identifying 
“bite sized” deliverables and working to-
gether with the relevant partners, whether 
inside or outside WCRP, to ensure maxi-
mum impact. One of the main vehicles for 
this has been SPARC reports, which are 
fully peer reviewed and have provided di-
rect input into the last three WMO/UNEP 
Ozone Assessments. SPARC reports have 
been cited 45 times in the Web of Science, 
18 times in the IPCC TAR, and 22 times 
in the 2002 Ozone Assessment. Other ve-
hicles for impact include refereed review 
papers, inter-disciplinary workshops to 
cross boundaries, and targeted working 
groups.

SPARC’s science themes have continually 
evolved as the science has evolved. Whilst 
SPARC was originally largely dynamics-
oriented, in the last 5 years it has “pushed 
the science envelope” in a number of ways: 
it has recognized the need for coupled 
chemistry and paved the way for AC&C 
(see below) with the Chemistry-Climate 

Model Validation activity (CCMVal); it 
has initiated and led efforts on two-way 
stratosphere-troposphere coupling and its 
relevance to predictability; it has recog-
nized the importance of data assimilation 
for climate studies and brought the aca-
demic community into this subject; it has 
recognized the importance of cloud-resolv-
ing models for interpreting high-resolution 
measurements in the UTLS region; and it 
has recognized the need to understand and 
quantify dynamical variability for strato-
spheric climate change assessment and pre-
diction. These scientific developments are 
reflected in the current portfolio of SPARC 
activities.

A major current thrust of SPARC is 
CCMVal. CCMVal defined the forcings 
and simulation protocols for the chemis-
try-climate reference runs that provided 
a major underpinning for the 2006 Ozone 
Assessment. As the questions being asked 
of the Ozone Assessment increasingly in-
volve the coupling between ozone deple-
tion/recovery and climate change, the use 
of CCMs is becoming increasingly impor-
tant. These CCMVal runs were of critical 
importance in assessing the evolution of 
ozone, temperature, and trace species in 
the stratosphere in the recent past as well 
as in making projections of ozone recov-
ery in the 21st century. The runs were anal-
ysed in two major community publications 
(Eyring et al., 2006; 2007) and several more 
publications are currently in preparation. 
CCMVal is currently embarking on a 
SPARC report, which will be completed in 
the summer of 2009 and is being designed 
to provide direct input into the expected 
2010 Ozone Assessment and IPCC AR5. 
The community response to this initiative 
has been tremendous, with all 18 Chapter 
Lead Authors who were approached agree-
ing to serve in that capacity. The 2007 
CCMVal workshop to be held in Leeds, 
UK, will serve to launch the report.

A new initiative launched at the 2006 
SPARC SSG was the Dynamical Variability 
activity, DynVar (see article in this newslet-
ter), led by Paul Kushner of the University 
of Toronto. The goal of DynVar is to utilize 
a range of modelling approaches to address 
the representation of the stratosphere in cli-
mate models — specifically, how well do 
we need to resolve the stratosphere for ac-
curate climate assessment? — as well as the 
impact of the stratosphere on both climate 
variability and climate change. The science 

plan for this activity has been under devel-
opment since the last SSG meeting; one of 
the first steps will be to re-do the CLIVAR 
C20C simulations with “high-top” mod-
els. This activity will link to several of the 
WCRP cross-cutting activities, namely sea-
sonal and decadal prediction and climate 
extremes.

Several important SPARC workshops took 
place in 2006. Notable among these were 
the joint workshop with GEWEX-GCSS 
and IGAC on modelling of deep convec-
tion and chemistry and their roles in the 
tropical tropopause layer (TTL), held in 
Victoria, Canada. A small working group is 
currently developing plans on how to move 
this activity forward. The annual workshop 
of the SPARC Data Assimilation Working 
Group was held in Noordwijk, Nether-
lands. Finally, the first SOLARIS (SOLAR 
Influence for SPARC) workshop was held 
in Boulder, USA. This is a collaborative 
activity with the SCOSTEP CAWSES 
activity, and will feed into the CCMVal 
report as well as future WMO/UNEP and 
IPCC assessment activities.

International Polar Year (IPY) has now 
begun, and the SPARC-IPY activity — The 
Structure and Evolution of the Polar Strato-
sphere and Mesosphere and Links to the 
Troposphere during IPY — is thus official-
ly underway. Funding has been obtained 
through two Canadian agencies (NSERC, 
CFCAS) to support coordination of 
SPARC-IPY activities through the SPARC 
Office. The first SPARC-IPY workshop 
will be held in Toronto in conjunction with 
the next SPARC DAWG workshop during 
September 4-7, 2007.

SPARC could not function without the 
SPARC Office. Funding has now been 
secured from CFCAS to both enhance the 
current operations and ensure the funding 
of the SPARC Office in Toronto through 
2010. The semi-annual SPARC Newslet-
ters continues to provide timely and infor-
mative material; articles in the Newsletters 
have been cited 143 times in the Web of 
Science. Finally, planning for the fourth 
SPARC General Assembly, to be held in 
Bologna, Italy from September 1-5, 2008 
is now well underway.

The JSC commended SPARC for its focus 
on “bite sized” and “end-to-end” deliver-
ables, including its high-impact reports, for 
its forward-looking orientation, and for its 
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ability to bridge between the climate and 
weather prediction communities. It was 
noted that the evident willingness of the sci-
entific community to devote their own time 
and resources to SPARC was the surest sign 
of the value of its activities. While the role 
of SPARC in the Task Force on Seasonal 
Prediction was recognized, SPARC was 
encouraged to develop a stronger link to the 
WCRP cross-cutting activity on Monsoons 
and the Year of Tropical Convection.

Report on SPARC’s 
“Atmospheric Chemistry & Climate” 

(AC&C) initiative

AC&C is a cross-cutting initiative run by 
SPARC and IGAC (International Global 
Atmospheric Chemistry project) on behalf 
of WCRP and IGBP, respectively, whose 
goal is to improve the understanding and 
representation of chemical processes in 
climate. The report on AC&C to the JSC 
in Zanzibar had been prepared by A. R. 
Ravishankara from SPARC and by Phil 
Rasch and Sarah Doherty from IGAC, and 
was presented by Tom Peter.  AC&C was 
launched at the March 2006 JSC meet-
ing: a small workshop in Boulder, USA in 
August 2006 laid the groundwork for the 
basic structure and goals of the initia-
tive, and an open workshop in Geneva, 
Switzerland in January 2007 engaged 
the larger community and established an 
implementation plan for Phase I. AC&C 
will tackle problems at the interface of 
climate change, atmospheric chemistry, 
and air quality and health, and will also 
investigate “win-win” options and “win-
lose” consequences. AC&C’s premise is 
that a model emphasis will increase our 
ability to represent processes in an integra-
tive context and will provide the target for 
contributions by observations and theory. 
Details of AC&C including a timeline have 
been described by A. R. Ravishankara in 
SPARC Newsletter No. 27. AC&C will 
build on the existing CCMVal (stratospher-

ic chemistry) and AeroCom (tropospheric 
aerosols) activities, and develop a corre-
sponding activity in tropospheric gas-phase 
chemistry (tentatively called TropChem to 
be consistent with AC&C). The three activ-
ities will share resources and organization-
al structures, and link through cross-cutting 
research activities, each of which will have 
their own steering committee. The goal in 
Phase I is to coordinate the modelling ac-
tivities so as to be completed in time for the 
expected IPCC AR5.

The report on AC&C was unanimously re-
ceived with great interest and appreciation 
for the work done to date. It was acknowl-
edged by a number of JSC members that 
this was a very well designed initiative, 
of prime scientific interest, well suited for 
outreach, and optimally accommodated 
under the core projects SPARC and IGAC. 
Finally, AC&C was also acknowledged as 
a bridgehead between WCRP and IGBP 
which might gain particular importance 
in a potential common future of the two 
programmes.

The future of SPARC

SPARC was established in 1992 by WCRP 
because it was felt that the role of the 
stratosphere in climate was not receiving 
sufficient attention. From the very begin-
ning, it was argued that SPARC would 
come to an end when the stratosphere was 
regarded as an integral part of the climate 
system. While good progress has been 
made over the past 15 years in approach-
ing this goal, it is clear that stratospheric 
— and for that matter also upper tropo-
spheric! — research has not yet become 
“mainstream” within climate research. 
As described above, SPARC is presently 
proactively driving an exciting set of new 
directions which are at the leading edge of 
climate research, and which will change 
the nature of the field. We will have to see 
as the coming years unfold whether the 

traditional approach of SPARC continues 
to be optimal, or whether a different orien-
tation and focusing, e.g. in favour of one 
or more of the WCRP cross-cutting activi-
ties, is better suited to advancing SPARC 
science. With AC&C and its other activities 
SPARC is already now well prepared for 
such a development. But in the meantime, 
there is plenty of good work to be done!
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“Atmospheric Chemistry and Climate”:
A New IGBP-IGAC/WCRP-SPARC Initiative

S. Doherty, IGAC, USA (igac.seattle@noaa.gov)
A. R. Ravishankara, NOAA, USA (A.R.Ravishankara@noaa.gov)
P. Rasch, NCAR, USA (pjr@ucar.edu)

Background

A significant part of the current human-
induced climate forcing occurs through 
chemically active species. Changes in cli-
mate can lead to changes in the chemical 
composition of the atmosphere both by 
altering emissions and through changes in 
the chemical processes that occur in the 
atmosphere. The study of climate-chemis-
try interactions represents one of the most 
important and, at the same time, most diffi-
cult foci of global change research. Further, 
chemically active species are more ame-
nable to short term manipulations through 
changes in emissions and are therefore of 
major policy relevance. Changes in emis-
sions themselves can be brought on by cli-
mate trends or a change in climate variabili-
ty. These factors also feed into the emerging 
issue of the coupling of climate and air 
quality, from both scientific and policy per-
spectives. Provision of high-quality, poli-
cy-relevant information on the current state 
of climate and its possible future states, as 
well as options for mitigation / control / 
change / adaptation are strongly depen-
dent on the progress in studies in this area. 

In addition, at least two major assess-
ments – The World Meteorological Orga-
nization (WMO) Ozone Assessment and 
the Intergovernmental Panel on Climate 
Change (IPCC) climate change Assessment 
– would benefit by improved understand-
ing of chemistry-climate interactions; such 
improvements would help society through 
better information and policy.  Significant 
progress to this end has been made through 
SPARC’s Chemistry Climate Model Vali-
dation (CCMVal) effort, which has focused 
specifically on stratospheric chemistry-
climate models and has fed directly into the 
latest WMO/UNEP International Ozone 
Assessment.  Additional progress can be 
made by coupling this effort with studies 
using tropospheric chemistry-climate mod-
els and through coordinated studies with 
tropospheric chemistry-climate and aerosol 

models. The next IPCC assessment needs 
better information on emissions and abun-
dances to address not only global climate 
change attribution but also the needed re-
gional emphases for attribution and pre-
dictions.  Improvements to the representa-
tion of these species in chemistry-climate 
models will also allow for better represen-
tation of the climate system in global 
models.

Because of the importance of chemistry-
climate interactions, much work is already 
going on in this area. Modelling centers are 
rapidly expanding the scope of their model-
ling efforts (for example, to include biogeo-
chemical processes at the surface, chemical 
processes in the troposphere and middle 
atmosphere, and the impact of each of these 
on climate). Within IGAC, a project of 
IGBP, efforts to date have focused primar-
ily on constraining atmospheric chemistry 
components and processes through mea-
surement. Within WCRP’s SPARC project, 
the focus has been on modelling activities 
in the middle atmosphere with less empha-
sis on field experiments of chemistry and 
chemical processes and the troposphere.   
The steering groups of SPARC and IGAC 
and their parent organizations, WCRP and 
IGBP, believe that a synergy would result 
from a coordinated effort by the SPARC 
and IGAC communities that focuses spe-
cifically on the representation of chemis-
try-climate interactions in Earth System 
Models. This effort would both be informed 
by inputs from the observational com-
munity (in-situ and remote sensing) and 
would help inform decisions about how to 
optimize future measurement campaigns.

AC&C Goals

The “Atmospheric Chemistry and Climate 
Initiative” (AC&C) was endorsed in March 
2006 as a joint effort of WCRP and IGBP, 
with the SPARC and IGAC projects tasked 
to take the lead in its implementation. An 
initial scoping meeting for the Atmospheric 

Chemistry and Climate Initiative (Boulder, 
Colorado; August, 2006) laid the ground-
work for the basic structure and goals 
of the Initiative.  Using this as a starting 
point, a first set of AC&C activities, more 
specific goals, and a time-line were set at 
the 1st AC&C Workshop, which was held 
in January 2007 in Geneva, Switzerland.

AC&C will be implemented in phases, 
with the first phase planned to end in 
2009.  In Phase I, the primary focus will 
be on improving process representation in 
chemistry-climate models but the effort 
will also be useful for Earth system and 
regional/global air quality models.  The 
role of the AC&C project is coordination, 
in that it is not an independently funded 
effort.  The mission of AC&C is to help 
the scientific community to define a com-
mon set of scientific themes and facilitate 
their execution once defined.  Some of this 
coordination will involve defining new ac-
tivities. Other advances on aspects of this 
problem will be made by connecting to and 
influencing the direction of several existing 
activities linked to AC&C – e.g. the Chem-
istry-Climate Model Validation activity 
of SPARC (CCMVal), the global Aerosol 
model inter-Comparison (AeroCom), the 
European ACCENT project Model Inter-
comParison (ACCENT-MIP), and the Task 
Force on Hemispheric Transport of Atmo-
spheric Pollutants1  (TF HTAP).  CCMVal 
is a model inter-comparison and validation 
effort for stratospheric chemistry-climate 
models.  Under AeroCom, global tropo-
spheric aerosol models were compared and 
tested against satellite, lidar, and sun pho-
tometer measurements.  The ACCENT-MIP 
effort previously focused on coordinating 
and comparing IPCC scenarios, contrasting 
the climate between 2030 vs. 2000 across 

1The Task Force on Hemispheric Transport of 
Air Pollution is set up under the auspices of the 
Convention on Long-range Transboundary Air 
Pollution. More information is available on 
www.htap.org
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a suite of tropospheric chemistry-climate 
models, with an eye toward capturing 
how climate change might affect air qual-
ity (gas species only).  This effort has now 
been extended to encompass the activities 
of the TF HTAP.  The TF HTAP activities 
focus on understanding and quantifying 
Northern Hemispheric transport of gas-
eous and particulate air pollutants and their 
precursors from source to receptor region.  

For all of these activities and for the AC&C 
objectives in general, emissions charac-
terization (time-history, uncertainty, etc.) 
are of critical importance.  Therefore, the 
IGBP-AIMES Global Emission Inventory 
Activity (GEIA) and other emissions ac-
tivities will also be associated with AC&C.
 
AC&C activities involve:

• identifying a set of science questions 
around atmospheric chemistry and cli-
mate that require integration and synthe-
sis across the projects; 

• identifying atmospheric processes that are 
both important to addressing key science 
questions and yet which remain poorly 
understood; 

• identifying  a set of common diagnostics 
that can be used to address these uncer-
tainties;  

• coordinating the modelling and measure-
ment communities so that the measure-
ments can be used more effectively to con-
strain the models and so that models can 
be used to inform measurement planning;

• facilitating the development of improved 
representations for critical processes; and

• helping to define common model output 
and data conventions, file formats, and 
perhaps the establishment of data portals 
or data centres for model outputs and ob-
servations.

At the first workshop in Geneva, leaders 
from CCMVal, AeroCom, ACCENT-MIP, 
TF HTAP and GEIA were asked to give 
overviews of their project, with an empha-
sis on how the activity relates to the goals 
of AC&C and on how the AC&C initia-
tive might benefit that activity.  There were 
several resounding messages on this latter 
point:

Physical system interdependencies

The science within each project would 
benefit through cross-fertilization with re-
lated projects, given the inter-dependencies 

of the different components of the system 
– for example, the physical connections 
between the troposphere and stratosphere 
and between the aerosol and gas phases of 
atmospheric chemistry.  To date, there have 
been largely separate efforts addressing 
stratospheric chemistry, tropospheric gas 
phase chemistry, and tropospheric aero-
sols.  The science and models have recent-
ly become sufficiently advanced to address 
these “compartments” as a single system.

Emissions inventories

An overarching activity such as AC&C 
could be used to promote an expansion and 
a thorough evaluation of emissions inven-
tories.  Current emissions inventories are 
effectively a database, with little or no ac-
companying meta-data and little effort in 
assessing the characteristics of the invento-
ries for any given applications.  GEIA has 
a strong activity in assembling emission 
inventories relevant to atmospheric chem-
istry and climate. There are also efforts (e.g 
within the TF HTAP community) that focus 
on emissions for air quality research, and 
efforts from the socio-economic scenarios 
community to produce future emissions 
scenarios.  A systematic assessment of un-
certainties, harmonization of the emissions 
databases, and the addition of meta-data 
about how the inventory was derived, what 
applications are it useful for, etc., would 
be highly beneficial to this community 
and for the other communities, such as for 
model evaluation and for process-related 
field studies. Furthermore, by helping to 
define the criteria by which the modelling 
community judges these inventories we 
might influence the methodologies used 
to produce next generation inventories.

Common database and tools for 
model output

Within each of the existing projects 
(CCMVal, AeroCom, ACCENT-MIP, 
TF HTAP) a common data format has 
been established; however, the chosen 
data format differs between some of these 
projects.  It would be beneficial to have 
a common data centre (even if it were 
only a “virtual” link), a single formatting 
standard, a set of visualization tools that 
could be utilized across the whole com-
munity, and a single meta-database with 
information on the models themselves.

Observational/Laboratory data sets

First steps have been made within the ex-
isting projects to go beyond model inter-
comparisons, e.g. to model evaluation via 
comparison with observations/measure-
ments.  However, in many cases the com-
parisons help reveal which models might 
be in error but do not provide information 
on which model processes are causing the 
error.  In addition, the observations them-
selves might be biased, making results 
sometimes inconclusive.  Therefore a com-
prehensive comparison to multiple types 
of observations/measurements is needed, 
and these comparisons should be crafted 
wherever possible to reveal information 
about the performance of processes in 
models.  Barriers to achieving this include 
a lack of understanding within each com-
munity of what the other needs or can 
provide, and where to go for information; 
the lack of a centralized, standardized ob-
servational database that includes informa-
tion on data quality/uncertainties and other 
meta-data; difficulties around mis-matches 
in the scales (spatial and temporal) of mod-
el output versus measurements; and dif-
ferences in the model input and output pa-
rameters versus those physical parameters 
that are measured.  Under AC&C, some of 
these barriers could be overcome through 
coordination of the relevant communities.

Need for advanced planning and 
“legwork” to meet assessment demands

It was clear to the participants that ad-
vanced planning, preparation, and initia-
tion of activities help a better assessment 
and are essential for the science commu-
nity.  There is so little time between assess-
ments, and there is a serial nature to the 
sequence of events that lead to the assess-
ments, so that any planning and preparation 
is greatly helpful.  In some cases, chemistry 
model runs have to be done even as climate 
runs are carried out.   AC&C provides a 
pathway for the international scienctific 
community to carry out this early work.

Phase I Activities & Structure

The activities of AC&C will be pur-
sued under the organizational framework 
given in Figure 1.  This framework has 
been presented to the governing bodies 
of both IGBP and WCRP; they have both 
accepted and endorsed this approach. 
Two existing activities – CCMVal and 
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AeroCom – cover two of the areas of inter-
est under AC&C:  stratospheric chemistry 
and tropospheric aerosols.  A third area of 
interest, tropospheric gas phase chemistry, 
is covered only in part by other activities 
(e.g. ACCENT-MIP/TF HTAP).  Thus, a 
new group, dubbed “TropChem”, will act 
as a liaison to the gas-phase tropospheric 
chemistry/climate modelling community 
and will build on existing activities such as 
under TF HTAP and ACCENT-MIP.  These 
three groups will act as the Research Im-
plementation Bodies for AC&C activities.  
It should be emphasized that the activities 
of AC&C will comprise components of the 
science pursued by CCMVal and AeroCom 
and will require buy-in from these projects’ 
communities.  As discussed below, AC&C 
activities were selected with this in mind.

In Boulder, three thematic areas were de-
cided on for AC&C: the impacts of climate 
on atmospheric chemistry; the impact of at-
mospheric chemistry on climate; the impact 
of climate on air quality.  As AC&C is an 
unfunded activity, improvements in each of 
these areas will only be made through the 

efforts of independently funded research 
groups.  Thus, its success is contingent on 
buy-in from the scientific community and 
on being able to take advantage of already-
planned or existing activities/model runs.  
Given limited time and financial resources, 
not all aspects of these thematic areas can 
be addressed simultaneously.  Converse-
ly, activities under AC&C – which is by 
definition a coordination activity – should 
require the participation of three or more 
modelling groups and two or more of the 
Research Implementation Bodies.  Thus, 
discussions in Boulder and at the 1st AC&C 
Workshop focused on selecting a set of ac-
tivities based on scientific questions that:

• have a high scientific priority;
• are likely to be tractable; 
• are likely to be of interest to/addressed by  
a large number of research groups; 

• as a collection, address a breadth of tropo-
spheric and stratospheric processes criti-
cal to chemistry/climate interactions;

Additionally, the policy-relevance of 
AC&C is recognized.  In particular, ac-

tivities were chosen in consideration of the 
upcoming WMO Ozone Assessment and 
recognizing the likelihood of another IPCC 
assessment, with the desire for the activi-
ties of AC&C to inform these assessments.
Using the above criteria, four projects were 
selected in Geneva for pursuit under AC&C 
in Phase I of the project (nominally to end 
in 2009):

Activity 1: A 20-25 year hindcast of tropo-
spheric ozone and aerosols.
Activity 2: Defining what controls the distri-
bution of aerosols/gases in the atmosphere, 
initially focusing on distributions in the tro-
posphere between 5 km and the tropopause.
Activity 3: Better representation of cloud, 
aerosol, and chemical interactions.
Activity 4: Analyses of sensitivities and 
uncertainties in the future scenarios for cli-
mate models.

In addition, a Data Center Committee was 
formed to explore issues/options for hav-
ing a centralized data centre/tools under 
AC&C and an Emissions Harmonization 
Committee was formed to work with GEIA 
and HTAP to try and improve the utility of 
emissions databases for use by models. 

It was decided that there would not be a 
centralized effort to consolidate observa-
tional data sets as a general task of AC&C, 
as this is beyond the scope, capability, and 
resources of the initiative. Instead, obser-
vations and laboratory data will be utilized 
within each of the four AC&C activities as 
appropriate for validating and understand-
ing model processes and output and as a 
way of increasing our ability to represent 
processes in models. The observational and 
laboratory community will be engaged in 
each of the AC&C activities for this pur-
pose.

In Geneva, broad outlines were drawn up 
for each of the AC&C Activities, and draft 
steering committees were established.  
These committees are currently working 
on the details of how each activity will 
proceed.  Below, brief descriptions of each, 
as defined at the 1st AC&C Workshop, are 
given.

ACTIVITY 1: 
20 Year Hindcast Simulation

Five or more models would do a 20-25 year 
“hindcast” to address the questions:  
• Can we replicate the observed changes 

Figure 1

WCRP-SPARC/IGBP-IGAC
Atmospheric Chemistry & Climate Initiative

Research Implementation Bodies

CCMVal AEROCOM “TropChem”
(stratospheric

chemistry)
(tropospheric

aerosols)
(tropospheric gas-
phase chemistry)

TF HTAP

GEIA

Observational
Data

Cross-cutting
Activities

1) Emissions Harmonization
Committee
2) Data Centre Committee
3) AC&C Web page &
          “E-newsletter”

Unifying thematic areas
a) Compostion impacts on climate
b) Climate impacts on chemistry
c) Climate impacts on surface-level
              ozone & aerosols
                  (”air quality”)

AC&C Research Activities
1) 20-year hincast for tropospheric gases/aerosols
2) What controls the distribution of tropospheric
aerosols/gases? (Step 1: Focus on 5 km to 
tropospause distribution)
3) Cloud/aerosol/chemical interactions
       4) Future scenarios: sensitivities and 
                             uncertainties
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in chemical composition over the past 20 
years?

• Can we understand what processes have 
acted to change the tropospheric chemis-
try of the atmosphere, particularly ozone 
and aerosols?

 
Model results would be compared with each 
other and with available observations to as-
sess where uncertainties lie.  The 20 year 
run would be designed to incorporate spe-
cial “focus” or “snapshot” periods; e.g. El 
Nino vs. La Nina years, periods when field 
campaign data are available for ground-
truthing, etc.  To the best degree possible, 
everyone would run with the same anthro-
pogenic emissions. Diagnostics would be 
designed to reveal information on model 
processes. Such an experiment can be based 
on experiences gained from the European 
RETRO project, in which 3 global models 
have simulated the period 1960-2000 and 
investigated changes in tropospheric ozone 
and its precursors.

ACTIVITY 2: 
What controls the distribution of 

aerosols/gases in the troposphere? 

Step #1: Investigate what controls the distri-
bution between 5 km and the tropopause.
> This activity would contribute to the next 
WMO Ozone Assessment
The upper troposphere was chosen as an 
area of interest because a) the processes 
that control trace constituents in this re-
gion differ from model to model, and this 
results in dramatic differences in the distri-
butions themselves from model to model; 
b) species in this altitude range (e.g. ozone, 
dust, black carbon) can have a significant 
radiative impact and may affect other com-
ponents of the climate system (like cirrus 
clouds); c) the processes that control the 
distribution of species in this altitude range 
(e.g. vertical lofting; wet deposition; cloud 
processing) also control the long-range 
transport of these species; and d) the dis-

tribution of species in this region depends 
on and influences processes in the upper 
troposphere/lower stratosphere.  

ACTIVITY 3: 
Cloud, Aerosol, Chemical Interactions

This activity will address the question: 
How well can we characterise warm 
cloud / aerosol interactions in global mod-
els, with a specific focus on the interac-
tions with gas chemistry photochemistry?  
It will explore the impact of aerosols on 
atmospheric chemistry through their modi-
fication on clouds. This would be done em-
ploying a paradigm of controlling iterative 
sets of parameters (cloud droplet number, 
etc.) during model runs, slowly adding in 
links to aerosols and investigating the im-
pacts on chemistry in clouds.  

ACTIVITY 4: 
Future scenarios: 

Sensitivities & Uncertainties

> This activity would contribute to the next 
IPCC Assessment
The goal here would be specifically to have 
a better representation of aerosol and chem-
istry in the next IPCC Assessment Report 
5 (AR5; should there be one).  This group 
could define the pre-industrial to present 
to future scenarios, based on emissions 
that are consistent with other AR5 runs (to 
the best degree possible). By running mul-
tiple models with constrained emissions, it 
would be possible to define a “best guess” 
and uncertainties. The model runs would 
further be designed to explore sensitivities 
to model processes.

If you are interested in participating in 
one of the AC&C activities or have other 
input, please contact Sarah Doherty of 
the IGAC Seattle Core Project Office 
(igac.seattle@noaa.gov) or go to the 
website at  http://www.igac.noaa.gov/
ACandC.php.

Boulder AC&C Initial Planning Meeting 
Attendees:
Mary Barth (NCAR-ACD), Guy Brasseur 
(NCAR-ACD), William Collins (U.K. Met 
Office), Sarah Doherty, (IGAC Core Project 
Office), Anne Douglass (NASA Goddard), 
Veronika Eyring (DLR), Andrew Gettel-
man (NCAR-ACD), Claire Granier (Service 
d’Aeronomie CNRS), Didier Hauglustaine 
(LSCE, CEA-CNRS), Peter Hess (NCAR-
ACD), Kathy Hibbard (AIMES Core Proj-
ect Office), Larry Horowitz (NOAA-GFDL), 
Ivar Isaksen (Univ. Oslo), Jean Francois 
(J.F.) Lamarque, (NCAR-ACD), Phil Rasch 
(NCAR-ACD & IGAC co-chair), A. R. 
Ravishankara, (NOAA-ESRL & SPARC 
co-chair), Michael Schulz (LSCE, CEA-
CNRS-IPSL), Ted Shepherd (University of 
Toronto), Drew Shindell (NASA-Goddard)

1st AC&C Workshop Attendees:
Yves Balkanski, Gufran Beig, Isabelle Bey, 
Bill Brune, Philip Cameron-Smith, Mian 
Chin, Martyn Chipperfield, Bill Collins, 
Frank Dentener , Sarah Doherty, Veroni-
ka Eyring, Arlene Fiore, Savitri Garavait, 
Claire Granier, Volker Grewe, Ann Hender-
son-Sellers, Peter Hess, Hans-Werner Jaco-
bi, Terry Keating, Jean Francois Lamarque, 
Kathy Law, Mark Lawrence, Hong Liao, 
Jennifer Logan, Tatsuya Nagashima, Tha-
nos Nenes, David Parrish, Vincent-Henri 
Peuch, Joyce Penner, David Plummer, Mi-
chael Prather, Phil Rasch, Sebastian Rast, 
A. R. Ravishankara, Andreas Richter, Jose 
Rodriguez, Vladimir Ryabinin, Martin 
Schultz, Drew Shindell, David Stevenson, 
Kengo Sudo, Christiane Textor, Michiel 
van Weele, Oliver Wild, André Zuber.
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The SPARC DynVar Project: A SPARC Project on the 
Dynamics and Variability of the 

Coupled Stratosphere-Troposphere System

P. J. Kushner, University of  Toronto, Canada (paul.kushner@utoronto.ca)
J. Austin, NOAA GFDL, USA (John.Austin@noaa.gov)
M. P. Baldwin, NWRA, USA (mark@nwra.com)
N. Butchart, UK Met Office, UK (neal.butchart@metoffice.gov.uk)
M. A. Giorgetta, MPI for Meteorology, Germany (marco.giorgetta@zmaw.de)
P. H. Haynes, DAMTP, University of  Cambridge, UK (P.H.Haynes@damtp.cam.ac.uk)
E. Manzini, CMCC/INGV, Italy (manzini@bo.ingv.it)
N. A. McFarlane, SPARC IPO, Canada (norm.mcfarlane@ec.gc.ca)
A. O’Neill, University of  Reading, UK (alan@met.reading.ac.uk)
J. Perlwitz, University of  Colorado, USA (judith.perlwitz@noaa.gov)
L. M. Polvani, APAM and EESC, Columbia University, USA (lmp@columbia.edu)
W. A. Robinson, NSF, USA (robinson@atmos.uiuc.edu)
F. Sassi, NCAR, USA (sassi@ucar.edu)
J. F. Scinocca, CCCma, Canada (john.scinocca@ec.gc.ca)
T. G. Shepherd, University of  Toronto, Canada (tgs@atmosp.physics.utoronto.ca)

Introduction

In light of the growing need to understand 
the global climate system and its future 
evolution, stratospheric science requires 
a renewed and sustained research focus. 
Although we have known for some time 
that the tropospheric circulation influences 
the stratosphere, we have more recently 
learned that the stratosphere can in turn in-
fluence the tropospheric circulation all the 
way to the surface. This two-way strato-
sphere-troposphere coupling implies that 
the stratosphere can significantly influence 
the global climate system and the pattern 
and magnitude of global climate change. 
The problem of stratospheric ozone deple-
tion has already demonstrated how human 
activity can affect a critical component of 
the global climate system, how a systematic 
international research effort is required to 
understand and solve a global environmen-
tal problem, how this research needs to be 
communicated to society, and how ongoing 
scientific assessment is essential to evaluate 
the effectiveness of solutions to the prob-
lem. All this makes clear that the strato-
sphere is an integral part of the climate-
change problem and will continue to be a 
crucial component of research on climate 
change science, impacts, and mitigation.

The two-way coupling we have referred 
to involves dynamical links between 
the stratospheric circulation and the tro-

pospheric circulation. The troposphere 
affects the stratosphere principally through 
upward propagating atmospheric waves 
that originate in the troposphere. Until re-
cently it was widely thought that the story 
ended there, i.e. that the stratosphere had 
little influence on the troposphere. One 
consequence of this line of thought is that 
the current generation of global general 
circulation models (GCMs) typically rep-
resent the stratosphere relatively poorly. 
But several recent lines of research sug-
gest that the stratosphere can in fact sig-
nificantly influence the tropospheric cir-
culation. The seminal modelling studies of 
Boville (1984) and Boville and Cheng 
(1988) demonstrated that degrading strato-
spheric representation can degrade the sim-
ulation of tropospheric stationary waves 
and transient eddies. Further observational 
work has developed the view that strato-
spheric influence involves eddy mean-flow 
interactions that act on intra-seasonal time 
scales (Kuroda and Kodera, 1999; Baldwin 
and Dunkerton, 2001).  The cumulative ef-
fect of the intra-seasonal time scale coupling 
leads to a sensitivity of the tropospheric 
circulation response to stratospheric pro-
cesses in both the greenhouse-warming and 
the ozone-depletion problems (Shindell et 
al., 1999; Thompson and Solomon, 2002; 
Gillett and Thompson, 2003). From the cit-
ed studies, and many others, we conclude 
that improvements to stratospheric repre-
sentation in models might lead to improve-

ments in seasonal and climate time scale 
prediction, and ultimately to improvements 
in the scientific understanding of climate. 
Characterising and quantifying this kind 
of stratospheric influence on the tropo-
sphere, and ultimately on the global climate 
system, is a key part of the WCRP SPARC 
programme.

The goal of this Dynamics and Variability 
Project for SPARC (which we will refer to by 
the abbreviation “DynVar”) is to approach 
the question of the dynamical influence of 
the stratosphere on the troposphere in a sys-
tematic way. The principal tools for this ef-
fort will be atmospheric general circulation 
models (AGCMs) with good stratospheric 
representation. A novel aspect of DynVar is 
that we will include ocean models coupled 
to these AGCMs to investigate in a more 
realistic setting the two-way troposphere-
stratosphere coupling. In addition, DynVar 
will include a significant component de-
voted to the use of simplified models and 
more theoretical approaches to build our 
understanding of stratosphere-troposphere 
coupling. Here, we outline a modelling and 
analysis project intended to take place over 
a period of five years or longer. Previous 
successful SPARC projects have built col-
laborative groups around pragmatic and fo-
cused plans. With this history in mind, we 
will propose activities (GCM simulations 
and diagnostic analyses) that will mesh 
well with ongoing international projects 
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and with current activities at the modelling 
centres that are participating in DynVar.

Project Goals

Our long-term goal is to determine the 
dependence of the mean climate, climate 
variability, and climate sensitivity on the 
stratospheric general circulation as rep-
resented in AGCMs. We present a repre-
sentative list of thematic and more spe-
cific research questions of interest to us:

1. How does the stratosphere (more spe-
cifically, the stratospheric general circula-
tion as represented in climate models) af-
fect the tropospheric general circulation?
• To what extent, and in what way, does 

a poor representation of the stratosphere 
degrade the simulation of tropospheric 
circulation in GCMs? 

• What are the consequences of the “fixes” 
tropospheric modellers need to make 
(e.g. roof/Rayleigh drag) to obtain a 
reasonable tropospheric climate in their 
atmospheric GCMs (AGCMs)?  To what 
extent are the model stratospheres sen-
sitive to their treatment of  unresolved 
(e.g. gravity) waves and other dissipa-
tive processes, and how does this affect 
the tropospheric simulation?

• How would stratospheric influences on 
the troposphere affect the simulation of 
the coupled ocean-atmosphere system?

2. How does the stratosphere influence 
climate variability on all time scales?
• How well do models capture the in-

tra-seasonal vertical coupling between 
stratosphere and troposphere in the ex-
tra-tropics? Does this coupling influence 
lower tropospheric variability and the 
variability of the ocean/sea-ice system?

• Does the stratosphere influence the tro-
pospheric tropical and extra-tropical re-
sponse to ENSO?

• What are the implications of stratosphere-
troposphere coupling for long-range pre-
dictions of weather and for forecasts of 
circulation anomalies on seasonal time 
scales?

• How does the quasi-biennial oscillation 
(QBO) affect tropospheric climate?

• How do 11-year solar cycle variations 
affect tropospheric climate? (In col-
laboration with SPARC SOLARIS.)

3. How does the stratosphere influence 
climate change?
• Do models predict in a consistent man-

ner how stratospheric climate change 
will affect the tropospheric circulation 
and the coupled ocean-atmosphere sys-
tem?

• How is the circulation response to cli-
mate forcing related to the stratosphere-
controlled aspects of climate variability 
raised in the previous set of questions? 
For example, do stratosphere-tropo-
sphere interactions help explain dynami-
cally the downward influence of South-
ern-Hemisphere ozone depletion on the 
tropospheric circulation? And are strato-
spheric dynamical processes required to 
explain tropospheric circulation trends 
over the 20th century?

To address these and related questions, 
we propose to focus this group’s efforts 
on the analysis of AGCMs with a good 
representation of the stratosphere. A high-
quality stratospheric component includes 
enhanced vertical resolution and a higher 
model lid than found in standard climate 
model simulations, and appropriately 
configured radiative transfer modules and 
subgrid scale parameterizations, etc. We 
call these models “high-top”, as opposed 
to standard “low-top” (Boville and Cheng, 
1988) climate models with a relatively poor 
representation of the stratosphere. We de-
scribe a set of requirements for the high-top 
models later in the section entitled “AGCM 
Requirements” below.

Within the set of stratosphere-resolving 
AGCMs, we also propose to focus on high-
top AGCMs with prescribed radiatively 
active gases, as opposed to stratosphere-re-
solving coupled chemistry models (CCMs). 
The interactive chemistry modules in 
CCMs increase the computational cost of 
the models, which constrains the length, 
resolution, and number of ensemble real-
izations of the simulations that some groups 
might commit to. But we will of course not 
exclude those groups who wish to only run 
their models with interactive chemistry, 
provided their models satisfy the minimum 
requirements as outlined in the section 
entitled “AGCM Requirements” below.

As well as addressing our research ques-
tions, DynVar is meant to help inform and 
guide the introduction of stratospheric 
components into comprehensive Earth 
System Models as these are developed. 
The high-top/low-top comparison should 
help us determine to what extent a resolved
stratosphere is important for climate-change 

simulations for future international climate 
assessments such as the IPCC assessments.

We plan to set up DynVar as an intercom-
parison activity, with a balanced effort on 
simulation design and analysis tasks. For-
tunately, several members of our group 
have extensive experience in this kind of 
effort through the SPARC GRIPS, SPARC 
CCMVal, and CLIVAR “Climate of the 
20th Century” (C20C) projects, as well as 
through the WMO ozone assessments and 
the IPCC climate assessments. We will take 
advantage of existing CCM simulations 
and AGCM simulations from the ongoing 
CCMVal and C20C projects (see the section 
entitled “Connections to Other Projects”).

Beyond performing and analysing simula-
tions with  comprehensive GCMs, DynVar 
will also have an important component that 
focuses on developing a dynamical under-
standing of stratospheric influence. This 
component will use simplified AGCMs and 
theoretical approaches to provide a dynami-
cal perspective on the results of the compre-
hensive models. It is hoped that this compo-
nent will strengthen the interactions between 
the modelling and theoretical approaches.

Project Organization 

Paul Kushner is the SPARC DynVar proj-
ect coordinator, and the co-authors of this 
newsletter form the project’s organizing 
group. DynVar is divided into four general 
themes, or “Analysis Areas”, under which 
specific research studies (“subprojects”) 
will be placed. Each analysis area has a 
coordinator who will act as a contact point 
for participants, help organize model out-
put release requests, organize workshop 
sessions, take the lead on summary reports, 
etc.  The four analysis areas, which will be 
described more fully in the next section,  are

A. “DynVar Top” (Coordinators: F. Sassi 
and M. Giorgetta)

B. “DynVar Intraseasonal” (Coordinator: 
   J. Perlwitz)
C. “DynVar Climate Change” (Coordina-

tor: E. Manzini)
D. “DynVar Ideal” (Coordinator: 
   L. Polvani)

Table 1 lists researchers who, in addition 
to the organizing group, have expressed 
interest in participating in DynVar. The 
project’s membership is open; if you are 
interested in participating, please contact 
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It is understood that some participants will 
wish to use the DynVar Project simulations 
to support their work in other international 
projects (e.g. SPARC CCMVal, SPARC 
SOLARIS, CLIVAR C20C, or one of the 
IPCC AR4 assessment subprojects); in this 
case it will not be necessary for partici-
pants to define a new subproject specific to 
DynVar, but merely to make a clear link to 
the other project. It is also understood that 
DynVar participants who wish to study sim-
ilar topics independently will not be expect-
ed to collaborate with each other, but will 
be expected to communicate with each oth-
er through the Analysis Area coordinators.

Keys to success of DynVar include en-
suring that the effort be open, transparent 
and not too burdensome for participating 
modelling groups; that the simulations 
be carefully planned and the right model 
output saved; and that the analyses be 
straightforward and reproducible so that 
they can be repeated as new simulations 
become available. Fortunately, our efforts 

will be made simpler by following the lead of two other suc-
cessful WCRP projects: SPARC CCMVal and CLIVAR C20C.

DynVar Analysis Areas

We will now describe in more detail the Analysis Areas, which 
are mainly meant to break DynVar into manageable pieces. We 
will work with DynVar participants to identify the appropriate 
Analysis Area for their specific subprojects, but we recognize 
that typical subprojects will have elements that belong to more 
than one area.

Analysis Area A: “DynVar Top” (Coordinators: F. Sassi and 
M. Giorgetta)
Analysis Area A addresses the influence of the stratosphere on 
the tropospheric circulation, on the ocean circulation via air-
sea interactions, and on the cryosphere (in particular the sea 
ice field). Subprojects in this theme will compare high-top and 
low-top climate models run with a variety of degrees of inter-
action with the ocean, from prescribed sea-surface temperature 
(SST) models to models with a dynamical ocean component.

Analysis Area A subprojects that have been proposed to date 
include:  an analysis of the influence of enhanced stratospheric 
representation on the mean circulation, ENSO teleconnections, 
and low-frequency variability in the troposphere; a study of 
stratospheric influences on the stationary wave field; a study 
on the role of planetary wave reflection in determining tropo-
spheric wave structure; and a study on the importance of mo-
mentum-conservation constraints in gravity wave drag param-
eterizations on the coupled stratosphere-troposphere system.

Analysis Area B: “DynVar Intraseasonal” (Coordinator: J. Perlwitz)
Analysis Area B addresses issues of stratosphere-troposphere coupling on intra-seasonal 
time scales (time scales of 10–100 days). This theme will focus on high-top simula-
tions of stratospheric sudden warmings, annular mode propagation signals, strato-
sphere-troposphere interactions forced from the surface, and so on. The emphasis 
will be on dynamical analysis of the stratosphere-troposphere interactions present in 
these models and on the implications for the practical problem of seasonal prediction.

Analysis Area B subprojects that have been proposed to date include diagnosis of strato-
spheric sudden warmings and their tropospheric signatures, analysis of the transient re-
sponse to snow forcing, and a study of the coupling between the North Atlantic Oscilla-
tion and the lower stratospheric circulation.

Analysis Area C: “DynVar Climate Change” (Coordinator: E. Manzini)
Analysis Area C addresses the role of the stratosphere in controlling the tropospheric circu-
lation response to climate change, and the implications of this for oceanic and cryospheric 
climate change responses. Our experience to date has shown that the stratosphere will have 
a relatively small direct influence on global climate sensitivity (measured formally in terms 
of the equilibrated response to doubled CO

2
); instead, the stratospheric influences here 

will involve links between radiative forcing and the stratosphere-troposphere circulation.

Analysis Area C subprojects that have been proposed to date include studies of the strato-
spheric influence on Southern Hemisphere annular mode responses to climate forcing and 
on sea-ice responses to climate change.

Analysis Area D: “DynVar Ideal” (Coordinator: L. Polvani)
Analysis Area D is the component of SPARC DynVar mentioned above that uses simpli-
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fied models and more theoretical approach-
es to improve the dynamical understanding 
of stratospheric influences. Analysis Areas 
A–C focus on specific physical phenom-
ena such as the mean stratosphere-tropo-
sphere climate, intra-seasonal variability, 
and climate change responses in the com-
prehensive AGCM simulations that are 
the main focus of SPARC DynVar. Analy-
sis Area D, on the other hand, will focus 
on using complimentary methodologies 
to elucidate the results of the comprehen-
sive AGCMs. We will encourage Analysis 
Area D participants to develop research 
subprojects that aim to explain and charac-
terise the robustness of the comprehensive 
model results from Analysis Areas A–C.

Analysis Area D subprojects that have 
been proposed to date include studies of 
stratospheric control on the time scales of 
tropospheric variability, of surface-forced 
stratosphere-troposphere interactions, and 
of principal modes of variability of the po-
tential vorticity distribution in the strato-
sphere and troposphere.

Having identified general research themes, 
we now describe the primary model data 
sets that, contingent on broad participation 
from the modelling community, will form 
the core resource for this activity.  We first 
describe a set of minimum requirements 
that models should satisfy to represent the 
stratosphere-troposphere circulation accu-
rately and in a statistically robust way.  We 
then outline our current proposal for a se-
quence of simulations designed to address 
our research questions and themes.

AGCM Requirements

Model resolution and configuration:  It 
is important that the high-top models in-
volved in this effort be of sufficient reso-
lution to capture the important dynamics 
of the large-scale stratosphere-troposphere 
circulation, particularly in the extra-trop-
ics. At a minimum, these models should 
be able to resolve baroclinic eddies in the 
troposphere, Rossby-wave breaking in the 
stratospheric surf zone, and the vertical 
structure of extra-tropical planetary-scale 
waves propagating from the troposphere 
to the stratosphere, and stratospheric sud-
den warming events. Thus the “high-top” 
models in the DynVar Project should be 
AGCMs that solve the primitive equations 
or the non-hydrostatic equations on the 
sphere, with a horizontal resolution that 

corresponds to at least T42 (3 to 4 degree 
resolution), and a vertical resolution of at 
least 35 levels, with the model lid and the 
model sponge layer located above the stra-
topause, which is located at approximately 
1 hPa. Given the relatively low horizon-
tal resolutions considered, the high-top 
models should also include parameter-
izations of the gravity wave influence on 
the large scale atmospheric circulation.

In setting these requirements, we have 
attempted to weigh the need to realisti-
cally represent some of the most impor-
tant stratosphere-troposphere interac-
tions against the need to encourage broad 
participation from modelling groups in 
DynVar.  We recognize that if only these 
minimum requirements are met, some as-
pects of stratospheric dynamics and strato-
spheric influence on the troposphere, for 
example those that need a realistic simula-
tion of the response to solar forcing or of the 
vertical structure of planetary-scale tropi-
cal waves, might not be well represented.

Some DynVar participants plan to de-
velop methods to systematically transi-
tion from low- to high-top AGCMs as a 
means of introducing stratospheric pro-
cesses in a controlled manner. This is a 
potentially valuable approach but will 
not be required for interested groups to 
participate in the low-top/high-top com-
parison. For the low-top models, the 
main requirement will be that the models 
have at least T42 horizontal resolution.

Finally, we note that some DynVar partici-
pants are planning to investigate the role 
of the QBO in tropospheric climate but for 
the time being QBO representation has not 
entered into our minimum requirements.

Length of simulations (statistical sam-
pling): In some important regions of the 
stratosphere, particularly in the Northern 
Hemisphere polar stratosphere, the signal-
to-noise ratio of the stratospheric response 
to climate change is expected to be small 
(e.g. Butchart et al. 2000, Fomichev et al. 
2007). The signals of stratospheric influ-
ence on the tropospheric response to cli-
mate might consequently be expected to be 
even more subtle. Thus, we will need to aim 
for multiple realizations of multi-decadal 
simulations to ensure meaningful statistical 
sampling. This requirement will need to be 
balanced against those of spatial resolution. 
Factoring in the need for multi-decadal 

simulations and multiple realizations, the 
simulations listed below will require at a 
minimum 50 years of simulation time and 
often 100 or more years of simulation time. 

Boundary and radiative forcings: We will 
try to implement the boundary and radia-
tive forcings used in the models in as con-
sistent a manner as possible. In this effort 
we will follow the lead of the CCMVal 
and C20C projects, which have striven for 
consistency without placing undue bur-
dens on participating modelling centres.

Proposed Simulations 

We propose a sequence of simulations 
that will help elucidate the effects of 
stratospheric representation in the ab-
sence of coupling to the ocean (AGCM 
+ prescribed SSTs, Simulation Set A), in 
the presence of thermal coupling to the 
ocean (AGCM + slab mixed-layer ocean, 
Simulation Set B), and in the presence of 
full dynamical coupling to the ocean cir-
culation (AGCM coupled to ocean gen-
eral circulation model, Simulation Set C).

Set A: “C20C Simulations” -- AGCM sim-
ulation with historical SSTs and forcings

The ongoing CLIVAR C20C project 
(http://www.iges.org/c20c/) is studying 
climate variations over the past 130 years 
using AGCMs forced with prescribed SSTs 
and observed radiative forcing. Some mod-
elling groups are already running high-
top versions of the C20C simulations. We 
propose that the SPARC DynVar Project 
should play a prominent role in examin-
ing stratospheric influences for the C20C 
project, and will encourage participating 
stratospheric modelling groups to run their 
own C20C simulations. We also propose 
that the C20C setup should represent the 
“workhorse” simulation that represents the 
initial primary focus of the group.

We propose to compare low-top and high-
top versions of the focus period of the C20C 
simulations that begins in the late 1940’s. 
These simulations will be used to answer 
many of our research questions related to 
Analysis Areas A and B. For example, they 
will help determine the direct influence of 
representation of the stratosphere on the sim-
ulated climate and climate variability. They 
will also afford us the opportunity to exam-
ine the causes of biases in the stratospheric 
simulation throughout the suite of partici-
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pating models, which may well affect the 
character of the stratosphere-troposphere 
coupling. Trends that are present in the 
C20C simulations will begin to address the 
climate change questions of Analysis Area 
C. It is hoped that at least three realizations 
of each simulation will be carried out. This 
will require roughly 150 simulation years 
for each of the high- and low-top models.

It should be stated that many groups are not 
prepared to run with the comprehensive list 
of forcings specified by the C20C. (The 
forcing prescriptions for the C20C project 
are available online at http://www.iges.
org/c20c/c20c_forcing/home.html and in-
clude prescriptions for sea-surface temper-
atures, sea ice, stratospheric volcanic aero-
sols, carbon dioxide, and ozone.) This will 
not be a barrier to participation, as long as 
whatever forcings are used are implement-
ed consistently and are well documented.

Set B: Coupled AGCM/slab mixed-layer 
ocean model simulations

We have raised a variety of issues related to 
the influence of the stratosphere on the cou-
pled atmosphere-ocean-cryosphere system. 
We propose to separately investigate this 
question using configurations in which an 
AGCM is coupled to a mixed-layer ocean 
model (Simulation Set B) and in which an 
AGCM is coupled to a dynamical ocean 
model (Simulation Set C). At this point, 
some groups are focusing their efforts on 
the mixed layer ocean model approach and 
others on the dynamical ocean model ap-
proach. It is hoped that SPARC DynVar will 
stimulate groups to pursue both approaches.

For Simulation Set B, participating groups 
will be asked to run low-top and high-top 
versions of their coupled models out to 
equilibrium, which typically takes 50–100 
years. Simulations with radiative forcing 
components representing present day or 
preindustrial atmospheric composition will 
be used to address issues related to Analy-
sis Areas A and B. To investigate Analysis 
Area C, the response to climate change, we 
propose to use similar simulations in which 
CO

2
 is doubled.

Set C: Coupled AGCM/dynamical ocean 
model simulations

Finally, we propose to examine the influ-
ence of coupling to a dynamical ocean 
model, building on the Set A and Set B sim-

ulations. Several groups are now putting 
together stratosphere-resolving coupled 
ocean atmosphere models, and it is hoped 
that this project will allow these models to 
be analysed in a coordinated way.

Similarly to the simulations described 
above, we will encourage modelling 
groups to contribute model output from 
high- and low-top versions of their coupled 
ocean atmosphere models as these are de-
veloped. As they come online, we will 
take advantage of available control simu-
lations with time-independent forcing to 
address various issues in Analysis Areas A 
and B, and climate-change simulations to 
address Analysis Area C. Proposals being 
discussed at this point for climate change 
simulations include using the forcing sce-
narios from the IPCC AR4, or using the 
simpler 1%/year CO

2
 increase forcing 

from the Coupled Model Intercomparison 
Project 2 (CMIP2, see http://www-pcmdi.
llnl.gov/projects/cmip/index.php).

Connections to Other Projects

Connections to the SPARC CCMVal Proj-
ect (Liason: V. Eyring): A key focus for 
CCMVal is the evaluation of processes that 
determine the basic dynamical state of the 
stratosphere in the underlying GCMs on 
which the CCMs are based and the response 
of the stratospheric Brewer Dobson circu-
lation (BDC) to climate change. There is a 
natural overlap here with DynVar because 
planetary-scale wave and gravity wave 
forcing drive much of the BDC overturning.  
CCMVal is already well established; ongo-
ing diagnostic efforts with existing multi-
CCM simulations will certainly help clear-
ly define and begin to answer many of the 
questions we have raised. In turn, DynVar 
will support CCMVal with studies to under-
stand statistical uncertainties and to identify 
robust diagnostics. Thus, the two projects 
have several points of contact and we can 
expect mutual benefits for both projects.

Connections to the SPARC SOLARIS Proj-
ect (Liasons: L. Gray and K. Kodera): 
The aims of SOLARIS are very specific to 
understanding the influence of solar vari-
ability on both the stratosphere and the tro-
posphere, compared to the aims of DynVar 
which are much broader.  Nevertheless, 
several of the possible mechanisms for so-
lar influence on the troposphere are identi-
cal to those studied in DynVar, so there will 
be significant potential collaborations, both 

in terms of simulations and diagnostics.

Connections to the CLIVAR C20C Project 
(Liason: A. Scaife): C20C has involved 
the use of both ocean-forced AGCMs and 
observed data, to study climate variations 
and changes over the last 130 years, in par-
ticular the period since the late 1940’s. The 
analysis subprojects comprising this ef-
fort provide an observationally based test-
ing ground for GCMs and Earth Systems 
Models as they evolve. The standard Set 
A C20C historical-forcing simulations are 
carried out fairly routinely at some cen-
tres and can provide data that addresses 
several of our research questions. Several 
modelling groups, some of whom are al-
ready participating in C20C, are planning 
to improve stratospheric representation or 
have done so already. Overall the goals 
and plans of the C20C project mesh well 
in several respects with those of DynVar.

Conclusion

Many aspects of the SPARC DynVar Proj-
ect are still in the planning stage. We are 
at this point identifying interested partici-
pants and their subprojects, and identify-
ing modelling groups that are prepared to 
contribute model output to DynVar. We 
will next proceed to work with the model-
ling groups on issues of simulation design 
and will establish a method of data distri-
bution. Discussion and details of DynVar 
will take place via email and the website 
being built at www.sparcdynvar.org. We 
will provide updates on the project’s prog-
ress at the CCMVal meeting in June 2007, 
at the SPARC SSG meeting in September 
2007, and through brief SPARC Newsletter 
contributions. We plan to report scientific 
progress on DynVar at the Chapman Con-
ference on stratosphere-troposphere cou-
pling in September 2007 and at the SPARC 
General Assembly in 2008, and plan to or-
ganize focus workshops in the coming year.

In their 1988 study, Boville and Cheng 
remarked that the “vertical truncation in 
current GCMs appears to be based pri-
marily on related justifications which are 
of purely practical origin.” The situation 
remains much the same today, as does the 
onus on stratospheric scientists to demon-
strate to the broader climate community 
that improved stratospheric representa-
tion will improve Earth System Models 
and will modify the simulated response 
to climate change. Our sense is that im-
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proving stratospheric representation is a 
tractable task and one that might provide 
valuable benefits to Earth System Mod-
els at a reasonable and predictable cost.
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Introduction/Goal

SPARC has, since its inception, tried 
to stimulate research into the dynam-
ics, transport and chemistry in the 
Upper Troposphere/Lower Stratosphere  
(UTLS) region. One success has been 
the organization of several multidisci-
plinary workshops on this topic, starting 
with the influential Cambridge work-
shop in 1993 that resulted in the seminal 
review by Holton et al. (1995).  Given the 
present SPARC emphases of dynami-
cal coupling, detection and attribu-
tion, and chemistry-climate modelling, 
it is appropriate now to examine what 
SPARC activities promoting the science 
of the UTLS might be most useful.  The 
intention of this paper is to stimulate 
discussion about what directions might 
be most useful, and encourage inter-
ested scientists to join that discussion.

This article is not intended as a compre-
hensive review of tropopause science or 
literature (and, for example, many key 
papers have no doubt been left out of 
the reference list). Our goal is to identify 
key science questions and gaps in under-
standing. We have taken account of pre-
viously published reviews on this topic, 

plus recent developments, including the 
output of recent workshops (most spon-
sored in part by SPARC). We have also 
received useful input from several scien-
tific colleagues, many of whom have been 
involved in planning these workshops. 

The UTLS region, or equivalently, the tro-
popause region, has been identified as be-
ing of key importance  for chemistry and 
climate. The Tropical Tropopause Layer 
(TTL), sets the chemical boundary condi-
tions for the stratosphere. The radiative 
balance of the TTL, including clouds, 
is important for the global energy bal-
ance. The extra-tropical tropopause layer 
(ExTL) or extra-tropical UTLS, regulates 
the ozone budget of the extra-tropical 
UTLS with potential important impacts on 
chemistry down to the surface. Dynami-
cal coupling between the troposphere and 
stratosphere may be modulated in an im-
portant fashion by the tropopause region, 
and this will affect stratospheric dynamics 
and polar ozone chemistry, as well as sur-
face climate, particularly at high latitudes 
where dynamical forcing is strong. Whilst 
most of the above statements are widely 
accepted, few of them can be made with 
absolute certainty and fewer still can be 
made quantitatively precise. Furthermore, 

it is unclear what horizontal and verti-
cal resolutions, or what representations of 
small-scale processes are required for these 
effects to be captured correctly in global 
climate or chemistry-climate models. Thus, 
there is a lot of work remaining to be done.

This is an exciting time for tropopause re-
search. We have unprecedented satellite 
coverage of the UTLS with an international 
constellation of satellites. The community 
also has extensive resources for sampling 
the tropopause in-situ from both aircraft 
and balloon platforms, and there have been 
many recent campaigns, particularly in the 
tropics, the results from which are still be-
ing analysed and interpreted. New global 
modelling tools with coupled chemistry 
are now available to simulate the region. 

Our analysis can be summarized in a few 
key points:

• Recently there have been significant 
advancements made in understanding 
the TTL structure, in analysing strato-
sphere-troposphere coupling at high lati-
tudes and representations of extra-tropi-
cal stratosphere-troposphere exchange 
(STE). However,  the dominant processes 
on various time scales are uncertain, so 
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we cannot reliably predict the future evo-
lution of the TTL, nor, for that matter, the 
future evolution of different measures of 
STE.

• There are still interesting and fundamen-
tal questions about the maintenance of the 
extra-tropical tropopause. For instance, 
what are the respective roles of large-
scale mixing processes versus moist con-
vective processes?  The most appropriate 
definition of the tropopause poleward of 
the subtropical jet may be thermal, dy-
namical or chemical, depending on the 
processes examined. The relationships 
between these various definitions are not 
fully understood. Coupling of chemistry 
and the extra-tropical tropopause struc-
ture is also not well understood.

• We are starting to assess the impact of cli-
mate change on the tropopause. There has 
been less progress or work on looking at 

  the impact of the tropopause on climate. 
Coupled chemistry climate models and 

  new observations are likely to be critical 
   tools.
 
• There is a need to assess and collect work 

on the tropopause region, and to assist 
researchers in networking and tracking 
the evolution of ideas and tools (data 
and models).  This is an opportunity for 
SPARC to advance tropopause science 
with a ‘SPARC Tropopause Initiative’. 

Below we describe recent meetings and 
observations, detail key science top-
ics and key questions, and propose 
some steps forward, inviting participa-
tion from the community. Key acronyms 
are provided at the end of the document.

Recent Workshops and 
Field Campaigns

There have been several focused workshops 
over the last 5-6 years focusing on different 
aspects of the tropopause, most of them in 
some way supported by SPARC. Many of 
these workshops have already been report-
ed on in these pages, so we will be brief in 
summarizing and providing links to these 
reports. Further information is available 
on the web (http://www.acd.ucar.edu/
sparctrop). Here we briefly refer to three. 

In April 2001, there was a wide ranging 
discussion of tropopause issues in Bad 
Tölz, Germany. The meeting is summa-

rized in SPARC Newsletter No. 17. There 
was much discussion of the tropical tropo-
pause as a layer, rather than as a surface, 
and on the processes that govern water va-
pour transport into the stratosphere. There 
was also discussion about mechanisms for 
and climatologies of Stratosphere-Tropo-
sphere Exchange in the extra-tropics. There 
was some discussion of the extra-tropical 
tropopause as a transition layer, and the 
detailed structure of this region, includ-
ing a recently noted peak in static stabil-
ity. Theories for the height of the extra-
tropical tropopause were also discussed.

In May 2005, a combined SPARC/IGAC 
workshop focusing on dynamical (trans-
port and mixing) and chemical (photo-
chemistry and microphysics) processes in 
the UTLS was held in Mainz, Germany. 
The results of this workshop are discussed 
in SPARC Newsletter No. 26. Dynamical 
processes influence tracer distributions in 
the UTLS and chemical tracer distribu-
tions affect the dynamical structure of the 
ExTL through radiation. There was dis-
cussion of short-lived species important in 
the UTLS. The workshop concluded that a 
much better understanding had evolved of 
the climatology of two way STE based on 
global constraints and detailed case studies. 

In June 2006, a joint SPARC/GEWEX/
IGAC workshop on the TTL was held 
in Victoria, Canada. A report appears in 
SPARC Newsletter No. 28. The work-
shop tried to engage both the GEWEX and 
IGAC communities, focusing on the use of 
cloud resolving models (CRMs) to address 
TTL issues. There is still a great deal of un-
certainty regarding the role of convection 
and cloud microphysics in the TTL, which 
is not well constrained for either cloud re-
solving or global models. Most of the CRM 
community has not been concerned with 
the TTL so far, and it is envisaged that the 
use of such modelling tools would benefit 
understanding of the TTL. On the other 
hand,  the usefulness of CRMs is potential-
ly limited by the difficulties of represent-
ing strong two-way interactions between 
convecting and non-convecting regions 
in the tropics with limited area models. 

Several other workshops in the 1990s and 
recently were seminal for advancing the 
state of understanding of the tropopause. 
The 1993 workshop on Stratosphere-Tro-
posphere Exchange (SPARC Newsletter 
No. 2) led to the review paper by Holton 

et al., (1995). The Pointe-du-Lac workshop 
in 1995 brought together a broad group of 
dynamicists, chemists, modellers and ob-
servationalists to discuss future research 
priorities (SPARC Newsletter No. 6). The 
2003 Giens workshop on chemistry and 
climate (SPARC Newsletter No. 21 and 
IGAC Newsletter No. 30)  led to the cre-
ation of the Atmospheric Chemistry and 
Climate (AC&C) project.

Recent Observations
 
Many of the questions noted above and 
detailed below have been subjects of fo-
cused in-situ campaigns from various 
platforms, as well as motivation for sat-
ellite instruments. Below we provide 
a brief and not entirely comprehensive 
list. We hope to get community input to 
complete the list with links to the data 
in the future. More details are available 
at http://www.acd.ucar.edu/sparctrop.

In the last 10 years or so there have been 
significant field campaigns focused on 
the tropopause in both the tropics and ex-
tra-tropics. Acronyms are provided in an 
appendix. Multi-platform campaigns with 
in-situ aircraft have been performed in 
the Indian Ocean (TRACAS, 1998 and 
APE-THESEO, 1999), the Caribbean 
(CRYSTAL-FACE, 2002), Brazil (TROC-
CINOX, 2004), West Africa (SCOUTO3-
AMMA, 2006), and a series of campaigns 
from Darwin, Australia (EMERALD2 2002, 
ACTIVE/SCOUTO3 and TWP-ICE 2006) 
and San Jose, Costa Rica (AVE 2004-2006 
and TC4 2007). Ongoing in-situ campaigns 
over many seasons have also been conduct-
ed from Europe (SPURT), the North Atlan-
tic (STREAM), and globally with com-
mercial aircraft (MOZAIC). In addition, 
balloon campaigns in the tropics have been 
conducted with radiosondes and hygro-
meters (SOWER), ozonesondes (SHADOZ), 
and long-duration balloons (HIBISCUS). 
Two new, long-duration, high-altitude re-
search aircraft are in or nearing service in 
the USA (HIAPER) and Germany (HALO).

New satellites have also started collect-
ing data in the last few years. These plat-
forms include the major European satel-
lites (ENVISAT, METOP) and the series of 
international satellites in the NASA Earth 
Observation System (EOS) constellation 
(Terra, Aqua, Aura, Cloudsat, CALIPSO).  
These platforms host instruments that are 
providing unprecedented satellite mea-
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surements of the UTLS region. Measured 
species include temperature (GPS, AIRS, 
IASI), water vapour (Aura, Envisat, AIRS, 
IASI) ozone (OSIRIS) and other chemi-
cal tracers from carbon monoxide (AIRS, 
MLS, IASI), N

2
O, to isotopes of water and 

suites of shorted lived halocarbons (ACE). 
We also now are just starting to get more 
detailed measurements of UTLS clouds, 
aerosols and ice microphysics from space 
from traditional limb (MLS) or infrared 
measurements (MODIS, AIRS) to active 
radars (CloudSat) and Lidars (CALIPSO).  

All these observations have started to an-
swer some of our questions, but have also 
raised new ones that we detail below.

Science Topics

General Questions

There are some basic current questions 
regarding the tropopause that cover both 
the tropics and extra-tropics. Probably the 
most obvious is the question: how might 
the tropopause change in response to cli-
mate change (i.e. the radiative forcing of 
the Earth system from anthropogenic ac-
tivities)? Modelling studies (Santer et al., 
2003) show that it might change, but there 
is no real theory that predicts such changes. 
There is a lack of certainty on the key pro-
cesses that might change the tropopause. 
We are only beginning to disentangle the 
relevant dynamical, radiative and thermo-
dynamical processes in both the tropics and 
the extra-tropics. The lack of understanding 
is particularly severe in the extra-tropics. 
Furthermore, defining how the tropopause 
might change may be sensitive to how the 
tropopause is defined, and below we note 
several different approaches for the tropics 
and extra-tropics. 

The converse question is: what is the role 
of the tropopause and UTLS in climate 
change? Ozone and water vapour are im-
portant greenhouse gases, and important 
for the radiation balance of the UTLS and 
tropospheric climate. Stratospheric wa-
ter vapour has an impact on tropospheric 
climate (Forster and Shine, 2002). Many 
climate models ignore the stratosphere, 
and represent the tropopause with rela-
tively coarse resolution. Yet the sign of 
future tropospheric ozone changes appears 
to be sensitive to the description of STE 
(Stevenson et al., 2006). Ozone and water 
vapour in the UTLS are best thought of as 

‘feedbacks’:  ozone and water vapour are 
perturbed by changes in transport, ther-
modynamics and chemistry, and through 
radiation, may affect them in return. These 
feedbacks are not well understood. Sev-
eral studies have recently looked at how 
a change in trace species such as ozone or 
water vapour will affect the radiative bud-
get and thermal structure of the TTL or the 
UTLS (Gettelman et al., 2004, Randel et 
al., 2006), but the impacts of changes to the 
thermal structure are not yet clear. We do 
not know how STE or the Brewer Dobson 
circulation will change, the latter of course 
strongly affects both the tropics (upwelling 
region) and the extra-tropics (downwelling 
region), though recent model studies sug-
gest that the Brewer Dobson circulation 
will increase (Butchart et al., 2006).  Moist 
convection in the tropics affects the tropo-
pause, but the tropopause also helps set the 
environment for tropical moist convection.

Many of the results above, and in particular 
projections of future changes, are derived 
from models. To what extent are important 
tropopause processes captured by global 
chemical-climate models? There are now 
a series of fully coupled global general 
circulation models. ‘Coupled’ implies that 
they contain chemical transformations of 
radiatively active species that interact and 
affect model heating rates (Eyring et al., 
2006). Yet, chemical-climate model stud-
ies of the tropopause are few. The UTLS 
may be the next big challenge (after ozone 
recovery) for chemical-climate models. 
There are many important fine scale fea-
tures observed in the tropopause region, 
such as clouds, small scale waves, large 
thermodynamic gradients and nonlin-
ear chemical mixing. How important are 
these fine scale features to the large-scale 
structure of the tropopause region? What 
are the implications of them not being cap-
tured in large scale models? Does this in-
validate the basic conclusions (including 
future trends) from the simulations? These 
questions are critical for assessing uncer-
tainty over future projections of climate 
and ozone levels affected by the UTLS.

The subtropical barrier between the tropics 
and the extra-tropics, defined by the mid-
latitude jets and a change in height and 
character of the tropopause, is a complex 
region that is not well studied. While there 
have been several studies of quasi-horizon-
tal transport between the TTL and the ex-
tra-tropical lowermost stratosphere (Chen 

1995, Stohl et al., 2003), the importance for 
both the tropics and extra-tropics is uncer-
tain. Subtropical UTLS water vapour may 
also be an important part of the subtropi-
cal radiation budget. There is longstand-
ing work on the distribution of transport, 
but less work on how this affects trans-
port or structure in each region. 

Tropical Tropopause Layer (TTL)

In the last 5-10 years the tropical tropo-
pause has come to be known as the Tropi-
cal Tropopause Layer (TTL). The tropical 
tropopause is not a material surface, and is 
best thought of as a layer several kilometers 
thick within which air may have elements 
of both the stratosphere and troposphere. 
The idea is not new (Atticks and Robin-
son, 1983), but has been developed further 
recently (Highwood and Hoskins, 1998, 
Folkins, 1999,  Gettelman and Forster, 
2002). While this paradigm has achieved 
some consensus, there is still a great deal 
of discussion of basic process questions.

What determines the tropical tropopause 
(cold point) temperature? This is critical 
for understanding water vapour transport 
in and through the TTL, which as noted 
affects stratospheric chemistry and tropo-
spheric climate. The climatology of the 
cold point temperatures is now well docu-
mented, including the annual cycle (Seidel 
et al., 2001), interannual variability (Zhou 
et al., 2001a, 2001b; Randel et al., 2004), 
and geographic variability and zonal asym-
metries. However, recent studies of both 
large scale (Fujiwara et al., 2003) and 
small scale (Randel et al., 2003, Vincent 
and Alexander, 2000) variability show a 
huge range of scales. These include small 
scale forcing by convective clouds and 
waves resulting from clouds, to the ulti-
mate drivers such as sea surface tempera-
tures. The relative roles of local and global 
processes in forcing the annual cycle of 
mean temperatures are not fully understood 
(Kerr-Munslow and Norton, 2006) and this 
throws doubt on the idea that temperatures 
on longer time scales are largely con-
trolled by the strength of the wave-driven 
Brewer Dobson circulation. Given this lack 
of understanding, it is not surprising that 
we cannot fully understand inter-annual 
variability of tropical tropopause tempera-
tures (and the TTL in general). We under-
stand some aspects of variability from sea 
surface temperatures and modes like ENSO 
(Gettelman et al., 2001; Zhou et al., 2001a) 
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and the QBO (Zhou et al., 2001a, Giorgetta 
et al., 1999, Geller et al., 2002). But (for 
example), we cannot fully explain the re-
cent cold event (from 1999 onwards) at the 
tropical tropopause, which limits our abil-
ity to predict how the tropical tropopause 
will change over time given forcing from 
changes in ozone and other greenhouse 
gases. Changes may occur through direct 
radiative effects, radiative-convective ef-
fects or indirect dynamical effects (through 
changes to the Brewer Dobson circulation).

What controls transport in the TTL and how 
do chemical species get from the surface 
into the stratosphere? Up to the level of the 
main convective outflow (10-12 km), trans-
port is dominated by circulations forced 
by convective latent heating and clear 
sky cooling. Above 15 km, radiative heat-
ing and then dynamical forcing from the 
Brewer Dobson circulation are dominant, 
but between these levels is a critical region 
where it is not known whether isolated and 
infrequent convection, or some other wave 
driven process, is most important.  The role 
of chemistry in this region, and chemical-
radiation-dynamics feedbacks is also not 
well understood. Observations of the TTL 
are also sparse, which complicates valida-
tion of hypotheses or model results. The 
role of the tropopause in affecting convec-
tion in the TTL and TTL transport is also not 
well understood. A new picture of clouds 
in the TTL is rapidly emerging from active 
cloud sensors on CloudSat and CALIPSO.

Transport is especially important for short-
lived species in the TTL such as halogens 
(that may affect ozone). Important species 
are also a function of the transport path-
ways and their geographic variation, as 
very short-lived or soluble species may 
not survive transport. One of the key is-
sues for very short-lived species (VSLS), 
e.g. bromine species, is washout (or anal-
ogous processes) in the TTL. It is impor-
tant to know time scales for transport in 
the TTL to quantify ozone-depletion by 
VSLS halogens, but the key issue detailed 
in the 2002 and 2006 ozone assessments 
(WMO, 2002) is how are ‘product gases’
(i.e. inorganics resulting from breakdown 
of VSLS) removed through moist pro-
cesses? This requires a better understand-
ing of the different roles of convective 
and non-convective transport in the TTL.

Extra-tropical UTLS
  
There is still quite a bit of discussion over 
the basic definition of the extra-tropical 
tropopause and the ExTL around it. Under-
standing the ExTL is important to charac-
terize ozone transport, which is important 
for chemistry and climate. The ExTL is 
also important for understanding the dy-
namical coupling between the stratosphere 
and troposphere, which may add to the pre-
dictability of the tropospheric circulation. 
The basic issues have to do with defini-
tions, structure, transport and chemistry.

The ExTL is a vertical and horizontal 
transport barrier and also a region of strong 
gradients with a thickness. In this region, 
dynamics is at least as important as chem-
istry. Generally, the extra-tropical tropo-
pause can be defined thermally (lapse rate 
tropopause), dynamically as a surface of 
potential vorticity (Haynes and McIntyre, 
1987) or a gradient of a dynamical quan-
tity like effective diffusivity (Haynes and 
Shuckburgh, 2000), or chemically using 
the gradient of ozone, carbon monoxide 
and/or water vapour (Pan et al., 2004).  Re-
cently there has been more attention paid 
to chemical definitions. Does the definition 
of the extra-tropical tropopause (chemi-
cal, thermal, dynamical) and ExTL matter, 
and why? The appropriate definition of the 
extra-tropical tropopause or extra-tropical 
tropopause region may depend on the prob-
lem. For example, defining a tropopause to 
track long-term dynamical changes may be 
very different than defining one to assess 
the transport of ozone from the stratosphere 
into the troposphere. Each of these defini-
tions may imply some thickness to the 
ExTL region. And it is not clear that there 
is a unique set of relationships between 
the thermal, dynamic and the chemical 
definitions of the extra-tropical tropopause. 

These competing definitions and perspec-
tives complicate the understanding of ba-
sic processes, but also provide a number of 
different approaches towards understand-
ing the basic question of what governs 
the structure of the extra-tropical UTLS? 
The relative role of small-scale processes 
(convection/breaking gravity waves) vs. 
large-scale baroclinic disturbances (syn-
optic-scale eddies/conveyor belts) vs. the 
overturning stratospheric circulation is 
not yet clear. Particular regions, such as 
the Asian Monsoon, may contribute dis-
proportionately to the global structure.

Recent work has highlighted the existence 
of a peak in stability above the tropopause 
(Birner,  2006), co-located with large chem-
ical gradients. What processes determine 
this stability peak and  stability in general 
at the small scale? We don’t really know 
what physical processes lead to the static 
stability maximum and, correspondingly,  
we don’t know whether there is any relation 
between the region of enhanced static stabil-
ity and the transition layer seen in chemical 
species. This complex structure influences 
tracer distributions across the tropopause, 
and radiatively active species may affect 
the thermal structure of the ExTL.  These 
feedbacks are not well understood. In high 
latitudes the feedbacks may affect coupling 
between the stratosphere and troposphere.

A great deal has been learned about STE 
since the review of Holton et al., (1995), 
but big issues of transport in the ExTL re-
main. Uncertainty remains regarding the net 
exchange of species across the tropopause, 
though we now have a better understanding 
of where the transport occurs (Stohl et al., 
2003). There are still conceptual barriers 
for upscaling from individual events (tropo-
pause folds, convective or pyro-convective 
injections of mass into the stratosphere), 
and small scale events (convection) are not 
well sampled. We are now starting to re-
late climatologies of STE to distributions 
of key UTLS tracers such as ozone, carbon 
monoxide and water vapour from satellites.

Key questions
These issues can be distilled into several 
sets of key questions and paths forward.  
There are three key classes of questions 
in both the tropics and extra-tropics: (1) 
basic questions of structure of the TTL 
and ExTL, (2) questions related to global 
change and interactions between the tro-
popause and forcings of the system, and 
(3) chemical interactions that maintain or 
modify the structure of the tropopause. 
 
1.1 How do we explain variations in the 
tropical cold-point tropopause tempera-
tures on annual-decadal scales?
1.2 What are the respective roles of radia-
tion and dynamics in determining tropo-
pause structure?
1.3 What are the roles of baroclinic eddies 
and convection on the formation and main-
tenance of the extra-tropical tropopause?
1.4 Can we better understand how differ-
ent definitions of the ExTL relate to each 
other?
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2.1 How might we expect tropopause struc-
ture to vary with a changing climate and 
ozone distribution?
2.2 What would be the feedback on climate 
of a changing tropopause?
2.3 How is tropopause an indicator of glob-
al change? 
 
3.1 How does tropopause region affect 
stratosphere and tropospheric chemistry?
3.2 What are the interactions between 
chemistry and tropopause structure?
3.3 What is the role and fate of short-lived 
species in UTLS chemistry?
 
We now have a unique set of observations 
to attack some these questions. Accord-
ingly, since these data are new, we have 
certainly not exploited the current set of 
in-situ and satellite observations to the 
full. Where are observations needed in the 
UTLS both for understanding (a) small-
scale transport (convection, microphysics), 
and for assessing (b) long term trends at a 
‘climate’ scale? The latter question (b) is 
particularly acute. We have many individu-
al field campaigns, and many different sat-
ellite instruments, but what measurements 
are needed in order to monitor changes in 
the chemical composition and the dynami-
cal structure of the tropopause region now 
and into the future?  These questions de-
serve some hard thinking now to plan fu-
ture observations and manage current ones.

Finally, with our analysis and modelling 
tools, we are also only beginning to ex-
ploit coupled global chemistry and climate 
models in the UTLS. These models are 
built upon many years of separate develop-
ment of chemistry packages (as chemical 
transport models) and general circulation 
(climate) models. Putting them together 
allows us to understand the chemical and 
dynamical couplings described above. But 
coupled models are very hard to diagnose, 
and exploring the differences between 
models, and between models and observa-
tions in the UTLS will be a challenge and 
an opportunity.  Furthermore, there are 
questions of resolution that are particularly 
acute for resolving sharp gradients at the 
tropopause. To what extent does smooth-
ing of these sharp gradients with rela-
tively coarse resolution affect transport?

What can SPARC do?

The themes above are several, and we sum-
marize them here: In the tropics, under-

standing what drives tropical tropopause 
temperatures and how they will evolve 
in the future is critical for global chemis-
try and climate. Cloud microphysics and 
aerosol-cloud interactions are also impor-
tant. In the extra-tropics, there is a need to 
further develop and understand thermal, 
dynamic and chemical approaches to the 
ExTL structure and how they relate to each 
other. In both regions there has been some 
work on how the tropopause region might 
be affected by climate changes and be an 
indicator of climate change, but less work 
on how the tropopause region may affect 
climate. Combined with this, understand-
ing interactions between chemistry and 
the structure of the tropopause region will 
lead to a more complete understanding 
of UTLS chemistry climate coupling. We 
have new modelling tools and observations 
at our disposal to answer these questions. 

A unique aspect of the current state of tro-
popause science, which is clear from the 
questions above, is that the answers require 
interactions between groups and communi-
ties that have not worked closely together 
in the past. The mutual interaction  of con-
vection with the TTL, involving cloud re-
searchers with stratospheric chemists, is 
one example. Coupling the dynamics and 
chemistry of the ExTL is another. Given 
the numerous and sometimes disparate pro-
grammes involved in studying the TTL, and 
the breadth of expertise required to answer 
these questions, there are clearly things 
that can be done to encourage and foster 
critical tropopause research. SPARC is al-
ready working in these areas: there is a big 
SPARC investment in chemistry-climate 
modelling through CCMVal and, in asso-
ciation with IGAC, in the AC&C project. 

Deciding on SPARC actions in these areas 
is made difficult by the large number of 
open issues.  Clearly, workshops for  all of 
them would be ill-advised.  There might, 
however, be a small number of issues that 
would benefit from a workshop energiz-
ing a small community to make progress.  
We propose as a start that SPARC should  
track tropopause science, discussing key 
science questions and promoting educa-
tion of young (and old) scientists on differ-
ent aspects of tropopause science. Such a 
function could provide a valuable resource 
for education: tracking papers and meet-
ings, promoting and archiving focused 
schools on the tropopause, and promot-
ing attendance of young scientists at key 

meetings. This community might also 
highlight areas where having small work-
shops will accelerate scientific progress.

The SPARC tropopause community could 
also do more to foster community plans 
for future observations. This might include 
(1) critical remaining regions for field pro-
grammes, especially in regions where we 
might be able to involve typically under-
represented groups (such as the Asian sum-
mer monsoon) and (2) ensuring our capac-
ity to measure the UTLS on climate scales 
(e.g. stratospheric ozone and water vapour, 
reference networks for the tropopause).

We invite interested scientists to get in-
volved in this nascent SPARC tropopause 
‘initiative’. Challenge us on what we have 
written, prove us and the conventional 
wisdom wrong, and bring new analyses, 
observations and models to the table.  We 
have established a home at http://www.
acd.ucar.edu/sparctrop, where we will 
expand on these ideas, track research and 
track meetings. This initiative can fill in 
gaps in research while encouraging interac-
tions and participation of young scientists 
and those from under-represented regions.  
Please join us to help develop the initiative.

Acronyms:

ACE:Atmospheric Chemistry Experiment  
(Canadian SciSat)
ACTIVE: Aerosol and chemical transport 
in tropical convection
AIRS: Atmospheric Infrared Sounder
AMMA: African Monsoon Multidisci-
plinary Analyses
APE-THESEO: Airborne Platform for 
Earth observation- Third European Strato-
spheric Experiment on Ozone
AVE: Aura Validation Experiment 
CCMVal: Chemistry Climate Model Vali-
dation project
CALIPSO: Cloud-Aerosol Lidar and Infra-
red Pathfinder Satellite Observation
CRYSTAL-FACE: The Cirrus Regional 
Study of Tropical Anvils and Cirrus Layers 
- Florida Area Cirrus Experiment
EMERALD: Egrett Microphysics Experi-
ment, with Radiation, Lidar and Dynamics
ENVISAT: Environmental Satellite
ENSO: El Niño Southern Oscillation
EOS: Earth Observation System
ExTL: Extra-tropical Tropopause Layer
GEWEX: Global Energy and Water cycle 
Experiment
GPS: Global Positioning System
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HALO: High Altitude and LOng Range 
Research Aircraft
HIBISCUS: Impact of tropical convection 
on the upper troposphere and lower strato-
sphere at global scale
HIAPER: High-performance Instrumented 
Airborne Platform for Environmental Re-
search
IASI: Infrared Atmospheric Sounding 
Interferometer
IGAC: International Global Atmospheric 
Chemistry
MLS: Microwave Limb Sounder
MODIS: Moderate Resolution Imaging 
Spectroradiometer
MOZAIC: Measurements of OZone and 
water vapour by in-service AIrbus airCraft
OSIRIS: Optical Spectrograph and Infrared 
Imaging System (on ODIN)
QBO: Quasi Biennial Oscillation
SCOUTO3: Stratospheric-Climate Links 
with Emphasis on the Upper Troposphere 
and Lower Stratosphere
SHADOZ: Southern Hemisphere Addi-
tional Ozonesondes
SOWER: Soundings of Ozone and Water 
in the Equatorial Region
SPARC: Stratospheric Processes and Their 
Role in Climate
SPURT: Spurenstofftransport in der Tropo-
pausenregion  (Transport in the Tropopause 
Region)
STE: Stratosphere Troposphere Exchange
STREAM: Stratosphere-Troposphere Ex-
periments by Aircraft Measurements
TC4: Tropical Clouds Chemistry Climate 
Coupling experiment
TRACAS: TRAnsport of Chemical species 
Across the Subtropical tropopause
TROCCINOX: Tropical Convection, Cir-
rus, and Nitrogen Oxides Experiment
TTL: Tropical Tropopause Layer
TWP-ICE: Tropical Warm Pool Interna-
tional Cloud Experiment
UTLS: Upper Troposphere and Lower 
Stratosphere
WMO: World Meteorological Organiza-
tion
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Key issues arising from the 
2006 WMO/UNEP Ozone Assessment

T. G. Shepherd, University of  Toronto, Canada, (tgs@atmosp.physics.utoronto.ca)
W. J. Randel, National Center for Atmospheric Research, USA, (randel@ncar.edu)

In the 2002 Assessment it was indicated 
that the total atmospheric burden of ozone-
depleting substances was responding as 
expected to the controls on production im-
posed by the Montreal Protocol, and that 
“the ozone-layer depletion from the Proto-
col’s controlled substances is expected to 
begin to ameliorate within the next decade 
or so”. The Executive Summary of the 2006 
Assessment noted that “an important next 
step is to ask whether stratospheric ozone 
and surface UV radiation are responding 
as expected to the controls imposed by the 
Protocol.  In addressing this question it is 
necessary to consider factors other than 
ozone-depleting substances that also influ-
ence ozone and UV radiation.  These fac-
tors include natural dynamical variability, 
volcanic eruptions, solar variations, aero-
sols, and climate change.” The status of our 
understanding and the key questions for 
several of these issues are discussed below.

Ozone-depleting substances: The observed 
tropospheric abundances of HCFCs are 
increasing more slowly than anticipated, 
and those of bromine-containing gases are 
declining more quickly than anticipated. 
While both facts are good for the ozone 
layer, it is important to reconcile them with 
estimates of the relevant emissions. The 
importance of stratospheric bromine from 
very short-lived species (VSLS) appears 
to be significantly greater than previously 
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estimated (WMO, Figures 2–3), and needs 
to be better quantified. We are still waiting 
for the observed decline of tropospheric 
bromine to be reflected in the stratosphere. 

Tropical ozone trends: Observations of 
column ozone from both ground-based and 
satellite data show no significant trends in 
the tropics (25°S – 25°N) for 1979-2005.  
However, trends in the profile of ozone mea-
sured by satellite show significant negative 
trends in the tropical upper stratosphere 
(from SAGE and SBUV data), and SAGE 
data furthermore suggest relatively large 
percentage decreases in the tropical lower 
stratosphere (Figure 1a).  The vertical in-
tegral of the profile trends is significantly 
larger than the observed column ozone 
changes (Figure 1b).  These differences 
could be reconciled by corresponding in-
creases in tropical tropospheric ozone (with 
a net ~15% increase over 1979-2005), or it 
may be that the profile trends are overesti-
mates for some reason.  There is particular 
uncertainty for the changes in the lower 
stratosphere, where satellite measurements 
are difficult, and there are not indepen-
dent observations of long-term changes.

Short-term ozone recovery: Ozone deple-
tion has levelled off in every region of the 
atmosphere, consistent with the levelling 
off of stratospheric EESC (equivalent ef-
fective stratospheric chlorine). In some re-

gions, ozone abundance has increased no-
tably in the last 5 years or so (for example, 
over NH midlatitudes below 20 km; WMO 
Figures 3-11). This cannot yet be consid-
ered ozone recovery (since EESC has not 
notably declined), and the reasons for these 
increases need to be better understood 
since such variations will confound the 
detection of the onset of ozone recovery.

Polar ozone and PSC microphysics: There 
is now unambiguous evidence from Arctic 
measurements that NAT (nitric acid trihy-
drate) polar stratospheric cloud (PSC) par-
ticles can nucleate above the ice frost point, 
and that their occurrence can be wide-
spread. Incorporating this process in chem-
ical transport models (CTMs) improves the 
simulation of denitrification in the Arctic, 
but discrepancies remain in properly repre-
senting the effects of interannual variability, 
pointing to an incomplete understanding. 
Moreover, many of the specifics of PSC 
formation, such as freezing rates, remain 
empirical. Without a reliable representa-
tion of PSC processes, CCM predictions 
of past and future polar (especially Arc-
tic) ozone are significantly compromised. 
 
Volcanoes: The impact of the Mount 
Pinatubo volcanic eruption on stratospher-
ic ozone remains something of a puzzle. 
While ozone amounts declined sharply in 
the Northern Hemisphere (NH) following 
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the eruption, no such decline was evident 
in the Southern Hemisphere. Moreover, a 
number of modelling studies have suggest-
ed that the NH decline was mainly associ-
ated with changes in transport. As there are 
likely to be one or more volcanic eruptions 
during the ozone recovery period, there is a 
need to better understand the likely impact 
of such an eruption on stratospheric ozone.

Stratospheric temperature trends: There 
are substantial improvements in under-
standing the uncertainties in historical 
stratospheric temperature data sets.  The 
long-standing differences between lower 
stratospheric trends derived from Micro-
wave Sounding Unit (MSU) satellite data 
and radiosonde-based results can be rec-
onciled by recognizing cooling biases in 

Figure 1. (a) Meridional cross section of ozone 
trends during 1979-2005 derived from SAGE 
satellite and polar ozone-sonde data.   Trends 
are derived from regression onto EESC, and ex-
pressed in terms of net percentage change during 
1979-2005.  Contours are -4, -8, -12, -16, -20, 
-30, -40%.  (b) Latitudinal structure of annual 
mean column ozone trends during 1979-2005, 
derived from vertically integrated SAGE/sonde 
data and merged TOMS/SBUV data.  Trends 
are expressed in terms of net ozone change over 
1979-2005.  The heavy dashed line denotes 
trends derived from SAGE data, integrated only 
over 25-50 km.  From Randel and Wu, 2007.

many individual radiosonde stations (asso-
ciated with instrumentation improvements 
over time).  Omitting the stations with larg-
est biases allows more accurate estimates 
of past variability and change (Figure 2). 
There is also improved understanding of 
satellite data in the middle and upper strato-
sphere (from the Stratospheric Sounding 
Unit, SSU), including quantifying the ef-
fects of increasing CO

2
 on the measure-

ments (which can significantly influence 
trend results).  These improved observa-
tional data sets will provide critical tests for 
simulations of past stratospheric changes.  

Dynamical variability: Long-term vari-
ability in wave forcing and other dynami-
cal quantities appears to have had a signifi-
cant effect on observed ozone abundance, 
especially in the NH, and has the potential 
to affect ozone recovery on both short and 
long time scales. It is therefore important to 
understand the extent to which long-term 
variability in dynamics may be associated 
with climate change, and to better under-
stand causes of natural variability (includ-
ing the apparent “trends” associated with 
decadal-scale variability).  Figure 3 shows 
the observational record of winter-average 
planetary wave forcing of the NH strato-
sphere for 1979-2006, together with winter 
average polar stratospheric temperatures.  
These data show significant interannual 
variability across a range of scales (yearly 
to decadal); the fundamental causes of such 
variability, and potential shifts in a chang-
ing climate, are poorly understood.

Tropical tropopause temperature and 
water vapour: CCMs generally predict a 
warming of the tropical tropopause region 
from climate change, and a modest increase 
in stratospheric water vapour, but these 
predictions do not appear to be consistent 
with past observations. CCM simulations 
of both fields often show large biases, with 
significant differences among models (Ey-
ring et al., 2006, Figure 7). It is possible that 
long-term changes predicted in the models 
are more robust, but this would need to be 
demonstrated. There are also remaining un-
certainties regarding decadal-scale changes 
in the observational record.

Brewer Dobson circulation and age of 
air:  CCMs suggest an increase in tropical 
upwelling and thus decrease in age of air 
throughout the stratosphere, due to climate 
change (WMO, Figures 5-19). The extent 
of the increase varies substantially among 

models. The mechanism for the increased 
upwelling has yet to be determined, and its 
robustness assessed. Changes in age of air 
call into question the ODS scenarios used 
by CCMs, which impose tropospheric con-
centrations and thus cannot represent the 
effects of a faster removal of ODSs.

Solar signal in ozone:  The ozone solar 
signal provides a key physical link between 
solar variability and climate, and is also 
important for interpreting low frequency 
ozone variability.  However, there are sub-
stantial uncertainties in quantifying effects 
of the 11-year solar cycle on stratospheric 
ozone and temperature, both in compari-
sons of models and observations, and even 
among different observational data sets.  
The main differences regard the magni-
tude of the solar signal in column ozone 
(Figure 4), and the vertical profile of the 
solar signal in the tropics; much of the un-
certainties result from the relatively short 
observational data records, and possible 
confusion of volcanic and QBO effects.  

Ozone simulation by CTMs: When driven 
by observed meteorology, CTMs should, in 
principle, be able to reproduce the observed 
behaviour of ozone. This makes CTMs po-
tentially useful tools for separating (to the 
extent this is possible) the effects of chemi-
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Figure 2. Comparison of near-global deseason-
alized temperature anomalies calculated from 
MSU4 satellite data (top), vertically-integrated 
radiosonde data (middle), and their difference 
(bottom).  MSU4 represents a weighted mean 
of temperatures in the layer ~13-22 km.  The 
radiosonde results are averages over 35 indi-
vidual stations over 60°N-S, using a subset of 
the Lanzante-Klein-Seidel data set (Lanzante 
et al. 2003), and are vertically weighted using 
the MSU4 weighting function. The MSU4 data 
here have been sampled at these same 35 sta-
tion locations.



22

North
Te

m
pe

ra
tu

re
 (

K
)

V
T

 fl
ux

Year
80 85 90 95 00 05

16

14

12

220
218
216
214
212
210
208
206

NCEP
ERA40
CPC

D
U

/1
0
0
 F

1
0
.7

Latitude

12

10

8

6

4

2

0

-2
60S 30S 0 30N 60N

Ground
SBUV

SAGE
TOMS/SBUV

Figure 3.  Lower time series show winter-averaged eddy heat 
flux (a proxy for planetary wave forcing) at 100 hPa for the NH 
for 1979-2006 (averaged over December-March for each year).  
Upper curves show the corresponding January-March aver-
aged polar 100 hPa temperatures (averaged over 60°– 90°N).  
Both sets of curves show results derived from NCEP and ERA40 
reanalyses, plus NCEP Climate Prediction Center (CPC) data.

Figure 4.  Latitudinal profile of the solar cycle variations in col-
umn ozone, derived from vertically integrated SAGE I+II data 
(over 20-50 km), and three column ozone data sets (ground-
based, SBUV, and merged TOMS/SBUV data).  Error bars on 
the TOMS/SBUV curve denote 2*sigma uncertainty in the fit.

cal and dynamical processes on observed 
ozone changes. Although CTMs have been 
used very successfully to identify chemical 
processes in the context of particular winters, 
decadal-timescale simulations by CTMs are 
still plagued by errors in transport (e.g. age 
of air) from assimilated winds. This limits 
our ability to attribute past ozone changes.
 

Ozone simulation by CCMs: CCM predic-
tions of future ozone are limited by a per-
sistent young bias in age of air, although 
the situation has improved markedly in 
recent years. CCM simulations of mid-
latitude ozone can reproduce the overall 
features the past record, but there are sub-
stantial uncertainties in detail and differ-
ences among models (WMO Figures 3-26). 
While the observational record contains 
significant effects of dynamical variabil-
ity, especially in the NH, such variability 
should also be evident in the CCMs.  Rec-
onciling the past observations with CCM 
simulations remains an essential task.

Polar ozone and long-term recovery: 
Model predictions of future Arctic ozone 
are highly uncertain because of large uncer-
tainties in the future dynamical state of the 
Arctic polar vortex (WMO Figures 6-12, 
6-13).  It will be important to understand 

the sensitivity of modelled dynamical be-
haviour to various model parameters, such 
as horizontal/vertical resolution, dynami-
cal wave forcing, radiative balances, etc.  
Model simulations need to become more 
robust and provide better estimates of the 
uncertainty associated with natural variabil-
ity, as well as the effects of climate change.

Radiative forcing from ozone changes: 
The radiative forcing from stratospheric 
ozone changes (e.g. as used by IPCC) as-
sumes that all the ozone changes are due 
to ODSs and thus that the ozone radiative 
forcing is an indirect forcing which can be 
set against the direct radiative forcing from 
the ODSs themselves. However, it seems 
clear that a significant fraction of the ob-
served ozone changes are associated with 
changes in transport rather than with ODSs. 
Moreover, these transport-induced changes 
appear to be located preferentially in the 
lowest part of the stratosphere, where they 
have a maximum impact on radiative forc-
ing. It is thus necessary to quantify the ver-
tical profile of ozone changes attributable to 
ODSs, and its associated radiative forcing.
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Introduction

Aura, the last of the large NASA Earth Ob-
serving System (EOS) observatories, was 
launched on July 15, 2004 into an ascend-
ing node 705 km sun-synchronous polar 
orbit with a 98° inclination and  an equa-
tor-crossing time of 13:45±15 minutes. It 
has now been operating nearly three years 
with a design life of five years and an op-
erational goal of six years, although Aura 
carries enough fuel to last until 2015.  Aura 
is making comprehensive stratospheric and 
tropospheric composition measurements 
from its four instruments, High-Resolu-
tion Dynamics Limb Sounder (HIRDLS), 
Microwave Limb Sounder (MLS), Ozone 
Monitoring Instrument (OMI) and Tropo-
spheric Emission Spectrometer (TES).  We 
report on the status of the Aura mission and 
summarize recent Aura science results in 
this article.  More Aura science highlights 
can be found at http://aura.gsfc.nasa.gov/.

Aura is part of the afternoon constellation 
of satellites, the “A-train”, flying about 15 
minutes behind EOS Aqua (http://aqua.
nasa.gov/, launched in 2002), a platform 
focused on measurements important to the 
Earth’s hydrological cycle, aerosols and 
other variables important to Earth system 
science and climate change.  The Cloud-
Aerosol Lidar and Infrared Pathfinder 
Satellite Observation (CALIPSO, http://
www-calipso.larc.nasa.gov/) and Cloud-
Sat (http://cloudsat.atmos.colostate.
edu/) were successfully launched into for-
mation between Aqua and Aura on April 
28, 2006.  The “A-train” also includes the 
CNES PARASOL satellite (http://smsc.
cnes.fr/PARASOL/GP_mission.htm, 
(launched in 2004), the ESSP Orbiting 
Carbon Observatory (OCO, http://oco.jpl.
nasa.gov/), scheduled for launch in 2008, 
and Glory (http://glory.gsfc.nasa.gov/, a 
climate-monitoring satellite also scheduled 
for launch in 2008.

The Aura platform

The Aura platform contains four instru-
ments, all of which make measurements 
of atmospheric composition.  The Ozone 
Monitoring Instrument (OMI), a contri-
bution of the Netherlands’s Agency for 
Aerospace Programs (NIVR) in collabo-
ration with the Finnish Meteorological 
Institute (FMI), employs hyperspectral 
imaging in a push-broom mode to observe 
solar backscatter radiation in the visible 
and ultraviolet (Levelt et al., 2006).  OMI 
continues the Total Ozone Mapping Spec-
trometer record for total ozone and other 
atmospheric parameters related to ozone 
chemistry and climate. OMI is sensitive to 
absorbing aerosol over both land and sea 
and can measure cloud pressure.  The Tro-
pospheric Emission Spectrometer (TES) is 
high-resolution infrared-imaging Fourier 
transform spectrometer (Beer 2006).  TES 
has both limb and nadir observing modes.  
It is currently operated mainly in the na-
dir mode to measure tropospheric ozone, 
carbon monoxide and water vapour. The 
Microwave Limb Sounder (MLS) uses mi-
crowave emission to measure constituents 
in the stratosphere and upper troposphere, 
including the  ice content and upper tro-
pospheric water vapour in the presence of 
tropical cirrus (Waters et al., 2006).  The 
High Resolution Dynamic Limb Sounder 
(HIRDLS) is an infrared limb sounder that 
obtains profiles of temperature, constitu-
ents and aerosols (Gille et al., 2007).  The 
objectives of the Aura mission and a sum-
mary of the observations expected from 
each of the instruments were described in 
SPARC Newsletter No. 26 available from 
http://www.atmosp.physics.utoronto.ca/
SPARC/Newsletters.html.  Details about 
MLS, OMI and TES and their performance 
can be found in the May 2006 IEEE  Trans-
actions on Geoscience and Remote Sens-
ing, a special issue on the Aura Mission.

Current status

All four Aura instruments are operating 
and returning high quality information 
about the atmosphere, but there have been 
some anomalies.  The most serious con-
cerns HIRDLS and was encountered dur-
ing instrument activation about a month 
after launch. The optical path is partially 
blocked by a piece of thermal blanketing. 
Only 20% of the aperture views the Earth’s 
atmosphere, eliminating the possibility of 
horizontal scans across the orbit path.   Op-
timum strategies for operation of HIRDLS 
and methods to account for the blockage in 
retrieval have been developed.  High verti-
cal resolution profiles are being obtained at 
a single scan angle 47° off the orbit plane, 
away from the sun.  Coverage obtained by 
HIRDLS is limited to 64°S to 80°N.  With 
this limited scan pattern HIRDLS cannot 
make measurements over the Antarctic.

In June 2005,  an increase in the current 
required to drive the TES translator was 
detected.  The rise in current is attributed 
to bearing wear in the interferometer con-
trol system (ICS).  During a limb scan the 
distance travelled by the translator is much 
greater than the distance required for a 
TES nadir observation, so routine opera-
tions now emphasize  the nadir mode.  This 
change should make it possible for TES to 
continue observations for the planned six 
years of the Aura mission.  

The primary channel for MLS observations 
of HCl began to fail in February 2006.  
This channel is no longer in routine use to 
preserve lifetime. It is used for occasional 
global measurements to track the decline 
of HCl in the upper stratosphere that is 
expected due to the decline in man-made 
chlorofluorocarbons in accordance with 
the Montreal Protocol and its amendments.  
Daily HCl profiles are still retrieved from 
MLS using observations in a different 
channel, but with slightly increased noise.
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Science Highlights

The following are a few of the recent scien-
tific accomplishments enabled by Aura ob-
servations.  For a more comprehensive list-
ing of achievements, see the Aura web site.

HIRDLS observes Mountain Waves

HIRDLS measures temperature profiles in 
the stratosphere, revealing small-scale at-
mospheric buoyancy waves that are known 
as “gravity waves” in fine detail. Breaking 
gravity waves may be generated by flow 
over mountains and can cause turbulence 
felt by aircraft. Although these waves are 
small in scale and sporadic in occurrence, 
collectively they drive global-scale winds 
that affect weather and climate.   Dr. Joan 
Alexander of NorthWest Research Asso-
ciates, collaborating with Dr. John Gille 
and his colleagues at the National Center 
for Atmospheric Research and the Univer-
sity of Colorado, has analysed HIRDLS 
data to identify the locations and sources 
of intermittent gravity wave events. The 
study identifies waves in adjacent HIRDLS 
temperature profiles, estimates the temper-
ature amplitude and horizontal and vertical 
wavelengths for each profile pair, and from 
these estimates maps of momentum flux 
(Alexander et al., 2007).

Two of HIRDLS ascending and descending 
orbits cross each other at the tip of South 
America.  The temperatures obtained along 
segments of these two orbits are shown in 
Figure 2 (colour plate I) as functions of 
horizontal distance along the orbit vs. alti-
tude. Large-scale mean temperatures have 
been removed to reveal the waves. The 
alternating red and blue coloured regions 
show warm and cold temperature oscilla-
tions caused by the mountain waves. West 
is to the left in both panels. The mountain 
waves extend through the stratosphere up 
to about 60 km, into the region known as 
the mesosphere.  The high vertical reso-
lution of the HIRDLS measurements al-
lows researchers to study these waves 
in fine detail in order to improve para-
meterizations of wave effects on the gen-
eral circulation models of the atmosphere. 

TES Traces the Earth’s 
Hydrological Cycle

TES measurements of water (H
2
O) and the 

isotope ‘heavy’ water (HDO) (Figure 3, co-
lour plate II) provide clues for tracking the 

hydrological cycle, the origin and move-
ment of water vapour throughout Earth’s 
atmosphere (Worden et al., 2007).  Water 
isotopic abundances can be used to trace 
the history of an air parcel since lighter iso-
topes preferentially evaporate while heavi-
er isotopes are more likely to condense.  
Therefore, enhanced condensation leads to 
more isotope depletion. The TES measure-
ments show that in the tropics, re-evapora-
tion of precipitation is an important process 
controlling cloud formation. Up to 70% of 
precipitation is re-evaporated into the cloud.

The hydrological cycle acts differently in 
different locations.  Over Africa, HDO and 
H

2
O are both high, suggesting rapid recy-

cling of both HDO and H
2
O. Over the Indian 

Ocean, HDO is depleted even though H
2
O 

is high, suggesting that H
2
O is removed by 

precipitation without  much re-evaporation. 
At high latitudes, H

2
O and HDO are low, 

suggesting that air parcels have repeatedly 
lost HDO through precipitation events.

OMI Sees the Fingerprints of Industry

OMI measures the atmospheric column of 
ozone, nitrogen dioxide, and sulphur diox-
ide (SO

2
).  SO

2
 is emitted by volcanoes and 

is also emitted as a result of some industrial 
processes. The nominal spatial resolution of 
OMI measurements is 13 x 24 km in nadir, 
thereby enabling specific source attribution 
for the OMI SO

2
 observations.  Volcanic 

emissions are identified in Figure 4 (co-
lour plate III), and can be compared with 
the sources from copper smelters in Peru. 
These data provide insights into the differ-
ent lifetimes and dispersion of volcanic and 
industrial emissions.  Weak SO

2
 plumes 

are seen to be transported off the coast of 
Ecuador due to the higher altitude and lon-
ger lifetime of the volcanic sulfur emis-
sions.  Intense emissions are seen from the 
smelters at La Oroya and Ilo.  The pollu-
tion at La Oroya is considered to be more 
serious than that at Ilo even though the Ilo 
smelter has higher emission values, because 
of the higher population near La Oroya.  

MLS Provides the First Global 
Measurements of 

Upper Tropospheric Cloud Ice

MLS observations of vertical profiles of 
cloud ice, along with collocated measure-
ments of temperature and water vapour, 
represent a new and important capability.  
These observations will be used to assess 

the realism of general circulation models 
(GCMs) in simulating upper tropospheric 
ice water content (IWC).  Li et al. (2005) 
compare MLS observations with atmo-
spheric analyses from the European Centre 
for Medium-Range Weather Forecasts and 
with results from several GCMs as shown 
in Figure 5 (colour plate IV). For January 
2005 monthly and daily mean values, the 
patterns produced by MLS and ECMWF 
are similar, but MLS estimates are higher 
by a factor of 2-3 over the West Pacific, 
tropical Africa and South America. The 
similarity between the GCM and MLS 
patterns varies. These results are subject 
to uncertainties associated with sampling, 
the retrieval technique, and the manner in 
which the comparisons are made. Thus, 
they illustrate the need for high-quality 
observations of cloud-related quantities to 
evaluate GCM performance and guide fu-
ture development efforts. These observa-
tions, combined with MLS’s observations 
of temperature and water vapour as well 
as measurements from other NASA EOS 
“A-Train” platforms – particularly the 
CloudSat mission – provide the opportuni-
ty to assess upper-tropospheric hydrologi-
cal processes and to evaluate and improve 
the representation of cloud processes in 
GCMs.  Such improvements will reduce 
uncertainty in climate change predictions. 

Validation

Validation of Aura measurements has in-
cluded an extensive programme to obtain 
correlative measurements using a variety 
of instruments from the ground, aircraft, 
and high altitude balloons.  Instruments 
such as ACE on the Canadian Sci-Sat, and 
Aura’s overlap with the Upper Atmosphere 
Research Satellite and EP TOMS were im-
portant.  A series of satellite science and 
validation campaigns using NASA’s air-
borne science platforms have been con-
ducted over the past three years and will 
continue for the foreseeable future.  The 
Aura Validation Experiment (AVE) series 
of field campaigns have been conducted 
from Houston, TX in Fall 2004 and Sum-
mer 2005; from Portsmouth, NH in Winter 
2005; and from Costa Rica in Winter 2006.  
The most extensive field campaign (the 
Tropical Composition, Cloud, and Climate 
Coupling, TC4 experiment) will use sev-
eral NASA airborne platforms operating 
from Costa Rica in the summer of 2007 to 
integrate A-Train validation with a suite of 
chemistry and climate science objectives.  
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Further details of these and other missions 
that have played a role in Aura validation 
(such as INTEX-NA) can be obtained 
at  http://www.espo.nasa.gov/.  Several 
heavy lift balloon campaigns focused on 
Aura validation have been conducted 
from Ft. Sumner, NM and Kiruna, Sweden 
while numerous balloon-sonde launches 
at many locations around the globe have 
provided correlative data for ozone, water 
vapour, and meteorological parameters.

Submissions to a special issue of Jour-
nal of Geophysical Research – Atmo-
spheres  are presently in review.  We 
anticipate the Aura validation papers to 
be published in two special issues, and 
that the first will appear in late 2007.

Data Release

Aura data are being released through the 
Langley (TES) http://eosweb.larc.nasa.
gov/PRODOCS/tes/table_tes.html and 
Goddard (MLS, OMI, HIRDLS) http://
acdisc.gsfc.nasa.gov/ Distributed Active 
Archive Centers.  Data from all instruments 
are publicly available.  We encourage users 
to make use of the information about the 
data quality that is available from the in-
strument websites and through the refereed 
literature.  We also encourage participation 
in the Aura science team meetings (next 
meeting:  October 1-5 2007, Pasadena, CA) 

 
Summary

The EOS Aura mission was successfully 

launched on July 15, 2004.  With the ex-
ception of HIRDLS, all of the instruments 
are functioning as designed, although to 
preserve instrument life, TES is now op-
erating only in the nadir mode.  Aura is 
providing the next level of measurements 
needed by the stratospheric and tropospher-
ic research communities to address crucial 
broad questions concerning the recovery of 
stratospheric ozone, the changing chemical 
composition of the troposphere and its im-
plications for air quality, and the roles of 
upper tropospheric aerosols, water vapour 
and ozone in climate change.  The breadth 
of these instrument capabilities will allow 
the use of Aura data to attack these and new 
questions that will be defined in the future.

For more information on the Aura plat-
form and instruments, please refer to the 
Aura web site http://aura.gsfc.nasa.gov.
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 Special session of the European Geosciences Union General Assembly 2007
Vienna, Austria, 15 – 20 April 2007

Variability and predictability of the coupled Stratosphere-Troposphere system

Announcement

A web page has been created by Dr. Andrew Charlton (University of Reading, UK), which contains oral 
and poster presentations given at the EGU General Assembly 2007 in the session Variability and Pre-
dictability of the Coupled Stratosphere-Troposphere System (session AS1.06). All of the talks are 
copyright to the authors. Please contact them via the e-mail address link for more details of their work, 
and to seek permission from the authors before reproducing any of the content, as some of it remains 
unpublished. Links to the archived presentations from 2006 are also available.
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SPARC-IPY Update

S. Polavarapu, Environment Canada, Canada (saroja.polavarapu@ec.gc.ca)
D. Pendlebury, SPARC IPO, Canada (diane@atmosp.physics.utoronto.ca)
N. McFarlane, SPARC IPO, Canada (Norm.McFarlane@ec.gc.ca)

The goal of the SPARC IPY Activity enti-
tled The Structure and Evolution of the Po-
lar Stratosphere and Mesosphere and Links 
to the Troposphere during IPY, (IPY Activ-
ity No. 217) is to document the dynamics, 
chemistry and microphysical processes 
within the polar vortices during IPY, with 
a focus on stratosphere-troposphere and 
stratosphere-mesosphere coupling.  One 
of the key outcomes will be a collection of 
analysis products from several operational 
centres and several research centres, which 
will be archived at the SPARC Data Center. 

The analysis products will cover the period 
of IPY (March 2007 to March 2009) and 
will represent the best available self-con-
sistent approximations to the state of the at-
mosphere during this period.  Some satellite 
products will also be available for compari-
son with the analyses, and we are working 
on activating links with other IPY activi-
ties such as POLARCAT (IPY Activity No. 
32), PANSY (IPY Activity No. 9), and 
ORACLE-O3 (IPY Activity No. 99), and 
other related activities such as ACCENT.  
The specialized observations and field 

campaigns associated with these other ac-
tivities will complement the data assimila-
tion products and provide validation op-
portunities. Ensuring that the links with 
these other activities are established, main-
tained, and utilized will be the responsibil-
ity of  Dr. Elham Farahani who has recently 
been hired as the SPARC-IPY coordination 
scientist. 

The analysis data will be available through 
the SPARC Data Center.  Registration on 
the web site is required.  Data will be avail-
able in GRIB and netCDF formats depend-
ing on the centre providing the data, and 
Climate Data Operators (cdo) will be avail-
able for quick access of the data, and for 
conversion to other data formats.  The web 
site is undergoing testing and will be avail-
able in the near future. The contributing 
centres and current status of the data acqui-
sition process are summarized in the table.

Saroja Polavarapu – SPARC DA represen-
tative
Norman McFarlane – Lead SPARC-IPY 
Contact
Elham Farahani – SPARC-IPY Project 
coordinator
Diane Pendlebury – SPARC-IPY Data 
coordinator

Acronyms

PANSY: Program of the Antarctic Syowa 
MST/IS radar
ORACLE-O3: Ozone layer and UV radia-
tion in a changing climate evaluated during 
IPY
POLARCAT: Polar Study using Air-
craft, Remote Sensing, Surface Measure-
ments and Models, of Climate, Chemistry, 
Aerosols, and Transport
ACCENT: Atmospheric Composition 
Change The European Network of Excel-
lence

Centre/Model Country Resolution Fields Status

NCEP USA 0.32x0.32 on 64

levels at 00h, 06h,

12h,18h

u, v, T, specific

humidity, ozone,

cloud water, p

Receiving data

GMAO USA 0.67x0.5 on 72

model levels at

00h, 06h, 12h, 18h

(water vapour

fields at ± 1:30h

from analysis)

u, v, T, RH, PV,

ozone, Q_ice,

Q_liquid,

geopotential height,

total diabatic

tendency, SLP, p,

cloud fraction, cloud

optical depth

Receiving data

ECMWF Europe 0.25x0.25 on 91

model levels at

00h, 06h, 12h,18h

u, v, T, divergence,

ozone, cloud cover,

Q, cloud ice water

content, cloud liquid

water content

Receiving data

UKMO UK 0.56x0.38 on 27

pressure levels at

12Z

u, v, T, geopotential

height, dz/dt

Receiving data

CMAM-DAS Canada 3.75x3.68 on 72

model levels to

0.01mb at 00h, 06h,

12h, 18h

u, v, T, SLP, Ox,

ozone, ClOx, BrOx,

HNO3, methane, NO,

NOx, NO3, N2O5,

ClO, ClONO2, BrO,

H2O, specific

humidity

Further testing

required

GEM-

STRATO

Canada 1.5x1.5 on 80

model levels to

1mb at 00h, 06h,

12h, 18h

u, v, T, geopotential

height, p, moisture,

infrared heating,

ozone, methane, N2O,

CO, H2O, ClO,

OClO, ClONO2, HCl,

NO, NO2, N2O5,

HNO3

Further testing

required

KNMI Netherlands Ozone Pending

HDRI UK –

BADC

1.88x1.88 on 10

isentropic levels at

00h, 04h, 08h, 12h,

16h, 20h

Ozone Pending
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