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Preface

Carlos Nobre, Chair SC-IGBP
Kevin Noone, IGBP Executive Director

This Science Plan and Implementation Strategy sets out the research agenda for the second phase of IGBP. This phase will
need to be even more integrative than the first, and therein lies a major challenge. We cannot lose sight of the need

for focused, disciplinary research in areas where process-level Earth System understanding is poor. Yet at the same time, we
must address over-arching questions that require a systemic — not just a systematic — approach. We must combine research
on Earth System components (atmosphere, land and ocean) with research on processes occurring at the interfaces between
components, and we must integrate across all of these to develop diagnostic and predictive capabilities for the Earth System.

Herein, we describe our strategy for producing high quality, unbiased, credible, fundamental scientific research in the area of
global change: a strategy centred on ten projects, to be carried out by the several thousand scientists worldwide who are part
of the IGBP network. Further, we describe how we will communicate the results of this research to different audiences, in
order to realise our vision: “to provide scientific knowledge to improve the sustainability of the living Earth”.

This should be considered a living document. Like IGBP itself, is has evolved considerably since the first draft. It is neither
a static nor an exclusive plan for the second phase of IGBE, but rather, is a guide book for our continued scientific journey.
We describe how IGBP developed over the years and moved into its second phase, how we responded to the changing
research landscape and our plans for the evolution of the network. As with any good guide book, we have tried to identify
the major vistas that IGBP will visit in the next eight years, but have purposefully left ample opportunity for further
exploration. We expect the guidebook to be updated as the journey continues and as new territory is explored.

This document is the work of many hands and minds. As such, it illustrates one of the greatest strengths of IGBP: the
willingness of a large number of scientists around the world to voluntarily give their time and expertise to the common
endeavour of building the scientific infrastructure necessary to conduct global change research. We believe the document
reflects the diversity of expertise, disciplines and cultures that characterises our scientific community, and their commitment
to addressing some of the most important scientific issues of our time: understanding how our planet functions in a holistic
sense including the important role of humans, and mapping out a sustainable future for humankind.

Guy Brasseur, Past Chair SC-IGBP
Will Steffen, IGBP Executive Director (1998—2004)
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IGBP is an international research programme formed
in 1987 by ICSU to study the phenomenon of global

change; its vision is:

to provide scientific knowledge to improve the sustainability
of the living Earth.

IGBP studies the interactions between biological, chemi-
cal and physical processes and human systems, and col-
laborates with other programmes to develop and impart
the understanding necessary to respond to global change.
In the context of its vision the research goals of IGBP are:

to analyse (i) the interactive physical, chemical and biologi-
cal processes that define Earth System dynamics; (i1) the
changes that are occurring in these dynamics; and (iii) the
role of human activities in these changes.

The first phase of IGBP was completed in 2003, and

was marked by the publication of a comprehensive book
series synthesising IGBP and closely related research. The
second phase of IGBP (2004-13) began with an intensive
period of scientific planning, based on the research and
synthesis of the first phase. This Science Plan and Imple-
mentation Strategy briefly summarises the key findings of
the first phase synthesis which provide the foundation for
the second phase, and then presents the outcomes of the
second phase planning process.

The major outcomes of the research of the first phase
of IGBP were (i) an improved understanding of the
systemic behaviour of the Earth System; (ii) quantifica-
tion of the extent of Earth System variability at various
time scales, (iii) elucidation of the important role of the
biosphere in Earth System functioning; and (iv) a far
clearer picture of the changing degree of human influ-
ence on the Earth System.

The most compelling picture of Earth System behaviour
comes from Antarctic ice cores that reveal strong global
environmental oscillations, and provide considerable
evidence for the linkages between the physical climate and
global biogeochemical cycles over the last 740,000 years.

Other palaco records show strong variations at millennial

-

time scales, including examples of abrupt changes that
reflect the complex behaviour of the Earth System. While
previously the biosphere was considered to simply be the
passive recipient of geophysical changes, it is now recog-
nised that biological processes are intimately coupled to
physical and chemical processes in Earth System dynamics.
Although analysis of past variability shows that distinguish-
ing human-driven change from natural variability is not
straightforward, there is now ample evidence that human
activities are having a major influence on the Earth System,
such that it has moved well outside the range of variability
exhibited over at least the last half million years.

The major outcomes of the planning for the second phase
of IGBP based on these findings have been (i) the defini-
tion of a new scientific structure that reflects far more
clearly and completely the structure and functioning of
the Earth System; and (ii) the development of a inter-
disciplinary and integrative Earth System science agenda
necessary for addressing the challenge of global change.

The new scientific structure is based on a suite of both
new and refocused projects that reflect the three major
Earth System compartments (land, ocean and atmo-
sphere), the interfaces between these compartments and
system-level integration through time and space. There are
nine separate IGBP projects spanning the Earth System
compartments, interfaces and system-wide integration:

e the International Global Atmospheric Chem-
istry (IGAC) project which continues from
the first phase of IGBP but with a refocused

research agenda;

e the new Global Land Project (GLP) which
builds on the two land-oriented projects of the
first phase of IGBP;

e the Global Ocean Ecosystem Dynamics
(GLOBEC) project (initiated in the first phase
of IGBP and planned to conclude in 2009) and
the new Integrated Marine Biogeochemistry and
Ecosystem Research (IMBER) project which
collaborate on ocean research;
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e the new Surface Ocean—Lower Atmosphere

Study (SOLAS);

e the new Integrated Land Ecosystem—Atmos-
phere Processes Study (iILEAPS);

o the Land-Ocean Interactions in the Coastal
Zone (LOICZ) project which continues from
the first phase of IGBP but with a much broader

scope;

e Dast Global Changes (PAGES) which continues
its integrating palaco research; and

e Analysis and Modelling of the Earth System
(AIMES) which spearheads integrative activities
of IGBP at the Earth System level.

In addition to these long-term projects, IGBP uses Fast-
Track Initiatives to start research on key cross-cutting
issues in Earth System science and to foster integration
across projects and disciplines.

IGBP recognises that collaboration between a range of
research partners is increasingly necessary for compre-
hensive Earth System science — especially collaborations
between the natural and social sciences in order to achieve
a balanced analysis of the coupled human-environment
system. While many collaborations will be important

for the second phase of IGBP, participation in the Earth
System Science Partnership (ESSP) of the global change
programmes of ICSU is expected to be increasingly
important, while ongoing collaborations with SCOR will
continue to underpin IGBP marine research.

As well as being increasingly important for integrative
Earth System science, participation in ESSP will be a
key mechanism by which IGBP seeks to provide relevant
research results to guide policy formulation, particularly
with respect to sustainable development. To this end
IGBP will continue to actively support and work with
the ESSP projects on global sustainability (carbon, food,
water and human health) and with existing and forth-
coming integrated regional studies.

IGBP will continue many of its successful approaches to
implementation from its first phase including: building
research networks to tackle focused scientific questions;
promoting standard methods; undertaking long time-
series observations; guiding and facilitating construction
of global databases; establishing common data policies
to promote data sharing; undertaking model inter-com-

parisons and comparisons with data; and coordinating
complex, multi-national field campaigns and experiments.
In addition, IGBP will facilitate comprehensive interac-
tions between modellers and experimentalists and will
forge an international institutional network for Earth
System science.

IGBP and Global Change National Committees will con-
tinue to be essential to research planning and implemen-
tation in IGBD, enabling a dialogue between national and
international levels of global change research. IGBP will
continue to invest strongly in research capacity building
activities (particularly in less developed countries), with
capacity building occurring primarily through project-
level activities, and often in collaboration with START or
regional capacity building organisations and networks.

As an apolitical but politically-relevant organisation IGBP
will work to help bridge the gap between the interna-
tional scientific community, policy makers and the public.
IGBP will work to establish itself as a credible source of
Earth System science and to provide policy-relevant (but
not policy-prescriptive) information on global change to
policy makers and the public.
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During the 1980s it became apparent that humankind
had begun to match, and often exceed, the natural forces
that regulate the Earth System. Human activities had
pushed the Earth System well outside its normal operat-
ing range. This is reflected, for example, in changes in
atmospheric composition, climate and terrestrial, coastal
and marine ecosystems. This phenomenon is referred to
herein as “global change”; although it is recognised that
some groups prefer “global environmental change”.

In the late 1980s ICSU decided that an international
collaborative research endeavour on the phenomenon of
global change was required, and so initiated planning for
the International Geosphere-Biosphere Programme (IGBP)
(Figure 1). Nearly twenty years after IGBP was first con-
ceived, global change is more acute than ever. Townships on
the Arctic coast have lost infrastructure to melting perma-
frost and storm surges; over 30,000 people in France died
prematurely in a heat wave in 2003; many South American
countries face dwindling water resources as glaciers retreat;
and during 200305 eastern Australia suffered a severe
drought possibly linked to rising sea surface temperatures.

The human population continues to grow (although
more slowly than in previous decades) and in an uneven
manner that is altering the population balance between
poor and rich nations. The proportion of elderly is
increasing (especially in the developed world), and for the
first time the urban population exceeds the rural popula-
tion. Despite water resources development and remark-
able increases in agricultural production, inadequate and
polluted water supplies and insufficient food production
remain major causes of poverty in the developing world.

In spite of economic development, around 15% of the
global population still earn less than US$1 per day, and
in spite of medical advances and vaccination campaigns,
infectious diseases and global pandemics remain a serious
threat. Non-renewable resources are being depleted, and
within fifty years a shift will be required from an energy
system based on carbon-rich fossil fuels to one based on
low-carbon energy sources. Human activities are causing
extinctions at an unprecedented rate, irreversibly depriv-
ing us of ecosystem goods and services.

These multiple and complex problems mean Earth System
science is no longer only curiosity-driven, but strongly issue-
driven. The scientific challenges posed by these issues will
require close collaboration between biophysical and social
scientists. The recognition that economic development is
constrained by environmental issues, means investigations of
how global change will affect food security, water availability,
energy consumption and human health are central concerns.

Decision makers are increasingly calling for scientific
advice on environmental issues. In its second phase IGBP
will continue to provide fundamental knowledge on the
role of biological, physical and chemical processes in the
Earth System, and on their interactions with human
systems. Additionally, as a partner in the Earth System
Science Partnership (ESSP) of the global environmental
change programmes of ICSU (DIVERSITAS, IGBD,
IHDP and WCRP), IGBP will investigate the implica-
tions for global sustainability of Earth System changes.

In the face of the challenges presented by global change,
the vision of IGBP is t0 provide scientific knowledge

to improve the sustainability of the living Earth. IGBP
studies the interactions between biological, chemical and
physical processes and human systems, and collaborates
with other programmes to develop and impart the under-
standing necessary to respond to global change.

In the context of this vision the research goals of IGBP are
to analyse (i) the interactive physical, chemical and biologi-
cal processes that define Earth System dynamics; (ii) the
changes that are occurring in these dynamics; and (iii) the
role of human activities in these changes. To achieve these
goals IGBP will foster collaboration amongst biophysical
and social scientists, and will strive to build and support
an expanding international community of scientists, par-
ticularly in the developing world.

The scientific basis, research structure and the implementa-
tion strategies for the second phase of IGBP (2004-2013)
are presented in this Science Plan and Implementation
Strategy. This second phase is based on overarching scien-
tific questions generated by the first phase synthesis (Figure
2) and organised within a new scientific structure.
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Figure 1. Timeline of the first and second phases of IGBP, indicating planning, implementation and synthesis stages.
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Figure 2. The IGBP synthesis activity generated eleven comprehensive project syntheses published between 1999 and 2006.
These represent one of the major scientific outputs of the first phase of IGBP.
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The Scientific'Basis =

In its early years IGBP recognised that the Earth behaves
as a single, global-scale system in which the atmosphere,
oceans, biosphere, cryosphere and lithosphere are linked.
Beyond this conceptual framework however, there was
litcle detailed understanding of the importance of these
components, how they are connected, their forcings and
feedbacks and the Earth System dynamics that emerge
from their interactions. The first phase of IGBP made
major advances in Earth System understanding, including
showing how small and apparently unimportant activi-
ties could cause a cascade of long-term, large-scale Earth
System changes, which could be abrupt, surprising and
very difficult to manage. A summary of these advances in
Earth System understanding is given below, which pro-
vides the foundation for the second phase of IGBP

Systemic Behaviour

The clearest picture of Earth System behaviour comes
from Antarctic ice cores that reveal global environmen-

tal oscillations between glacial and interglacial states.

The Vostok core (Petit et al., 1999) provided concurrent
records of inferred temperature, trace gas concentration
and aerosol (dust and sulphate) levels for the last 420,000
years. These data provide considerable evidence for the
linkages between the physical climate and global biogeo-
chemical cycles (Steffen et al., 2004).

For example, climate (indicated by inferred temperature)
and the carbon cycle (indicated by atmospheric carbon
dioxide and methane concentrations) show largely parallel
variations. Furthermore, the main maxima and minima of
temperature and trace gas concentrations, which mark the
alternation between glacial and interglacial states, follow a
regular, cyclic pattern through time, with each major cycle
lasting approximately 100,000 years.

The smooth changes in the eccentricity of the Earth’s
orbit that are believed to be the primary forcing mecha-
nism for this dominant periodicity, are too slight and too

Figure 3. Composite carbon dioxide record from Antarctic ice cores from Dome Concordia (black, 0-22 thousand and 390-650
thousand years ago), Vostok (blue, 0-420 thousand years ago) and Taylor Dome (green, 20-62 thousand years ago); and
composite delta deuterium record from Dome Concordia (0-650 thousand years ago) and Vostok (0-420 thousand years ago).

From Siegenthaler et al. (2005) with permission from AAAS.
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smooth to generate the changes recorded without strong
modulation by internal feedbacks. This is especially so
when the abrupt shifts to interglacial conditions at each
the end of each glacial period are considered. This highly
non-linear response of the Earth System to external forc-
ing must involve interactions among biological, chemical
and physical components. Finally, the range over which
inferred temperature and trace gas concentrations vary is
limited. The four cycles in the record have similar maxima
and minima, pointing to a high degree of self-regulation.

The Dome Concordia core extends inferred temperature
and carbon dioxide records back to 740,000 and 650,000
years before present respectively (EPICA, 2004; Siegent-
haler et al., 2005). The Dome Concordia core confirms
the Vostok data and reveals different behaviour for the
pre-Vostok record (Figure 3): pre-Vostok interglacial peri-
ods were cooler but longer, and the dominant periodicity
is less clear, apparently a mix of the 40,000-year peri-
odicity of the Quaternary period and the 100,000-year
periodicity of the Vostok record.

The Earth System dynamics that give rise to cycling
recorded in the Antarctic ice cores are not completely
understood, however, significant advances have been made
in describing some of the main feedbacks. For example,

in the transition to glacial conditions the oceans absorb
increasing amounts of carbon dioxide from the atmosphere,
since carbon dioxide is more soluble in colder water. Lower
atmospheric carbon dioxide concentrations then lead to a
cooler climate, creating a positive feedback. Secondly, in
this transition to glacial conditions, northern land ice sheets
begin to form and expand, as does sea ice in the Arctic
Ocean and around Antarctica. This ice reflects nearly all the
incoming solar radiation, further cooling the Earth’s surface.

Both these feedbacks operate in reverse during the more
abrupt transition back to interglacial conditions.

The processes that slow these positive feedbacks and con-
strain the temperature and trace gas concentration extremes
are less well understood. However, it is clear that these limits
are not simply related to changes in incoming solar radiation
caused by the orbital changes which trigger glacial-intergla-
cial cycling. It is not yet clear why the upper temperature
extreme is lower in the pre-Vostok period of the Dome
Concordia record.

Natural Variability

A feature of the Earth System apparent from palaco analy-
ses is the considerable natural variability on all time scales
(Alverson et al., 2003). The Antarctic ice cores show strong
temporal changes in climate proxies and trace gas concen-
trations over hundreds of thousands of years, and northern
hemisphere temperature records demonstrate natural cli-
mate variability on millennial time scales. Although different
proxies and different analytical techniques yield different
millennial scale temperature records, it is clear that northern
hemisphere surface temperatures varied naturally by 0.7°C
on centennial time scales (Mann and Jones, 2003).

The isotopic record for the Holocene from Greenland ice
cores shows much lower temperature variability than during
glacial periods (Figure 4). It is tempting to assume that this
relatively benign climate allowed agriculture and civilisations
to develop, however, low-latitude palaeo records reveal simi-
lar hydrologic cycle variability during both the early Holo-
cene and the glacial-interglacial transition. Other evidence
shows significant hydrological variability persisted into the
later Holocene, particularly in temperate and low-latitude
regions where most of the human population lives (Alver-

Figure 4. Delta %0 data and inferred temperature from the ice core recovered from Summit, central Greenland.

From Johnsen et al. (1997).
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son et al., 2003). Much of this variability is larger than that
captured in the comparatively short instrumental record.

Abrupt changes are a prominent feature of Earth System
variations, the best-studied examples perhaps being the
rapid, high amplitude switches between glacial and inter-
glacial conditions in the North Atlantic region during the
most recent glacial period (Grootes et al., 1993; Figure
4). In these transitions temperatures increased by 6-8°C
in a few decades.

The North Atlantic region has also experienced rapid
cold shifts, the most recent of which occurred during the
transition to the Holocene about 11,600 years ago when
the regional temperature dropped by at least 10°C within
a decade (Alley, 2000). These temperature increases and
decreases are probably associated with instabilities in the
North Atlantic thermohaline circulation.

Analysis of past variability shows that distinguishing human-
driven change from natural variability is not straightforward,
and that natural variability is usually considerably greater
than that captured in the instrumental record.

The Role of The Biosphere

Biological processes are now known to be intimately
coupled to physical and chemical processes in Earth
System dynamics, with evidence that biological processes
sometimes play a regulatory or buffering role. Previously
the biosphere was usually considered to simply be the pas-
sive recipient of geophysical changes.

The biosphere affects Earth System behaviour through
biogeophysical and biogeochemical processes and through
biological diversity. Biogeophysical processes operate
primarily by: (i) absorption or reflection of incoming solar
radiation; (ii) evaporation and transpiration of water;

and (iii) transfer of momentum from atmospheric flows.
Terrestrial and marine biota can significantly affect any

of these processes. Biological processes are important

for the global-scale biogeochemical cycling of carbon,
nitrogen, phosphorus, silicon and iron. Although much
less is known about the role of biological diversity per se,
experimental work has shown that biodiversity can affect
productivity and nutrient cycling, and may buffer ecosys-
tems against sudden abiotic changes.

Biota strongly influence atmospheric composition. The
switch of the atmosphere from a reducing to an oxidising
medium billions of years ago was caused by cyanobacteria,

and its maintenance in a highly non-equilibrium, oxidis-
ing state is still controlled by biological processes. Marine
and terrestrial biota continuously emit carbon, nitrogen
and sulphur-based compounds, influencing atmospheric
composition and chemistry. Terrestrial biological processes
influence the amount of water vapour in the atmosphere,
particularly at local and regional scales.

The interaction of vegetation and the hydrological cycle
in the Amazon Basin provides an example of the multiple
ways in which biological processes affect abiotic processes.
About half the water which falls as rain in the Amazon
Basin originates from the vegetation itself through tran-
spiration; it is recycled continuously from the vegetation
to the atmosphere and back again. More subtly, the veg-
etation affects the hydrological cycle through the emission
of volatile organic compounds, which promote the forma-
tion of aerosol particles which provide cloud condensa-
tion nuclei and enhance the eventual formation of water
droplets and thus rainfall. Human modification of land-
cover in the Amazon Basin shows striking nonlinearities
in the interaction between vegetation and the hydrological
cycle. If conversion of tropical forest to crops or grasslands
is sufficiently limited and fragmented, the conversion
actually increases rainfall due to enhanced convective
activity caused by surface warming. Enough water vapour
remains in the atmosphere to provide moisture for clouds
and rain to form. If however, land conversion is extensive,
the amount of water vapour from evapotranspiration
drops below a critical threshold and rainfall drops sharply,
leading to increased fires and drought, further enhancing
the conversion of rainforest to savannah or grassland in

a positive feedback. Changes in vegetation due to land
cover conversion also affect soil moisture through changes
in rooting depth and density, and modify the amount of
water that runs off the land surface into river networks.

The global iron cycle is another excellent example of
the central and complex role of biology in the Earth
System (Box 1). Although the role of the biosphere has
become clearer, many fundamental questions are yet to
be answered.

Human Influence

Humans have always influenced their environment, how-
ever, early human impacts were mostly local, fragmented,
transitory and insufficient to affect Earth System behav-
iour. The advent of modern science and the discovery and
widespread exploitation of fossil fuel began to alter the
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Box 1. The Global Iron Cycle

Iron is an essential nutrient for all organisms; for marine phytoplankton, separated from iron-

rich sediments by considerable water depths, it must be sourced from the water column. Iron is
generally sparse in the marine water column and hence availability limits phytoplankton growth
over vast areas of the ocean. Iron reaches the oceans mainly as suspended sediment from rivers,
however, this supply is mostly trapped in near-coastal areas, and so aeolian dust is the dominant
input of iron to the open ocean.

Terrestrial vegetation affects the amount of iron available for global cycling through the stabilisa-
tion of soil by root activity, thus reducing the amount of soil susceptible to wind and water ero-
sion. Globally, dust is largely produced by short dust storm events in the great desert areas of the
world, with North Africa being the predominant source region (Figure 5).

Only a small fraction of the iron transported with dust dissolves in surface ocean waters, but this
fraction stimulates significant phytoplankton growth in regions (such as the high latitudes) where
iron availability is low (Box 10). In nutrient-poor tropical waters dust can stimulate nitrogen fixa-
tion which stimulates production. The marine impacts of dust deposition are therefore spatially
heterogeneous and depend upon nutrient availability.

Stimulation of plankton growth in the oceans can affect the atmosphere by changing oceanic
uptake and release of climatically active gases, which can affect the global climate and hence
dust production itself, creating the potential for large-scale, multiple and complex climate feed-
backs. The complexity of these linkages and feedbacks means that the global iron cycle cannot
be studied in isolation, but must be considered in the context of the overall biogeochemistry of
the Earth System.

Dust production rates are linked to rainfall and wind, and have varied considerably through time
— particularly on the time scale of glacial-interglacial cycles. Because of these links, the potential
for global change pressures to modify dust production is substantial

Figure 5. Global dust deposition (g m= yr-') based on a composite of three modelling studies that match satellite optical
depth, in situ concentration and deposition observations. Reproduced from Jickells et al. (2005) with permission from AAAS.
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human-environment relationship. The explosion of the modified by humans (Klein Goldewijk and Battjes,
human enterprise over the last few centuries and its remark- 1997), while most of the rest is managed to some extent.
able global-scale environmental and socio-economic impacts Upwards of half the terrestrial net primary productivity
characterise global change (Figures 6 and 7). is directly used, co-opted or diverted by human activities

(Rojstaczer et al., 2001), and the only relatively pris-

Although human impacts are discernable in all parts tine coasts outside the polar regions are remote areas of

of the Earth System, land systems and the coastal zone Australia and southern South America (Crossland et al.,
have been the most heavily impacted. About half of the 2005). Increasing coastal urbanisation will continue to
ice-free land surface has been converted or significantly drive coastal impacts. The flux of nitrogen from the land

Figure 6. Some global-scale indicators of human activity from 1750 to the present: (a) human population (USBC, 2000);
(b) total real Gross Domestic Product (Nordhaus, 1997); (c) damming of rivers (WCD, 2000); (d) fertiliser use (IFIA, 2002);
(e) paper use (PPI, 1993); and (f) number of motor vehicles (UNEP, 2000).
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to the coastal zone has increased by an order of magni- known. However, human activities have influenced

tude during the last century (Mackenzie et al., 2002), atmospheric composition and chemistry in many other

and many other parts of the global nitrogen cycle have ways, including depletion of stratospheric ozone and

been perturbed (Box 2). Human activities have increased increases in tropospheric ozone (Brasseur et al., 2003).

extinction rates by between one hundred and one thou-

sand times the natural rate (MEA, 2005). Collectively, the global impacts of human activities mean the
Earth System is currently operating in a no-analogue state

Increases in the atmospheric concentrations of green- and has moved well outside the range of variability exhibited

house gases, most notably carbon dioxide, are well- over at least the last half million years (Steffen et al., 2004).

Figure 7. Some global-scale indicators of change in the Earth System: (a) atmospheric carbon dioxide concentration (Ether-
idge et al., 1996); (b) percentage of total column atmospheric ozone loss based on an average annual total column ozone of
330 (courtesy of JD Shanklin, British Antarctic Survey); (c) modelled anthropogenic nitrogen flux to the global coastal zone
(Mackenzie et al., 2002); (d) percentage of global marine fisheries fully exploited, over-exploited or collapsed (FAOSTAT, 2002);
(e) Northern Hemisphere average surface temperature anomalies (Mann et al., 1999); and (f) estimated loss of tropical rainfor-
est and woodland for Africa, Latin America, South Asia and Southeast Asia (Richards, 1990; WRI, 1990).

360 o 70
> a ¢ 4 b
o' E 3404 5
o8 éa\‘i 50
(&]
% S 320 A 2 g 40 -
c = c
a © i
@ £ 300- Eg ¥
€3 o Q 201
Z5 ©0
3 280 w 10
(@)
260 T T T T = 0 T T T 1
10 100
§ 8 - c o 80 d
ST 5
g_o 6 1 = q 601
= - .2
L 25
xS 47 S < 401
32 52
[T X L
- 2 Ll 20 4
0 T T T T 0 T T T T
(0] e)
S~ 10 o 35
59 23
3= e 8% 301 f
' =T 5
% 8 057 ;.28 20
o< @": 1
o Q L% 151
S 2 00 £ %
2 8 = S 10
§¢ = @
T E o O 51
C g~
E -0.5 T T T T lg 0 T T T T
1750 1800 1850 1900 1950 2000 1750 1800 1850 1900 1950 2000
Year Year



IGBP Science Plan and Implementation Strategy

Box 2. The Global Nitrogen Cycle

In the late 20™ century human activities surpassed natural terrestrial processes in converting unreactive nitrogen gas to
reactive nitrogen (Nr)’, with major implications for both ecosystem productivity (often Nr-limited) and environmen-
tal problems (Galloway et al., 2004). In 1860 the global population was 1.5 billion, anthropogenic Nr creation was
about 15 Tg yr' and was almost entirely for food production through “cultivation-induced biological nitrogen fixation”
(CBNF). At this time the rate of Nr creation by natural terrestrial BNF was about ten times higher, hence human activi-
ties accounted for only about 10% of the global terrestrial Nr creation.

By the early 1990s however, anthropogenic Nr creation had increased about 10-fold while the global population had
increased 3.5-fold. Around 15% of the anthropogenic Nr creation was associated with energy production and most of
the remainder with food production. About one quarter of the Nr creation for food production was by CBNE and three
quarters by fertiliser production via the Haber-Bosch process. Coupled with these Nr creation increases was a decrease of
about 10% in natural terrestrial BNF due to conversion of natural grasslands and forests to agricultural uses.

The benefit from these human alterations to the nitrogen cycle is food production to support an increasing population
and a rising per capita food consumption. However, problems have arisen due to both nitrogen shortages and excesses.
Many regions of the world (e.g. Africa) have insufficient nitrogen for adequate food production, and nitrogen supply
to these regions must be increased. Conversely, in other regions there is an excess of nitrogen, in part because all the
nitrogen mobilised by energy production and most of the nitrogen used in food production is lost to the environment.
Nitrogen loss to the environment can contribute to a host of problems, which are all linked through the global nitrogen
cycle via the “nitrogen cascade” (Figure 8). For example, a nitrogen atom released to the atmosphere from fossil fuel
combustion can, in sequence, increase atmospheric ozone concentration, decrease atmospheric visibility and increase
precipitation acidity. Following deposition it can increase soil acidity, decrease biodiversity, pollute groundwater and
cause riverine, estuarine and coastal eutrophication. Finally, once emitted back to the atmosphere it can contribute to
greenhouse warming and decrease stratospheric ozone. Because nitrogen is linked to so many of the current global and
regional environmental challenges, nitrogen issues are extremely important in environment policy.

Anthropogenic Nr creation will continue to increase as the global population increases. Even after the global
population has peaked, Nr creation is likely continue to increase due to rising per capita consumption of both food
and energy. The maximum Nr creation rate will depend to a very large extent on how the world manages its use
of nitrogen for food production and its control of nitrogen in energy production. If the global population peaks
around 9 billion, and if subsequently the average per capita Nr creation rate reaches that of North America in 1990
(around 100 kg person™ yr'), then the global
total will reach around 900 Tg yr!, with

Atmosphere

about half occurring in Asia. The potential for
this large increase emphasises the need for poli-

cies that focus on how to maximise the benefits
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tal and human health impacts.
e Grassland

"Herein Nr refers to all biologically active, photochemi- M e A ey e:::‘;'ts
cally reactive, and radiatively active nitrogen com- Food effects

pounds in the atmosphere and biosphere, including production Crop——>>Animal

inorganic reduced forms (e.g. NH, and NH,?), inorganic sail%e
oxidised forms (e.g. NO,, HNO,, N,O, and NO,"), and
organic compounds (e.g. urea, amines and proteins).

NH,
NO,

g

NO, A

Y [0)
./ People W
(food, fiber) / effects |\ o
Surface water 2
effects ad

Y —— Soil

Norganic

Figure 8. The cascade of nitrogen through the
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The ultimate aim of the United Nations Framework Con-
vention on Climate Change is the stabilisation of green-
house gases in the atmosphere at a level that will “prevent
dangerous anthropogenic interference with the climate
system” (UNFCCC, 1992). The Millennium Ecosystem
Assessment (MEA) reported significant anthropogenic
degradation of many ecosystem services, substantial and
largely irreversible loss of biodiversity, and the potential
for diminished benefits from ecosystem services for future
generations (MEA, 2005). The concept of “dangerous
anthropogenic interference” can therefore be extended
beyond the climate system to the entire Earth System.
Society should determine what level of interference is
“dangerous”, however, this determination should be
informed by science. A key role of IGBP is to help plan,
coordinate, facilitate, integrate, synthesise and communi-
cate the science necessary to inform this debate.

Additionally, Earth System science and global change
research are required to guide sustainable development,

and IGBP (together with research partners, see below) will
increasingly work to address key issues in global sustain-
able development. The United Nations has established
eight so-called Millennium Development Goals (MDG)
which aim to liberate over 500 million people from
poverty by 2015, and integrate sustainable development
into national and international agendas to reverse the loss
of environmental resources. The MDG are ambitious,
and progress to date indicates major challenges for the
coming decade. Accelerated progress will require a greater
injection of relevant scientific research, as well as scientific
capacity building in less developed countries. This will
require not only more focused research, but a more con-
certed effort to communicate the implications of research
results to policy makers, resource managers and interna-
tional aid agencies in a timely manner.

Earth System science has already contributed much to
the societal debate on climate change and global change,
and predictions, projections and scenarios for the Earth

Figure 9. Regions known or anticipated to have strong influences on the Earth System. Courtesy of HJ Schellnhuber.
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abound. However, these still range from global catas-
trophe to equitable sustainability, and even the funda-
mental biophysical variables are difficult to predict. For
example, estimates for increases in global mean surface
temperature expected this century range from 1.4 to
5.8 °C (IPCC, 2001), and even this range may be too
narrow (Andreae et al., 2005). Two fundamental issues
underlie the current range of Earth System futures. The
first is the resilience of the coupled human-environ-
ment system, and the second is the nature of the human
response to global change.

Addressing these issues requires conceptualising the
Earth as a complex, non-linear system with strongly
interacting biophysical and socio-economic components,
and building the science of integration necessary to
make the coupled human-environment system the fun-
damental unit of study. This will require greater study
of thresholds and abrupt changes, of regional-global
linkages via teleconnections and of sensitive regions that
act as “switch and choke points” in the Earth System
(Figure 9).

The second phase of IGBP will focus more on regional
studies, on the integration of observations, process and
case studies and modelling, and on development of
simulation tools that capture the richness of past Earth
System behaviour. These aspects are highlighted in /GBP
Projects and Activities.

Additionally however, IGBP will, in its second phase,
forge closer and stronger collaborations with key
research partners in order to comprehensively study

the Earth System and to meet the challenges posed by
global change. To this end, most IGBP projects are now
cosponsored, and all are developing and strengthening
links with other relevant projects, especially projects of
the other international global environmental change

programmes (IHDP, WCRP and DIVERSITAS).

A key aspect of the collaborations of the second phase
of IGBP is the push to achieve a deeper understanding
of processes and systems-level behaviour, with particular
emphasis on the coupling between natural and human
systems. Hence two projects are cosponsored by IHDP.

Figure 10. An IGBP-centric view of the triangulation between global change research, Earth

observations and global assessments and policy.
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In addition to cosponsorship from other global change
programmes and increasing levels of collaboration with
their various activities, several projects are broadened
and strengthened by cosponsorship from the Scientific
Committee on Oceanic Research (SCOR), the Commis-
sion on Atmospheric Chemistry and Global Pollution
(CACGP) of the International Association of Meteorol-
ogy and Atmospheric Sciences (IAMAS) and the Inter-
governmental Oceanographic Commission (IOC) of
UNESCO. These arrangements are detailed under the

individual project descriptions.

While Earth System science has made considerable
contributions to raising the awareness of, and informing
the debate onglobal change, it has been less influential
on policies for sustainable development, particularly

in less developed countries. IGBP will therefore work

to increase the relevance of its research for sustainable
development policy, and will increase its efforts to effec-
tively communicate research results to the appropriate
audiences.

ESSP provides a general framework for collaborative
Earth System science and sustainable development
policy guidance (see Box 12). IGBP will continue to
fully participate in the development and evolution of
ESSP, including working actively to refine and further
develop ESSP projects. IGBD, where possible, will
consolidate activities with ESSP partners, increasing the
efficiency and effectiveness of research, and strengthen-
ing the structural links between the programmes.

In addition to working with research partners, IGBP
recognises that progress in Earth System science will
increasingly require integration of observations (espe-
cially spaced-based) and modelling. To this end IGBP
will participate in the Group on Earth Observations
(GEO), will remain a member of the Integrated Global
Observing Strategy Partnership (IGOS-P), and will
remain an associate of the Committee on Earth Obser-
vation Satellites (CEOS). The IGBP involvement in
these initiatives has two primary purposes: firstly, to
facilitate greater input by Earth System scientists to
defining Earth observation requirements; secondly, to
improve access to the resulting data by scientists. Partici-
pation in these groups is also a key element of the IGBP
data management strategy (see Data Management).

Given the above-stated aim of contributing to the sci-
ence that guides the societal determination of what con-
stitutes dangerous interference with the Earth System,

it is critical that IGBP increasingly engage with global
environmental assessment processes and with policy
makers. This completes the triangulation between global
change research, Earth observations and global envi-
ronmental assessments and policy (Figure 10). Through
publications and working group participation IGBP will
continue to contribute to the assessments of IPCC and
MEA, and will increasingly work to communicate Earth
System science to policy makers and resources managers
(see Communication and Outreach).
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The second phase of IGBP has been planned on the basis
of the research and synthesis of the first phase. IGBP will
continue to pursue focused, disciplinary research that
contributes to Earth System understanding, but will also
address over-arching questions that require a systemic
approach. IGBP will combine research on Earth System
components (atmosphere, land and ocean) with research on
interface processes and research that integrates across these
components and interfaces. This overall integration will
underpin development of diagnostic and predictive capa-
bilities for the Earth System. IGBP recognises that progress
must be supported by theoretical and laboratory studies,

in situ measurements, modelling and remote sensing, and
hence will combine these approaches from the outset.

IGBP provides the Earth System science framework
within which projects and activities are planned and inte-
grated. This framework allows projects to develop their
own scientific profiles, while simultaneously fostering sys-

Figure 11. Scientific structure of IGBP projects.

oject tstan

temic, integrative Earth System analyses. Integration and
systems-level analysis are themselves important scientific
activities, which require firm foundations in disciplin-

ary science. The three primary modes of IGBP activity
(described below) are IGBP projects, Fast-Track Initiatives
(FTIs) and integration and synthesis.

The projects for the second phase of IGBP reflect the
three major Earth System compartments (land, ocean and
atmosphere), the interfaces between these compartments
and system-level integration through time and space
(Figure 11). This structure reflects the emphasis being
placed on Earth System functioning and on processes
within Earth System compartments.

A phased approach has been adopted to implementing
this structure, with some projects continuing from the
first phase of IGBP (although with new research agendas)
and several new projects having beginning launched.
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A single atmosphere project — the International Global
Atmospheric Chemistry (IGAC) project — continues
from the first phase of IGBP. The new Global Land
Project (GLP) builds on the two completed land-oriented
projects of the first phase of IGBP: Global Change and
Terrestrial Ecosystems (GCTE) and Land-Use and Cover
Change (LUCC). Ocean research is conducted by the
Global Ocean Ecosystem Dynamics (GLOBEC) project
which was initiated in the first phase of IGBP and the
new Integrated Marine Biogeochemistry and Ecosystem
Research (IMBER) project, which builds on the successes
of the Joint Global Ocean Flux Study (JGOES) but has a
much broader focus. In 2009 GLOBEC will conclude its
work, leaving a single ocean project.

Two new interface projects have been initiated in the
second phase of IGBP: the Surface Ocean—Lower
Atmosphere Study (SOLAS) and the Integrated Land
Ecosystem—Atmosphere Processes Study (iLEAPS). The
Land-Ocean Interactions in the Coastal Zone (LOICZ)
interface project continues from the first phase with a
much broader scope encompassing the coupled human-
environment coastal system.

Past Global Changes (PAGES) continues its integrat-
ing palaeo research, providing an improved picture of
past Earth System behaviour, and guiding assessments of
future sustainability. Analysis, Integration and Model-
ling of the Earth System (AIMES) builds on the work of
the earlier Global Analysis, Integration and Modelling
(GAIM) task force, and spearheads modelling and other
integrative activities of IGBP at the Earth System level.

All IGBP projects will be guided by individual Science
Plans and Implementation Strategies developed by project
research communities. Brief summaries of these are given
in the sections below, starting with the underpinning
work of PAGES, moving through the component and
interface projects and concluding with the integrative
work of AIMES.

PA®ES

PAST GLOBAL CHANGES

The Past Global Changes (PAGES) project was founded
in 1991 during the first phase of IGBP. It will play a simi-
lar role in the second phase of IGBD albeit with refined
research directions which focus more strongly on Earth
System behaviour. At the time of writing, formal docu-
mentation of the PAGES science agenda was in prepara-
tion. The International Project Office (IPO) is based in
Bern, Switzerland.

Rationale

The palaco sciences have revolutionised the understand-
ing of the Earth System, the central role of biogeochemi-
cal cycling and the history of abrupt climate changes on
time scales and of amplitudes relevant for human societ-
ies. One of the most important roles of palaeo studies is
to estimate the envelope of natural variability (including
solar variability, Box 3) and the rate of environmental
change to which human perturbations can be compared.
Palaco records also enable testing and refinement of Earth
System models.

Oceans modulate the climate-environment system (for
example, by varying the meridional transport of heat and
by sequestering atmospheric carbon dioxide), and much
has been learned about past ocean circulation, marine
carbon cycling and other processes from various palaco
records. Nevertheless, many fundamental issues remain
unresolved, including the role of marine biota and the
carbonate system in past changes, and the palaco hydrog-
raphy and circulation of critical regions, such as the
tropical oceans and the Southern Ocean. Similarly, past
temperatures and carbon cycle variations (and the cou-
pling of these) are increasingly well quantified and under-
stood, but a more detailed understanding of natural (and
anthropogenic) forcings and responses of climate system is
needed to provide a sound context for global change.

Variations in the hydrological cycle are of considerable
socio-economic importance. Reconstructions demonstrate
the instability of the hydrological cycle during the Holo-
cene, especially in low latitude regions where precipitation
is controlled by monsoon systems, the position of the
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inter-tropical convergence, or inter-annual climate oscilla-
tions. As persistent droughts are among the most devas-
tating hazards faced by society, there is an urgent need to
understand the mechanisms of past regional climatic and

hydrologic change.

Because humans have become an increasingly signifi-
cant factor in the Earth System in the last few millennia,
the synthesis of past environmental change studies with
archaeological and historical evidence and documentary
data provides insights on the role of humans in climatic

and environmental change.

Key Questions

e What is the history of climate forcing factors
and the sensitivity of the climate system to these
forcings?

e What are the causes of natural greenhouse gas
and aerosol variations?

o What was the precise sequence of past changes
in forcings, surface climate and ecological sys-
tems?

e How have global climate and the Earth’s natural
environment changed in the past?

e What are the main modes of variability at
orbital to sub-decadal time scales, and how do
these relate to each other and to the mean state
of the climate system?

e How have different parts of the Earth System
interacted to produce feedbacks on regional and
global scales?

e What are the causes and thresholds of rapid
transitions between quasi-stable climatic and
environmental states (particularly on time scales
relevant to society), and how reversible are these
changes?

e To what extent, and since when, has human
activity modified climate and the global/regional
environment?

e How can human-induced change be disentan-
gled from natural responses to external forcing
mechanisms and internal system dynamics?

18

Objectives and Structure

The objective of PAGES is to provide regional and global
information on the past behaviour of the Earth System

to enable assessment of its future sustainability, based

on reconstruction, systemic analysis and modelling of
past scenarios. The scope includes the physical climate
system, biogeochemical cycles, environmental processes
and human dimensions. To achieve its objective PAGES is
organising its activities under the following four foci:

Focus 1: Past climate forcings. This focus aims to
produce improved, extended and consistent time series of
climate forcing parameters (natural and anthropogenic),
including solar insolation and irradiance intensity (or
luminosity), volcanic activity, land use, greenhouse gas
and aerosol concentrations.

Focus 2: Reconstruction and modelling of
regional climates and modes of variability.
This focus will develop the understanding of past cli-
mate dynamics (climate modes, low-to-high latitude and
longitudinal linkages, and global teleconnections) by
comparison of reconstructions and model simulations.
Activities will contribute towards a global coverage of
high-resolution, well-dated reconstructions of past climate
state parameters (temperature, precipitation, atmospheric
pressure fields) and of past modes of climate variability
based on natural archives and documentary data. The
emphasis is on the last 2,000 years, but earlier periods are
also considered.

Focus 3: Land-ocean-cryosphere dynam-

ics and linkages. This focus includes activities that
reconstruct and model abrupt changes and quantify the
associated thresholds. Key issues include ocean circula-
tion changes, droughts, ice sheet stability, land surface
responses and processes, monsoon changes and dynamics,
and permafrost changes.

Focus 4: Past human-climate-environment
interactions. This focus addresses the long-term
interactions between past climate, other environmental
processes and human activities. It emphasises comparisons
of regional-scale reconstructions of environmental and
climatic processes (from natural archives, documentary
and instrumental data) with evidence on past human
activity (from historical and archaeological records). This
focus promotes dynamic modelling to better understand
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Box 3. Solar Variability and Holocene Climate

Solar forcing of the climate is unresolved. Eddy (1976) was among the first to postulate a link
between widespread cooling and the low level of solar activity suggested by sunspot absence in
the 17" century (the Maunder Minimum). Cosmogenic isotopes (e.g. '*C and °Be) preserved in well-
dated archives are the only proxy from times prior to observations of solar activity. Cosmogenic iso-
tope production rates depend on the solar wind and the shielding of the Earth by its magnetic field.

Solar activity for the past 12,000 years has been inferred from atmospheric C fluctuations deter-
mined from decadal tree-rings and tree-ring climate proxies during periods of high and low solar
activity (Bond et al., 2001). Comparisons of ice-drift indices and “C and '°Be production rate
variations provide strong evidence for solar forcing of cooling events in the North Atlantic, with
Holocene cooling events coincident with intervals of low solar activity.

To test the solar forcing hypothesis a time series of solar irradiance — scaled with respect to '“C pro-
duction changes (Bard et al., 2000; Crowley, 2000) — was created for the Holocene and input to a
climate model of intermediate complexity (CLIMBER-2). Because the model shows no free decadal
and centennial variability, results clearly show the response of the climate system to solar forcing.
These include a linear, positive response of surface air temperatures in the North Atlantic (Figure
12a) and a negative response of North Atlantic overturning (Figure 12b).

Carbon and oxygen isotopes from tree rings have been analysed for periods of strong solar varia-
tion (e.g. 11,310-10,880 BP — German pine chronology, and 4,900-4,700 BP and 2,930-2,570 BP

— German oak chronology). The information
from 3C and 80 is complex, with strong
variations due to physiological processes
within the tree that are not directly related to
climate forcing. However, the early Holocene
record is striking because of dramatic drops
in 8'*C and subsequent recoveries. Similar
behaviour is observed for 680, although the
variations do not correlate with those of §'C.

Atmosphere Temperature (°C)

Although many questions remain unan- ]
swered, analyses and modelling have pro- 205

vided strong support for solar forcing of b
decadal to multi-centennial aspects of the 22.07

global climate. 21_5_: ‘ l
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Figure 12. (a) Modelled North Atlantic surface air
temperatures comparing control runs (black lines) to
runs with irradiance changes based on calculated

4C production rate changes. Blue line: 0.24% irradi-
ance change between the Maunder minimum and the
present. Red line (1°C offset): 0.65% irradiance change
between the Maunder minimum and the present.

(b) Modelled maximum of North Atlantic overturning
comparing control runs (black lines) to runs with irradi- : ' : ' : ' : '
ance changes as above. Red line offset 1 km® s~'. From 8,000 6,000 4,000 2,000 0
Kromer et al. (2004). Calendar years BP

Maximum Atlantic Overturning (kg® s™')
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processes of climate-human-environment interactions, to
quantify the relative roles of different drivers in forcing
change, and to provide integrated datasets for model com-
parison and verification.

In addition to the above foci PAGES has established
four cross-cutting themes of relevance to all four foci and
to palaeo science in general. Two of these are described
below, and two which relate to research implementation
are described in the following sub-section.

Theme 1: Chronostratigraphy. Chronology underlies
most palaeo scientific research and often limits the strength
of conclusions based on palaco environmental reconstruc-
tions. This theme encourages activities that improve tools
for absolute and relative dating, and encourages reference
time scales and creative new approaches.

Theme 2: Proxy development, validation and
calibration. This theme supports improvements in the
precision and accuracy of palaco environmental proxies as
a basis for high quality records of past global change that
complement instrumental and documentary data. Activi-
ties include efforts on proxy interpretation and develop-
ment, analytical innovation, inter-laboratory comparisons
and calibration refinement.

Research Approaches

PAGES promotes integrative research that is global in
scope and based on temporally and spatially well-resolved
data and model simulations. PAGES facilitates inter-
national collaborations and interdisciplinary science,
especially between individuals involved in national pro-
grammes with overlapping interests. PAGES collaborates
with other IGBP projects on palaco biogeochemical and
palaco hydrological cycles, ocean-atmosphere circulation,
sea-level changes, the role of the biosphere in the Earth
System, the carbon cycle and palaco hazards and recov-
ery. The PAGES online databases and other web services
help facilitate collaboration and coordinate international
palaeo research.

PAGES facilitates workshops, symposia and conferences
that unite scientists from different countries to share,
compare and synthesise results. Effort will be put into
strengthening national/regional sub-networks and inte-
grating them into the international palaco community.
Efforts will also be made to involve scientists from devel-
oping countries and to enhance worldwide partnerships.
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The third and fourth cross-cutting themes of PAGES
address data management and communication activities
as follows:

Theme 3: Data management. This theme promotes
the availability of, and access to palaco data, as well as the
creative use of these data. The theme mediates between
the scientific community and international data centres
such as the World Data Centers and PANGAEA, as well
as regional, topical and national databases.

Theme 4: Dissemination and outreach. PAGES
is committed to communicating data products and their
implications to policy makers and the public, and will
continue to describe and promote palaco research and
associated activities on the PAGES website and in the
PAGES newsletter. PAGES will continue to organise
outreach activities.
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The International Global Atmospheric Chemistry
(IGAC) project was created in the late 1980s during the
first phase of IGBP. It is jointly sponsored by CACGP of
TAMAS. Its research agenda for the second phase of IGBP
is documented in IGAC (2006) and its IPO is based

at the Pacific Marine Environmental Laboratory of the
National Oceanic and Atmospheric Administration in
Seattle, United States.

Rationale

Atmospheric chemistry and composition help determine
conditions in the biosphere. For example, atmospheric
trace gases thermally insulate the biosphere and strato-
spheric ozone protects life from harmful levels of ultra-
violet radiation. A suite of chemical reactions, many of
them involving the hydroxyl radical, cleanse the atmo-
sphere of pollutants and prevent pollutant accumulation
to lethal levels. The atmosphere is also critical for trans-
fers of materials and energy between the land and ocean.

Atmospheric chemistry and composition are changing
rapidly. In addition to the recognised importance of
increasing greenhouse gas concentrations, awareness of
the role of aerosols is growing (Box 4). Aerosol produc-
tion in the Northern Hemisphere in recent decades
probably contributed to the severe droughts in the Sahel
(Rotstyn and Lohmann, 2002), and aerosol-driven cool-
ing over Europe and North America from the 1960s to
the 1980s changed the latitudinal temperature differen-
tial between the North Atlantic region and the tropics
and subtropics. This latter change affected atmospheric
circulation and led to a shift in the positioning of the
African monsoon, which led in turn, to a drying climate
in the Sahel with severe environmental and human
consequences.

Recognition of the role of reactive compounds in the
climate system is also growing, however, the interac-
tions are complex and remain poorly understood.
Tropospheric ozone — which appears to have increased

substantially over the last century — is a good example.
Ozone is a greenhouse gas, but also affects climate
because it is a powerful oxidant, undergoing chemical
reactions that affect hydroxyl radical concentrations.
Hydroxyl radicals, in turn, react with climatically impor-
tant gases such as methane.

The formation of new particles — secondary organic
aerosols — has been observed in a variety of locations
(e.g. marine, coastal, forested regions and free tropo-
sphere) around the world (Kulmala et al., 2004). But
only for the marine environment are the compounds
and reaction schemes accounting for secondary aerosol
formation sufficiently well understood to examine the
effects on the Earth System. Formation and growth of
new particles from various precursor gases, as well as het-
erogeneous modification of existing particles, are linked
to the oxidation of a myriad of gaseous and particle phase
organic compounds by atmospheric oxidants such as the
hydroxyl radical, ozone, the nitrate radical and nitrogen
oxides. Recent observations of aerosol particles in the
upper troposphere (e.g. Strom et al., 1999; Lee et al.,
2004) inspire further studies.

Apart from climate, changing atmospheric composition
has other implications for Earth System functioning.
One is the ability of the atmosphere to cleanse itself of a
wide range of natural and anthropogenic emissions, via
oxidation of the emissions, dissolution in water droplets
and removal via precipitation. Decadal-scale estimates
of hydroxyl radical concentrations suggest little change
over the past 3040 years (Prinn et al., 2001), but it is
unknown whether this due to the inherent robustness
of the atmospheric chemical system, or to opposing
anthropogenic effects. Understanding the nature of this
oxidising-cleansing system, especially its response to
changing climatic and anthropogenic drivers, is essential.

The atmosphere transports energy, gases and particles
over long distances. Airborne and satellite data have
demonstrated that aerosols generated in eastern North
America are transported to Western Europe and North
Africa, pollutants from Europe are deposited in Asia,
and dust storms generated in arid Asia are carried over
the Pacific Ocean to the Rocky Mountains and beyond.
Palaco studies have also revealed long-range transport of
aerosols, and thus regional air quality cannot be com-
pletely managed by regions themselves.
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Box 4. The Effects of Aerosols on Climate

Aerosols affect the Earth’s energy balance directly by scattering or absorbing incoming solar radia-
tion, and indirectly by helping to determine cloud properties. In general, these effects act in oppo-
sition to the effects of greenhouse gases; that is, aerosols generally cool the Earth’s surface. The
effect is well-known in the case of sulphate aerosols. For other aerosols however, the situation is less
straightforward. For example, carbonaceous particles produced from fossil fuel or biomass burn-

ing absorb both solar and infrared radiation, and can lead to warming at the surface, while the same
combustion processes produce organic carbon particles which act to cool the Earth’s surface.

The several indirect effects are complex, potentially more important than the direct radiative effects,
and far less understood. One indirect effect is increases in cloud reflectivity due to increases in aerosol
particle concentration (especially
when starting in clean conditions).
This effect causes “ship tracks”

— clouds that form around the
exhaust released by ships into

the ocean air (Figure 13), and has
been the focus of a number of large
experimental campaigns.

A second indirect aerosol effect is the
influence on cloud and precipitation
formation. Increased aerosol particle
concentrations can sometimes sup-
press precipitation in marine clouds.
Precipitation and cloud formation itself
can be perturbed, as seen for exam-

Figure 13.'Increa§es in cloud reflectivity dge to aerosols emitted from ple, in cloud suppression in forest fire

ships forming “ship tracks” over the Atlantic Ocean off the east coast . .

of the United States. Courtesy of NASA. plumes in the Amazon Basin (Andreae
et al., 2004).

Modelling these effects — especially
globally —is challenging. Cloud forma-
tion, cloud reflectivity and precipita-
tion formation all depend directly or
indirectly on cloud droplet number,
which itself depends on aerosol parti-
cle number concentration and chemi-
cal composition. The few attempts at
treating these effects in global models
indicate that the potential effects can
be large, both in terms of radiative
effects (e.g. Ghan et al., 2001) and in
terms of precipitation (Figure 14).

Figure 14. Modelled difference in annual mean precipitation (mm day-")
between pre-industrial and current conditions due to aerosols. From
Rotstayn and Lohmann (2002) with permission from the American
Meteorological Society.
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Human activities of the past two centuries have led to a
much greater chemical burden for the atmosphere, even in
remote areas. Key drivers are widespread industrialisation,
growth in the transport sector, biomass burning and the
expansion and intensification of agriculture (particularly
fertiliser use).

Key Questions

¢ How does atmospheric chemistry affect the radia-
tive balance of the atmosphere and the physical
climate system?

e What are the direct and indirect effects of acrosols
on climate?

¢ How do emissions, long-range transport and
chemical transformation of trace gases and aero-
sols affect surface air quality?

e How stable is the cleansing capacity of the atmos-
phere in the face of both direct human perturba-
tions and changing climate?

Objectives and Structure

The objective of IGAC is to understand the role of atmo-
spheric chemistry in the Earth System and to determine
the effects of changing regional emissions and depositions,
long-range transport and chemical transformations on air
quality. To address this objective IGAC has developed a
series of specific questions, organised as follows under two
primary themes:

Theme 1: What is the role of atmospheric
chemistry in amplifying or damping climate
change? This primary question gives rise to four subsid-
iary questions: (i) what are the relative roles of stratosphere-
troposphere exchange, anthropogenic and natural precursor
emissions, and 7 situ photochemical processes in control-
ling ozone and its effects on climate change? (i) what are the
sources, sinks, distributions and properties of aerosol par-
ticles and their direct radiative effects on climate? (iii) what
are the effects of aerosol particles on clouds, precipitation

Figure 15. The major atmospheric processes being investigated by IGAC.
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and regional hydrological cycles? and (iv) how will chang-
ing emissions and depositions of gases and aerosol particles
affect spatial patterns of climate forcing?

Theme 2: Within the Earth System, what
effects do changing regional emissions and
depositions, long-range transport and chemi-
cal transformations have on air quality and
the chemical composition of the planetary
boundary layer? This primary question gives rise to
three subsidiary questions: (i) what are the export fluxes
of oxidants, aerosol particles and their precursors from
continents (e.g. mega-cities, biomass burning and desert
dust) to the global atmosphere? (ii) what are the impacts
of intercontinental transport on surface air quality? and
(iii) how will human activities transform the cleansing
capacity of the atmosphere?

Research Approaches

To address these questions, the atmospheric chemistry
research community needs to (i) accurately determine
global distributions of both short- and long-lived chemi-
cals in the atmosphere and document their changing
concentrations over time; (ii) provide a fundamental
understanding of the processes that control the distribu-
tions of chemicals in the atmosphere and their impact on
global change and air quality; and (iii) improve the ability
to predict the chemical composition of the atmosphere
over the coming decades by integrating understanding of
atmospheric processes with the responses and feedbacks
of the Earth System. The atmospheric processes being
investigated by IGAC are illustrated in Figure 15.

A number of common research approaches are required
for most of the above questions. Long-term measure-
ments of atmospheric composition are being made using
surface-based platforms and satellite remote sensing. The
latter are advancing rapidly and promise a revolution in
terms of the amount, consistency and coverage of data.
Intensive, short-term field campaigns involving aircraft,
ships and other platforms are another important tool that
have the advantage of providing more detailed spatial
coverage for regions of specific interest. Climate and Earth
System models are now poised to incorporate atmospheric
chemistry in a more complete fashion, providing further
stimulus to the development of global atmospheric chem-
istry and transport models.
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Within the broad field of global change research in atmo-
spheric chemistry the role of IGAC is to focus on issues
that require a global strategy. From a practical perspec-
tive, IGAC research is organised on a task basis, directed
towards answering more specific questions that fall within
the overall IGAC framework. A wide variety of tasks are
being undertaken including: (i) international networks
(e.g. for wet and dry deposition in the tropics, where
consistency and comparability of measurements, quality
assurance and central and long-term archiving are impor-
tant); (ii) field campaigns (e.g. the Aerosol Characterisa-
tion Experiments of the 1990s, involving coordination
of surface-based and aircraft measurements); (iii) coor-
dination of measurements by commercial aircraft ficced
with appropriate instrumentation to regularly sample the
upper troposphere over long periods; (iv) model develop-
ment and intercomparisons; and (v) short-term synthesis
tasks where a specific question is addressed and a synthe-
sis paper published within a 2-3 year period. Tasks are
approved and periodically reviewed by the IGAC Scien-
tific Steering Committee (SSC), have finite lifetimes, and
aim to culminate in peer-reviewed journal publications.
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The Integrated Land Ecosystem-Atmosphere Processes
Study (iLEAPS) is an interface project initiated in the
second phase of IGBP. The iLEAPS agenda is docu-
mented in iLEAPS (2005) and its IPO is based in the
Department of Physical Sciences at the University of
Helsinki, Finland.

Rationale

The transport and transformation of energy and matter
across the land-atmosphere interface play major roles

in controlling atmospheric composition. Processes in
both the atmosphere and in terrestrial ecosystems drive
transport and transformation, with biological processes
playing an especially important role in terrestrial ecosys-
tems. Rather than being a passive recipient of changes in
atmosphere and climate, the terrestrial biosphere strongly
influences the atmosphere and climate. Biota and their
geophysical and geochemical environments have co-
evolved, resulting in many complex feedbacks. Many of
the linkages that connect the terrestrial biosphere to the
atmosphere operate through the emission of a wide range
of gases and particles at the land surface, their transport
into the troposphere, subsequent chemical and physi-

cal reactions, and the implications of these processes for
radiation transmission, precipitation and gaseous and
particle deposition at the land surface. iLEAPS research
emphasises the importance of connections, feedbacks and
teleconnections between the numerous processes of the
land-atmosphere interface.

Land use and land cover play a key role in emissions of
gas-phase compounds, primary and secondary aerosol
particle emissions, atmospheric composition and oxi-
dative capacity, and a variety of deposition processes.
Deforestation and desertification increase dust emissions,
decrease the amount of carbon fixed by photosynthesis,
and change atmospheric water vapour content due to
changes in evaporation and transpiration. Deforestation
and expansion of agriculture alter the amount and type of
emissions from land to the atmosphere, thus affecting the

concentrations of volatile organic compounds, nitrogen
oxides and other compounds. This in turn influences the
formation and concentrations of ozone, hydroxyl radical
and nitrate radical — the key species determining atmo-
spheric oxidation capacity, and hence the type, amount
and lifetime of reaction products, and finally the nature of
deposition. Through the hydrologic cycle, deforestation
also influences the lower atmosphere, for example, affect-
ing transfers of water vapour, energy and momentum that
determine boundary layer height and cloud formation.
Fire also generates aerosol particles and carbon, especially
in boreal forests, grasslands, tropical savannas and wood-
lands. The radiative properties of the atmosphere are
affected by emissions of gases and particles from the land
surface, which in turn feed back on atmospheric processes
and interactions (for example, photochemistry) and land
surface processes (for example, photosynthesis). The
radiation balance is affected by changes in albedo caused
variations in glaciers and snow-ice cover.

Much of the terrestrial influence on the atmosphere oper-
ates through aerosol emissions that are transported into
the troposphere, where as cloud condensation nuclei they
influence climate in complex ways depending on their
composition and size distribution (Glantz and Noone,
2000). A broad distribution tends to produce a broad
cloud droplet size distribution, which tends to promote
precipitation. However, other acrosol mechanisms tend to
reduce precipitation, for example, when particles strongly
absorb radiation leading to atmospheric heating and
cloud evaporation, or when particle numbers increase,
increasing droplet numbers but decreasing droplet radii,
with fewer droplets coalescing into raindrops. Reducing
the uncertainties surrounding these processes is a high
priority, as they present major impediments to improved
global and regional climate change predictions.

Feedbacks to terrestrial ecosystems operate primarily
through the amounts of incoming radiation and precipi-
tation. Greater cloud extent (due to vegetation-sourced
aerosols) enhances diffuse radiation, and thus enhances
photosynthesis and vegetation growth. Precipitation can
also be positively influenced by vegetation due to emission
of precursor compounds that contribute to formation of
sufficient aerosol particles to maintain a low number of
cloud condensation nuclei, and thus form clouds that are
efficient in producing rain. It may be that terrestrial eco-
systems have developed in synergy with the atmosphere,

25



IGBP Science Plan and Implementation Strategy

Box 5. The Great Tropical Reactor

Because of the high levels of ultraviolet radiation and water vapour in the tropics, hydroxyl radical
concentrations are highest here, and most of the oxidation of methane, carbon monoxide, and
other trace gases occurs in the “Great Tropical Reactor” — the region of high hydroxyl concentra-
tions in the tropical troposphere. This region is thus important not only in regulating climate, but
also in maintaining the chemical composition of the atmosphere.

Under pristine conditions, the biosphere is the dominant source of both hydrocarbons and nitrogen
oxides in the lower and mid-troposphere. The relative amounts emitted are such that nitrogen oxide
concentrations are low, and consequently the troposphere is in a low-ozone state. In tropical rainfor-
ests this is achieved by a tight interaction of biological, chemical and physical processes, which allow
efficient turnover of nitrogen but limit loss to the atmosphere. Nitrogen oxide is produced during break-
down of soil organic matter, and a fraction of this typically escapes into the air just above the soil. Here,
it reacts with ozone to form nitrogen dioxide, which is efficiently deposited on plant surfaces in the
forest canopy, and made available for plant growth. Only a small fraction of the nitrogen oxide emitted
from the soil therefore escapes to the atmosphere to contribute to ozone formation (Figure 16a).

The conversion of rainforest to

a
grasslands and croplands and the
resulting removal of the tree canopy
breaks open this tight recycling \YV Release of heat
system for nitrogen oxides. Because it
of the short distance from the soil to H,0 + 03— 20H + 0,
the top of the grass canopy, there 0; sink { CH;— CO —CO,
A A - . . at voC
|s. little oppgrtumty .for OXIda.tIOI:\ of low NOy A
nitrogen oxide to nitrogen dioxide "warm"
- . . VOC NOx  CO; AEROSOL clouds
and the deposition of nitrogen diox-

ide on leaves. Biogenic hydrocarbon
emissions are reduced because of
the change from trees to grass or
crops. However, biomass burning
(deforestation and land manage-

ment) and fossil fuel use in the Release of °
developing tropics supply additional heat, water - Lightning

nitrogen oxides and hydrocarbons \&V 2??1:;:: .%ii?: )!%fe

to the regional atmosphere. The % o #
consequence is a transition from the Hz0+ 03—~ 200+ 02 o, 2% *

low-ozone state of the Great Tropi- at
cal Reactor to a high-ozone photo- high NOx
chemical smog (Figure 16b).
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Figure 16. The Great Tropical Reactor

— biosphere-atmosphere interactions for
trace gases, aerosols and clouds over the
tropics under (a) natural conditions, and
(b) after deforestation and development.
Courtesy of MO Andreae.
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with aerosol particle concentrations and distribution regu-
lated by the interplay of emissions, particle formation,
transport and removal processes (Andreae et al., 2002).

Removal processes are important for system stability,
for preventing gases from reaching toxic levels and for
preventing aerosols from substantially reducing radia-
tion or rainfall. Removal occurs through oxidation into
water-soluble substances and subsequent precipitation.
The process is not, however, unidirectional. The concen-
tration of the oxidising hydroxyl radicals is dependent
on complex reaction sequences, which in turn, partly
depend on the nature and amount of emissions. Thus
the cleansing efficiency is significantly influenced by
strong feedbacks coupling the land to the atmosphere,
and this emission-oxidation-deposition feedback is
tightly linked to the vegetation-aerosol-cloud-climate

feedback (Box 5).

Key Questions
e How tightly coupled are terrestrial ecosystems
and the atmosphere through gas and particle
emissions, transformations and deposition?

o To what extent does vegetation optimise its
physical and chemical environment?

e What are the implications of land-atmosphere
interactions for Earth System functioning?

e How are human activities influencing the land-
atmosphere system?

o How well buffered is the land-atmosphere
system?

Figure 17. iLEAPS science spans from molecular-scale measurements to global-scale modelling.
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Objectives and Structure

The objectives of iLEAPS are to determine (i) how
interacting physical, chemical and biological processes
transport and transform energy, momentum and matter
through the land-atmosphere system; (ii) the implications
for the dynamics of the Earth System; (iii) the function-
ing of the land-atmosphere system in pre-industrial
conditions and under the influence of human activities;
and (iv) the extent to which vegetation determines its own
physical and chemical environment on different temporal
and spatial scales. To achieve these objectives iLEAPS is
organising its research activities within the framework of
the following four foci:

Focus 1: Land-atmosphere exchange of reac-
tive and long-lived compounds: key interac-
tions and feedbacks in the Earth System. This
Focus has four sub-foci: (i) carbon dioxide; (ii) methane;
(iii) volatile organic compounds; and (iv) nitrogen oxides.

Focus 2: Feedbacks between land biota,
aerosols and atmospheric composition in the
climate system. This Focus has two sub-foci: (i) bio-
sphere-aerosol-cloud interactions; and (ii) surface-atmo-
sphere exchanges and the self-cleansing mechanism of the
atmosphere.

Focus 3: Feedbacks and teleconnections

in the land surface-vegetation-water-atmo-
sphere-system. This Focus has three sub-foci: (i) lat-
eral hydrology-biogeochemistry connections; (ii) regional
issues; and (iii) global issues.

Focus 4: Transfer of materials and energy in
the soil-canopy-boundary-layer system: mea-
suring and modelling. This Focus has six sub-foci:
(i) development of sensors for turbulent flux measure-
ments; (ii) measurements at tower-patch scale; (iii) non-
conservative scalars; (iv) boundary-layer budget methods;
(v) airborne measurements of fluxes and atmospheric
composition; and (vi) remote sensing.

These four foci science span from the molecular level to
global-scale integrating measurements and modelling
(Figure 17).
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Research Approaches

In most cases, iLEAPS research will be based around a
combination of 77 situ measurements, process and case
studies, satellite observations and modelling. Appropriate
theoretical foundations and observational methodolo-
gies will be an important part of iLEAPS. The following
principles will be applied to iLEAPS research: (i) multiple
chemical species interactions and feedbacks, including
energy and momentum, should be considered in each
activity; (ii) research should foster process understanding
at a broad range of scales, and should integrate measure-
ments and modelling; (iii) measurements and modelling
should be integrated from the outset; (iv) research should
be driven by scientific questions of regional and global
significance; (v) research should operate across traditional
scientific and organisational boundaries; (vi) research
should be international, open to participants from all
countries and organisations, based on scientific contribu-
tions; and (vii) all activities should contain a capacity
building component.

iLEAPS is adopting a task-oriented approach to defining
its research. Tasks have clearly defined goals (e.g. peer-
reviewed publications, methodological developments);
are proposed, developed and implemented by individual
scientists or scientific teams; and have finite lifetimes.
Tasks are initially approved and periodically reviewed by
the iLEAPS SSC. Tasks include field campaigns, model-
ling (tool development, validations, inter-comparisons),
long-term integrated field studies, large international
cross-disciplinary campaigns, synthesis studies, databases,
conferences on specific scientific questions and synthesis
meetings. Certain tasks, such as the development and
maintenance of global networks (e.g. flux measuring sites)
and of global databases (e.g. surface emissions, deposi-
tions) will be ongoing over the lifetime of iLEAPS. Regu-
lar open science conferences will be organised around the
world to promote exchange of scientific results and ideas,
and to support interaction amongst the community deal-
ing with land-atmosphere issues.
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The Global Land Project (GLP) is a second phase IGBP
project which builds on the two land oriented first phase
projects: LUCC and GCTE. GLP is jointly sponsored
by IHDP and its research agenda is documented in GLP
(2005). At the time of writing an IPO had not been
established.

Rationale

The extent of human impact on terrestrial systems has
led to the emergence of land-change science — the linking
of natural, social and geographical information sciences
to study land surface changes and their consequences
(Gutman et al., 2004). Land research in an Earth System
context focuses on the coupled human-environment
system (Turner et al., 2004). Furthermore, over the past
decade the dominant paradigm for land research has

shifted from one of homogeneity and equilibrium towards
one of spatial and temporal heterogeneity, complex
systems and nonlinear dynamics. The new paradigm con-
siders global change as one of several interacting stresses
(e.g. social and economic collapse, globalisation, episodic
disturbances, land use shits) at various scales that cause
cascading change in land systems, often with unforeseen
system-level consequences. The feedbacks from land
change are equally complex, with implications for ecosys-
tem services, economic outputs and Earth System func-
tion. This new paradigm underpins the analytic structure
of GLP (Figure 18).

Global environmental change affects the coupled human-
environment system differently in different regions of the
world. Responses to biophysical changes and social forces
differ between the Northern and Southern Hemispheres,
between urban and rural environments, and between
developed and developing countries. These in turn,
influence local land use decisions and ecosystem service
provision. The resulting environmental changes can either
increase or decrease the rate of environmental change.
Links between decision making, ecosystem services and
global change define important cross-scale feedback path-

ways in the coupled human-environment system.

Figure 18. The analytical structure of GLP, indicating the links and feedbacks between human and environment

subsystems and across scales to the Earth System.
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At present, and for the next several decades, land use
change will continue to be an important driver of change
in terrestrial ecosystems. Semi-arid and arid lands are
extremely vulnerable to land use changes due to climate
variability and water availability. In addition, the people
of these regions are highly dependent on land produc-
tivity for livestock and crops. Tropical deforestation is a
primary component of global change and is likely to con-
tinue into the foreseeable future. The knowledge base on
the rates and patterns of deforestation, and importantly,
on the socio-economic factors that drive deforestation and
its feedbacks through the coupled human-environmental
system, has improved enormously in recent years. Dif-
ferent combinations of proximate causes and underly-

ing drivers occur in different geographical and historical
contexts, with specific regions showing a surprising level
of coherence in cause-driver patterns. A major challenge is
to integrate the work on causes and drivers with studies of
rates and patterns of change, to produce robust models of
land use change for interpretion and projection studies.

Land system change alters biogeochemical cycling, with
complex responses in the coupled human-environment
system. For example, human activities now fix more nitro-
gen directly and indirectly than is fixed naturally in all
terrestrial ecosystems (Box 2). Most of the extra nitrogen
is added as synthetic agricultural fertiliser, however, much
of this is lost to the atmosphere or rivers, or accumulates
in soils with global-scale consequences. Desertification
due to climate and land use change is altering mate-

rial exchanges in dust aerosols and key nutrients. Land
systems in the high latitudes are being affected by climate
changes resulting in permafrost thaw that affects bio-
geochemical and hydrological fluxes. These changes are
not only affecting biogeochemistry, but also the coupled
social-environmental system as evidenced by changes in
policies, institutions, vegetation dynamics and delivery
and maintenance of ecosystem services. Research into the
terrestrial phases of these cycles and their implications for
the coupled human-environment system is needed.

Coupled human-environment system changes have
impacted terrestrial biodiversity for millennia, but in

the past century the extent of change has lead to extinc-
tions that rival the five major global extinction events in
the Earth’s history. The implications for ecosystems and
indeed Earth System function, are poorly known. For
example, it is unknown whether general relationships exist
between biological diversity and ecosystem processes and
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mechanisms. The first generation of biodiversity-ecosys-
tem experimentation suggests that increasing numbers of
species lead to asymptotic increases in plant biomass. This
research is however, in its infancy, and it is rarely known
priori which species are critical for which ecosystem func-
tions, or which are resilient or resistant to environmental
change. A key issue is how much and which types of bio-
logical complexity are required to maintain Earth System
functioning within limits acceptable for human society.

Land system dynamics are strongly affected by both
natural and anthropogenic disturbances that alter the
structure of the physical environment and the distribution
of organisms. The magnitudes and frequencies of natural
disturbances (e.g. fire (Box 6), permafrost thaw, storms
and insect attacks) appear to be changing due to climate
change, whilst anthropogenic disturbances (e.g. resource
extraction and land use change) are also increasing. The
interactions of these disturbances can be synergistic, with
significant consequences for ecosystem services (locally
and regionally) and Earth System functioning.

Overall, there is a need for improved understanding of
how human actions affect natural processes in the ter-
restrial biosphere, and an even greater need to evaluate
the consequences of these changes for humans. This must
include process-level biogeochemistry, but also studies of
a wide range of land systems (from near-natural reserves
through managed production systems to urban ecosys-
tems) and studies of the interaction of land change with
climate change.

Key Questions

e What are the causes of land system changes
and what is the role of global change in these
changes?

e What are the consequences of land system
changes for ecosystem services?

e What are the feedbacks to Earth System func-
tioning, especially biogeochemical cycling?

e How vulnerable are land systems to global
change and how can their resilience be
enhanced?

e What are the thresholds, abrupt changes and
emergent properties that may be exhibited by
changing land systems?
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Box 6. Fire — A Coupled Human-Environment Disturbance

Fire is critical for two important feedbacks in the Earth System. Firstly, fire regimes are linked to
atmospheric and climate dynamics, and secondly, fire regimes affect ecosystem services and
thereby impact on human systems, where institutions may influence feedbacks to fire regimes
themselves. Quantifying the consequences of changed fire regimes for Earth System dynamics
requires considering all these feedbacks to land cover.

It is well known that fire is a key determinant of land cover. Furthermore, palaeo ecological evidence
and models of the future show that during periods of rapid climate change, fire can accelerate
vegetation change and may in fact trigger this change much faster than the direct effects of climate
change on vegetation.

Biomass burning contributes significantly to greenhouse gas and pollutant emissions, and the
magnitude of the associated carbon flux can determine whether a region is a carbon source or sink.
For instance, the net carbon sink calculated for the United States may result from the suppression
of fire, whilst in Canada recently there has been a net carbon loss due to widespread fires. Biogenic
emissions and trace gas production from fire also alter atmospheric chemistry and climate more
directly, smoke aerosols impact regional and probably global radiation budgets, and in the longer
term, fires can alter regional climate by modifying ecosystem properties such as albedo, tempera-
ture and hydrology.

Fire regimes also shape and modify the structure and functioning of terrestrial ecosystems, so as to
affect biodiversity, primary productivity, soil nutrient dynamics and catchment runoff. In turn, these
have significant economic impacts via changes in production of food and fibre, carbon sequestra-
tion, maintenance of soil fertility, provision of clean water, regulation of atmospheric quality and
climate, and aesthetic or spiritual values of biodiversity.

Finally, fire as a natural disturbance is greatly affected by changes in anthropogenic disturbance
regimes. For example, where clearing for agriculture fragments the original vegetation, fire frequen-
cies in residual natural landscape pockets are often suppressed, leading to a loss of fire-dependent

species. In contrast, forest areas near cities
may be managed to suppress fire for the
sake of amenity values, such that when a fire
does occur it has a particularly destructive
impact (Figure 19). In these cases, human
institutions such as regional farmer groups
and forest management agencies have an inti-
mate impact on how fire affects the biosphere.

Figure 19. Pine forest in eastern Oregon, two years
after the catastrophic fires of 2002. The intensity of
these fires was in part due to 100 years of fire sup-
pression, leading to greater emissions and land cover
impacts than would otherwise have occurred. The
fires resulted in a loss of ecosystems services such as
timber production, and a re-appraisal of the managing
institutions, thus completing several feedback loops.
Courtesy of K Hibbard.
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Objectives and Structure

The objectives of GLP are to (i) identify the agents, struc-
tures and nature of change in coupled terrestrial human-
environment systems and quantify their effects on the
coupled system; (ii) assess how the provision of ecosystem
services is affected by these changes; and (iii) identify the
character and dynamics of vulnerable and sustainable
coupled human-environment land systems to interacting
perturbations, including climate change.

To meet these objectives GLP is organising its research
into the three themes described below. The key issues

of linking human and environmental domains, under-
standing decision making and management, handling
cross-scale issues and seeking syndromes, are threads
throughout these themes that will be addressed using
comparative case studies, learning from the past and inte-
grated model development.

Theme 1: Dynamics of land systems. This theme
addresses three issues: (i) how do globalisation and popu-
lation change affect regional and local land use decisions
and practices? (ii) how do changes in land management
decisions and practices affect biogeochemistry, biodiversity,
biophysical properties and disturbance regimes of terrestrial
and freshwater aquatic ecosystems? and (iii) how do the
atmospheric, biogeochemical and biophysical dimensions of
global change affect ecosystem structure and function?

Theme 2: Consequences of land system
change. This theme addresses four issues: (i) what are
the critical feedbacks to the coupled Earth System from
ecosystem changes? (ii) how do changes in ecosystem
structure and functioning affect the delivery of ecosystem
services? (iii) how are ecosystem services linked to human
well-being? and (iv) how do people respond at various
scales and in different contexts to changes in ecosystem
service provision?

Theme 3: Integrating analysis and modelling
for land sustainability. This theme addresses three
issues: (i) what are the critical pathways of change in
land systems? (ii) how do the vulnerability and resilience
of land systems to hazards and disturbances vary in
response to changes in human-environment interactions?
and (iii) which institutions enhance decision making and
governance for the sustainability of land systems?
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Research Approaches

GLP has a strong legacy (existing networks and ongoing
research which emerged from GCTE and LUCC) on
which implementation will be based. In addition, coor-
dinated or joint activities will be developed with AIMES,
PAGES, iLEAPS, LOICZ, ESSP projects (GECAES,
GCP and GWSP) and activities within DIVERSITAS
and IHDP.

GLP employs working groups and networks of research-
ers in the implementation of its science plan. The
guiding principles are that studies should (i) be place-
based; (ii) use interdisciplinary teams; (iii) be cognisant
of the need to scale up, down and across disciplines; and
(iv) define the relationship of the research to the broader
coupled human-environment framework.

Research activities include case studies, experimen-

tal studies, comparative studies, coordinated regional
studies, and land use meta-analyses. Networks of
experimental and case studies are employed across land
system gradients, and both long-term observations and
integrated regional studies are promoted. GLP develops
process models (e.g. vegetation-ecosystem, agro-ecosys-
tem, agent-based), integrated analytical tools (including
field techniques) and decision-making models. Effort is
being put into interdisciplinary database development
and archival systems.
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LollcZ

The Land-Ocean Interactions in the Coastal Zone
(LOICZ) project was initiated in 1993 during the first
phase of IGBP. For the second phase of IGBP the research
agenda of LOICZ has been broadened with a comprehen-
sive inclusion of human dimensions and joint sponsorship
from IHDP. The project research agenda is documented
in LOICZ (2005) and the IPO is based at the Institute
for Coastal Research at the GKSS Research Centre in
Geesthacht, Germany.

Rationale

Coastal zones (excluding Antarctica) occupy less than

one fifth of the global land area (Shi and Singh, 2003)

yet accommodate over half the global population. There

are virtually no long coastal stretches without significant
human influence outside of Greenland, northern Canada,
Siberia and remote areas of South America and Australia.
About half of all mangrove ecosystems have been converted
to other uses and close to 30% of coastal land (excluding
Antarctica) is classified as altered or semi-altered, with much
of the rest significantly influenced by human activities.

The marine and terrestrial biospheres are connected

by rivers which transport nutrients essential for marine
ecosystems. Many anthropogenic impacts in the coastal
zone originate far upstream, where land use and cover
change (including urbanisation and sewage disposal) alter
the timing, flux and dispersal of water, sediments, nutri-
ents and contaminants (Figure 20). In many catchments
increased soil erosion (driven by agriculture, forestry and
urban development) has increased sediment delivery to
the coastal zone, however, in other catchments sediment
trapping in dams has decreased sediment delivery. For
dissolved compounds the story is simpler; for example,
riverine nitrogen delivery has increased sharply since
1950 and is predicted to continue to increase at least
until 2020. Increased nutrient delivery also occurs
through atmospheric deposition of agricultural, indus-
trial and transport emissions of nitrogen oxides. Physical
changes within the coastal zone — due to dredging, land
reclamation, port facilities and other engineering — affect

biogeochemical cycling through changes in flow pat-
terns and sedimentation. Understanding biogeochemical
cycling of coastal seas is critical for understanding global
biogeochemistry (Box 7).

Human activities in the coastal zone and in river basins
can affect the biogeochemistry of continental shelf seas.
For example, the Three Gorges Dam in China is expected
to have significant effects on the productivity and hence
carbon sink strength of the South China Sea (Chen,
2002). Most of the nutrients driving the high productivity
of the South China Sea come from coastal upwelling not
riverine inputs, but the Three Gorges Dam will signifi-
cantly reduce water efflux to the Sea, thereby reducing the
buoyancy effect and consequently decreasing upwelling.

Like the land, the coastal zone is best considered as a
coupled human-environment system that provides eco-
system goods and services under growing local and global
pressures. Global change will become an increasingly
important driver of coastal zone change, and understand-
ing altered coastal zone biogeochemistry — in the context
of Earth System changes (e.g. climate change and sea-
level rise) and changing local pressures — is essential for
improved integrated coastal management.

Key Questions

e What are the magnitude and variability of ter-
restrial material delivery to the coastal zone?

e How is biogeochemical cycling changing within
coastal seas?

e What is the fate of terrestrial and atmospheric
materials in continental shelf seas?

e What are the implications of these changes for
Earth System function?

e How can knowledge of changing coastal biogeo-
chemistry improve resource management and
sustainability?

Objectives and Structure
The objective of LOICZ is to provide the knowledge,

understanding and prediction needed to allow coastal
communities to assess, anticipate and respond to the
interaction of global change and local pressures in deter-
mining coastal change. To meet this objective LOICZ is
organising its research around the following five themes:
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Theme 1: Vulnerability of coastal systems and
hazards to human societies. This theme sets the
stage for the subsequent themes which address the wider
coastal domain. It considers the hazards to humans from
coupled human-ecosystem change, carrying capacities
and vulnerability issues, including the risk of degrading
the sustainability of coastal goods and services. Key issues
include (i) the effect of non-linearities and uncertainties
on vulnerability of coastal societies and ecosystems to
global change hazards; (ii) the community’s stakes in the
coastal zone including resources, goods and services; and
(iii) external and internal factors of human and coastal
vulnerability.

Theme 2: Implications of global change for
coastal ecosystems and sustainable develop-
ment. This theme focuses on conflicting spatial, tempo-
ral and organisational issues of coastal change, land and
sea use, and how these exert pressures on coastal systems
and influence natural resource availability and sustain-
ability. Key issues include (i) characterising the nature
and location of coastal environmental and social systems
and their tapestry of interactions; (ii) assessing system
sensitivity and robustness to reveal critical thresholds for
changes to biogeochemical and/or hydrological cycles that
cause permanent state changes; (iii) quantifying human
impacts on coastal areas through natural science methods

Figure 20. Major processes and conditions affecting the biogeochemical fluxes in temperate coastal environments.

Courtesy of W Dennison.
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Box 7. Biogeochemical Budgets of the Coastal Zone

Material fluxes to and from the coastal ocean are largely lateral inputs from land and exchanges
with the open ocean. The coastal ocean, to a nominal shelf-edge depth of 200 m, has an average
width of about 25 km along a coastline of about 106km (at 1 km resolution). Its characteristics are
not well described in global ocean data sets, which are typically at 50 km grid resolution or coarser.
Furthermore, coastal zones are very heterogeneous, largely because of heterogeneity of morphol-
ogy, runoff distribution and population density.

Two approaches have been adopted for biogeochemical studies of coastal zones. Firstly, a simple
material budgeting procedure has been developed for specific coastal sites — largely bays and estu-
aries. To date, about 200 sites have been assessed. Secondly, a coastal typology has been devel-
oped at 0.5 degree resolution.

The budgeting procedure uses water and salt budgets to describe delivery of freshwater from land

and exchanges between the site of interest and adjacent marine waters. Material fluxes (particularly
dissolved inorganic phosphorus and nitrogen; DIP, DIN) are estimated on the basis of the water fluxes.
Deviations of DIP and DIN fluxes with respect to water and salt exchange are attributed to net uptake
or release within the system. The non-conservative behaviour of DIP is attributed to net organic carbon
metabolism, while non-conservative behaviour of DIN includes both organic carbon metabolism and
transfers to and from nitrogen gas (i.e. fixation and denitrification). Results suggest that small, rapidly
exchanging systems are generally more variable and more biogeochemically active than large shelf seas.

Budgeting is only possible for sites for which adequate data exist (Figure 21). The coastal typology
(using environmental data and techniques such as geospatial clustering) allows budget results to be
extrapolated. Budgeted sites serve as representatives for particular coastal zone types, and their results
are up-scaled to similar but data-poor regions. This approach has been successful in terrestrial parts

of the coastal zone, as high-resolution global datasets are available to describe the system and critical
forcings. However, the lower resolution of most available marine datasets has limited the success of
upscaling the coastal ocean. A promising avenue is the development of higher resolution coastal grids
together with GIS analyses and typological comparisons to populate grid cells with derived data.

Figure 21. Global coastal zone and location of LOICZ budget sites (red dots). Courtesy of S Smith and R Buddemeier.
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and ecological-economic indicators; (iv) identifying options
to design and manage system robustness, through a scenario
approach that considers critical thresholds and sustainability;
and (v) evaluating the effects of changing inputs on ecosys-
tem health and coastal zone goods and services, including
the links between biological functioning, geochemistry and
human drivers.

Theme 3: Human influences on river basin-
coastal zone interactions. This theme considers
river basin drivers and pressures that influence and change
the coastal domain. The entire water continuum is con-
sidered as a single system. Processes of material transport
to the ocean and human influences due to activities in the
exclusive economic zone are considered through links to
Themes 2 and 4. Key issues include (i) disentangling the
cause-effect relationships of those impacts and human
activities which are strictly coast or river basin oriented
(regional) from those which result from wider external
pressures on the river-coast system; (ii) modelling coupled
human-ecosystems in river basins using the Driver-Pres-
sure-State-Impact-Response assessment framework in
order to identify links between major anthropogenic and
natural pressures in catchments that affect coastal ecosys-
tems; (iii) developing scenarios of future coastal change
due to land use, climate change and management options;
and (iv) evaluating societal and institutional dimensions
and changes in order to establish basin-coast linkages.

Theme 4: Biogeochemical cycles of coastal
and shelf waters. This theme focuses on the cycling
of carbon, nutrients and sediments in coastal and shelf
waters, and their exchange with the ocean. This recognises
the vital and changing benthic processes that influence
shelf ecosystems and global chemical cycles. Key issues
include (i) quantifying material transport within and
across the continental shelf, transformation of materials
within the water column and sediments, storage of mate-
rials in the coastal zone and air-sea exchange; (ii) assess-
ing regional differences and understanding why some
shelf waters are more resilient or resistant to change than
others; (iii) defining the terrestrial boundary condition for
nutrient fluxes by better integration of river basin infor-
mation including sediment dynamics and organic inputs;
and (iv) developing regional budgets and flux estimates
for shelf and coastal waters in order to understand and
predict the impacts of global and basin-scale changes in
ocean climate and biogeochemical cycles.
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Theme 5: Towards coastal system sustain-
ability by managing land-ocean interactions.
This theme integrates across the other four themes and
provides a platform for considering coastal zone develop-
ment and management (including resource users) in the
context of “strong” and “weak” sustainability options. Key
issues include (i) considering how temporal and spatial
scales, including those of institutional dimensions, affect
scientific and management perspectives of coastal change;
(ii) classifying and comparing different settings of drivers-
pressures in coastal system state interactions and existing
responses using typologies; (iii) linking natural, economic
and human dimension sciences into “futures” scenarios;
and (iv) developing management response options and
participation derived from “futures” scenarios, developed
and assessed in collaboration with relevant policy, manage-
ment and investment communities.

Research Approaches

LOICZ engages in global change science that derives
new knowledge and understanding and make its results
and outputs available to the wider scientific community.
LOICZ also strives to facilitate the adoption and applica-
tion of its scientific outcomes within policy and man-
agement realms. Major coastal change issues drive the
science, and outcomes inform management of land-ocean
interactions in order to reduce vulnerability of human
activities in coastal regions and enhance opportunities for
sustainable development. In seeking to provide improved
scientific information for advanced Earth System analysis
and modelling, and better science for better management,
LOICZ uses an “adaptive” science approach that recog-
nises short-term information needs.
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Ocean research in the second phase of IGBP is initially
being undertaken jointly by the Global Ocean Ecosystem
Dynamics (GLOBEC) and Integrated Marine Biogeo-
chemistry and Ecosystem Research (IMBER) projects.
GLOBEC will conclude in 2009, and hence from 2010
there will be a single ocean project. GLOBEC was
originally established in 1991 by SCOR and by IOC of
UNESCO. IGBP became a cosponsor of GLOBEC in
1995. The research agenda of GLOBEC is documented
in GLOBEC (1997) with a separate implementation
plan (GLOBEC, 1999). These documents will continue
to guide GLOBEC activities during the second phase
of IGBP. The GLOBEC IPO is based at the Plymouth
Marine Laboratory in Plymouth, United Kingdom.
IMBER is a project of the second phase of IGBP and is
cosponsored by SCOR. The IMBER research agenda is
documented in IMBER (2005) and the IPO is based at
the European Institute of Marine Studies, Technopdle
Brest-Iroise in Plouzané, France.

Rationale

The ocean is the most extensive and least-known part

of the biosphere; it can buffer or amplify physical and
chemical signals from atmosphere and land. For example,
in the past relatively small changes in freshwater input
have interrupted the thermohaline circulation in the
North Adantic Ocean causing abrupt climate shifts, and
linear stochastic physical fluctuations are known to cause
non-linear biological responses and regime shifts (Hsieh
et al. 2005). The ocean storage of heat and gases and the
fluxes of these within the ocean and between the ocean
and atmosphere exert major controls on climate. Palaco
records show that oceanic processes link the dynamics of
atmospheric carbon dioxide to those of dust-borne iron
fluxes to the ocean — one of several poorly understood

Earth System feedbacks.

The ocean contains by far the largest pool of active carbon
in the Earth System. Uptake by, release from, and storage
of carbon in the ocean are controlled by interacting physi-
cal, chemical and biological processes. The largest carbon

sinks occur in areas where physical, chemical and biologi-
cal processes work in concert, such as the North Adantic.

The biological processes of the marine carbon cycle are
now reasonably well studied; for example, the so-called
biological pump (Box 8) is well understood, particularly
its operation in the surface ocean layer. Nonetheless, the
fate of carbon in the deeper ocean requires further inves-
tigation. Recently, attention has begun to focus on the
implications of changing surface ocean acidity caused by
increasing oceanic uptake of atmospheric carbon dioxide.
Increased acidity affects marine ecosystems in many ways,
including decreasing the ability of coral organisms to form
calcium carbonate shells (Box 9).

The marine biogeochemistry of other elements — particu-
larly over longer time scales — has received little atten-
tion, and the biological processes affecting the structure
and functioning of marine food webs are poorly studied.
Biogeochemical and ecosystem regime shifts have been
observed (e.g. Figure 22; Folke et al., 2004), but the
causes and consequences remain largely unknown. Docu-
menting and modelling such changes are important for
understanding the role of the ocean in the Earth System.

Remarkable advances have been achieved with coupled
physical-biological ocean models, but these cannot yet
adequately address key ecological questions or issues of
material sources and sinks. Positive and negative feed-
backs between Earth System components are particularly
important, as are abrupt changes in ecosystem dynam-
ics. Feedbacks and abrupt changes can be seen in palaco
records (e.g. Baumgartner et al., 1992) and emerge from
models, but are impossible to identify from short-term
measurements.

Figure 22. Sharp and synchronous change in “ecosystem
state” (composite of over one hundred biological and envi-
ronmental variables) in the North Pacific Ocean. Adapted
from Hare and Mantua (2000) with permission from Elsevier.
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Marine ecosystems experience non-linear changes in
food web structure and composition due to atmospheric
forcing and related changes in ocean circulation (Hare
and Mantua, 2000; Beaugrand, 2004). These changes
however, are not well understood and cannot yet be pre-
dicted. In addition, human activities are having increas-
ing impacts on ocean ecosystems and biogeochemistry,
due to fishing pressure, material transport through the
coastal zone and climate change.

Ocean fisheries provide 16% of the animal protein in
the global human diet (FAO, 2004), harvesting the
equivalent of 8% of oceanic primary production, biased
towards upwelling and continental shelf areas (Ryther,
1969). About 52% of the major marine fish stocks

are fully exploited, 17% are overexploited and 7% are
depleted or are recovering from depletion (FAO, 2005).
Commercial fisheries also affect non-target species popu-
lations, with discarded bycatch being equivalent (by
weight) to 8% of the total marine fisheries production

(FAO, 2004).

Fish population dynamics are however, a complex inter-
action of fisheries impacts and longer-term productivity
cycles related to environmental conditions, particularly
climate (Lehodey et al., 2006). These interactions are
poorly understood, as are marine food web dynamics in
response to external forcing. It is unclear whether upper
trophic level changes significantly affect ocean biogeo-
chemistry.

Box 8. The Marine Carbon Cycle

Most marine carbon is in dissolved inorganic forms, of which less than 1% is carbon dioxide,

around 90% is bicarbonate ions and the remainder is carbonate ions. These exist in a pH-depend-
ent equilibrium. The bicarbonate capacity to buffer changes in carbon dioxide is limited by calcium,
and to a lesser extent by magnesium, from slow rock weathering. This constrains ocean absorption
of excess carbon dioxide on short time scales.

Marine primary production (approximately 50 Pg C yr-') is the major input of organic carbon to the
marine system, and carbon fixed at the surface is transported slowly to ocean depths. Most marine
carbon is in intermediate and deep waters, remaining there for decades to centuries. The higher
concentrations of inorganic carbon in the ocean depths are due to solubility and biological pumping
(Fasham et al., 2001), the rates of which differ temporally and spatially across the ocean giving rise
to source and sink regions.

The solubility pump is due to thermohaline circulation and latitudinal and seasonal changes in
ocean ventilation. Carbon dioxide is more soluble in cold, saline waters, and so is sequestered to
deeper waters by the formation of cold, dense water at high latitudes. Hence the largest sink is the
North Atlantic, where the Gulf Stream and the North Atlantic Drift transport warm water northward.
The biological pump operates by the biological assimilation of dissolved carbon dioxide which
enhances air-sea gas exchange, and contributes to the vertical transport of carbon via physical
processes (Figure 23). It functions through a complex food web of small plankton which recycle
carbon dioxide primarily within the photic zone, and larger plankton which generate most of the par-
ticulate and dissolved carbon that sink to ocean depths.

About one quarter of the carbon fixed by phytoplankton in the upper ocean layer sinks to ocean
depths (Falkowski et al., 1998), where it is oxidised and recycled by bacteria and other heterotrophs
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Figure 23. Conceptualisation of the marine biological carbon pump. Courtesy of the Joint Ocean Flux Study.
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into dissolved inorganic and organic forms. Only 1-2% reaches the ocean floor. The deep benthos
consumes and recycles most of what sinks, while the remainder is buried in ocean sediments. Food
webs dominated by large phytoplankton and macrozooplankton generate the largest downward
fluxes (Fasham, 2003), with global flux estimates being around 10 Pg C yr-' (Falkowski et al., 2000;
Laws et al., 2000; Schlitzer, 2002).

Carbon in deeper waters is transported laterally, hence dissolved carbon dioxide is prevented
from re-equilibrating with the atmosphere until transported back to the surface. Along the Equa-
tor, vigorous upwelling warms deep water as it rises to the surface, decreasing the solubility

of carbon dioxide and thus releasing it to the atmosphere. Along many ocean margins intense
seasonal upwelling supports a strong phytoplanktonic and heterotrophic food web, referred to as
the continental carbon pump. These food webs absorb upwards of 0.2-1 Pg C yr' — a significant
component of the global carbon cycle (Fasham, 2003). In many regions, eastern and western
ocean boundary currents sweep carbon deep offshore, while in high latitude margins, cold water
sinks into intermediate layers of the open ocean. Globally, the lateral and vertical flux at the sea
floor is less than 0.2 Pg C yr~', which agrees well with benthic respiration, sediment trap and pri-
mary production data (Fasham, 2003).
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Box 9. Ocean Acidification

An often overlooked effect of rising atmospheric carbon dioxide is its absorption into the ocean and
the resulting acidification of the ocean. Over the past 200 years, the ocean has taken up half of the
carbon dioxide produced by human activities, reducing the pH of the surface ocean by 0.1 units,
equivalent to a 30% increase in the concentration of hydrogen ions (Figure 24). If global carbon
dioxide emissions continue to rise, the pH of the ocean could fall by 0.5 units by 2100 (equivalent
to a three-fold increase in hydrogen ions since pre-industrial times). This would be a lower ocean
pH than at any time in the last several hundred thousand years, and would be a rate of pH change
probably one hundred times greater than at any time during this period.

The effects of these changes on the Earth System are currently difficult to predict. It is known how-
ever, that the ability of the ocean to absorb atmospheric carbon dioxide is significantly reduced at
low pH values, with consequences for global warming. Ocean acidification will also affect calcifica-
tion in the ocean - the ability of organisms such as corals and phytoplankton to make shells and
plates. The potential effects are damage to coral reefs and calcifying plankton, with consequences
for tourism, fisheries and the entire marine ecosystem.

A SCOR-IOC symposium (Cicerone et al., 2004) and a study by The Royal Society (2005) both
concluded that research into the impacts of high carbon dioxide concentrations in the ocean is in its
infancy, and should be developed rapidly. The consequences of continued carbon dioxide emis-
sions or purposeful carbon dioxide sequestration in the ocean are currently unpredictable, and a
major internationally coordinated effort is required to address this issue, including global monitoring
and laboratory, mesocosm and field studies.

Several projects (in particular SOLAS and IMBER) and a Fast-Track Initiative on Ocean Acidification will
investigate the consequences of ocean acidification for marine ecosystems and the Earth System.

Figure 24. Surface seawater pH (temperature compensated) and atmospheric carbon dioxide concentrations. pH
values are for 1990-2002 for the upper 25 m across all oceans calculated from measured dissolved inorganic carbon
and alkalinity. Future pH values are based on a simple exponential increase in atmospheric carbon dioxide. Courtesy
of A Kortzinger; based on data from Schlitzer (2000).
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Understanding the role of the ocean in the Earth System
requires comprehensive studies of marine ecosystems and
their interactions with biogeochemical cycles and the
physical environment, in the context of global change.

A palaeo perspective is required, since for example, the
carbon dioxide currently out-gassing from the ocean was
taken up by the ocean many centuries (perhaps millen-
nia) ago. Palaco studies can help elucidate the full range
of variability, determine critical components and reveal
non-linear behaviours. System-level integration of palaco
studies, process studies, observations and modelling is
required for a comprehensive understanding of the ocean
in the Earth System.

Key questions

e What are the critical components of the marine
system for Earth System functioning?

o What are the major feedbacks between the
ocean and other Earth System components and
how will human societies adapt to changes in
the marine system?

e How will global change affect the structure and
function of marine ecosystems, particularly the

interactions between ecosystem components, at
biogeochemical, individual and population levels?

e What are the interactive impacts of human, cli-

matic and biogeochemical factors on end-to-end
food webs?

e How will the ocean buffer global change and
how will it trigger further change?

Objectives and Structure

In the second phase of IGBP ocean research is initially
being undertaken jointly by GLOBEC and IMBER, with
close collaboration on a number of activities. GLOBEC
will conclude in 2009, and thus from 2010 there will be a
single project (Figure 25). To maximise the opportunities
for interaction the Executive Committees of the two proj-
ects will hold back-to-back meetings, and in 2007 a joint
transition team will be formed to develop an addendum
to the IMBER Science Plan to reflect the broader science
of IMBER during its second phase.

The goal of GLOBEC is to advance the understanding
of the structure and function of the global ocean ecosys-
tem, its major subsystems and its response to physical

Figure 25. GLOBEC-IMBER interactions and transition to a single ocean project.

N N

2005

2006

2007

Y e

Start of IMBER phase |

GLOBEC

Joint GLOBEC-IMBER activities

IMBER phase Il with expanded Science Plan I E R

2011 2012 2013

41



IGBP Science Plan and Implementation Strategy

forcing, so that a capability can be developed to forecast
marine ecosystem responses to global change. This goal
gives rise to the four primary GLOBEC objectives: (i) to
better understand how multi-scale physical environmental
processes force large-scale changes in marine ecosystems;
(ii) to determine the relationships between structure and
dynamics in a variety of oceanic systems which typify
significant components of the global ocean ecosystem,
with emphasis on tropho-dynamic pathways, their vari-
ability and the role of nutrition quality in the food web;
(iii) to determine the impacts of global change on stock
dynamics using coupled physical, biological and chemical
models linked to appropriate observation systems, and

to develop the capability to predict future impacts; and
(iv) to determine how changing marine ecosystems will
affect the Earth System by identifying and quantifying
feedbacks. To meet its goal GLOBEC uses an integrated
suite of six regional programmes (described below under
Research Approaches), national activities and the following
four cross-cutting foci:

Focus 1: Retrospective analyses and time
series studies. The identification and understanding
of the characteristic natural modes of physical forcing and
marine ecosystem variability over a range of temporal and
spatial scales.

Focus 2: Process studies. Experimental approaches
to investigating specific mechanisms which are thought to
link ecosystem responses with environmental variability.

Focus 3: Predictive and modelling capabili-
ties. To elucidate ecosystem dynamics and responses on a
range of time scales.

Focus 4: Feedbacks from changes in marine
ecosystem structure to the Earth System.

The goal of IMBER is to investigate the sensitivity of
marine biogeochemical cycles and ecosystems to global
change, on time scales ranging from years to decades. In
pursuit of its goal IMBER is structuring its research under
the following four themes, each addressing a number of
specific issues:

Theme 1: Interactions between biogeochemi-
cal cycles and marine food webs. The guiding
question for this theme is: what are the key marine bio-
geochemical cycles, ecosystem processes and their interac-
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tions, that will be impacted by global change? This theme
addresses three issues: (i) the transformation of organic
matter in marine food webs; (ii) transfers of matter across
ocean interfaces; and (iii) material flows in end-to-end
food webs.

Theme 2: Sensitivity to global change. The guid-
ing question for this theme is: what are the responses of
key marine biogeochemical cycles, ecosystems and their
interactions with global change? The theme addresses four
issues: (i) effects of climate change on the physical dynam-
ics of the ocean; (ii) effects of increasing carbon dioxide
levels and decreasing pHj (iii) effects of changes in macro-
and micronutrient inputs to the ocean; and (iv) impacts
of marine harvesting.

Theme 3: Feedbacks to the Earth System.

The guiding question for this theme is: what is the role
of ocean biogeochemistry and ecosystems in regulating
climate? The theme addresses three issues: (i) the vary-
ing capacity of the ocean to store anthropogenic carbon
dioxide; (ii) ecosystem feedbacks on ocean physics and
climate; and (iii) how changes in low-oxygen zones affect
the nitrogen cycle, especially transformations involving
nitrous oxide.

Theme 4: Responses of society. The guiding ques-
tion for this theme is: what are the relationships between
marine biogeochemical cycles, ecosystems and the human
system? The overall goals of this theme are to promote an
understanding of the multiple feedbacks between human
and ocean systems, and to clarify what human institutions
can do, either to mitigate anthropogenic perturbations of
the ocean system or to adapt to such changes.

Research Approaches
IMBER and GLOBEC are working collaboratively to

achieve a complete understanding of end-to-end food
web structure and function. IMBER is conducting major
hydrographic surveys of carbon (with CLIVAR and
SOLAS) and trace elements (with GEOTRACERS) and
conducting sustained observations of several variables
through established and new long-term time-series sites,
remote sensing and autonomous 77 sif# instrumentation.
Process studies and palaeo oceanography are key elements
of both projects, and ongoing modelling and synthesis
activities are critical for testing hypotheses, extrapolating
data and identifying gaps that to be filled by observa-
tions and experiments. Biogeochemical models and
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marine food web models are being coupled to advance
understanding of the ocean system and its interactions

in the Earth System. IMBER is conducting mesoscale
manipulative experiments to complement laboratory and
mesocosm studies, and is developing data management
activities consistent with existing and ongoing marine
research and observation programmes.

GLOBEC and IMBER are both implemented through
national and regional activities. The six regional activities
of GLOBEC are (i) the Small Pelagic Fishes and Climate
Change (SPACC) activity that aims to understand and
predict climate-induced changes in marine fish production;
(ii) the Cod and Climate Change (CCC) activity that aims
to understand how climate variability affects the produc-
tivity and distribution of cod stocks; (iii) the Climate
Change and Carrying Capacity (CCCC) activity that
aims to forecast the consequences of climate variability on
the ecosystems of the sub-Arctic Pacific; (iv) the Southern
Ocean activity that aims to study the life cycle of Antarctic
zooplankton; (v) the Ecosystem Studies of Sub-Arctic Seas
(ESSAS) activity that aims to investigate how global change
will influence the sub-Arctic seas and their ability to support
resources of value to people; and (vi) the Climate Impacts
on Oceanic Top Predators (CLIOTOP) activity that aims to
determine the impact of both climate variability (at various
scales) and fishing on the structure and function of open
ocean pelagic ecosystems and their top predator species.

During its final five years GLOBEC is undertaking an
extensive integration and synthesis effort in an Earth
System context, focused on the comparative dynamics of
regional ecosystems. From 2010 the single ocean project
will comprise (i) ongoing IMBER research; (ii) ongoing
research in the CLIOTOP and ESSAS regional pro-
grammes; and (iii) research questions identified during

the GLOBEC synthesis.

solas
20|g2

The Surface Ocean—Lower Atmosphere Study (SOLAS)

is a second phase IGBP project which is cosponsored by
SCOR, WCRP and CACGP. The SOLAS research agenda
is documented in SOLAS (2004) and the IPO is based at
the University of East Anglia in Norwich, United Kingdom.

Rationale

Climate change can alter ocean-atmosphere exchanges of
many reactive particles and gases. During glacial-interglacial
transitions large amounts of carbon are transferred directly
from the atmosphere to the ocean. The current net carbon
transfer is about 2 Pg yr™!, but it is unclear in which ocean
basins carbon is primarily stored, and which processes are
responsible for the sinks. Furthermore, there is little under-
standing of how transfers will respond to climate change.

Sea-salt particles and sea ice release gases and provide
surfaces for heterogeneous chemical reactions, and changes
in emissions of marine biogenic gases alter the radiative envi-
ronment, chemical cycles, acidity and the oxidative capacity
of the atmosphere. Significant exchanges of these gases occur
between the atmosphere and both open waters and sea ice.
Changes in the spectral quality and intensity of radiation in
the atmosphere as a result of stratospheric ozone depletion
and climate-driven tropospheric change, can have signifi-
cant impacts on photochemical atmospheric processes and
cloud cover. These in turn, can alter physiology, community
structure and photochemical processes in the marine photic
zone. Deposition of gases and particles from the atmosphere
(such as iron-laden mineral dust) has significant impacts on
surface ocean processes (Boxes 1 and 10).

Phytoplankton in ocean surface waters are responsible

for the production of dimethylsulphide (DMS), which

is subsequently oxidised in the atmosphere to sulphate
acrosol. Sulphate aerosols affect the radiative properties of
the atmosphere and cloud albedo which in turn affect the
climate. Climate changes affect distribution patterns and
productivity of phytoplankton, thus closing the feedback
between marine production and climate. The strength of
this feedback remains to be determined, but it hints at the
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importance of the ocean-atmosphere interface in terms of
buffering or accelerating changes in the Earth System.

Climate simulations are just beginning to incorporate
biological and chemical feedbacks in atmosphere-ocean
responses to climate forcing. Currently, climate simulations
differ depending on which feedbacks are included and how
they are modelled. Climate change is likely to induce sub-
stantial changes in natural sources and sinks of climatically
active gases. Carbon dioxide is the best studied example, but
less studied gases (DMS and other chemically active trace
gases) may have important effects.

Mass, momentum and energy exchanges need to be better
understood across a wide range of scales. Sound physical and
biogeochemical principles must be developed to underpin
parameterisations of processes in models, and quantitative
measurements made to characterise the interface and its
controlling processes. This requires simultaneous study of

the physics and biogeochemistry of the ocean-atmosphere
interface. SOLAS will address these issues to substandally
reduce the uncertainties in predictions of the timing and
effects of global and climate change (Figure 26).

Key Questions

o What are the key biogeochemical ocean-atmos-
phere interactions and feedbacks, particularly
those involving trace gases?

e What are the processes that control transport
and transformation across the air-sea interface?

e What are the interactions and feedbacks
between biogeochemical and physical processes?

e What is the two-way interaction between the
coupled ocean-atmosphere system and climate?

Figure 26. The main air-sea exchange processes which affect Earth System functioning.
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Box 10. Iron Fertilisation Experiments

In the late 1980s laboratory experiments showed that addition of iron to incubations of phytoplankton
substantially increased biological production relative to controls (Martin and Fitzwater, 1988; Martin et
al., 1990). However, the implications of these experiments were uncertain, since conditions inside an
incubator are very different from those in the ocean. The very low concentrations of iron (order 0.1 nM)
of some open ocean regions makes it possible to enrich an experimental area of hundreds of square
kilometres with very modest iron additions. Using sulphur hexafluoride as a tracer enables patch
experiments to be tracked for several weeks in real time from a ship (Watson et al., 1991).

In iron enrichment experiments iron salts are dissolved in tanks of seawater on a ship, a tracer
solution is prepared, and the two solutions are pumped over the stern while the ship tracks a path
around a drifting buoy. Once the release is complete, shipboard analytical instruments map the ini-
tial shape of the patch, and then continue chemical and biological measurements within the patch
over several weeks.

Such experiments have been performed in the equatorial Pacific (Martin et al., 1994; Coale et al.,
1996), the Southern Ocean (Boyd et al., 2000; Watson et al., 2000) and the northeast Pacific. These
are high-nutrient-low-chlorophyll regions, where nitrate and phosphate — the nutrients which often
limit plankton growth — are abundant in surface waters. In these experiments iron addition caused
dramatic ecosystem shifts beginning with diatom blooms. Under bloom conditions diatoms can
rapidly reach a large biomass and remove carbon and nutrients from the water, causing nutrient
drawdown and potentially, uptake of atmospheric carbon dioxide. The fates of diatom blooms in
these experiments varied. In the equatorial Pacific the blooms faded within a fortnight, but in the
Southern Ocean they lasted much longer (Figure 27).

Iron supply can switch a marine ecosystem from a recycling mode in which the plankton community
is relatively self-contained, to an export mode in which carbon and nutrients are stripped from the
surface waters and exported to depth (Landry et al., 1997). This has important Earth System con-
sequences, as the biological export in the Southern Ocean is a key factor in setting natural con-
centrations of carbon dioxide in the atmosphere, and the supply of iron in atmospheric dust to the
Southern Ocean has an important role in explaining why carbon dioxide varied between glacial and
modern pre-industrial times (Martin, 1990; Watson et al., 2000).

Although deliberate ocean fertilisation could be 365 _
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Figure 27. Partial pressure of carbon dioxide (pCO,) in the Inside the patch %;*;
surface of the Southern Ocean following release of iron. The 3251 %
blue crosses indicate pCO, at the water surface; the black 320 . . . . . . g
line indicates pCO, in the overlying air (reflecting atmo- . 0 2 4 6 8 10 12 14
spherl|c pressure changles). From Abraham et al. (2000) with Days since start of experiment
permission from Macmillan Magazines Ltd.
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Objectives and Structure

The objective of SOLAS is to achieve quantitative under-
standing of the key biogeochemical-physical interactions
and feedbacks between the ocean and atmosphere, and of
how this coupled system affects, and is affected by climate
and environmental change. To meet this objective SOLAS
is organising its research into the following three foci:

Focus 1: Biogeochemical interactions and
feedbacks between ocean and atmosphere.
This focus seeks to quantify feedback mechanisms involv-
ing biogeochemical coupling across the air-sea interface,
including emissions of trace gases and particles, their
reactions of importance in atmospheric chemistry and
climate, and deposition of nutrients that control marine
biological activity and carbon uptake. The focus has
five activities: (i) sea-salt particle formation and trans-
formations; (ii) trace gas emissions and photochemical
feedbacks; (iii) DMS and climate; (iv) iron and marine

productivity; and (v) ocean-atmosphere cycling of nitrogen.

Focus 2: Exchange processes at the air-sea
interface and the role of transport and trans-
formation in atmospheric and oceanic bound-
ary layers. This focus aims to develop a quantitative
understanding of the physical, biological and chemi-

cal processes responsible for air-sea exchange of mass,
momentum and energy to permit accurate calculation
of regional and global fluxes. The focus has three activi-
ties: (i) exchange across the air-sea interface; (ii) processes
in the oceanic boundary layer; and (iii) processes in the
atmospheric boundary layer.

Focus 3: Air-sea flux of carbon dioxide and
other long-lived radiatively active gases. This
focus aims to characterise the air-sea flux of carbon diox-
ide and other long-lived radiatively active gases, includ-
ing nitrous oxide and to some extent methane, and the
boundary-layer mechanisms that drive them, in order

to assess their sensitivity to variations in environmental
forcing. The focus has three activities: (i) geographic and
sub-decadal variability of air-sea carbon dioxide fluxes;
(ii) surface layer carbon transformations in the oceans;
and (iii) air-sea flux of nitrous oxide and methane.
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Research Approaches
To address these foci SOLAS will (i) study the ocean and

atmosphere simultaneously to determine the connections
between the processes and fluxes (of aerosols and gases)
in both media; (ii) provide a fundamental understand-
ing of the dependence of interfacial transfer mechanisms
on physical, biological and chemical factors within the
boundary layers; (iii) establish the horizontal and vertical
transport and transformation processes that regulate air-
sea exchanges; and (iv) improve the ability to predict the
role of biogeochemical interactions between the atmo-
sphere and ocean in the Earth System.

Understanding the processes that occur at the ocean-
atmosphere interface requires an enhanced level of
cooperation in planning and execution of research among
different Earth System disciplines. SOLAS depends on
the effective cooperation between scientists to integrate
measurements and analyses of many types. A wide variety
of tasks is being conducted including: (i) coordinated lab-
oratory work and mesocosm studies; (ii) field studies — in
many cases using simultaneous observations on multiple
platforms, for example, ships, aircraft, buoys and satel-
lites; (iii) long time-series observations; (iv) palaco studies;
and (v) models for upscaling to regional and global scales,
which are vital components for Earth System models.

SOLAS is implemented through networks of national and
international groups, and implementation groups that
coordinate work in each of the three research foci. A Model
and Data Management group cooperates closely with other
international projects and creates Task Teams for shorter-
term activities.
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Analysis, Integration and Modelling of the Earth System
(AIMES) is a project of the second phase of IGBP which
continues and extends the work of the Global Analysis,
Integration and Modelling (GAIM) task force of the first
phase. At the time of writing, formal documentation of the
AIMES science agenda was in preparation. The Interna-
tional Project Ofhice (IPO) is based at the National Center
for Atmospheric Research in Boulder, United States.

Rationale

There is a growing recognition that global change must

be studied in a holistic and integrated way, since it is now
understood that the Earth is a single system in which the
biosphere is an active and essential component, and that
human activities are now so pervasive and profound that
they affect the entire Earth System in complex, interactive
and apparently accelerating ways. This recognition suggests
that it is no longer appropriate to consider humans as an
outside force perturbing a natural system, but rather, to

consider a coupled, interactive human-environment system.

Representing human activities in this way presents daunt-
ing challenges for Earth System analysis and modelling.
Understanding carbon cycle dynamics may offer the best
initial opportunity for integrating human and natural driv-
ers of global biogeochemical cycles (Box 11). Ultimately
however, Earth System modellers must engage with the
social and economic science communities to develop inte-
grated assessments of the full spectrum of linkages between
human activity and Earth System functioning,

These challenges may be met in part by application of
complex systems theory and new mathematical and com-
puter tools. One potentially useful approach is “agent-
based” modelling in which humans or groups of humans
interact through specified rules. The agent-to-agent inter-
actions in the virtual world generate emergent properties
of groups of agents, such as an economy or social system.
Network dynamics provide another potential approach,
where the topology of the network and the rules by which
nodes interact are both important, and give rise to com-
plex, nonlinear dynamics.

Objectives and Structure

The overall objective of AIMES is to obtain a deeper
and more quantitative understanding of the how human
perturbations to biogeochemical cycles alter the coupled
physical climate system. Specifically, this will require
developing quantitative understanding under the follow-
ing five themes:

Theme 1: Understanding the operation and interactions
of global biogeochemical cycles, including material trans-

fers between the land, ocean, atmosphere and lithosphere,
and their linkages to the physical climate.

Theme 2: Understanding the causes and consequences
of atmospheric composition changes through glacial-
interglacial cycles (and thus the biophysical coupled
system), as a basis for modelling climate-biogeochemistry
interactions on long time scales.

Theme 3: Understanding the interplay of environmental
changes with human activities in history and prehistory,
including the interaction between the physical environ-
ment, human decision making and consequent human
forcings back to the physical system.

Theme 4: Understanding the operation of the contem-
porary Earth System, as perturbed by, and influencing
human actions, during both the industrial era and the
more recent observational period.

Theme 5: Developing scenarios for the interaction of
climate, biogeochemistry and society during the 21+
century, and their implications for the sustainable use of
natural resources.

Research Approaches

AIMES interacts and collaborates closely with other
projects and activities of IGBP and ESSP. In all cases,
the reciprocal advantage of information and data shar-
ing from local and regional studies is the global context
for regional processes that AIMES provides. AIMES has
adopted four templates for interaction and collaboration:

Template 1: Process and Parameterisation.
Earth System models require observations and process
understanding for model development, parameterisation,
testing and evaluation. Datasets and process knowledge
for global model improvement and development need not

47



IGBP Science Plan and Implementation Strategy

Box 11. C4MIP

In the early 1990s GAIM and the WCRP Working Group on Coupled Models (WGCM) collaborated on
the Coupled Carbon Cycle—Climate Model Intercomparison Project (C4MIP), which compared and ana-
lysed feedbacks between the carbon cycle and climate in the presence of external climate forcing. The
project incorporated models of the terrestrial and ocean carbon cycles in existing ocean-atmosphere
global circulation models, and ran the augmented models with and without active feedbacks. Initial
protocols included the consideration of carbon dioxide, radiative and biogeochemical forcing and using
tracer carbon dioxide for diagnostic surface fluxes.

C4MIP simulations (Friedlingstein et al., 2006) agree unanimously that future climate change will reduce
the efficiency of the Earth System to absorb anthropogenic carbon perturbations (Figure 28a). A larger
fraction of anthropogenic carbon dioxide will remain in the atmosphere. All models simulate a negative
sensitivity for both the land and the ocean carbon cycle to future climate (Figure 28b and c). However,
there are large uncertainties in the magnitude of these sensitivities. The attribution of the land sensitivity
to changes in net primary productivity versus changes in respiration is still a subject of debate, as no

consensus has emerged from the models.
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AIMES will continue and extend the model inter-
comparison project to integrate the fate of methane,
nitrous oxide, aerosols, ozone and other important
greenhouse gases into coupled models. This will
require the development of emission models of these
species and their precursors for land and the ocean,
as well as models of the interactive chemistry in the
atmosphere. The interactions between climate and 0
fire regimes (and the trace gases emissions, including ]
carbon dioxide, methane and aerosols) will be investi-
gated to quantify the feedbacks to the climate system.
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Existing coupled models have only very crude rep-
resentations of how humans manage ecosystems.
Land cover change (e.g. deforestation) and agricultural
management (e.g. irrigation and harvesting) affect -1
the climate system and hence should be included in -12
coupled models. Similarly, ecosystem services (e.g.
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actions and ecosystem services in coupled climate- 8
biogeochemical models. °© 1c "
Figure 28. (a) Atmospheric carbon dioxide differences between 21850 1900 1950 2000 2050 2100

Year

coupled and uncoupled carbon cycle-climate simulations; (b) land

carbon uptake for coupled runs; and (c) ocean carbon uptake
for coupled runs. From Friendlingstein et al. (2006) with permission from the American Meteorlogical Society.
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be localised — they can include global data networks. This
template provides a mechanism to improve global repre-
sentations of process mechanisms in Earth System models
by speeding the transfer of local and regional process
understanding to global models.

Template 2: Regional-Global Interactions. This
template focuses on the impacts and feedbacks in regions
where rapid rates of human development trigger changes
in the atmosphere or biosphere, and where rapid local and
regional changes have global consequences. Regional to
global interactions include:

(i) Where rapid change in a human system triggers a
global response, either directly through transport,
or indirectly through teleconnections in the cli-
mate system. In order to understand the signifi-
cance of the regional study, it has to be embedded
in a global context.

(ii) Where global changes trigger rapid changes in
a region with subsequent global feedbacks (for
example, recent changes in the northern high
latitudes). The emphasis here is on human conse-
quences rather than on human causation.

(iif) Where regional impacts of global change need to
be understood at high resolution. This template
utilises an Earth System approach to downscaling:
if global changes are recognised this template will
endeavour to understand the regional effects and
feedbacks to changes in human behaviour.

Template 3: Applied Earth System Science.
This template translates region- or process-specific global
change responses into global understanding of assessment,
mitigation and management. Integrative models will
enable transfer of information to global ecosystem services
and integrative problem-solving by harnessing the energy

of IGBP.

Template 4: Integrative Earth System Science
and Modelling. Incremental problem-focused addi-
tions to coupled models (of climate biogeochemistry,
ecology and human dimensions) will lead to a greater
capability to understand human-environment interactions
and coupled behaviour of the biogeosphere. Integrative
modelling will be a component of all applied activities.

Important early (and ongoing) activities for AIMES
implementation include C5MIR, IHOPE and GEIA.
C5MIP is the first phase of the extension to C4AMIP

(Box 11), that will integrate more complete atmospheric

chemistry and terrestrial biosphere dynamics into coupled
models. IHOPE — Integrated History and Future of
People on Earth — is a wide collaboration among natural
scientists, social scientists, archaeologists and historians

to construct an integrated history of human activities and
environmental change. IHOPE will attempt to unravel
the complex causes of the collapses of past civilisations, to
help guide options for future sustainability. GEIA — the
Global Emissions Inventory Activity — will continue to
build global databases of gridded emissions inventories for
use in Earth System modelling and analysis.

Additionally, IGBP has identified the need for a digital
Earth System Atlas to provide scientists with a single
source for high-quality, peer-reviewed global data sets
of important Earth System variables (including palaco
environmental observations and socio-economic vari-
ables). While the development of this tool involves col-
laborations across and beyond IGBP, AIMES is leading
and coordinating IGBP contributions to the endeavour.
AIMES is also coordinating a network of Earth System
science institutions (see page 55) which will benefit all
IGBP projects, and building research capacity by devel-
oping a network of young Earth System scientists.
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Fast-Track Initiatives

Fast Track Initiatives (FTTs) were established in 2003 by

the SC-IGBP to foster integration and synthesis of IGBP
science, and to offer a means for SC-IGBP members to
actively contribute to IGBP scientific activities. FTTs help
identify new issues for research within the IGBP network.
They are designed to advance Earth System understanding
and address innovative, cross-cutting issues in Earth System
science not being addressed by IGBP or ESSP projects. FTTs
are thus “nurturing grounds” for innovative research activi-
ties both within and outside the programme.

FTIs are initiated by the SC-IGBP, but usually involve
multiple IGBP projects (with participation from several
countries) as well as scientists from beyond the IGBP com-
munity. FTTs are often cosponsored by partner organisa-
tions. It is recommended that one or both of the IGBP
integration projects (PAGES and AIMES) be involved in
each FTT, and that capacity building elements be included.
FTIs are short-lived (maximum lifetime of three years) and
are expected to generate significant outputs such as review
articles, books or major databases. After completion, FTTs
may expand into new research activities, potentially as an

integral part of an IGBP or ESSP project.

Proposals for FTTs are submitted to the IGBP Secretariat
and considered for approval at the annual SC-IGBP
meeting. Proposals outline the key questions and objec-
tives, planned products, the scientific expertise required
to achieve the goals, timeline, budget, termination/transi-
tion plan, interactions with stakeholders and the involve-
ment of integration projects. If the FTT leader is not an
SC-IGBP member, then an ICSU-appointed SC-IGBP
member will monitor and report on the FTT to the SC-
IGBP. FTIs receive seed funding from IGBP; additional
funding is usually required.

Initial FTTs considered the global iron cycle (2003-05; a
collaboration with SCOR; see Box 1), the global nitrogen
cycle (2003-05; a collaboration with SCOPE; see Box 2)
and the role of fire in the Earth System (2003-06; see Box
6). These produced several synthesis papers, a book and a
Declaration on Nitrogen Management. Work initiated by
the “Iron FTT” continues, largely with SOLAS. The “Nitro-
gen FTT” developed into a major international initiative — the

International Nitrogen Initiative — which continues some of
its activities within IGBP under the umbrella of AIMES.

Other FTTs at the time of writing are an: (i) An Investigation
of Ocean Acidification over Time (2005-07; a collaboration
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with SCORY); (ii) Refining Plant Functional Classifications
Jor Earth System Modelling (2006-08; a collaboration with
DIVERSITAS) and (iii) 7he Earth in 2030-50 (2006-08).

Integration and Synthesis

Scientific integration and synthesis are fundamentally
important activities for IGBP, and both require careful
and early planning and adequate resourcing. The ultimate
goal of these activities is to provide policy and resource
management communities with useful global change and
Earth System information. One important avenue for this
has been, and will continue to be, contributions to global
environmental assessments such as [IPCC and MEA.
Nonetheless, advances in global change understanding at
all levels (science, policy and public) over the last decade,
and the changing organisational landscape of Earth
System science mean additional approaches to integration
and synthesis are required.

Integration

IGBP will use a range of activities and approaches for
integration, both within the programme and through col-
laborations — particularly participation in the ESSP. Within
the programme, AIMES and PAGES have the roles of
undertaking Farth System-level research, and integrating the
work of other IGBP projects. To facilitate this integration
an AIMES representative will, wherever possible, attend

the SSC meetings of other IGBP projects, especially in the
initial stages of research implementation.

As in its first phase, IGBP will organise a congtress every
four years. IGBP congresses assemble the SC-IGBP, all
project SSCs and other key scientists in the IGBP com-
munity to share progress, jointly plan ongoing and new
implementation activities, and facilitate integration of
Earth System science. IGBP and Global Change National
Committee (NC) representatives attend these congresses
to foster national-international linkages and to facilitate
regional-global integration of research findings. In its
second phase IGBP will consider (where appropriate,
practical and resource-efficient) to co-convene its con-
gresses with key partner research programmes. The first
congress for the second phase of IGBP is planned for early
2008; a second is envisioned for 2012 or 2013.

Beyond the programme, IGBP will foster integration
by strategic collaborations with key partners. The most
important strategic collaboration for the second phase of

IGBP is participation in ESSP. Established in 2001, ESSP
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Box 12. ESSP Projects on Global Sustainability

ESSP projects on issues of global sustainability address the global change aspects of a number of
issues critical for human well-being: the carbon cycle, food systems, the global water system and
human health. These projects go beyond the scope of the individual partner programmes, but draw
heavily on the research of the projects of the partners, integrating this research around questions on the
nexus between Earth System function and human and societal well-being. These projects tackle the
two-way interaction between global change and global sustainability by researching both the impacts
of a changing global environment on human societies, and the implications of human-driven changes in

these societal systems for the functioning of the Earth System.

Global Carbon Project (GCP)
Cg?bta;on GCP is developing a comprehensive, policy-relevant understanding of the global carbon
o cycle, encompassing its natural and human dimensions and their interactions. GCP is
organised around three themes:
e Patterns and variability: what are the current geographical and temporal distributions of the major
pools and fluxes in the global carbon cycle?
* Processes and interactions: what are the control and feedback mechanisms — both anthropogenic
and natural — that determine carbon cycle dynamics?
e Carbon management: what will be the future dynamics of the carbon-climate-human system, and
what points of intervention and windows of opportunity exist for management of this system?

Global Environmental Change and Food Systems (GECAFS)

GECAFS is determining strategies to cope with the impacts of global environmental
GECAFS ... change on food systems, and is assessing the environmental and socio-economic
consequences of adaptive responses aimed at improving food security. GECAFS is

organised around three major questions:
¢ How will global environmental change affect the vulnerability of food systems in different regions?

¢ How can food systems be adapted to cope with global environmental change so as to enhance

food security?
¢ How will various adaptation options feedback on environmental and socio-economic conditions?

Global Water System Project (GWSP)

GWSP ~ GWSP is addressing how human actions are changing the global water system, and is
considering the environmental and socio-economic feedbacks arising from anthropogenic
changes in this system. GWSP is organised around three major questions:

¢ What are the magnitudes of anthropogenic and environmental changes in the global water

system, and what are the key mechanisms by which these changes are induced?

¢ What are the main linkages and feedbacks within the Earth System arising from changes in the

global water system?

¢ How resilient and adaptable is the global water system to change, and what are sustainable water

management strategies?

Global Environmental Change and Human Health (GECHH)

GECHH will identify the risks to human health posed by global environmental change, and will
investigate potential ways to minimise these risks. GECHH will be launched at the Second ESSP

Open Science Conference in late 2006.
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provides the framework for DIVERSITAS, IGBP, IHDP
and WCRP to collaborate on integrated Earth System
research, including consideration of the changes that are
occurring to the system and the implications for global
sustainability. ESSP supports projects on issues of global
sustainability (Box 12), global change research capacity
building, integrated regional studies (IRS) and open sci-
ence conferences.

Recognising the increasing importance of regional aspects
of global change, ESSP promotes and facilitates IRS. IRS
are based on the concept of the region as a holistic entity
in the context of the Earth System, and are intended to
contribute scientific understanding in support of sustain-
able regional development. IRS consider integration and
processes within and across a region, and integration
between a region and the global system. IRS contribute
to understanding regional-global linkages and the conse-
quences of changes in these linkages.

IRS are developed and led by scientists in a particular
region, and reflect the characteristics, interests, scientific
capabilities and development priorities of the region.
By addressing the same overall goals, IRS are amenable
to cross-comparisons and the construction of a global

Figure 29. Initial foci for MAIRS.

synthesis. In addition to their scientific objectives, IRS are
important for capacity building, as they help to develop
regional scientific infrastructure for global change research.

IRS transcend disciplinary boundaries and address aspects
of marine, terrestrial, atmospheric, social, economic,
cultural and historical components of the Earth System.
They reflect the particular socio-economic and biophysi-
cal characteristics of a region, and address regional Earth
System research all the way from planning to synthesis.
IRS explicitly consider major features of Earth System
(e.g. the Asian monsoon system, the Amazon Basin, the
Antarctic cryosphere) and consider regions where small
changes may lead to profound Earth System change.

The Large Scale Biosphere-Atmosphere Experiment in
Amazonia (LBA) which was initiated in the middle of the
first phase of IGBE, exemplifies many of the key aspects that
ESSP expects from IRS. LBA comprises over eighty closely
linked and coordinated research groups involving 600 scien-
tists from South and North America, Europe and Japan, all
focussed on studying how Amazonia functions as a regional
entity within the larger Earth System, and how changes in
land use and climate will affect the biological, physical, and
chemical functioning of the region’s ecosystem.

Key issues of sustainable development
in Asia for integrated study

Water

flooding, aridisation,
pollution

global warming,
monsoon variability,
ENSO
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The first IRS approved by ESSP is the Monsoon Asia
Integrated Regional Study (MAIRS). MAIRS seeks to
improve the understanding of how human activities in
Monsoon Asia are interacting with and altering the natu-
ral variability of atmospheric, terrestrial and marine com-
ponents of the monsoon system. From this, MAIRS will
develop a capacity to predict changes in global-regional
linkages and their consequences. Together these will build
the scientific basis for sustainable development in Mon-
soon Asia. Initially MAIRS will focus on issues related

to air and water, considering how Earth System changes
affect the Asian monsoon region (Figure 29).

ESSP also sponsors open science conferences to promote
integration and to cross-fertilise Earth System science.
The first conference — Challenges of a Changing Earth

— was held in 2001 and attracted 1,400 participants
across science, policy and resource management from 105
countries. The second conference — Global Environmental

Change: Regional Challenges — will occur in late 2006.

Synthesis

One of the key functions of IGBP is to coordinate and
facilitate periodic syntheses of global change research and
Earth System science. In the first phase of IGBP this was
a major focus during 1999-2003 and generated eleven
major books for a scientific audience (Appendix 2). In
addition, 32-page summaries of six of these books were
produced for policy and education audiences.

In the second phase of IGBP synthesis will continue to
be important, and will be the focus during 2012-2013
(Figure 1). The exact nature of the outputs from this
synthesis phase will be decided by the SC-IGBP. While
major book publications are possible in the later stages

of the second phase, the changing emphasis of the IGBP
communication effort (See Communication and Outreach)
means these are unlikely to be targeted solely at a scien-
tific audience. In addition, greater effort will be invested
in synthesis as an ongoing activity, rather than solely as a
culminating activity. For example, it is envisioned that the
IGBP Secretariat will produce a new series of two-page
Earth System science summaries for policy makers (see
Communication and Outreach). In addition, a range of
ongoing synthesis activities will be undertaken by indi-
vidual IGBP projects.
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Conducting Earth System science is often expensive and
research budgets around the world are under increasing
pressure. The fraction of research funds available for inter-
national activities is even more tightly constrained, and
hence it is imperative that available funding is used efh-
ciently. One of most important roles of IGBP is to work
with the international scientific community to develop
scientifically effective and resource-efficient implementa-
tion strategies. IGBP will work to ensure that national
funding agencies adopt a global perspective in their fund-
ing of global change research.

Implementation of IGBP science primarily occurs
through the activities of the IGBP projects, which have
developed and published project-specific science plans
and implementation strategies. Each project has devel-
oped its own approach to achieving its scientific goals,
within the overall IGBP scientific structure and aims.
Additionally however, there are some implementation
strategies that are common to most projects that were
developed during the first phase of IGBE and some new
programme-level strategies. Together these form a power-
ful toolkit for international Earth System science. These
strategies are described in this section and include:

e developing international frameworks for col-
laborative research based on agreed agendas;

e building research networks to tackle focused
scientific questions;

e building an international institutional network
for Earth System science;

e promoting standard methods;
e undertaking long time-series observations;

e guiding and facilitating construction of global
databases;

e cstablishing common data policies to promote
data sharing;

e undertaking model inter-comparisons and com-
parisons with data;
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e facilitating comprehensive interaction between
modellers and experimentalists; and

e coordinating complex, multi-national field cam-
paigns and experiments.

NCs are essential to the implementation of IGBE pro-
viding a two-way conduit between national and inter-
national levels of global change research. NCs input
advice, research capacity and research projects, and IGBP
provides an agreed international framework to facilitate
the international collaborations of researchers from many
countries. A key component of the IGBP implementa-
tion strategy will continue to be building research capacity
— particularly in less-developed countries.

International Frameworks for
Collaborative Research

Researching Earth System science issues across national
boundaries requires an agreed research framework and
common science questions. IGBP projects have developed
through a thorough process of discussion and consulta-
tion with the scientific community, involving hundreds
of scientists from all continents. This has ensured the
development of truly international research frameworks
that help to orient national and regional research efforts in
ways that facilitate international collaboration. It has also
fostered the building of the international and interdisci-
plinary networks needed to undertake the research.

The IGBP project science plans and implementation
strategies are good examples of IGBP international frame-
works for collaborative research. For example, the SOLAS
Science Plan and Implementation Strategy was the result
of several years of consultation and iteration within the
SOLAS community, including an Open Science Meeting
in 2000 and a meeting of SOLAS National Representa-
tives in 2002. Through plenary presentations and working
group discussions at the Open Science Meeting scien-

tists agreed upon the over-arching questions for SOLAS
research. This led to a draft science plan which was revised
based on feedback from the community. In 2001 the SSC
invited national representatives to participate in the ongo-
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ing and planned national research activities of relevance
to SOLAS, and thus providing a realistic implementa-
tion strategy. The document was reviewed in 2003,

and after final revisions and approval was published

in early 2004. The scientists who participated in the
consultative development of the framework formed the
initial SOLAS network, which continues to expand as
activities progress.

Research Networks to Tackle
Focused Scientific Questions

Many global change questions are best addressed by

the long-term coordinated efforts of an international
research community. Thus networks focused on critical,
well-posed scientific questions are central to the imple-
mentation of many IGBP projects. IGBP networks share
expertise on experimental technologies, help transfer this
expertise to developing countries (especially where rel-
evant to local science and policy), interact with relevant
modelling communities to ensure the latest understand-
ing is used, and conduct periodic syntheses on focused
topics. This approach leads to faster scientific progress
and more comprehensive understanding of global pro-
cesses and their regional variations.

An example of this approach is the FLUXNET network
of eddy covariance flux measurements, which is a global
network of over 240 flux towers across all major biomes
continuously measuring exchanges of carbon dioxide,
water vapour and energy between the biosphere and the
atmosphere. Initiated by BAHC and GCTE and now
supported by iLEAPS, the goals are to quantify the tem-
poral dynamics, spatial patterns and biotic and abiotic
forcings of carbon dioxide, water vapour and energy
fluxes between the land surface and the atmosphere, and
to provide data for validation of remote sensing products
used to infer fluxes of carbon dioxide.

FLUXNET has made major contributions to the
understanding of processes that control water, energy and
carbon dioxide exchange. For example, FLUXNET has
helped to (i) reveal the effect of changing growing season
length on net carbon dioxide exchange; (ii) quantify
variations in light use efficiency (and hence gross primary
production) with cloudiness; and (iii) test remote sensing
algorithms used in seasonal forcing of models for comput-
ing carbon exchange. In some locations clusters of measur-
ing stations allow vegetation succession to be studied.

Institutional Network for
Earth System Science

Many pressing Earth System science issues (such as
environmental sustainability) extend beyond the remit of
any single global change research programme or institu-
tion. To help facilitate Earth System science research

and education and to promote systems-level analysis and
integration, IGBP will work to establish a global network
of leading Earth System science research institutions.

The goals of this institutional network are primarily

to enhance existing international research and educa-

tion efforts to address systems-level themes including:

(i) biogeochemistry-climate interactions (past, present
and future); (ii) social-biogeophysical interactions (past,
present and future); and (iii) strategies for Earth System
modelling. Additionally, the network will help (i) for-
mulate strategies for future global observation systems;
(ii) develop collaborative international research projects
amongst network participants; (iii) augment educational
curricula in Earth System science; and (iv) promote stake-
holder interaction and communication of scientific results
beyond the scientific community.

The institutional network will use the IGBP umbrella

to structurally link leading institutions via agreements
that enhance the mobility of personnel and the sharing
of resources. The network will provide participants with
access to the AIMES post-doctoral network, facilitate
their participation in other IGBP and ESSP activities

and provide a link via IGBP to global observing systems.
The network will improve access to institutional facili-
ties, enhance computer infrastructure for Earth System
modelling and provide a neutral platform for model
intercomparisons. The network should help share per-
spectives between developed and developing countries,
help facilitate building centres of excellence in developing
countries, and create a lasting forum for dialogue between
leadingglobal change institutions and stakeholders.

Standard Methods

Earth System science often requires a large number of
process or case studies at multiple sites under differ-

ent conditions around the world, and their subsequent
comparison and integration. An essential component in
this approach is the development and use of standard
research methods. The initial phase is method develop-
ment, usually based on broad consultation. The method is
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then communicated widely (for example, by publication of
on-line and hard copy guidelines), and regional workshops
held to promote the method’s use.

An example of a standard method developed and promoted
by IGBP is the LOICZ biogeochemical budgeting method
for coastal seas. A global study of biogeochemical fluxes in
coastal seas is difficult because of the strong heterogeneity of
the coastal zone, hence application of a standard method by
an international network of researchers is very effective. The
international LOICZ community developed and applied a
standard method based on conservation of mass for estimat-
ing coastal biogeochemical fluxes, especially within the bays
and estuaries of the inner coastal zone. The method provides
estimates of carbon, nitrogen and phosphorus fluxes into
and out of the coastal zone, including the emission of gases
to the atmosphere. Because nutrients undergo reactions

in coastal waters, budgeting is complicated. The method
therefore relies on measuring fluxes for one nutrient species

Figure 30. The IGBP terrestrial transects.

(usually phosphorus) and applying scaling ratios to estimate
the fluxes of other nutrient species.

The method uses small, or moderate amounts of existing
or easily obtainable data, and is widely applicable enabling
cross-site comparisons. Cross-site comparisons have been
possible across widely differing sites, for example, from
local lagoons and estuaries to the large East China Sea;
from pristine sites to sites degraded by high anthropo-
genic nutrient loadings; from shallow water bodies to
water bodies hundreds of metres in depth; and from
tropical to arctic environments. Many regional workshops
have been conducted to communicate and promote the
method, and a web site provides method details and
updates, tools for implementation, training materials and
results from completed studies. More than 200 coastal
budgets have been determined by around 180 scientists
(see Figure 21, Box 7).
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Long Time-series Observations

Complementary to intensive field campaigns are long
time-series observational stations and networks. These
are important for detecting long-term trends, particu-
larly where anthropogenic forcings may be driving
change on top of considerable natural variability. They
also provide long-term environmental baselines for
intensive field campaigns and process studies. Examples
of long time-series observations include monitoring of
atmospheric carbon dioxide via the global flask net-
work, the IGBP terrestrial transects and long time-series
oceanic stations for marine processes. All of these require
a significant international coordination to achieve global
comparability and applicability. A important issue is
determining when and how to move long time-series
observations from the research domain to the opera-
tional observation domain.

An example of the promotion of long time-series obser-
vations are the IGBP terrestrial transects (Figure 30).
These were established in the mid-1990s to support the
land-focussed IGBP projects, and as such will be impor-
tant for GLP and iLEAPS. They are generally of around
1000 km long and 200-300 km wide, and are aligned
along important environmental gradients. For example,
north-south transects in the high latitudes encompass
the boreal forest and tundra biomes and capture tem-
perature variation as an important controlling factor.
Transects in the mid-latitudes and semi-arid tropics are
based on moisture gradients, while other transects follow
gradients of land use intensity. Land use intensity gradi-
ents are conceptual and are spatially more complex than
those based on quasi-linear biophysical gradients, but
they are exceptionally important for studying tropical
land use change.

Each transect is based on long-term observational sites
distributed along the primary gradient. On some tran-
sects each site consists of a major observational station
with a cluster of ancillary sites to examine secondary
gradients and local variability. Intensive manipulative
experiments or field campaigns are sometimes embed-
ded within transects using longer-term observations as
an environmental baseline. To maximise the value of
the transects, observational data and experiments or
field campaigns are usually coupled with modelling and
periodic syntheses of large-scale land system response to
global change.

Global Databases and Policies to
Promote Data Sharing

Earth System understanding requires globally consis-
tent data describing critical parameters and processes of
biogeochemical cycles. The advent in recent decades of
remotely sensed data has revolutionised Earth System
understanding, and led to a burgeoning number of
global databases. /n situ observation systems have been
established to complement remotely sensed data. IGBP
projects have helped guide and facilitate the construc-
tion of many relevant global databases including: (i) high
resolution land cover; (ii) reactive trace gases and aerosols
in the atmosphere; (iii) soil structure and mineral/chemi-
cal composition; and (iv) surface ocean partial pressure
of carbon dioxide. IGBP has played a central role in the
design, construction, archiving and dissemination of a
wide range of palaco environmental records that have
become critical for supporting the global change research
across and beyond IGBP.

An example of a global database to promote data sharing
is the PAGES palaco database. PAGES, together with the
World Data Centre network of ICSU, has established

a long-term repository for palaco data critical for Earth
System studies. PAGES continues to promote the move
towards multi-proxy and interdisciplinary databases, and
to facilitate the construction of spatially explicit, well-
calibrated data against which model simulations can be
tested. PAGES will make special efforts to retrieve the key
palaco archives that are themselves disappearing due to
global change, such as glaciers, coral reefs, coastal tropical
wetlands and boreal peat lands.

Model Intercomparisons and
Comparisons with Data

Earth System models are essential tools in global change
research, integrating current understanding in internally
consistent ways, supporting hypothesis testing and pro-
viding plausible scenarios of future Earth System evolu-
tion. These models however, must be rigorously tested
to improve confidence in their ability to simulate Earth
System functioning. IGBP provides an international
platform for the comparison of such models with each
other and with data. Model intercomparisons help iden-
tify the strengths and weaknesses of different modelling
approaches, share knowledge on modelling techniques
and structures, and accelerate model development. Testing
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models against data is crucial for model performance and
for the consistency and usefulness of different databases.
Model intercomparisons and comparisons with data

are undertaken in every IGBP project, but such work
within GAIM and AIMES in particular has significantly
enhanced the ability to understand and simulate Earth
System functioning.

An example of the model intercomparison approach is
C4MIP (Box 11) initiated by GAIM and WGCM. A
common protocol has been used for comparing the results
of coupled models and exploring the reasons for diver-
gence of results. Early results showed a positive feedback
between an interactive carbon cycle and climate, with all
models simulating increased atmospheric carbon dioxide
and stronger warming by 2100 compared to uncoupled
model runs. In addition, all models show the terrestrial
biospheric response dominating the feedback effects. The
next stage in complex model development — coupling full
atmospheric chemistry into models — will also be coordi-
nated by an AIMES-WGCM partnership.

Modeller-Experimentalist Interactions

IGBP will actively foster interactions between mod-
ellers and experimentalists, and will seek to ensure such
interactions are carefully planned and implemented to
maximise their benefits. The planning of these activi-
ties will seek an experimental design for the minimum
combination of observations and models needed to
ensure comparability, yet without preventing the addi-
tion of observations/models to address questions specific
to a particular experiment. These activities are expected
to bring together laboratory studies, 7 sizu observations,
remote sensing, and both detailed process modelling and
global-sale modelling.

These activities are expected to enhance the interac-
tions between IGBP and key partners, for example,
IGAC-SPARC collaborations on atmospheric chemis-
try and climate and iLEAPS-GEWEX collaborations
on land-atmosphere interface processes. A major such
activity involving IGBP and WCRP is envisioned to
investigate aerosol-cloud-climate-health interactions.
Already, many large field campaigns have investigated
aerosol-cloud interactions in different locations includ-
ing areas of mid-latitude marine stratocumulus, areas of
tropical convection, the mid-latitude upper troposphere
and Arctic stratus near the ice margin. Many of these
campaigns either directly involved modelling studies

or spawned modelling activities, however, it has been
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difficult to directly compare them to learn about the
relative importance of different processes in different
geographical areas and under different dynamic and
thermodynamic conditions. In addition, the issue of

air quality and health has seldom been an integral part
of any of these studies. Fostering dialogue and interac-
tions between experimentalists and modellers will greatly
enhance the explanatory power of these approaches.

Multinational Field Campaigns
and Experiments

Earth System process studies and targeted observations
often require techniques, specialised equipment or instru-
mentation that are limited in number or availability. Fur-
thermore, Earth System processes do not operate within
national boundaries and thus often require multi-national
cooperation. In these cases, the best approach is intensive,
highly coordinated field campaigns in which resources
from several countries are pooled. Coordination avoids
unnecessary duplication of effort and maximises the scien-
tific value of the campaign. IGBP projects are an ideal
platform for such multi-investigator and multi-national
campaigns. Examples include: (i) land surface experiments
to measure water, energy and trace gas fluxes at different
scales; (ii) airborne measurement campaigns to charac-
terise the composition and chemistry of the troposphere;
and (iii) biomass burning experiments in remote areas.
Increasingly, these experimental campaigns are planned
and executed together with modelling exercises to more
fully integrate model and experimental activities.

Examples of multi-national field campaigns from the
first phase of IGBP are the IGAC Aerosol Characterisa-
tion Experiment (ACE) campaigns. These sprang from
the recognition that progress in tropospheric chemistry
required a more coordinated approach to aerosol mea-
surement, by the coordinated deployment of multiple
individual measurement platforms. IGAC coordinated
large-scale, intensive field campaigns involving research
teams from many countries. ACE was able to capture
significant aerosol processes that occur over large geo-
graphical areas by coordinating ships, aircraft, surface
stations, satellites, specialised instruments and large
numbers of investigators. The international approach
also promoted active participation by meteorologists

(to provide the descriptions of transport fields necessary
for interpretation of observations) and modellers able
to integrate process-level understanding and provide
model-based projections to guide the observations them-
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selves. ACE facilitated the open sharing of data between
researchers and the broader scientific community, greatly
enhancing the usefulness and value of the data. In the
second phase of IGBP similar campaigns are envisaged,
for example, to better characterise global ocean-atmo-
sphere exchanges.

Data Management

Since its formation in the late 1980s, IGBP has placed
a high priority on data issues, and a data management
strategy is also part of the general terms of reference

for IGBP projects. The strategy entails establishing a
data management and archiving system for the project.
Data systems should address the issues of data qual-

ity, creation of data sets, metadata and catalogues, data
archiving, data standards, data sharing, external co-
operation and linkages to data agencies, networking and
distribution of data, and future instrumentation needs.

One of the programme’s original framework activities
was Data and Information System (DIS), the goal of
which was to support the IGBP projects in defining,
developing and accessing global databases to aid their
work. DIS played a strong role in linking the IGBP
scientific community with satellite remote sensing agen-
cies to help ensure that databases produced from satellite
observations were suitable for global change research.

In addition, DIS brokered access for IGBP scientists to
high resolution satellite data, which in the early 1990s
was both costly and difficult to obtain. In terms of non-
remotely sensed data, DIS played a leading role in build-
ing two important land-oriented databases, one on land
cover (including a widely used classification scheme) and
the other on soil characteristics.

By 2001 however, the data world had changed consider-
ably and access to global databases for individual scien-
tists was much more open, inexpensive and convenient.
Around that time, IGBP concluded DIS and focused
instead on participation in the Integrated Global Obser-
vation Strategy Partnership (IGOS-P). IGOS-P has
facilitated the coordination of multiple databases around
major Earth System themes, such as oceans, atmospheric
chemistry and the carbon cycle. IGBP has already led
the development of the carbon cycle observation theme,
and has contributed strongly to themes on atmospheric
chemistry, the coastal zone and terrestrial ecosystems.

More recently IGBP became a participating organisa-
tion in the Group on Earth Observations (GEO) — an

international partnership which in 2006 included 60
countries and 43 international organisations. GEO aims
to build a Global Earth Observation System of Systems
(GEOSS) by 2015. GEOSS will work with, and build
upon existing national, regional and international systems
to provide comprehensive, coordinated Earth observations
from thousands of instruments worldwide, transforming
the data they collect into vital information for society. As
one of the participating organisations, IGBP is commit-
ted to contributing to the GEOSS effort the data and
information gathered through IGBP research. As GEOSS
develops, the strategies for IGBP and its projects will be
adapted to the overall GEOSS approach.

IGBP is also an associate of the Committee on Earth
Observing Satellites (CEOS) — an international coordinat-
ing mechanism charged with coordinating international
civil space-borne missions designed to observe and study
the Earth. CEOS has 25 members (mostly space agencies)
and 20 associates (associated national and international
organisations), and is recognised as the major interna-
tional forum for the coordination of Earth observation
satellite programs and for the interaction of these pro-
grams with users of satellite data worldwide. Involvement
in CEOS will help IGBP improve satellite data access for
the research community, and help IGBP communicate
the data requirements of the research community to the
observing community.

Capacity Building
IGBP is committed to capacity building to address the

imbalance between the scientific capabilities of developed
and developing countries. There are several aspects to this
imbalance which should be addressed: (i) differences in
the level of research resources; (ii) differences in research
infrastructure; (iii) differences in opportunities to par-
ticipate in international initiatives; and (iv) insufficient
exchange of people and ideas between developed and
developing countries. IGBP will use different and com-
plementary approaches to address these imbalances and to
help enhance research institutions in developing regions.

Research-driven capacity building has proven to be an
effective way to improve the scientific capacity of less
developed countries (LDCs). Approximately one quarter
of IGBP committee members come from LDCs, and thus
contribute to the planning, coordination and evaluation
of IGBP research. LDC scientists are members of most
IGBP research networks and participate in observational
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campaigns and process studies. Meetings of the SC-IGBP
and IGBP Officers are often held in developing countries,
allowing interaction between the IGBP leadership and
scientists from the region.

IGBP projects have undertaken, and will continue to
undertake a range of capacity-building activities. In

the first phase of IGBP for example, GAIM conducted
Earth System modelling workshops in Brazil and Kenya,
GCTE established the Global Change Impacts Centre
for Southeast Asia and LOICZ ran many biogeo-
chemical budgeting training workshops. In the second
phase of IGBP similar efforts will continue and will be
expanded, including: (i) establishment by AIMES of an
international post-doctoral network for Earth System
science; (ii) the recurrent summer schools of SOLAS and
iLEAPS; and (iii) continued cosponsorship by LOICZ
of a Masters programme in Water and Coastal Manage-
ment. In addition to these specific examples, all IGBP
projects will increasingly develop regional activities that
promote capacity building, and will use a variety of train-
ing methods (including workshops and web-based learn-
ing) to build scientific capacity within their communities,
especially in LDCs.

The need for regionally-based training and exchange
programmes, facilitation of regional interdisciplinary
research, and regional modelling and synthesis activi-
ties, led in the first phase of IGBP to the establishment
of START as an IGBP project. Initially cosponsored by
IHDP and WCRP, START is now an ESSP project and
has evolved to focus on regional research, assessments

for policy makers and research-driven capacity build-
ing. START undertakes fundamental capacity building
in areas where the scientific base is too weak to allow
participation in international programmes. Many bilateral
activities are undertaken by START and IGBP projects,
and many LDC scientists who gained their first experience
in international global change science via START are now
members of IGBP research networks and committees.

Regional research and capacity building in global change
science is also supported at the inter-governmental level
by the Inter-American Institute for Global Change
Research (IAI) and the Asia-Pacific Network for Global
Change Research (APN). IGBP benefits strongly from
its close interaction with these organisations, with IGBP
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projects obtaining funding from them for regionally-ori-
ented research activities. IGBP scientists contribute time
and expertise to developing the regional research agendas
of these organisations. In addition to IAI and APN, IGBP
will continue its efforts (begun in 2005) to assist in the
establishment of an organisation to coordinate and foster-
global change research in Africa. This network or organi-
sation is likely to focus on strengthening collaboration
between scientists in Africa and Europe, and will most
importantly improve the access to Earth System science

and global change funding for African researchers.
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IGBP has a simple governance structure (Figure 31) that
enables efficient implementation of its scientific structure
(Figure 11) and promotes internal communication and
integrative and interdisciplinary activities. Core aspects of
IGBP governance are described in the IGBP Constitution
(see www.igbp.net).

The SC-IGBP is the central governing body of IGBP. Most
of the scientific effort of IGBP is organised into projects,
many of which are cosponsored by other organisations, and
these projects are represented on the SC-IGBP (the teeth

on the SC-IGBP cog; Figure 31) by their SSC chairs. The
Secretariat and the IPOs facilitate information exchange
through the IGBP network and scientific synthesis and inte-
gration. The Secretariat directly supports the activities of the
SC-IGBP, including managing the records and information
relating to SC-IGBP meetings and memberships and project
SSC memberships. The Secretariat also promotes IGBP and
disseminates its scientific results to different audiences. NCs
are points of contact in the countries and regions that par-
ticipate in the network, help initiate and organise activities

Figure 31. IGBP governance structure.
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at the local and regional level and are an important interface
with the wider international research community.

In addition to its internal structure, IGBP must, in order
to achieve its goals, operate in a much larger inter-organi-
sational structure (Figure 32). This structure is conceptual
rather than formal, but is important to understand, as

it influences the modes of operation of IGBP, and the
different relationships maintained with different organisa-
tions. In the “big picture”, IGBP is influenced by its parent
body (ICSU) and by various funding bodies, including

the International Group of Funding Agencies for Global
Environmental Change (IGFA). Close collaborations

and formal project cosponsorship arrangements exist

with several research organisations, including the other
global change research programmes which together form
the ESSP. IGBP seeks to influence, and to some extent
depends upon organisations involved in Earth observa-
tions (IGOS, GEO, CEOS). To facilitate capacity building
IGBP interacts with regional networking organisations for

global change research (IAI, APN).
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Scientific Committee

The SC-IGBP is responsible for the scientific oversight and
strategic development of IGBP and for helping to ensure
that IGBP research results are published and used. Mem-
bers of the SC-IGBP promote and coordinate the national,
regional and international activities of the network, and act
as liaisons with other national and international organisa-
tions. The SC-IGBP meets at least once per year.

Beyond its governance function the SC-IGBP is an impor-
tant forum for further developing the interdisciplinary
science of IGBP, being comprised of experts from many
disciplines and geographic regions. Each IGBP project is
represented and reports at SC-IGBP meetings, providing
the opportunity to initiate integrative research (such as
FTIs) spanning the more disciplinary efforts of the projects.

The SC-IGBP consists of approximately 30 members,

15 of whom are appointed by the Executive Board of
ICSU primarily on the basis of scientific excellence, but
with consideration of disciplinary, geographical and
gender balances. In addition to the 15 ICSU-appointed
members, other members include the Chairs of the IGBP
project SSCs (and any Standing Committees) and the
Chairs of the Scientific Committees of WCRE IHDP and
DIVERSITAS. Memberships are normally for three years,
renewable once. Several guests are normally invited to the
annual meeting of the SC-IGBP, including the Executive
Officers of the IGBP and ESSP projects, the Chairs of
the ESSP project SSCs, and representatives of important
cosponsors of IGBP projects such as SCOR.

The Officers of the SC-IGBP are the Chair, up to three
Vice-Chairs, the Treasurer and the Past-Chair (Ex offzcio,

Figure 32. The inter-organisational structure within which IGBP operates.
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normally for a period of one year). The IGBP Chair is
appointed by ICSU, and the Officers (under leadership of
the Chair) are responsible for conducting the affairs of the
SC-IGBP between meetings.

Project Scientific Steering Committees

Project SSCs are comprised of experts in disciplines
relevant to the project, with attention to discipline,
geographic and gender balances. SSCs set the project’s
scientific agenda, guide the organisation and implementa-
tion of activities, and assist in raising funding for project
activities including the IPO. SSC members are usually
involved in analysing, integrating and publishing project
results, and assembling the myriad of individual project
investigations in a broader context.

SSCs typically have around 15 members, appointed

by the IGBP Officers and the executive bodies of any
cosponsors. Many SSCs have an Executive Committee
that conducts the affairs of the SSC between meetings
with assistance from the project Executive Officer and

the IPO. SSC memberships are normally for three years,
renewable once. SSCs normally meet at least once per year.

IGBP Secretariat

The IGBP Secretariat is hosted by the Royal Swed-

ish Academy of Sciences in Stockholm, Sweden. As its
primary function, the IGBP Secretariat assists the IGBP
Officers in ensuring implementation of SC-IGBP deci-
sions. Secretariat members prepare, attend and document
the outcomes of the SC-IGBP and Officers meetings.
The Secretariat also undertakes scientific communication
within and beyond the IGBP network (see Section 8).

Each IGBP project has a scientific contact at the Secre-
tariat and these liaisons help channel information between
the projects (IPOs and SSCs), the SC, NCs and partner
organisations. The Secretariat helps promote IGBP and
ensure project research results are communicated out-
ward, organises the periodic IGBP scientific congresses
and assists with the organisation of ESSP open science
conferences. Secretariat staff represent IGBP at interna-
tional and national fora as required by the SC-IGBP. The
Secretariat raises and manages the funds for the operation
of the Secretariat and the SC-IGBP.

The Secretariat has around ten staff covering scientific
liaison, communications and administration. It is headed
by an Executive Director appointed by ICSU to a three-
year (renewable) term of office. The Executive Director

is responsible for managing the Secretariat, aiding in the
strategic development of IGBE, coordinating preparation
of the SC-IGBP and Officers meetings and preparing the
annual report.

International Project Offices
Each IGBP project is supported by an IPO (led by an

Executive Officer) and in some cases, regional project
offices. Regional offices are additional project contact
points that share the project administrative work load,
support project Co-Chairs and improve access to national
funding. The main functions of IPOs are to:

o administer the project on a day-to-day basis,

under the overall guidance of the SSC;

e coordinate research efforts including research
campaigns and field programmes;

e promote and advocate for the project, enlisting
wide international participation;

e maintain connections with relevant interna-
tional, national and regional projects;

e ensure effective coordination within IGBP;

e disseminate project information and research
results;

e monitor and assess project progress and SSC
activities; and

e secure financial support for the IPO.

IPOs collaborate closely with the IGBP Secretariat on
scientific integration. Executive Officers usually meet
with the Secretariat annually in addition to interactions at
annual SC-IGBP meetings.

IGBP and Global Change National
Committees

NCs are the grassroots of the IGBP network and contrib-
ute to the development of the research agenda through
participation in IGBP congresses, scientific conferences
and open meetings at programme and projects levels.
They actively encourage national scientific communi-
ties to participate in IGBP projects and thus often have
specific project representation.

IGBP research is mainly implemented through nationally
funded projects. Whilst NCs are not always involved in
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the funding process, they are usually aware of the relevant
national research effort and thereby assist IGBP projects
identify planned and ongoing research that addresses
IGBP priorities. NCs help raise central funds for IGBP,
both by helping to secure national contributions and by
informing national funding agencies of the nature and
importance of IGBP research. NCs often initiate regional
collaborations with START, IAI, APN and emerging
scientific networking partners.

Endorsement Process

IGBP encourages and facilitates international, interdis-
ciplinary collaboration, and hence external projects or
programmes (“external projects”) often solicit formal
endorsement from IGBP. Endorsement should be mutu-
ally beneficial: external projects benefit by assess to, and
support from, the international IGBP research network;
IGBP benefits by access and input to research activities
initiated outside the network that contribute to the IGBP
goals. Endorsement by IGBP obliges an external project
to conform to the scientific aims, criteria of scientific
scope and excellence, principles of openness, geographic
and gender balance, and free exchange of data, as
expressed in the science plans and implementation strate-
gies of IGBP and its projects.

IGBP will consider external projects for endorsement at
both the project and programme level — the appropriate
level depending on the scope and focus of the external
project. Endorsement will be most common at the proj-
ect level, where the majority of IGBP scientific activity
takes place, and where the greatest opportunities for
interaction exist. Endorsement by more than one IGBP
project may be appropriate. Programme-level endorse-
ment will only be considered for international external
projects where the scope requires expertise from most or
all IGBP projects, or where the goals closely match the
goals of IGBP as a whole.

When an external project applies (either directly, or on
the recommendation of the IGBP Secretariat) to one or
more the IGBP projects for endorsement, an endorsement
decision will be made by the project SSC(s). The IPO(s)
will inform the IGBP Secretariat of the request and later
of their SSC decision. The IGBP Secretariat will forward
this information to other IPOs, appropriate NCs and the
SC-IGBP. External projects endorsed by an IGBP project
are required to provide a short annual report to the annual
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meeting of the project SSC, and acknowledge endorse-
ment in project products.

When an external project applies for programme-level
endorsement, initial contact should be with the IGBP
Secretariat, either directly or via a member of the SC-IGBP.
The IGBP Secretariat will inform the full SC-IGBP and all
IPO:s of the request, and solicit input and recommendations
for consideration by the IGBP Officers. Programme-level
endorsement decisions will be made by the IGBP Officers
and communicated to the external project, appropriate NCs
and all IPOs. External projects endorsed at programme level
are required to provide a short annual report to the annual
SC-IGBP meeting, and to acknowledge endorsement in
project products.

A more detailed description of the endorsement proce-
dure (including assessment criteria) can be obtained from

the IGBP Secretariat.

Information Management

The IGBP Secretariat maintains the IGBP “corporate
memory”, including documentation of the constitu-
tion, terms of reference, important procedural guidelines
(including for committee memberships), records of
meetings and decisions (especially of the SC-IGBP and
the IGBP Officers), official correspondence, agreements,
contracts and financial records. The Secretariat also man-
ages and archives copies of IGBP publications (in printed
and electronic forms), databases of contacts and publica-
tions, presentation and educational materials, and records
of IGBP communications activities including media and
outreach work. In addition to hard copy archives, the
Secretariat maintains electronic records on the Secretariat
server with regular tape back-ups.

The Secretariat will increasingly use the internet to manage
information for access by the IGBP network and by external
audiences. For use within the IGBP network, the Secretariat
will make its publications and contacts databases accessible
via the website, and seek to integrate these with similar
databases maintained by IPOs. The contacts database will
be redesigned to improve its flexibility and usefulness within
the IGBP network, for example, to enable the Secretariat

to quickly put journalists in touch with relevant experts.
The Secretariat will continue to promote and rely upon an
IGBP extranet facility for communications and information
exchange within the IGBP network.
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Wherever possible, IGBP publications and presentation
materials will be made available on the website in electronic
forms for free download. The website — redesigned site
launched in 2006 — includes “resource rooms” for the scien-
tific community, media, education and policy makers.

Evaluation

The IGBP publications database will enable IGBP to doc-
ument and report on its scientific output and to properly
attribute this output to different projects and activities. As
the primary output of IGBP is scientific knowledge, the
publications database will provide primary information to
help evaluate progress and output. Overall progress will
be evaluated by the number of papers in refereed scientific
journals arising from research of IGBP and ESSP projects
and IGBP FTIs, the number of books and reports pub-
lished based on IGBP-related research and the number
and type of major field campaigns and modelling activi-
ties organised by IGBP and its projects. Progress reporting
will occur by publication of an annual report, annual prog-
ress reports to major funding agencies and annual progress
presentations to IGFA. The approaches to be adopted for
the evaluation of IGBP progress in science communication
are described in Communication and Outreach.

In addition to output, IGBP will evaluate its international
diversity and reach. This will be assessed by the level of
international participation in the IGBP network, diversity
of IGBP committee memberships and the number of active
NCs. Independent evaluations of IGBP will be undertaken
by ICSU. The first such review will occur in late 2007 or
early 2008, and will guide the implementation of IGBR
This first review will consider the scientific progress and the
appropriateness of the IGBP structure, and the degree of

successful of the initial stages of implementation.

Finances
The IGBP Secretariat, the SC-IGBP and some project

activities are financed primarily by contributions from
around forty countries. Since 2001 these national contri-
butions have averaged about US$1.5M per year (Figure
33). The variations in this income between years are
largely because some “annual contributions” for a given
year are received in the following year. National contri-
butions typically represent 60—70% of the total central
income. The remaining fraction of the income comes
from specific grants to support IGBP projects (where
funds are simply administered by the Secretariat), research

activities and conferences.

Typically, around one third of the unencumbered income
is spent on Secretariat salaries (a significant fraction of
which directly supports scientific activities), and around
half is spend on non-salary scientific and communication
activities. About 10% of the income covers Secretariat
operating expenses, and the remainder (around 5%)
funds IGBP publications and the website. The scientific
activities funded include project activities, workshops and
conferences, meetings, contributions to ESSE, GEO and
IGOS and other partners, and integrative research efforts.

Maintaining the current income level is increasingly
challenging. IGBP will work with the International
Group of Funding Agencies (IGFA) to develop a funding
strategy that will enable IGBP to (i) fully implement this
Science Plan; (ii) contribute to the evolution of the ESSP,
(iii) increase support of science in developing countries; and
(iv) broaden engagement with stakeholders. IGBP will also
seek to expand its funding base beyond the IGFA com-
munity, and will increasingly seek in-kind support from
those developing countries unable to make direct financial
contributions.

As well as strategies to maintain funding, IGBP will work
to reduce costs, for example, by using new communica-
tion technologies (e.g. video and web-conferencing) to
lessen travel and the associated costs. To the same end,
IGBP will where possible, consolidate common activi-
ties between the IGBP Secretariat and IPOs, and work
together with the ESSP partners to hold joint meetings,
workshops and conferences. While one-off events (such
as IGBP congresses) will require additional funding, these
demands are met by specific grants; IGBP does not fore-
see any overall substantial growth in costs to implement
the science agenda described herein.

Figure 33. History of national contributions to IGBP.
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Earth System science is critical for the development of
effective policy to address global change and sustainability.
As an apolitical but politically-relevant organisation IGBP
aims to bridge the gap between the international scientific
community, policy makers and the public. Communication
of Earth System science is therefore a key activity of IGBP

The communication strategy follows from the long-term
communication goals, which in turn follow from the

IGBP vision. The long-term communication goals of
IGBP are to:

e establish IGBP as a credible source of Earth
System science;

e promote Earth System science and demonstrate
a scientific structure that supports Earth System
science;

e position IGBP within the scientific community
as a primary organisation that adds value to
national and international projects by providing
the global context and the integrative framework
for national and regional research efforts; and

e provide policy-relevant (but not policy-prescrip-
tive) information on global change to policy
makers and the public.

IGBP communication activities occur at multiple levels.
Firstly, IGBP contributing scientists publish the results of
their work in the peer-reviewed literature, and contribute
to the assessment processes of IPCC and MEA. At the
IGBP project level, scientific results are also synthesised and
communicated to a wider range of audiences, for example,
via project newsletters and websites. The communication
strategies of IGBP projects are detailed in their respective
science plan and implementation strategies. The IGBP
Secretariat undertakes and facilitates programme-level
communication activities. The strategy and implementa-
tion tactics described herein focus on these programme-
level communication activities, with a strong emphasis on
communication of the Earth System science that emerges
from programme-wide scientific interactions, synthesis and
integration. Additionally, the IGBP Secretariat will work
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closely with IGBP core projects to highlight their achieve-
ments to the scientific community and other audiences,
and to support programme-wide integration, especially by
improving inter-project communication.

At the programme-level, both internal and external com-
munications are important. Internal communications
target project SSCs, IPO staff, contributing research sci-
entists and funding agencies, via meetings and workshops,
electronic communication and scientific documents
(newsletters, journal articles and science plans). External
communications target the scientific community, decision
makers (e.g. politicians and resource managers), funding
agencies, the education sector and the public.

IGBP has eight programme-level communication objec-
tives: (i) improve communication within the IGBP com-
munity; (i) update and revitalise IGBP communication
tools; (iii) develop the visual identity of IGBP; (iv) pro-
mote Earth System science to the broader scientific com-
munity; (v) inform policy makers on key global change
issues; (vi) influence the next generation of Earth System
scientists; (vii) extend IGBP outreach efforts amongst
agencies, decision makers, schools and the public; and
(viii) develop new tools to communicate uncertainty, risk

and vulnerability in global change.

Meeting these objectives, has been, and will continue to
be achieved via three-year implementation plans, with
guidance provided by a “Think Tank” of IGBP scientists
and communications professionals. The eight objectives
have been phased in with successive three-year plans as the
communications effort developed and as resources allowed.
Objectives (i)—(iii) have been addressed since 2001, objec-
tives (iv)—(vi) have been addressed since 2004 and objec-
tives (vii)—(viii) will be addressed from 2007 onwards. All
objectives remain current and ongoing. Below, the focus is
on the communications plan for 2007-09.

Numerous tactics are in use or are planned for achieving
each of the above communication objectives. Internal
communication will be improved via (i) refinements to
the quarterly Global Change Newsletter, the bi-monthly
email bulletin and annual reports; (ii) provision of a
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Box 13. Ongoing Outreach Mechanisms

Ambassadors Network

Presentations by respected IGBP scientists can have great impact on policy makers and the public.
IGBP will enlist a group of IGBP scientists as spokespeople or “ambassadors”. They will be excel-
lent presenters, have a good overview of IGBP science and be prepared to represent IGBP to politi-
cians, political advisors and journalists in their respective countries or at international fora.

Policy-relevant Roundtables

Regional roundtables that bring scientists and policy makers together in two-way dialogue on neu-
tral ground are a coordinated way to communicate IGBP science to policy makers. Collaboration
with policy makers from the outset is critical. Roundtables will be tailored to a region and con-
ducted in collaboration with IGBP projects and NCs, usually in conjunction with a scientific meeting
or workshop. Roundtables will focus on critical issues relevant to the region and linked to global
change.

Media Strategy

The media strategy aims to raise awareness of Earth System science and global change amongst
the broader scientific community, decision makers and the public, and to raise the profile of IGBP.
The strategy includes global media campaigns in association with large international open science
conferences, and regional media campaigns based on local stories with underlying global change
messages. Key messages will be identified to guide each campaign and create a underlying theme
for all story angles. Each media campaign should have a purpose and is not intended to simply
generate media coverage as an end in itself.

IGBP Media Tactics
¢ provide website “Media Room” with background information, press releases and images;

¢ monitor the media to identify hot topics and, where possible, respond quickly with accurate
and accessible information for journalists;

¢ develop database of global media contacts and establish contact with key news, science and
environment reporters;

¢ develop group of IGBP scientists willing and able to respond quickly to media requests
(including IGBP Ambassadors);

e target specific audiences through different media;
¢ organise IGBP symposia at major international meetings that attract journalists;

e work with IGBP projects and NCs to publicise regional issues in global change science,
especially through regional workshops and policy-relevant roundtables;

¢ increase the accuracy of reporting by providing well written, plain English press releases and
briefing papers;

¢ provide IGBP Ambassadors with presentation material and media training and organise inter-
views with journalists; and

¢ work with IGBP projects to identify science stories and follow-up with media campaigns.
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password-protected website; (iii) cross-project databases
of contacts and publications; and (iv) development of
project-specific communication plans. IGBP products
will be updated based on commissioned Earth System
and project-level artwork, and presentation/poster/bro-
chure templates will be developed to create and promote
the visual identity of IGBP. Earth System science will be
promoted by a group of IGBP Ambassadors (Box 13) and
through major synthesis publications, regional workshops
and IGBP sessions at major international science/policy
meetings. Global change science will be communicated
to policy makers via jargon-free summary booklets and
leaflets, briefings of key politicians, and policy-relevant
roundtables of scientists and policy makers (Box 13). The
next generation of Earth System scientists will be reached
using educational packages for lecturers, web-based mate-
rials for students and project summer schools. Broader
outreach efforts will include working with projects and
NC:s on regional activities, media briefings and translation
of publications. IGBP will collaborate with risk com-
munication institutes to develop ways to communicate
risk and uncertainty, and will work with ESSP partners
to develop ways to communicate vulnerability. The IGBP
website will be a fundamental component of the com-
munications effort for all audiences and all objectives,
acting as a hub for IGBP products and services. Increas-
ing emphasis will be placed on highlighting core project
products and achievements on the IGBP website.

IGBP communications will be evaluated periodically.
The overall communications effort will be evaluated via
web statistics and feedback from the SC-IGBP, the Think
Tank and IGBP scientists. Internal communication will
be assessed via feedback to the IGBP Secretariat and by
confidential telephone surveys of IPO staff and NCs.
IGBP products will be evaluated through surveys, review
articles in magazines and journals and through unsolicited
feedback. Profile-raising activities and Earth System sci-
ence promotion will be evaluated via media monitoring,
and outreach to policy-makers will be evaluated through
unsolicited feedback, number of requests for informa-
tion, extent of collaborations with policy departments
and agencies, number of links to the IGBP website and
number of downloads from the IGBP website.

68

A communications crisis is generally a false or inaccurate
media report. Media monitoring will enable the IGBP
Secretariat to prevent most crises, but in the event of a
crisis the IGBP Secretariat will organise a teleconference
within 24 hours with IGBP leadership (Executive Direc-
tor, Deputy Directors and SC-IGBP Chair). If necessary,
the Secretariat will prepare and distribute a statement, and
brief IGBP spokespeople enabling them to respond to the
media, and national government agencies. The Secretariat
will monitor the situation to determine any further action
and provide information as required.
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ACE

AIMES

AMMA

APN

BAHC

BNF
CACGP

CBNF

CCC
CCCC

CEOS

CLIOTOP

CLIVAR

C4MIP

DIN
DIP
DIS

DIVERSITAS

DMS
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Aerosol Characterisation
Experiment

Analysis, Integration and
Modelling of the Earth System

African Monsoon
Multidisciplinary Analysis

Asia-Pacific Network for Global
Change Research

Biospheric Aspects of the
Hydrologic Cycle

biological nitrogen fixation

Commission on Atmospheric
Chemistry and Global Pollution

cultivation-induced biological
nitrogen fixation

Cod and Climate Change

Climate Change and Carrying
Capacity

Committee on Earth
Observation Satellites

Climate Impacts on Oceanic
Top Predators

Climate Variability and
Predictability

Coupled Carbon Cycle—Climate

Model Intercomparison Project
dissolved inorganic nitrogen

dissolved inorganic phosphorus
Data and Information Systems

an international programme of
biodiversity science

dimethylsulphide

ENSO
ESSAS

ESSP
FLUXNET

FTI
GAIM

GCP
GCTE

GEIA

GECAFS

GECHH

GECHS

GEO
GEOSS

GEOTRACERS

GEWEX

GLOBEC

El Nino Southern Oscillation

Ecosystem Studies of Sub-Arctic

Seas
Earth System Science Partnership

global network of tower sites
measuring exchanges of energy
and materials between terrestrial
ecosystems and the atmosphere

Fast-Track Initiative

Global Analysis, Integration and
Modelling

Global Carbon Project

Global Change and Terrestrial
Ecosystems

Global Emissions Inventory
Activity
Global Environmental Change

and Food Systems

Global Environmental Change
and Human Health

Global Environmental Change
and Human Security

Group on Earth Observations

Global Earth Observation
System of Systems

a collaborative multi-national
programme investigating marine
biogeochemical cycles of trace
elements and their isotopes

Global Energy and Water Cycle

Experiment

Global Ocean Ecosystem
Dynamics



GLP
GWSP
IAI

IAMAS

ICSU

IDGEC

IGAC

IGBP

IGFA

IGOS-P

IHDP

IHOPE

iILEAPS

IMBER

10C

IPCC

IPO
IRS
JGOFS
LBA
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Global Land Project
Global Water System Project

Inter-America Institute for

Global Change Research

International Association of
Meteorology and Atmospheric

Sciences
International Council for Science

Institutional Dimensions of
Global Environmental Change

International Global
Atmospheric Chemistry

International Geosphere-
Biosphere Programme

International Group of Funding
Agencies for Global Change
Research

Integrated Global Observing
Strategy Partnership

International Human
Dimensions Programme on
Global Environmental Change

Integrated History and Future of
People on Earth

Integrated Land Ecosystem—
Atmosphere Processes Study

Integrated Marine
Biogeochemistry and Ecosystem
Research

Inter-governmental
Oceanographic Commission

Inter-governmental Panel on

Climate Change
international project office
integrated regional study

Joint Global Ocean Flux Study

Large-scale Biosphere-
Atmosphere Experiment in
Amazonia

LDC
LOICZ

LUCC
MAIRS

MDG
MEA

NASA

NC
PAGES
PANGAEA

SC-IGBP

SCOPE

SCOR

SOLAS

SPACC

SPARC

SSC
START

UNESCO

WCRP

WGCM

less-developed country

Land-Ocean Interactions in the
Coastal Zone

Land Use and Cover Change

Monsoon Asia Integrated

Regional Study
Millennium Development Goals

Millennium Ecosystem
Assessment

US National Aeronautics and
Space Administration

National Committee
Past Global Changes

Publishing Network
for Geoscientific and
Environmental Data

Scientific Committee of IGBP

Scientific Committee on
Problems of the Environment

Scientific Committee on
Oceanic Research

Surface Ocean—Lower

Atmosphere Study

Small Pelagic Fishes and Climate
Change

Stratospheric Processes and

Their Role in Climate
scientific steering committee

Global Change System for

Analysis, Research and Training

United Nations Educational,
Scientific and Cultural
Organization

World Climate Research

Programme

Working Group on Coupled
Modelling
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Appendix 2: IGBP Phase | Project Synthesis Books

Canadell J, Pataki D and Pitelka L (Ed.s) (2006) Terrestrial
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Heidelberg.  press.

Lambin E and Geist H (Ed.s) (2005) Land Use and Land Cover
Change: Local Processes, Global Impacts. Springer-Verlag,
Berlin, Heidelberg. / press.

Crossland CJ, Kremer HH, Lindeboom HJ, Marshall Crossland
J1, and Le Tissier MDA (Ed.s) (2005) Coastal Fluxes in the
Anthropocene. Springer-Verlag, Berlin, Heidelberg. 231pp.

Kabat B, Claussen M, Dirmeyer PA, Gash JHC, Bravo de
Guenni L, Meybeck M, Pielke Sr RA, Vérosmarty CJ, Hutjes
RWA and Liitkemeier S (Ed.s) (2004) Vegetation, Water,
Humans and the Climate: A New Perspective on An Interac-
tive System. Springer-Verlag, Berlin, Heidelberg. 566pp.

Steffen W, Sanderson A, Tyson B, Jiger ], Matson B, Moore 11
B, Oldfield E Richardson K, Schellnhuber H-J, Turner IT BL
and Wasson R (2004) Global Change and the Earth System:
A Planet Under Pressure. Springer-Verlag, Berlin Heidelberg.
336pp.

Fasham M (Ed.) (2003) Ocean Biogeochemistry: The Role of
the Ocean Carbon Cycle in Global Change. Springer-Verlag,
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spheric Chemistry in a Changing World: An Integration and
Synthesis of a Decade of Tropospheric Chemistry Research.
Springer-Verlag, Berlin, Heidelberg. 300pp.

Alverson KD, Bradley RS and Pedersen TF (Ed.s) (2003)
Paleoclimate, Global Change and the Future. Springer-Verlag,
Betlin, Heidelberg. 220pp.
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Steffen W and Virji H (Ed.s) (2002) Global-Regional Link-
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Walker B, Steffen W, Canadell ] and Ingram ] (1999) The
Terrestrial Biosphere and Global Change: Implications for
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Appendix 3: Contact Information

IGBP Secretariat

Royal Swedish Academy of Sciences
Box 50005, Lilla Frescativigen 4
SE-104 05, Stockholm, Sweden
Tel: +46 8 166 448

Fax: +46 8 166 405

Email: charlottew@igbp.kva.se
Website: www.igbp.net

IGBP Projects

AIMES IPO

National Center for Atmospheric Research
PO Box 3000, 1850 Table Mesa Drive
Boulder, CO 80307-3000, United States
Tel: +1 303 497 1706

Fax: +1 303 497 1695

Email: kathyh@ucar.edu

Website: www.aimes.ucar.edu

IGAC IPO

Pacific Marine Environmental Laboratory

National Oceanic and Atmospheric Administration
7600 Sand Point Way NE

Seattle, WA 98115-6349, United States

Tel: +1 206 543 6674

Fax: +1 206 543 0308

Email: igac.seattle@noaa.gov

Website: www.igac.noaa.gov

iLEAPS IPO

University of Helsinki, Department of Physical
Sciences

Division of Atmospheric Sciences

PO Box 68 (Gustaf Hillstromin Katu 2B)
00014 University of Helsinki, Finland

Tel: +358 9 1915 0712

Fax: +358 9 1915 0717

Email: anni.reissell@helsinki.fi

Website: www.atm.helsinki.fi/TLEAPS

IMBER IPO

Institut Universitaire Européen de la Mer
Technopéle Brest-Iroise

Place Nicolas Copernic

29280 Plouzané, France

Tel: +33 2 9849 8672

Fax: +33 2 9849 8705

Email: imber@univ-brest.fr

Website: www.imber.info

GLOBEC IPO

Plymouth Marine Laboratory

Prospect Place

Plymouth PL1 3DH, United Kingdom
Tel.: +44 1752 633 160

Fax: +44 1752 633 101

Email: globec@pml.ac.uk

Website: www.globec.org

GLP

c/o Natural Resource Ecology Laboratory
Colorado State University

Fort Collins, CO 80523-1499, United States
Tel: +1 970 491 1976

Fax: +1 970 491 1965

Email: dennis@nrel.colostate.edu

Website: glp.colostate.edu
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LOICZ IPO SOLAS IPO
GKSS-Forschungszentrum School of Environmental Sciences
Institute for Coastal Research University of East Anglia
Max-Planck-Strafle 1 Norwich NR4 7TJ, United Kingdom
D-21502 Geesthacht, Germany Tel: +44 1603 593 516

Tel: +49 4152 87 2009 Fax: +44 1603 591 327

Fax: +49 4152 87 2040 Email: solas@uea.ac.uk

Email: loicz.ipo@loicz.org Website: www.solas-int.org

Website: www.loicz.org

PAGES IPO

Sulgeneckstrasse 38

3007 Bern, Switzerland

Tel: +41 31 312 3133

Fax: +41 31 312 3168

Email: pages@pages.unibe.ch
Website: www.pages-igbp.org

ESSP Coordinator

c/o DIVERSITAS Secretariat
51 Bd de Montmorency
75016 Paris, France

Tel: +33 1 45 25 67 04

Fax: +33 1 42 88 94 31
Email: mrice@essp.org
Website: www.essp.org

ESSP Projects

GCP IPO GECHH

Earth Observation Centre c/o DIVERSITAS Secretariat

CSIRO Division of Atmospheric Research 51, bd Montmorency

GPO Box 3023 75016 Paris, France

Canberra, ACT 2601, Australia Tel: +33 1 4525 9525

Tel: +61 2 6246 5631 Fax: +33 1 4288 9431

Fax: +61 2 6246 5988 Email: secretariat@diversitas-international.org

Email: info@globalcarbonproject.org
Website: www.globalcarbonproject.org

GECAFS IPO GWSP IPO

Centre for Ecology and Hydrology Walter-Flex-Straf8e 3

National Environment research Council 53113 Bonn, Germany
Wallingford, OX10 8BB, United Kingdom Tel: +49 228 73 6188

Tel: +44 1491 692 464 Fax: +49 228 73 60834

Fax: +44 1491 692 313 Email: gwsp.ipo@uni-bonn.de
Email info@gecafs.org Website: www.gwsp.org

Website: www.gecafs.org
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The International Geosphere-Biosphere Programme is an
interdisciplinary body and one of the four global environ-
mental change programmes of the International Council for
Science (ICSU). IGBP networks scientists around the world
to conduct interdisciplinary Earth System science and global
change research.

For more information see:
IGBP: www.igbp.net

ICSU: www.icsu.org
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