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PREFACE

This Plan for terrestrial observations has been prepared by a Terrestrial Observation Panel for Climate (TOPC) jointly
sponsored by the Joint Scientific and Technical Committee (JSTC) of the Global Climate Observing System (GCOS) and the
Scientific and Technical Planning Group for the Global Terrestrial Observing System (GTOS). The Plan presents the
minimum set of terrestrial requirements for GCOS and the climate change requirements for GTOS. It complements both the
GCOS and GTOS programme plans.

The Plan provides an initial assessment of the requirements for climate-related observations which will be required
to predict, detect and assessimpacts of climate change. These requirements were developed in three meetings of the TOPC,
but will be subject to revision as the Plan is reviewed, observational requirements change, and the scientific concepts and
observational capabilities develop and improve. Future activities will focus on refining the requirements, prioritizing the
requirements, and the initial implementation. It is intended that the Plan will be implemented through existing programmes.

Suggestions for additions or improvements should be forwarded to the GCOS Joint Planning Office, c/o World
Meteorological Organization, P.O. Box No. 2300, CH-1211 Geneva 2, Switzerland.
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Dr Michael Glantz
Chairman
GTOS Steering Committee
Global Terrestrial Observing System
(June 1997)

Professor John Townshend
Chairman
Joint Scientific and Technical Committee
Global Climate Observing System
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EXECUTIVE SUMMARY

The objective of the TOPC Plan is to provide a rationale for
the structure and implementation of the initial observing
system. It describes the minimum set of terrestriall
observations that are required to detect, predict and to assess
the impacts of climate change. Annex | to the document
contains a detailed description of each of the variables.
While it has taken congderable work to arrive a a consensus
on this set of variables, it is recognized that these are a
beginning, to be refined as our understanding of the
observational  requirements and  capabilities improves. The
Plan recognizes that a comprehensive observing system must
address the critical variables by making measurements with
sufficient accuracy, spatial and temporal resolution, and
long-term continuity. The data must be compiled and
collated in a fashion that is useful to the users. Ultimately, the
products that are generated by GTOS and others must
include ones that are in a form that can be easly utilized by
policy- and decision-makers. For much of the land and
climate system, such comprehensve observations, databases
and associated products are not yet available.

In spite of the fact that a considerable amount of
work needs to be done before a comprehensive observation
system can be completely implemented for the terrestrial
components of the GCOS or the climate change portion of
the GTOS, a number of actions can be taken to begin
implementing some of the required observations. Those
observations which can be made from satellites offer the best
hope of globally consistent data sets, and consequently

L In this Plan terrestrial refers o both managed and unmanaged land-
based ecosystems, the hydrosphere and the cryosphere

reearch to increese the number and qudity of dbsavaions
tha can be made from goece is highly encouraged. At the
same time, these data must be made readily available to
countries that do not have a programme of space-based
obsavaions

It wes recognized thad mary hundreds of vaiables
ae patatid candidaes for gobd monitaring and there are
may thousands of patatid sample locdions However, it is
neither feasible nor desirable to measure everything,
everywhere, al the time. This redity led to a five-tier
headicd sampling sheme in which & the one extrame a
few vaidldes ae mesarad infrequatly & may locaions
and at the other extreme a large number of variables are
mesared frequertly & a few locations

Regarding in sit« measurements, most of the
requiremants ae dreedy beng mede @ a number of stes thet
dealy fdl within the proposed sampling scheme Exiding
stes have been contacted as pat of the devdopment of the
overal plan for GTOS, and from those sites willing to
participate, the ground-based observations should be
implemented as soon as possible. Making historical data
from thee Stes avalable via the Intemet should dso receive
high priority. Working with the GCOS/GTOS/Global
Ocen Obm|ving Sydam (GOOS Dda ad  Infomdion
Management Panel, a network-based system for data
managemat must be devdoped over the nedt year ad a
haf. It is expetted thet this system should work in dose
cooperation with the International Geosphere-Biosphere
Pogame — Dda ad Inffomdion Sygem (IGBRDIS
ad UNEP’s Gad Resource Informetion Dazsbese (GRID)
proganme The sydem mudt provide aocess to bath space-
besd ad in Stu dosvations



INTRODUCTION AND BACKGROUND 1

11 Introduction

This Plan (Version 2.0) has been developed by the
Terrestrial  Observation Panel for Climate (TOPC) to meet
the terrestrial requirements for the Globa Climate
Observing System (GCOS) and the climate change
requirements of the Global Terrestrial Observing System
(GTOS), and represents a gSgnificant update of Verson 1 .0
(GCOS-21). The TOPC is a joint pand established by the
GCOS and the GTOS to ensure that a coordinated Plan is
produced and implemented. The data and information
management needs identified in the Plan have been passed
to the GCOS/GTOS/Global Ocean Observing System
(GOOS) Daa and Information Management Pand  (JDIMP)
for implementation in conjunction with other GCOS,
GOOS and GTOS needs. Likewise, for those observations
which can best be made from space, the requirements have
been passed to the GCOS/GTOS/GOOS Space-based
Observation Panel (SOP) for coordination with the world's
space agencies. The dtrategy for implementing the in situ
aspects of the Plan will be a joint effort between GCOS and
GTOS, in cooperation with the World Climate Research
Programme (WCRP), the International Geosphere-
Biosphere Programme (IGBP), the International Human
Dimensions Programme (IHDP), and other international
and national ingtitutions. It is intended that the Plan will be
refined and updated as required.

The land-atmosphere interactions, which link the
land surface with the atmosphere, are critical processes
for understanding and assessing the impact of climate
change. An integrated global observing system is needed to
address critical questions in these links. For example: Is the
cabon sorage in the terrestriadl biosphere growing? If o, a
what rate? Is the tundra permafrost melting? If so, at what
rate? (If it does, millions of tons of carbon dioxide and
methane could be released into the atmosphere, greatly
accelerdting the rate of globa warming.) Are there shifts in
species and vegetation patterns in response to a changing
climate?

The objective of this Plan is to provide a rationae
for the structure of the initial operational system and to
outline basic guiddines for its implementation. It describes
the minimum set of land-based varidbles that are required to
understand the climate system and its variability and to
predict, detect and assess the impacts of climate change. The
Plan outlines a drategy which will enable collection of the
observations so that consistent global data sets can be
produced.

To develop a rationa approach to planning the
globa obsarving systems, the TOPC undertook a series of
tasks, described in the subsequent chapters:

Analysis of the climate- and climate change-rel ated
mechanisms governing the function of the key
terrestrial  components of the climate system, including

identification of the key variables that need to be
measured: biosphere (Chapter 2), hydrosphere
(Chapter 3), and cryosphere (Chapter 4);

. Discusson of sampling requirements and  problems,
leading to the conceptual definition of a
global sampling system for terrestrial observation
building on existing systems and facilities
(Chapter 5);

. Discussion of data and information system
requirements and issues (Chapter 6);

. Development of an implementation plan,
with emphasis on the initid operating system
(Chapter 7);

. Description of individual terrestrial variables to be
measured by the GCOS/GTOS, including their
specific attributes (frequency, accuracy, current status,
measurement method, research and development
(R&D) and action required, etc. (Annex ).

12 The Gldd Climate Obsarving
Sdem  (GCO9

The Global Climate Observing System (GCOS) is a joint
initiative of the World Meteorologicd Organization (WMO),
the Intergovernmental Oceanographic Commission (IOC) of
the United Nations Educational, Scientific and Cultural
Organization (UNESCO), the United Nations Environment
Programme (UNEP), and the International Council of
Scientific  Unions  (ICSU). GCOS  provides an internationa
forum for the development of a comprehensive long-term
global observing system that will improve our understanding
of climate. A more complete description of GCOS can be
found in the Plan for the Globad Climate Observing System
(GCOS-14).

In the current debate about climate change, it is
evident that information available to governments is
inadequate to enable them to obtain answers to critical
scientific, economic and policy questions. This gap is likely
to be more critical in the future as the earth’s climate, its
biosphere and human activities respond to increasing
greenhouse gas concentrations. In particular, systematic and
comprehensive global observations of the key variables are
urgently needed and should be made available to naions to
enable them to:

: Detect and quantify seasondl, and inter-annua climate
changes at the earliest possble time;
Document natural climate variability and extreme
climate events;
Model, understand and predict climate variability and
change:
Assess the potential impact on ecosystems and socio-
economical  conditions,
Develop strategies to diminish potentially-harmful
effects and amplify beneficid ones,



' Provide services and applications to climate-sensitive
sectors,  and
Support  sustainable  development.

Objective of the GCOS

The objective of the GCOS (GCOS-14) is to provide the
observations required to meet the needs for:
Climate system monitoring, climate change detection
and response monitoring especialy in terrestria
ecosystems and mean sealeve;
Application to national economic development;
Research  towards improved  understanding, modelling
and prediction of the climate system.

Background to the GCOS

International concern regarding climate change is
encapsulated in the Framework Convention on Climate
Change (FCCC) signed by over 160 nations in June of 1992
a the Earth Summit in Rio de Janeiro. Ratified by over 50 of
those countries, the Convention came into force on 21 March
1994. The Convention clearly recognizes that climate change
due to human activities may “adversely affect natural
ecosystems and humankind’. It further recognizes that
actions concerning climate change must be taken in the
overal context of sustainable development. In addition to the
Climate Convention described above, the Convention on
Biodiversity and the United Nations Convention to Combat
Desertification both require climate observations, and in
paticular systematic terrestrial  observations for their  full
implementation.

A substantial capability for the required
observations from both in stu and space-based observations
dready exids, principaly in operationa programmes (eg.
World Weather Watch (WWW) for operational meteorology,
National Aeronautics and Space Administration (NASA)/
Nationd Oceanic and Atmospheric  Administration (NOAA)
Pathfinder programme) and in research programmes (eg.
WCRP, IGBP). Despite the scope of these programmes, even
when taken collectively, they are inadequate to meet the
objectives described above. To be comprehensive, an
observing system must address the criticd parameters by
making measurements with adequate precision,  sufficient
spatiadl and tempord resolution, and with known long-term
continuity. The products must be in a form that can be easily
utilized by policy- and decision-makers a nationa, regiona
or globd levels. For much of the land and climate system,
such comprehensive  observations and  associated  products
ae not available.

GCOS will improve the situation by taking a
comprehensive, integrated view of the requirements for all
the climate system components, including the global
atmosphere, the oceans, the biosphere, the hydrosphere, the
cryosphere and the linkages among them. Such an integrated
view is necessary to adequately interpret climate variability,
as well as to determine the naturally- and anthropogenically-
produced climate changes. This Plan deals with three of

these eements: the land biosphere, the cryosphere, and the
hydrosphere.

13 The Globa Terredrial Observing

Sygem  (GTOS)

The GTOS is a comprehensive land surface observation
programme, with focus on five priority issues: land use and
land cover change and degradation; water resources
management; pollution and toxicity; loss of biodiversity; and
climate change. This Plan deals directly with only one of
these issues, i.e, climae change, but its recommendations
have important implications for the others.

It is impossible to foresee al the critica
environmental issues of the future. For example, who could
have predicted the depletion of the ozone layer or the
damaging effect of DDT on birds of prey? Once identified,
how long did it take to get action? While the need for
integrated and systematic terrestrial  ecosystem  monitoring
has been recognized for over 100 years, there was no
substantive international action to achieve it until the early
1970s. The Stockholm Environment Conference in 1972
catalyzed a number of monitoring activities which have
made a positive contribution, but collectively they fall short
of what is required. As a joint initiative of ICSU, WMO, the
Food and Agriculture Organization of the United Nations
(FAO), UNESCO, and UNEP, GTOS provides a
comprehensive international  forum for the development of
an effective terrestriadl  observing system.

Objectives of the GTOS

The centrd mission of GTOS is to provide policy makers,
resource managers and researchers with the data needed to
detect, quantify, locate and give ealy warning of changes
(especialy reductions) in the capacity of terrestria
ecosystems to support sustainable development and
improvements in human welfare, and to help advance our
understanding of such changes. It should be accomplished
through the development of an equitable partnership between
the generators and users that meets both the short-term needs
of naiona governments and longer-term needs of the global
change research  community.
GTOS daa collection and andysis has four main

ObJeCtIVGSZ

Identification and quantification of the natural and

anthropogenic factors that affect terrestrial ecosystem

function and structure;

Determination of the relative importance of these

factors at the national, regiona or globa level and

their interactions,

Distinguishing short-term natural variations or

perturbations from  long-term changes of

anthropogenic  origin;

Assisting modelling and multidisciplinary dynamic

analysis of possible future changes in terrestrial

ecosystems.

Background for the GTOS

Terrestrial ecosystems are the primary source of food,
freshwater, fuel, clothing, and shelter for humankind and will
continue to be so in the foreseeable future. They provide the



main source of income and/or subsistance for the majority of
the world’s population, and for much of the developing
world they are the dominant economic sector and source of
substance and foreign exchange earnings. GTOS will
provide the observational requirements that will alow
governments to plan for and achieve sustainable
development while mitigating environmental changes
resulting from a number of anthropogenically produced
factors, including climate change and desertification.

The initid planning for GTOS cals for pilot
activities and progressive implementation over a number of
years, with relatively low expenditure in the early stages. It
has been designed to complement the other global observing
systems, GOOS and GCOS, with the maximum use of
common procedures.

1.4 Use of the Data
The principal uses of GCOS/GTOS climate-related data are:
(1) development of plans for sustainable economic and social
development; (2) short-term climate prediction (seasonal to
interannual); (3) long-term projections of future climate
conditions (including climate model initialization,
determination of boundary conditions, and validation); (4)
climate change detection; and (5) assessment of climate
change on ecological and societal systems. Some variables
will assist all five uses and some are specific to a single
group. It isimportant to realize that the primary users to be
served by GCOS/GTOS will require both historical and
current in situ and remotely-sensed (primarily from satellite-
borne instruments) data.

Figure 1.1 shows the relationship between the
obsaving sysem and the vaious objectives The globd data
sets produced by GCOS/GTOS are a prerequisite for

improving our understanding of the global climate system
and its components (atmosphere, biosphere, hydrosphere.
cryosphere, and lithosphere). Improved computer models of
the climate system, capturing our best knowledge of the
mechanisms of climate processes and climate-related
interactions between the various components, can be
produced using the data sets. Of special importance are
general circulation models (GCMs), biogeochemical global
climate (BGC) models, and trace gas models. Both data sets
and the understanding/models are employed in tracking the
variability, changes and impacts of the climate system, as
defined by GCOS/GTOS objectives. The resulting findings
will be essential for a variety of purposes, mostly at the
national level, related to economic and social development,
national security, health, international cooperation,
environmentd  protection, and others.  Note that the observing
gdems need to be regpondve to feedbacks from the end uses
and also to new insights into the climate system and the
mechanisms governing its behaviour.

Climate change data are a critical factor in planning
and managing sustained economic development, particularly
in the field of agriculture and land use (e.g., sealevel rise).
GCOS/GTOS will help improve the reliability of predictions.
both in the short and long term, asto which areas are likely
to experience drought and which increased precipitation.
Thiswill have direct implications for enhanced international
cooperation in terms of regional and national response
strategies.

For climate prediction and the development of
scenarios, two complementary time scales are of interest: (1)
the seasona-to-interannual time scale in which the
predictability of certain phenomena can be exploited for
socio-economic benefit; and (2) the decadal-to-centennial
time scde in which the dahility of the climate with respect to

APPLICATION: sustainable development - national
security — economic/strategic planning - health

Change

. Seasonal, inter-
detection

annual variability
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assessment
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b
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Figure 11— Rdationship between the Global Observing Sydems and therr objectives



anthropogenic influences and the early detection of any
climate change must be assessed and the future climate state
predicted. Accurate predictions of seasonal and interannual
climate variability, such as El Nifio/Southern Oscillation
(ENSQ) events, are of immediate application and a large
economic value in many regions of the world. Our ability to
accurately predict climate on various time scales is a pre-
requisite for any rationd plan to adapt to or mitigate negative
consequences of climate changes. Accurate climate
projections are critical to planning for long-term sustainable
development. More directly, the ability to predict climate on
a seasonal basis will be directly useful to many economic
activities world-wide.

Improvements in our understanding of climate
change and terrestrial ecosystem interactions, and in the
predictive powers of GCMs and other global environmental
models, is criticaly dependent on the grester integration and
andyss of the daa on socio-economic driving forces and the
biophysical and bio-geochemical responses. Key socio-
economic driving forces include population growth and
density, per capita income levels and growth rates, and
technological change. Data on these forces are commonly
subject to wide errors, collected at irregular intervals, and
seldom geo-referenced. It is therefore important that GCOS
and GTOS: (@) assure improved collection and accessibility
of terrestrial data; (b) coordinate their activities with the
various national and international bodies that are focusing
more directly on filling the socio-economic data gap (e.g.,
the Consortium for International Earth Science Information
Network (CIESIN); the International Human Dimensions
Programme); and (c) ensure that the data management
system will dlow teredrid daa to be readily integrated with
socio-economic data once it becomes available.

It is well known that the Earth’s temperature is
controlled by the balance between incoming radiation from
the sun and outgoing radiation from the Earth. Certain
atmospheric constituents (e.g., water vapour, carbon
dioxide, tropospheric ozone, and methane) absorb outgoing
radiation. In general, as concentrations of these constituents
increase, the temperature of the earth is predicted to
increase.

Currently at issue is the stability of the climate
system when perturbed by significant emissions of
greenhouse gases into the atmosphere. The best current
estimate is that by the year 2100 global mean temperatures
will have risen by 2.0 degrees C (Watson, e: a.. 1996).
Regional temperature changes may differ substantially from
the global mean, but it is not yet possible to say by how
much. While there are uncertainties, the balance of evidence
suggests that human activity over recent decades has
contributed to recent climate change (Watson, et d., 1996).
These changes are likely to affect not only the temperature
but also patterns of precipitation, floods, droughts, storm
frequency or intensity, length of the growing season. water
availability to plants, and other related phenomena with
direct impact on the human population. Changesin the total
amount of precipitation and its frequency are likely and will
directly affect the magnitude and timing of runoff and the
intensity of floods and droughts (Arnell, et al., 1996). Asa
result of such meteorological variations, many other sectors
of the society would be profoundly affected. If we are to
manage change for the benefit of humankind, it is critical to
detect the change that is occurring on aregional aswell as
global basis and assess the amount of change taking place
due to climate. For example, global change has potential
consequences for changes in the distribution, viability. and
sustainability of ecosystems on which humans depend.
Global changes are caused by a number of specific
anthropogenic stresses, including climate change, land use
change, habitat loss, landscape fragmentation, and
desertification resulting from land management practices.

The value of better information about climate
change is large To continue to address climate requirements,
long-term global observations of many climatological/
meteorological, oceanographic, chemical, and biospherical
parameters, are vital (Watson, et al., 1995).

If the climate-related objectives of GCOS/GTOS
are met, nations will be able to significantly improve their
ability to predict short- and long-term climate, detect the
impacts of change and assess the influence of climate on
global change, thus improving their ability to plan for
effective sustainable development.



BIOSPHERE

2.1 Introduction
This chapter is divided into two parts. After defining the
fundamental relationships between climate and the
biosphere, it examines the interactions between the
vegetation, soils, land coverland use and the climate system.
It then discusses the nature of explanatory and predictive
models of these climate and ecosystem interactions. Each
part highlights some (but not all) of the reasons for
measurement of specific environmental variables.

2.2 Underdanding Climate Impact on
the Biogpphere and Feedbacks to
Climate

On the scale of regions to continents (e.g., >105 km?),
climate is the dominant arbiter of the productivity and
distribution of vegetation. For example, minimum winter
temperatures constrain broad-leaved deciduous trees from
invading and excluding higher latitude boreal evergreen
conifers at their mutual border, and from being invaded by
more productive subtropical species at their lower latitude
border (Prentice, et a., 1992). Soil moisture determines
whether forest or steppe occupies a region. Its seasonal
availability can determine whether forests are dominated by
needle-leaved evergreens or by broad-leaved deciduous trees
(Waring and Schlesinger, 1984) and whether steppes are
dominated by grasses or by shrubs (Haxeltine, etal., 1996).

Vegetation and climate, in turn, combine with
substrate features to determine soil characteristics. While
climate directly determines rates of substrate breakdown,
organic matter decomposition and soil erosion, climate
indirectly  determines  other  soil  features through its  control  of
vegetation. For example, it permits the dominance of
conifers that acidify soils, or of steppe grasses which
contribute to high concentrations of soil organic material.

Feedbacks of vegetation and soils to climate are
lesser but important features of climate-biosphere
interactions. The differences in albedo between one soil or
vegetation and another can have significant effects on the
radiation balance (Robinson, et af., 1983) and hence on
climate, while the evapotranspiration regime of different
vegetation types can help determine atmospheric moisture
concentrations, cloud properties (Dickinson, et a., 1991),
and the regiond contribution of soil moisture to  precipitation
(Lettau, et a., 1979; Shukla, et a., 1990). On smaller scales
of afew 10s of km?2, soil, topography and land use history
combine to determine productivity and distribution of
vegetation and the land use options available at any specific
location.

Vegetation productivity refers to rates and amounts
of carbon fixed from the atmosphere. Temperature and soil
moisture are known to exert fundamental control of
photosynthesis (carbon fixation) and respiration (carbon

release), both of which respond differently to those climate
variables (Schimel, et al., 1995). Also, the rate of carbon
accumulation incresses @ higher  CO,  concentrations, &  least
in short-term greenhouse experiments, although there isyet
no direct evidence that it does so in naurd vegetation. Thus,
the rate a which dimaecontrolling CO, accumulaes in the
atmosphere will be directly related to changing temperature
and precipitation patterns and possibly, to changing
atmospheric CO, concentrations.

Consideration of vegetation productivity leads
directly to the examination of biogeochemical cycles. These
include the cycling of the dements which ae esentid to life
and which are strongly influenced by living organisms,
between the biosphere, atmosphere, hydrosphere and
lithosphere. The carbon (discussed above), nitrogen,
phosphorus and sulphur cycles are most important because
they underlay all primary production and trace gas emission
models.

Nitrogen is the principd limitation for the operation
of the cabon cyde in mog teredrid ecosystems including
agroecosystems. N,O and NO are climatically important
trace gases. Phosphorus is the principal constraint for the
operation of the carbon cycle in many tropica terrestrial
ecosystems and most aquatic ecosystems. Phosphorus also
controls the input of nitrogen to ecosystems via biological
nitrogen fixation. The sulphur cycle operates in  tandem  with
nitrogen and carbon. Sulphur aerosols are very important to
the radidive bdance of the eath and ae the man component
of acid rain.

The impact of the four cycles on the climate occurs
via the emissons of radidively-active trace gases & a result
of biogeochemical cycling (CO,, CHy, N,O; ozone
precursors such as NO and CO; and aerosols) and via the
land surface characteristics such as biomass and leaf area
which are constrained by biogeochemical considerations.
Since biogeochemical cycling is strongly influenced by
climate, this constitutes one of the major avenues for both
impacts and feedbacks.

It is obvioudy imposshle to separate the vegetation
dructure  and  processes  of - productivity  from  the  amospheric,
sil, and hydrologicd processes produced by changes in land
cover and land use. Shifts in temperature and precipitation
will affect energy, carbon and water balance, which in turn
will cause changesin soil properties and in distribution and
densty of vegetation. Climate will have a mgor influence on
land use change, and both of these directly affect the
vegetation patterns.  In tun, Shifts in  vegetation patterns  feed
back directly to hydrological cycles, radiative properties of
the amosphere, and the dlimate system.

Vegetation

Most of the impacts of climate change on the terrestrial
biosphere are expected to manifest themselves through



changes in vigour of species populations and the resulting
changes in the composition, structure and distribution of
vegetation; and through changes in hiogeochemical, energy,
and water fluxes between ecosystems and the atmosphere.
Climate change will affect the terrestrial biosphere through
changes in the regional energy balance (Dickinson, 1983)
and associated changes in the regional water balance
(Eagleson, 1986). Temperature, humidity, wind,
precipitation and runoff affect the water balance by
influencing soil moisture, evaporation and transpiration.
Hence, these are critical observations for understanding the
effect of climate change on terrestrial ecosystems and on
subsequent feedbacks to climate. Seasonal shifts in the water
balance may occur because of changes in precipitation
patterns (Lettenmaier and Sheer, 1991) or volume (Dolph,
et al., 1992). For example, a significant decrease in runoff
and soil moisture will affect soil properties such as carbon
content, nitrogen and phosphorus.

Changes in the hydrological cycle also influence
moisture fluxes between vegetation and the atmosphere.
These fluxes strongly depend on the area of photosynthetic
surface available to accept radiation, to transpire water, and
o on The uwd suface measure is the ledf aea index (LAI)
which is defined as one half of the total projected green |eaf
per unit ground area. LAI is hypothesized to describe a
fundamental property of the plant canopy in its interaction
with the atmosphere, especially as it concerns the
momentum, radiation, energy, and gas exchange of the
atmosphere (Monteith and Unsworth, 1990). Typically, the
LAl will vary dong moisture gradients, being high enough to
ensure a maximum amount of photosynthetic surface and
productivity, but low enough to prevent damage to leaves
and plants during periods of moderate drought conditions
(Woodward, 1987).

Since the structure of vegetation (species
composition, density and three-dimensional configuration)
is controlled by a number of environmental factors such as
seasonal water availability, temperature, length of the
growing season and nutrient availability, climate change
will affect the structure as well as the distribution of the
system components. For example, as water availability
decreases, LAl should decline, thus decreasing productivity
but conserving water. Conversely, the parallel increase in
concentrations of CO, may actually stabilize or increase
LAl by increasing water use efficiency of leaves (Mdlillo,
et al., 1996). At the stand level, radiometer analyses, or
allometric equations linking tree diameters to leaf area,
permit estimates of LAI. In estimating variables such as
LAI and net primary production (NPP) over large areas,
remote sensing should play an increasingly important role.
Spectral vegetation indices such as the Normalized
Difference Vegetation Index (NDVI) derived from ratios of
near infrared and red spectral reflectances or radiances have
correlated with estimated LAl especiadly well (Sellers,
1989) and future availability of data from active microwave
sensors (radars) should be useful in determining water-
related properties of vegetation.

Recent model projections of global vegetation
digributions  controlled by climate change sugget tha up to
half of the natural vegetation of the earth could undergo

change from a climate characteristic of one biome type to
that of another (Kirschbaum, et al., 1996). Vegetation
responses to changes of this magnitude will obviously affect
biodiversity through habitat modification, and it will affect
ecosystem function through increasing mortality and
decreasing productivity. Hence, variables describing habitat
deterioration and those measuring mortality could be
particularly useful. Because especially slowly growing
forests are unlikely to keep pace with rapidly shifting
climates, the monitoring programme should take cognizance
of processes by which species migrate (seed transport and
establishment followed by growth, maturity, seed production
and seed transport again) and of the environmental
constraints on both migration and subsequent forest
development. Seedling variations should be monitored
because seedling establishment is usually the limiting
process in both forest development and in immigration.

The terrestrial role in the global carbon cycle
defines a critical set of measurements. The terrestrial
biosphere stores three times as much carbon as the
atmosphere. On an annual basis, the flux of carbon between
the atmosphere and land surfaces is equal to about 20% of
the atmospheric content. Thus, the CO, flux to the
atmosphere is an important observation. The standing stock
of ecosystem carbon at any given time is highly variable
from place to place but can be broadly estimated from
carefully placed measurements of the biomass (both above
and below ground) and the necromass. In addition, wildfire
releases measurable quantities of carbon from the land
surface (Goldammer, 1990). Hence, carbon standing stocks,
necromass and areas burned are important observations for
understanding the carbon cycle.

To understand, model or monitor carbon or any of
the other three biogeochemical cycles (N, P, and S),
information needs to be obtaned on the sze of the pools the
magnitude of the fluxes, and the factors which control the
fluxes. In practice, al cycles can be simplified to some
degree by considering only the major fluxes and pools.
Generaly, only one flux will be ‘rate-limiting’ at a time, and
its controlling factors need to be known in detail. For
example, carbon assimilation by plantsis arate-limiting step
in the carbon cycle, while nitrogen mineralization is limiting
in the nitrogen cycle

The fluxes of CO, are largely controlled by
photosynthesis and respiration (autotrophic  and
heterotrophic). Temperature and moisture are critical
elements that affect photosynthesis and respiration which in
turn are important in determining the NPP. CO,
concentrations may dso be found to control NPP. NPP along
with ecosystem respiration determine the net ecosystem
production (NEP). NEP characterizes the datus and  ability of
an ecosystem to store carbon and consequently iscritical in
understanding the carbon cycle in terrestrial ecosystems. To
detect changes in the dorage of cabon, obsarvations on  NPP
and particularly NEP are required. Existing terrestria
ecosystem sites routinely make these measurements, but
space-based observations are required to obtain NPP/NEP
estimates over large areas.

Changes in terrestrial vegetation composition,
distribution, and structure affect terrestrial carbon storage



and thus provide a feedback to climate Equilibium  andyses
using different vegetation models and climate scenarios
generally show that under doubled CO, conditions a
terrestrial biosphere without agricultural land use will store
more carbon than today, and will act as a negative feedback
to climate change (Smith, et a., 1992); with agricultura land
uses, the teredtrid biosphere cannot dtore as much cabon as
today and acts as a positive feedback on climate change
(Solomon, et a., 1993; Dixon, et d., 1994). Analyses of the
more realistic situation which includes transient response of
vegetation to climate change suggest that vegetation
redistribution could also lead to atransitional release of CO,
to the atmosphere for a period of about 200 to 400 years
(King and Neilson, 1992; Smith and Shugart, 1993;
Solomon, 1996).

In addition to carbon, methane, and nitrous oxides
also clearly depend on terrestrial ecosystem processes and
will repond to changes in vegetation types. For example, the
production of methane from wetland areas depends on the
duration of inundation and temperature, both of which are
likely to change with a changing climate. Currently, we lack
sufficient datato accurately predict the net effect of climate
on the production of methane on a global basis. Hence, at
least the areas covered by freshwater wetlands (streams,
lakes, bogs, marshes, swamps) should be monitored through
remote sensing.

Soils

Soils ae a key component of teredrid ecosysems. They ae
important in global biogeochemical cycles, accounting for
2/3 of theterrestrial carbon stocks. Their physical properties
ae criticd to climae because they can control dbedo and at
as a porous medium for water storage and movement. Soils
are the site of mineralization and provide the majority of
nutrients that control plant growth. The interactions between
these properties and climate determine the rates of
decomposition, carbon storage, moisture availability, trace
gas production, and nutrient supply. Thus, observations on
il cabon, nitrogen, phosphorus,  bulk  density, suface  date,
and particle size distribution are needed.

Changes in soil moisture, nutrients and
evapotranspiration will have large impacts on biome types,
since the distribution and abundance of these resources are
controlled to alarge extent by the volume and seasonality of
available soil moisture (Woodward, 1987). Where changes in
the regional water balance are significant, major shifts in
vegetation patterns and condition are a likely result
(Kirschbaum, et a., 1996). Modelled effects of global
climate change on the water balance produced substantial
loss in the amount of the forest cover in the continental U.S.
(Neilson, 1995), assuming that humidity and wind are the
primary mediators of evapotranspiration of soil moisture.
Data documenting rooting depth are important in this regard
because soil rooting depth determines the volume within
which moisture, carbon and nutrients are stored to support
plant growth. Adequate spatial and temporal resolution of
sl moidure observations in the rooting zone ae paticulaly
hard to obtain because of the transient nature of soil
moisture.

Soil  scientists  have developed two principd  types of
information which will be of value to GTOS and GCOS.
These are soil maps of regional and global coverage, and
chemical and physical measurements on soils. When
combined, they provide important spatial information
concerning soil characteristics. The shortcomings in both
data sets limit their present usefulness. Currently, the best
global soil map is the UNESCO-FAO Soil Map of the
World, released in digital form at a scale of 1:5 million.
While this represents a comprehensive and valuable
resource, at this scale most mapping units consist of a
mixture of soil types, thus soil conditions cannot be
characterized with sufficient accuracy.

Lund cover and land use

Changes in land cover and land use, including agricultural
us, can both dive changes in the climate sysem and result
from climatic change. The physica and biological
characteristics of the soil and vegetation surface influence
the absorption of energy at the surface, which in turn
influences the relative amounts of latent and sensible heat
exchange, local hydrology and transfer of momentum from
the atmosphere (Dickenson, 1983). Human activities that
modify the Earth’s vegetation cover, for example by
changing agricultural practices, deforestation and biomass
burning, represent a significant influence on the global
climate. Land use also has a significant effect on the carbon
fluxes that influence atmospheric CO, concentration. For
example, tropicd deforestation in the 1980s was edimaed to
contribute between 2.0 and 2.8 Gt carbon per year
(Houghton, et al., 1990), or approximately 25-35% of the
total biosphere emissions of carbon.

Land cover information is needed by existing
general circulation models (grid scale 250 km). For those
climate models which will be implemented in the next five
years the identification of incipient change requires a
stratified approach, with some observations at much higher
spatia scales (20-500 m) over limited areas. Local models of
terrestrial biosphere dynamics and interactions with climate
also depend on land surface processes at the same fine
resolutions, but globally-comprehensive biosphere models
require land cover data at minimally 1 km covering all
terrestrial areas.

Multi-temporal satellite observations can be used to
define land cover and land condition. The most consistent
data are from NOAA Advanced Very High Resolution
Radiometer (AVHRR) satellites. Global data sets at a
resolution of 8 km and a temporal resolution of 10 days are
being assembled and will be used to prepare the required
parameters on a continuing basis. An experimental global
data set at 1 km resolution has been collected for 1992-1996,
although these datawill not portray all the heterogeneity of
terrestrial  ecosystems which occurs at finer spatial
resolutions. High resolution data from sensors such as the
Landsat Thematic Mapper (30 m) and the Satellite Probatoire
d'Observation de la Terre (SPOT) High Resolution Visible
(HRV) (10-20 m) are available in principle. but their high
cost has limited their use to date. Nevertheless, this cost is
much less than that of conventional monitoring methods.



especially for large and remote areas. While the
heterogeneity of a single ecological unit would not be
described, high resolution data collected on a systematic
global basis would substantially capture the heterogeneous
nature of terrestrial ecosystems. Algorithms could be
developed that would allow statistical interpretation of the
heterogeneity of the Ikm AVHRR data sets (GCOS-15).

In summary, vegetation structure, biogeochemistry,
soil condition and the energy and water balance are tightly
coupled. Detecting and assessing the response of any one of
these to climate change requires observations of the others.
To undesand the effects climae change is likdy to have on
vegetation and water resources, it is essential that the
analysis integrate both hydrologic and biogeochemical
processes. Anthropogenic influences on land cover and land
use must also be considered in projecting future climate-
biosphere interactions. In this regard, the implementation of
this Plan should be done in cooperation with the IGBP Land
Use and Cover Change (LUCC) project which is linked to
the intersection of natural and human/societal research on
global change.

2.3 Modeling Approaches

There are three principal types of models relevant to
simulating climate-biosphere interactions at the watershed to
global scales: physiognomic vegetation models
(biogeographic models), vegetation succession models (gap
and migration models), and biogeochemical models (NPP
models). Simulating physiognomy (the species composition
and 3-dimensional arrangement within plant communities) is
useful in assessing the potential limits to physical feedbacks
between vegetation and climate. Vegetation physiognomy
affects surface albedo, roughness and evapotranspiration.
Vegetation succession is an expression of temporal processes
which control lagged (transient) vegetation responses to a
rapid climate change. These responses must be understood a
priori for proper use of monitoring data: decades and even
centuries may be required before many critical vegetation
responses to current changes can become evident.
Biogeochemical processes, such as annual carbon cycling
and primary productivity, affect trace gas concentrations in
the atmosphere. Furthermore, components of all three model
types are interrelated and affect each other. Biogeochemical
processes are critical for determining the distribution of
vegetation, just as species available and physiognomy affects
biogeochemical processes. Consequently, in order to
simulate climate-biosphere interactions, these three model
components need to be linked together in abiologically and
hydrologically consistent manner (Mdlillo, et d., 1996).
Biogeographic  modelling  approaches

Geographic redistribution of vegetation to be expected at
some time following cessation of directional environmental
change (Prentice and Solomon, 1990), can be projected by
several available models. Commonly, an empirical
classification is developed that relates derived climatic
variables with biome distributions, which is then used to
draw new biome distributions from a different climate

distribution. The fundamental flaw of this approach is that
dynamic equilibrium of vegetation distribution cannot be
expected very soon, not even for centuries, following an
environmental equilibrium which itself is not likely in the
foreseeable future.

The Holdridge Life Zone Classification (Holdridge,
1967) was applied in a globally-comprehensive way to
estimate vegetation geography (Emanuel. et d., 198542 and
19856) and foret danding stock (Sedjo and  Solomon, 1989).
However, the Holdridge system and its modified versions
(e.g., Prentice and Fung, 1990; Smith and Shugart, 1993)
share the problem that variables with which it classifies “life
zones” (annual warmth, annual precipitation) do not control
the current didtribution of vegetation. To solve this problem,
a biogeography model was developed for assessing
geographic responses of vegetation zones to expected
climate changes (BIOME; Prentice, et a., 1992). Unlike
other static models, it utilizes physiological thresholds of
temperature minima, warmth and water stress maxima in
order to define a set of plant functional types (PFTs), each
characterized by the minima set of known climate
constraints and each free to recombine under different
climates with PFTs which are not now associates. BIOME
was used to project future biogeographic patterns and
associated carbon stocks under past, present and future
doubled-CO, climate (Prentice, e d., 1993b), and in the
absence and presence of agriculture (Solomon, et al., 1993).

More recently, global integrated assessment models
(GIAM) have been developed which combine biogeography
changes with smulations of land use and cover, the later as
a function of changing human population size, resource
demand, atmospheric chemistry and climate. The goal is to
calculate the resulting atmospheric concentrations of
greenhouse gases. The most comprehensive GIAM,
IMAGE 2 (Alcamo, 1994; Leemans, et al.. 1997) was
qoplied in severd chapters of the Intergovernmenta  Pand  on
Climate Change (IPCC) Second Assessment Report to
calculate future land use effects on forest growing stocks
(Solomon, et d., 1996), maximum potential carbon storage
in forests grown to take up atmospheric carbon (Brown,
et a. 1996), and to back-calculate carbon emission
chronologies necessary to reach atmospheric carbon
concentration goals at specified timesin the future (Alcamo,
1994).

Successional  modelling  approaches

Other vegetation models have been developed to simulate
vegetation transient responses. Probably most important is
plant succession, a process whereby rapidly-growingshade-
intolerant species are gradually replaced by more slow-
growing, shade-tolerant species. During the succession,
carbon storage values are thought to follow an s-curve,
increasing early and after some 50-500 years. asymptotically
approaching a maximum that depends on soil and climate
characteristics. Forest gap models (Botkin, et al., 1972
Shugart, 1984) were developed to simulate forest succession
after a tree death caused a gap in the forest canopy. a
common means by which mid and low latitude forests
reproduce themselves in the absence of more catastrophic



forms of mortality (eg., wind throw, wildfires, pest
epidemics, etc.). These models simulate annual changes in
establishment, growth and mortality of mixed species on
small forest plots based on the relative abilities of tree
species to compete for sunlight, water, nutrients and space.
Several different forest gap models have been devel oped for
different purposes and applied to simulate the response of
forest stands to climate change (Solomon, 1986; Prentice,
et a., 1993a; Bugmann and Solomon, 1996). Unfortunately,
we lack the natural history information from less-studied
regions required to parameterize the models (e.g., maximum
known height, diameter, and age; shade tolerance, cold
tolerance, drought tolerance, etc.). Hence, they are not yet
ready to apply on a global scale. These parameters may be
gleaned eventually from a combination of tier 4 observations
with isolated data already available.

The other major transient process, species
migration, is only now becoming amenable to global-scale
modelling. Measurable tree migration responses will
probably not become locally visible for 100 to 200 years
(Solomon and Bartlein, 1992; Solomon, 1996), but their
potential is great thereafter for inducing regional extinctions
and reducing carbon carrying capacity. Current research
(e.g., Collingham, et al., 1997; King, et al., 1997)
demonstrates that devel opment of reliable predictive models
will depend on uniform global knowledge of species seed
production, weights and transport modes. Predicting
migration of species that depend on animal transport will
also require mapped distribution of birds of the Corvidae
genus (crows and jays), land use and land cover mapped at
0.2-1 km resolution, and characterization of natural histories
of the gpecies Species depending on wind trangport will aso
require estimates of vertical and horizontal wind structure,
epecidly the frequency and intensty of highes wind gpeeds
(asaproxy for up and down drafts).

Biogeochemical modelling approaches
Two conceptual approaches have been used to develop
biogeochemical models:  correlating net primary
productivity directly with climate, and modelling ecosystem
processes based on ecophysiological principles. The
correlation approach is straightforward in that regression is
used to relate observed net primary productivity to climate
variables (Lieth and Whittaker, 1975). This approach can be
used to simulate future NPP, but they provide results of
unknown reliability because the relationship between the
few climate variables used and NPP could change under

future climates due to the complexity of climate-vegetation
interactions.

More complex biogeochemical models are based on
physiological principles. They assume that leaf-level
proceses can be sded directly to the levedl of the biosphere
(hence the name “big leaf” models). They typically treat the
carbon and nitrogen cycles (Rastetter, et al., 1991) and may
incorporate the hydrologic cycle (BIOME-BGC, Running
and Hunt, 1995). Approaches to scaling up have included
interpolations  of outputs  between  sites  (Kittel and  Coughnor.
1987); running a gridded model version based on
interpolated climate data (Raich, et a. 1991); and
initializing a gridded model with satellite remote-sensing
data and driving it with interpolated climate surfaces
(Rumning e d., 1989). Although these models can be used to
simulate changes in NPP and biogeochemical processes
under changed climates, they cannot simulate vegetation
redigribution.  Therefore, they camot be used done to ether
simulate biophysical feedbacks (surface roughness and
abedo) to the climate system, or the carbon dynamics
associated with vegetation redistribution.

A new approach combines the biogeographic
models (Section 2.3) with big-leaf physiological models
(VEMAP, 1995). These calculate photosynthesis,
respiration, and nutrient uptake as a function of leaf area
permitted by available moisture, sunlight, warmth and
nutrient availability, and scaled to values characteristic of
each biome (e.g., BIOME 2, Haxdltine, et al., 1996 DOLY,
Woodward, et a., 1996; MAPPS, Neilson, 1995). The
trangent processes (Section 23) ae not yet smulaed in the
integrated biogeography/geochemistry models, but rather
instant migration and ecosystem development is assumed to
match any climate change. Terrestridl NPP and NEP
measurements  will be criticd to vaidating and modifying the
models to increase their accuracy.

In summary, to understand the impacts of climate
on terrestrial ecosystems, and the feedbacks from the
terrestrid  systems to climate, the variables liged in Table 2.1
are critical. Current models use vegetation structure, climate
data, land cover and land use to infer several critical
parameters such as surface roughness, abedo and
evapotranspiration. The models now require more complete
and consgtent information than is readily available Much of
the information now in use is anecdotal and inconsistent.
Techniques to provide consistent information in terms
appropriate for the models are available, and the required
data are being acquired, but not necessarily saved or fully
processed.



BIOPHYSICAL PROPERTIES OF
VEGETATION

Leaf area index (LAI)

Net primary production (NPP)

Net ecosystem production (NEP)
Biomass == ahove-ground
Biomass == beow-ground
Necromass

Plant nitrogen and phosphorus content
Roughness —  surface

Spectrdl  vegetation greenness  index
Stomatal conductance —= maximum
Vegetation  structure

BIOGEOCHEMISTRY

Biogeochemical transport from land to oceans

Dissolved organic C, N, and P in water

Dry depostion of nitrate and sulphate

Emissions of CO,, NOy and SO, from combustion of
fossl  fuds

Fertilizer use N and P

Leaf hiomass== peak of nitrogen fixing plants

Rainfal  chemistry
Volcanic sulphate  aerosols

LAND COVER/LAND USE and
DISTURBANCE

Fire area
Land cover
Land use

SOIL  PROPERTIES

Soil cation exchange capacity
Sail - moisture

Soil total carbon

Soil total nitrogen

Sail  avalable phosphorus
Soil tota phosphorus

Sail bulk densty

Soil paticle size digtribution
Soil pH

Soil surface state

Rooting depth  (95%)

Table 21— Key variables for biogpphere observations.
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HY DROSPHERE

3.1 Introduction

This chapter is divided into three parts: (1) hydrological
observations required to understand the impact of climae
change on hydrologicd regimes feedback to climate (2)
hydrological observations required for GCMs; and (3)
hydrologicd  observations required for biospheric  modelling.
The first three sections are not meant to be mutually
exclusive and the reader will notice many variables are
repeated in al three sections. These three sections lead to the
selection of a minimum set of variables that are to be
included in the Initid Operationad System (IOS). The reader
is referred to Annex | for details on each variable, including
a rationae, and the required temporal and spatia resolutions.

3.2 Underdanding Climate Impact on

Hydrological Regimes and Feedbacks
to Climate

The hydrologic cycle is intrinsic to the Earth’s climate system.
The processes by which water, in al its phases, moves through
the atmosphere, and moves to and from the various repositories
on the Earth’s surface are inter-meshed with those governing
the Earth’'s energy budget (Brutsaert, 1984). However, the
processes are not adequately understood and are the subject of
current research, eg., in various Globd Energy and Water
Cycle Experiment (GEWEX) activities. The quantity and qual-
ity of water affects human society, both directly and indirectly
through its control of the biosphere functioning. The availabil-
ity of water is a magjor controlling factor in the distribution and
abundance of vegetation and of biological productivity.

One of the most significant consequences of climate
change will be a geographicd shift of regiond hydrologica
regimes, and associated changes in the availability of water
resources which are a critical factor in planning for economic
and sustainable development. In turn, changes in the hydrolog-
ica cycle will create feedbacks to the globa climate system.
Our ahility to characterize the current state of the hydrological
cycle, globaly and regionally, and to make quantitative predic-
tions about the nature of potential changes depends on
consistent, quality information with adequate spatial and
tempora coverage. Such hydrologic data sets are currently lack-
ing for many regions of the Earth.

Availability of adequate water of appropriate quality
is a mgor factor in planning for sustainable development.
Consequently, studies providing evidence that both water qual-
ity and quantity can be reduced by climae change raise vaid
socid concerns (Revelle and Waggoner, 1983). Gaining an
understanding and knowledge of the water and energy budgets
are critical first steps in detecting, assessing and predicting the
globa climate change. Unlike data relating to radiance or
surface therma regimes such as abedo and surface temperature
which are fairly readily obtainable from satellites, many obser-
vations relating to the hydrological cycles require in situ

measurements. Further, many hydrological data are collected
localy and/or nationdly and are not adequately shared inter-
nationally.

To understand the interactions between climate and
the hydrological cycle, it is necessary to understand the relative
digtribution as well as fluxes of water among its various repos-
itories, as well as the basic composition of the atmospheric and
terrestrial water balance (Rhodes, et al.,, 1994). The approxi-
mate digtribution of the avalable water is as follows. About
97.3 % of the Earth’s water supply is in the oceans. Mogt fresh
water is captured in ice sheets, ice caps and glaciers (2.05% of
the totd). The 0.7% remaining includes 0.68% as groundwater,
0.01% in suface lakes, ponds and man-made reservoirs,
0.005% characterized as “soil moisture”, 0.001% in the atmos-
phere, 0.0001% in rivers and approximately 0.00004% bound
up in the biosphere (Bemer and Bemer, 1987). The rate of
exchange within these reservoirs ranges from thousands of
years for the oceans and ice sheets, to hundreds to thousands of
years for groundwater, to years for surface impoundments, to
months for soil moisture, and days for atmospheric, river chan-
nel and hiospheric reservoirs (Nance, 1971; L'Vovich, 1979).
It is dgnificant that the smallest and most quickly exchanged
repositories are those of most importance to humans and poten-
tially most responsive to changes of climate.

Whereas a regiona atmospheric water vapour balance
can be summarized as

E-P=Q+D

The fundamental relationship for the terrestrial
water baance is

P—E=R+DSGW+DSSM+DSSS+DSB

where:

E represents evapotranspiration;

P represents precipitation;

Q represents the precipitable water in the water column;

D represents horizonta divergence (convergence), that

is, water transported out of (into) the

regiona water column;

R represents runoff (in-channel flows due to

atmospheric  contribution);

D Sgw represents the change in ground water storage;

D Sgum represents the change in soil moisture storage;

D Sgg represents the change in surface storage, such as

lakes, reservoirs and wetlands (technically, D Sgg can

ds0 include storage of water in its solid phase, such as

glaciers or seasona snow mass, but these will be

treated here as components of the cryosphere); and

D Sy represents the change in water in biomass storage.

There is a complementarity between the

amospheric and terrestrial phases of the hydrologica cycle.
It should be noted that for the terrestrial phase, the globa
water balance has sometimes been written as sSmply:

P-E=R



by assuming that in the long term, an equilibrium condition
exists and there is no net change in the other terrestrial reser-
voirs (Baumgartner and Reichel, 197.5; Korzun, 1978). This
abbreviated relationship draws attention to the fact that
discharge, a quintessentialy hydrologic phenomena, can
serve as an integrating phenomenon, summarizing the behav-
iour of two highly variable (in space and time) parameters,
precipitation and evapouanspiration. However, if one alows
for the possibility of climate change rather than just long-term
climate variation, this simplified depiction of the water
bdance is inadequate to study hydrospheric baance.

All of the varigbles of the terrestrial water balance
equation are affected by, and serve as, feedbacks to the
climate system, and consequently should be monitored if an
assessment of climate variation over some interva is to be
made. However, several of the varisbles such as E, D Sgy
and D Sg are very dynamic on short temporal scales and very
variable on small spatiad scales, so that the choice of a time
step or spatid aggregate to be monitored is determined by the
impact being studied. Information on these three very
important hydrologic and climatic variables is generadly not
available on any long-term or spatidly large aggregate basis.
Whereas measurements of E and Sgyy are frequently found in
seasonal watershed or regiona agricultural studies,
information regarding Sg is generaly infrequent and only an
estimate. These three variables should be considered as
potentiad enhancements in any long-term regional or globa
monitoring programme, athough there is currently no
consensus on how to make measurements or how to
aygregate  measurements once  made.

Because of its rapid atmospheric exchange rate,
precipitation is potentially a highly sensitive indicator of
climate variation and change. It is the only input in the water
balance of the Earth's surface (evapotranspiration and runoff
represent the main losses). In addition, it plays an important
role in the energy cycle of the atmosphere due to the release
of latent heat associated with the condensation of water
vapour. The 1990 IPCC assessment noted that precipitation
appears to be increasing outside of tropical areas, with a
tendency for decreases in the sub-tropics. However, the
highly variable nature of precipitation and the inadequacy of
globa precipitation networks make it difficult a present to
characterize  long-term  trends.

Evapotranspiration is the process by which water is
returned to the atmosphere. Over land surfaces, it is difficult
to distinguish contributions obtained by purely physica
evaporation processes and those due to transpiration by
living plants, hence the term evapotranspiration which
combines the contribution from both sources. Because of its
highly variable spatial and temporal nature, evapotran-
spiration is a difficult parameter to measure (Oliver, 1983).
Methods of measurement range from the use of evaporating
pans and lysimeters, to mass budget estimates based on
terrestrid  regiona  water  balance, to caculations based on
energy  budget derivations (Brutsaert, 1984;  Shuttleworth,
1993), to flux measurements above the canopy (Badocchi, et
al., 1988). Although collections of evaporation data have
been published in the past (eg., Farnsworth and Thompson,
1982) and in spite of recent intense internationa interest in
evapotranspiration measurements, including remote sensing-
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based methods, (eg., Brutsaert, et d., 1988), no one method
of measurement or aggregation is currently agreed on for
regiond or globd dudies.

The net balance between precipitation and
evaporaion is reflected in runoff and change in the storage
vaues. Because dream flow is an integrating phenomena, it
may in some specific cases provide an amplified, early-
warning signa of climate change. Thus, the climate change
detection objective needs to emphasize large rivers draining
mgor continental areas and long time series, preferably at
sub-annual  scdes sufficient to study seasonal  variation. It
aso sresses the need for data from smaller but near-pristine
river basins because of the difficulties in separating climate-
induced change from other simultaneously occurring
changes due to land- and water-use developments (Slack and
Landwehr, 1992).

One of the key terms in the global liquid water
balance that has generaly not been taken into account is the
contribution of groundwater to the world's oceans, either
directly at the land-ocean interface or indirectly, due to
anthropogenic  mining of groundwater from aquifers  with
minimal recharge. Indeed, it has been suggested that the
contribution of groundwater to the world oceans over the last
century has been a significant factor in sea level rise
(Sahagian, e al., 1994), at least as large as that attributed to
the melting of mountain glaciers.

Soil moisture is a critical variable not only in
theoretical studies of globd water balance (Milly, 1994) and
global biogeochemical cycling (Raich, et al., 1991; Rastetter,
e a., 1991) but dso in anayses/studies related to commerce
and farming (Sonka, et al., 1992). It is intimately related to
evapotranspiration rates and, like evapotranspiration, is
highly tempordly and spatidly variable Some progress has
been made in studies to develop remote sensing methods to
measure soil moisture, but soil moisture data sets are
generdly only avalable for spatidly and temporaly limited
dudies.

The stage and extent of large lakes and reservoirs
can serve as useful indicators of climate change. They have
a tendency to filter out short-term variability and respond to
long-term changes in the hydrological cycle. Man-made
reservoirs may be congructed to diminish extreme climate
effects on the society (Thomas, 1959). The growth in the
numbers of reservoirs and incorporation of natural lakes
probably has had a dampening effect on sea level rise
(Newman and Fairbridge, 1986). Recently, it has been
suggested that globaly, reservoir surfaces may serve as
sources or snks for two greenhouse gases, carbon dioxide
and methane (Kelly, ¢r d., 1994). Hence, some accounting
should be made of the tempora fluctuations of surface water
pondings, especidly in hydrologicaly closed aress. Remote
sensing is able to provide information on ponded areas a an
appropriate spatial resolution but in situ observations are
necessary to assst with issues such as distinguishing open
water from wetlands of different types, estimating the
volume of water involved, and tracking seasonal
OCCUITENCES.

Biomass water storage is a conceptuad parameter for
dudying the impacts of climate change and is necessary to
bring closure in regiond and globd water baances, abeit



only atiny fraction of the global water balance. While it is
practically impossible to measure directly, it can be
estimated through the water balance equations. It is closely
tied to quesions of land cover and vegelation dynamics over
a region, and approximate estimates may also be obtained
from the knowledge of biomass lesf aea index, or greenness
(Tucker, et al., 1985). This variable is mentioned for the sake
of completeness only, it is not proposed to measure this
variable at this time due to the measurement difficulties
involved.

Rivers are the major means of transport of nutrients
such as carbon, nitrogen and phosphorus from land to ocean
and play a significant role in the sulphur cycle as well.
Sediment loads can affect climatically significant ocean
processes, but are also indicative of terrestrial changes.
Concerns pertaining to the quantification of pollutant effects
and loss of biodiversity, whether or not directly reflective of
climate change, make sediments a significant variable. Thus,
an additional factor - movement of sediments and
concomitant biogeochemical substances such as nutrients,
carbon and heavy metals, transported from the land by rivers
to be measured at the mouths of major rivers — has been
added to the list of variables suggested for observation for
two reasons: this variable is relevant both to water balance
and to coadd zone ecology questions, and it is an integrating
variable which is related to climatic conditions.

3.3 Hydrological Variables Required for
GCMs

A distinction must be drawn between numerical weather
prediction (NWP) models and GCMs. NWP models predict
a future dae of the amosphere on short time scdes (hours to
days), based on a set of initial conditions. The initial
conditions for the model runs are derived from parameter
fields incorporating assimilated observed data at the initial
time. Validation is carried out by comparing model
predictions of the atmospheric state at the final time with
observations.

GCMs, on the other hand, simulate the evolution of
the atmosphere over longer time scales, years to decades.
Because the atmosphere is a chaotic system, predictions of
actual future instantaneous atmospheric states cannot be
made with any confidence over periods longer than a few
days. Validation is carried out by comparing model output
fields with multiple year averages of observed fields (usually
summarized as monthly averages). These must be provided
on global grids, at resolutions equal to or greater than the
model grid. At present, this is generally quite coarse for
GCMs in the horizontal; however, in order to fulfil future
needs such as regional scale modelling, observational data
will probably be required within the decade on scales of the
order of afew (S-SO) km.

Large-scale features of the free atmosphere can be
validated using NWP model outputs obtained by four-
dimensional data assimilation of observed variables.
However, the terrestrial and near-surface assimilated fields
(surface fluxes, soil moisture, screen air temperature, etc.)
are not useful for validation because they are heavily
influenced by model parameterizations of unresolved,

13

sub-grid scale processes and are therefore highly
model-dependent. Validation of model-generated surface
fidds must therefore be undertaken on the bass of remotely-
sensed data and surface observations. Although numerous
variables are useful asinputs or for model validation. those
of special significance for modelling are listed below.

Precipitation drives me land suface hydrology. It is.
unfortunately, also one of the most difficult variables to
measure in a spatially comprehensive manner. On an annual
time scale, the correct simulation of discharge together with
precipitation, provide indirect validation of the modelled
surface evapotranspiration rate. The collection of discharge
data also presents fewer problems than that of
evapotranspiration, which is both difficult to measure and
highly spatially variable. To complement the existing
databases, however, there is a requirement for accurate
runoff estimates by major river basins. Important steps
would be the provision of a global digital map of basin
boundaries for the catchments being monitored; and a series
of corrections to the raw discharge data, describing the
amount of water removed from the river for human use
(irrigation, municipal water supplies, etc.).

The ongoing collection of snow extent data using
vighle sadlite imagery provides useful  firg-order  validation
data for snow modelling in GCMs. However. the actual
modelled variable is snow water equivalent. A rigorous
validation of the performance of GCMs with regard to the
simulation of snow requires the development of along-term
database of snow water equivalent.

Climate simulations, unless multi-decadal, can be
markedly sensitive to initial soil moisture, particularly for
deep soils. Ongoing efforts to produce global soil moisture
climatologies are therefore important, despite the problems
of gpatial heterogeneity. This item is given low priority
currently, not because it is unimportant, but due to the
severe difficulties associated with its measurement. An
alternative to direct observations might involve the
modelling of soil moisture on a continuing basis, using a
high quality soil database, updated meteorological
observation (eg, from the WWW) and condraints based on
stream flow records.

To enable the realistic modelling of surface fluxes,
the characteristics of the land surface must be specified in
such a way as to reflect as accurately as possible ambient
conditions. Information is therefore required on land cover,
vegetation characteristics, extent of water bodies and
wetlands, and soil parameters.

3.4 Hydrological Variables Required for
Biogpberic  Modds

Since biological systems are tightly coupled to water, most
ecological models related to climate change require as input
hydrological dataor outputs from hydrological models. The
models described below are intended to demonstrate the
types of hydrological data required by these biological
modds. A more detailed discusson of the biologicd modes
themsdves is contaned in  Chapter 2.

Climate change is likdy to have dgnificant impacts on
stream flow and water resources (Kaczmarek. ¢t a.. 1996,



Amel 1996), and these in turn control biological processes.
Globad hiogpheric priorities  for  hydrologicd data ae  somewha
different from those which hydrologists define. For example,
hiogpheric models need the areal gridded runoff eimates, not
daa from river mouths. Also river cabon and nutrient transport
from land surfaces are needed by global ecologists.
Biogeochemical data are not commonly taken at standard
hydrologicd ~ <ations.  Biologicd models aso  require  accuraely
defined gpdtiadly gridded  precipitation  and  runoff  data

While hiologicd modedls need soil moisture to a depth
of I-2 metres, knowledge of surface wethess can be useful.
Suface energy  patitioning rescts most  quickly to suface (as
opposed to ol profile) wetness.  Also, nutrient  decomposition,
trace gas flux and seed germination are ecological processes
whose modelling would benefit from surface wetness if avail-
ale a high tempord frequency. Suface wetness observations
ae required for various ecosysem types dthough it appears that
sdlitebome sensors will not be ale to detect surface wetness
under thick or high-biomass vegetation canopies.

Mogt of the biologicd modes described bdow and in
Chepter 2 compute evapotranspiration a daily to monthly steps.
Recent technological advancements now make the concept of
aglobal tower flux network for continuous measurements of
waer and CO, fluxes possble Although only a limited number
of dtes can presently be supported by this technology because
of the cods involved, even 10 well-digtributed stes of contin-
uous water vapour flux measurements would be immensely
valuable for calibrating and validating global biospheric
models.

Relative humidity is another criticd variable in  many
biogeochemical models because of its importance to carbon
assimilation rates. The derivation of radiation and humidity data
from the original precipitation and temperature observations
needs to be done with condstent logic and dgorithms. In severd
respects, the global four-dimensional data assimilation fore-
caging modds ae the bet curret methodology for ingesting
daily observations, error checking, spatial extrapolation, and
derivation of vaidlles & the approprite scdes of resolution for
use in biospheric models. The IGBP Biospheric Aspects of the
Hydrological Cycle (BAHC) Project’s Focus 4 (Weather
Generator) is  exploring  these  issues.

The importance of extreme but infrequent hydrologi-
cal and meteorological events is critical to the ecosystem
response. For example, minimum temperatures, particularly
frost events, have profound control over vegetation. Major
flooding events or paticulaly intense periods of precipitation
ae ds impotat. It is crucid that deived and archived daa
must not be aggregated if such aggregation results in removing
extreme events from the record.

Numerous applications of hydrologic models, based
on  empirica relationships  between  measured
temperaure/precipitation  and  catchment  runoff, have been  used
to evaluate climate impacts on stream flow. Revelle and
Waggoner (1983) used an empiricadl model to evaluate
discharge from severd catchments in Arizona, USA, and found
that a 2K air temperature increase with a 10% decrease in
precipitation would result in a 40% reduction of catchment
runoff. Lettenmaier and Sheer ( 199 1) used a conceptud hydro-
logic modd to evdude climae change effects on dream  flow
in several California, USA, watersheds and found that snow
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met would occur much ealier and tha the shepe of the annud
hydrograph would be altered, increasing the chance of winter
flooding and reducing spring and  summer  dream  flow.

The models used in such analyses are based on a
decripion  of physcd  processes, and  ae cdibrated to  higtori-
cd data They do not account for, or predict, the didribution of
soil  moigture, infiltration, evaporation or runoff over the basin.
However, they may estimate evaporation as a function of
temperature and available precipitation. This latter type of
modd is cdibrated to the climatic conditions of the data record,
and should not be extended to conditions outsde the range of
the cdibration data

The most agoproprie  modelling gpproach for  climate
change analysis is the water balance model (Gleick, 1987)
becauee it can be used to account for the effects that variation
in climate parameters may have on the hydrologic processes
represented in the water bdance equation. It thus dlows assess
ing the sengtivity to climate variaion of hydrologic processes
such asinfiltration, evaporation, snow melt, and runoff. The
waer bdance approach dso provides a flexible bess for modd
development because it accommodates varying degrees of
complexity in the terms of the equation representing individua
hydrologic ~ processes,  from  simple  empiricd  parameterizations
to fully mechanistic representations. This allows the staged
devdlopment of a mode depending on application and available
data.

The basic approach to water balance modelling was
developed by Thomwate (1948) to evduate the importance of
different hydrologic parameters under a variety of hydro-
climatic conditions. Standard methods for calculating water
balance developed during the past 50 years (Dunne and
Leopold, 1978) have been applied generally to point data, or
used in a limited way in catchment (Gleick, 1987) or zona
models (Beven and Kirkby, 1979; Homberger, et d., 1985).
Beven and Kirkby (1979) used a sSmple waer bdance approach
in ther devlopment of a zond mode, which was improved by
Beven, er al., (1984) for cachment scde smulations and for a
more detailed treatment of soil moisture by Famiglietti, et al.,
(1992). However, these models ae limited to cachment scde,
and do not include vegetetion interaction in the water baance
calculation.

Table 31 summaizes the minimum st of hydrologi-
cd vaidles tha ae required to deect dimae change, asess
the impacts of climae change predict seesond to  interannud
cdimae and to smulate longterm climate changes.

Atmospheric water content near the surface (relative  humidity)

Biogeochemicd trangport  from land to oceans

Evapotranspiration

Dighage  (runoff)

Ground water dorage  fluxes

Precipitation

Sediment load a large river mouths

Snow cover area and snow water equivalent (see cryosphere
chapter)

Soil  moigture

Suface water  dorage

Table 3.1 — Summary list of the key hydrological observa-
tions required for climate purposes. (Details on

each variable are given in Annex I)



CRYOSPHERE

4.1 Introduction

This chapter is broken into two parts. These are: (1)

cryosphere observations required to understand the impact
of climate change on the cryosphere and feedbacks to
climate; and (2) cryosphere observations required for
GCMs. These are not meant to be mutually exclusive and
the reader will notice many variables are repeated in both
sections. These two sections lead to the selection of a
minimum set of variables that are to be included in the IOS.

The reader is referred to Annex | for details on each

variable, including a rationale, and the required temporal
and spatial resolutions.

The cryosphere includes components such as snow
cover that respond to daily forcing and others such as
continental ice sheets that respond primarily to long-term
(century or longer) effects. Here, we focus on components of
the cryosphere that offer useful information in monitoring
the dimate sydem and in detecting naurd trends or changes
due to human activities on decadal time scales. It is
recognized that sea ice is in the domain of the ocean
component of GCOS, but is presented here so that a
complete picture of the cryosphere can be obtained.

The cryosphere contains 80% of the world’s fresh
water and is very sensitive to climate change (Fitzharris,
et a., 1996). Monitoring of the cryosphere is of importance
for improved understanding of global climate, hydrologic
systems and sealevel change, as well as for impact
assessments and Earth system modelling. The complex
nature of most cryospheric variables has necessitated that
observations be made using a variety of methods involving
surface and remote-sensing measurements and a range of
sensors. Currently, efforts are underway to combine the
preferred features of each method in order to obtain optimal
representations of the important parameters. Hence, thereis
unlikely to be a unique observational solution in many areas
of cryospheric monitoring. In several instances (permafrost
conditions, ice sheet mass balance), there are currently no
routine observations, while other measurements (snow water
equivalent, sea ice thickness) are still in aresearch mode. In
the case of surface observations of snow cover and
freshwater ice thickness, major efforts are still needed to
assemble and quality-check archival records. The type and
guantity of data on frozen ground conditions and their
locetion are only just beginning to be inventoried.

The IPCC reached the following major conclusions
(Fltzhanls et al., 1996) regarding the cryosphere:

Many components of the cryosphere are sensitive to
changes in atmospheric temperature because of their
thermal proximity to melting. The extent of glaciers
has often been used as an indicator of past global
temperatures;

Projected warming of the climate will reduce the area
and volume of the cryosphere. This reduction will

15

have significant impacts on related ecosystems,
associated people and their livelihoods;

There will be striking changes in the landscapes of
many high mountain ranges and lands at northern and
high latitudes. These changes may be exacerbated
where they are accompanied by growing numbers of
people and increased economic activity.

The requirements for monitoring cryospheric
variables have recently been reviewed and documented in
two workshop reports (Crane, 1993; Barry, et a., 1995). The
parameters and necessary frequency of observations for
Snow cover, seaice, glaciers, ice sheets and permafrost are
summarized in Annex |l (Tables 1 to 4). The availability of
data sets for use in monitoring assessments has also been
discussed in @ number of pepers by Bary (1985 and (1986),
Barry and Armstrong (1987) and Walsh and Barry (1990).

4.2 Interaction Between the Cryosphere
and the Climate Sysem
snow  cover

The seasonal snow cover has high spatial variability as a
result of the effects of land cover and terrain irregularities,
and its extent and depth are variable on adaily time scale, at
least in the transitional seasons and in the marginal snow
areas. Nevertheless, its crucial role in albedo-temperature
feedbacks as demonstrated empirically by Groisman, er al.
(19944) using the record of satellite-derived data, as well as
its significance for hydrological processes, make certain
snow cover characteristics of first-order importance
(Annex 11, Table 1). The overall extent and area covered by
sow (in pracice defined for some siow masking depth, due
to the influence of vegetation) is afirst-order variable. The
weekly Northern Hemisphere maps of snow cover produced
by NOAA from AVHRR data represent what may be called
a “flagship” product that has been widely applied in trend
dudies for the period from 1972 to the present time and used
to infer linkages between snow cover == hemispheric
temperature anomalies and circulation patterns (Gutzler and
Rosen, 1992; Karl, et al., 1993). Groisman, et a. (1994b)
identify regions of high priority for monitoring based on the
interannual variability of the snow cover. The application of
passive microwave brightness temperature data to
hemispheric and regional snow mapping was illustrated by
Chang, ¢t a. (1987, 1990) and Baumgartner and Rango
(1992).

Recent efforts to assemble and evaluate long-run
records of station snowfall and depth observations in North
America (Groisman and Easterling, 1994; Karl, et a., 1993;
Robinson, 1993), Switzerland (Fohn, 1990; Rohrer, er a.,
1994), Austria (Mohnl, 1991), the Victoria Alps, Australia
(Duus, 1992), the former Soviet Union (Barry, et al., 1994)
and elsewhere, have demonstrated that there exists a



substantial potential for using such information for
monitoring purposes, provided that proper consideration be
given to the application of appropriate corrections for
changes in observational procedures and gauge
characteristics over time (Groisman and Easterling, 1994).

What are the most appropriate parameters of ground
sow data to consider? Figure 4.1 illudtrates schematicaly a
snow pack over the course of a winter season and the capabi-
littes of various ground and remote-sensing observations for
detecting snow cover variables, arborne gamma  surveys
offer complementary capabilities (Carroll, 1991), and have
been widely implemented in mid-western North America.
The important indicators of changes in the snow conditions
include: dates of the beginning and ending of a dtable cover,
depths, maximum snow pack water equivdent on certain
fixed dates, and the duration of depths exceeding specified
threshold values (Goodison and Walker, 1993). The date of
sow cover disgppearance has been dudied on a regiond
scde in Arctic Alaska and Finland as a climatic indicator by
Foster, 1989; and Foster, et d., 1992, but a similar approach
has not yet been applied to mountainous regions for
monitoring purposes. Changes in snow line eevation since
the beginning of the century have been investigated in Chile
(Kerr and Sugden, 1994) and esewhere.

S ice

Sea ice is seasond in both the Antarctic and Arctic shelf seas,
as well as in the Hudson Bay, the Sea of Okhotsk and the
Baltic Sea, and perennial in the central Arctic Ocean. Its
extent and thickness reflect not only thermodynamic
processes, but aso the dynamic effects of forcing by the
wind and ocean currents which cause drift, deformation,
sher and divergence. These factors create openings (linear
leads and larger irregular polynyas) in the ice as well as
ridges where the motion is convergent. Hence, changes in ice
extent, areal coverage and thickness, which are of gspecia
importance to climate, are a complex response to interactive
amospheric and oceanic  processes.

Hemispheric ice extent in both polar regions has
been reliably mapped on a weekly basis since the advent of
AVHRR data in 1972 and the time series of these data are

reported in Halpert, et a. (1994) for example. They show
irregular fluctuations rather than any persistent trends. Maps
for the Arctic, based on more limited aircraft reconnaissance,
ship and coastd observations, with satellite images from the
1960s are avalable from 1983 and have been subsequently
digitized by Walsh and Johnson (1979) from severa
different sources. Russan observations have existed since
the 1930s for the Eurasian sector of the Arctic and these are
expected to become avalable within 1 to 2 years.

The fractional coverage (or total concentration) of
Sea ice is less accurately known. Passive microwave data
have been used to derive 3-day concentrations of first- and
multi-year ice from the Nimbus 5 single channel Electricaly
Scanning  Microwave Radiometer (ESMR) for 1973-76 and
for 1978-87 from the Scanning Multifrequency Microwave
Radiometer (SMMR) (Parkinson, et al., 1987; Gloersen,
et al, 1992). The latter series has been extended by the daily
mapping capability of the Specid Sensor Microwave Imager
(SSM/T) on the Defense Meteorological Satellite Programme
(DMSP) series of satellites (Barry, 1990) (Annex 2,
Figure 1). Brightness temperature data collected by the
SSM/T and derived ice concentration products, both in a 25
km grid format, are distributed on compact disks by the
National Snow and | ce Data Centre (NSIDC) in Boulder,
Colorado, USA.

Areal extent may be determined from the weekly
operational charts prepared by the US Nationd Ice Cenue
(NIC). Both these weekly charts and the retrospective
satellite-derived research products, available daily since
1987, represent “flagship” products that need to be supported
on a continuing besis.

For the Arctic, Russian ice charts and the NIC data
are now archived in format for the archival of seaice data in
digitd form (SIGRID) for the period 1967-92 in the WMO
Clobad Digitd Sealce Daia Bank (GDSIDB) maintained a
the Arctic and Antarctic Research Institute (AARI), St.
Petersburg and at the World Data Centre (WDC-A) for
Glaciology/NSIDC, Boulder. The Russian data provide
more detailed information on stages of ice development,
although the spatial coverage is less complete than in the
NIC data The cregtion of a merged, optimized product is
under  consideration.
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From a monitoring perspective, Parkinson and
Cavdieri (1989), and Parkinson (1991), identify areas in
both hemispheres where grester sea ice sengtivity to  climatic
fluctuations is to be expected. Fluctuations in hemispheric
sea ice extent and ice concentrations have been analyzed for
the SMMR record by Parkinson and Cavalieri (1989) and
Gloersen and Campbell (1991). For the Arctic, Chapman and
Walsh (1993) have studied the ice extent record from 1961.
These studies suggest decadal-scale and interannual
fluctuations that differ regionally in sign, but with no
consistent sustained trends in either hemisphere. Strong
longitudinal contrasts reflect the wave structure of the
atmospheric circulation.

Ice thickness is an important variable in detecting
climae change. lce thickness (drictly ice draft below the sea
surface) is recorded in the Arctic Ocean by upward-looking
sonars (UL S), either on board submarines or at moorings. To
date, few data have been released from the former, so that
even the seasonal ice thickness climatology is not reliably
established (Bourke and McLaren, 1992). Most ULS
moorings were installed only a few years ago, but are
delivering reliable and detailed point records of ice draft. In
the Antarctic, thickness data have been acquired by
laboriously drilling holes. Analysis of submarine measured
ice draft for repeated 50 and 100 km transects at the North
Pole made between 1958 and 1992 show large interannual
variability with a range from 2.8 m in 1986 to 4.4 m in 1970
(McLaren, et al., 1992; McLaren, et al., 1994); the authors
reported that there was no clear evidence of any trend
(Figure 4.2), although Wadhams (1995) considers that the
data, and his own analyses north of Greenland for 197687,
both indicate thicker ice in the earlier years. Thus, ice
monitoring needs to include information on ice motion fields
from drifting buoys and satellite data.

6

Glaciers and ice caps

The response to climate of perennial surface ice bodies to
changes in mass varies in accordance with their size over a
wide range of time scdes Redively smal mountain  glaciers
rect passvely to climatic forcing and show ragid changes in
geometry within decades, for example (McClung and
Armstrong, 1993), whereas large ice sheets actively
influence global climate and dynamically adjust to mass
changes over hundreds of thousands of years (Van der Veen,
1991). Over time periods of a few decades corresponding to
the dynamic response time, cumulative length change of
mountain glaciers predominantly depends on glacier size and
quantitatively reflects long-term mass changes (Haeberli,
1990; Figure 4.3). The criticdl measurements relating to
perennial surface ice bodies are summarized in Table 2 of
Annex |l. Length change and mass balance are primary
indicators of change in mountain glaciers. Together, they
conditute a key dement of change detection drategies due to
their pronounced climatic sensitivity and the remarkable
memory, filter and enhancement functions involved with
latent heat exchange, albedo and mass balance/altitude
feedbacks as well as thickness/length change transfer
functions.

Overdl, mid- and low-latitude glaciers show
widespread shrinkage in this century (Haeberli, 1995). The
average mass balance of 35 annually-measured glaciers
distributed over 11 mountain ranges in North America,
Eurasia and Africa showed aloss of 30 cm water equivalent
per annum during the decade 1980-1990. Méelting of thisice
thickness corresponds to  an  additiond energy flux of some 3
watts per square metre and, hence, roughly corresponds to
the estimated annual anthropogenic radiative forcing. A
similar, or even a slightly accelerated rate of change was
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observed in the first three years of the decade 1990-2000
(International Association of Hydrological Sciences
(IAHS)/International Commission on Snow and Ice
(ICSI/UNEP/UNESCO, 1994). Based on records from 48
glaciers worldwide, Oerlemans (1994) estimated a summer
warming of 0.66°C since the 1880s. Meier (1984) used a
sdection of the 35 mass baance records to assess glacier
contributions to global sealevel rise and concluded that land
ice may represent about haf of the total rise. It is worthwhile
underlining the fact that glacier fluctuations can yield useful
estimates of regional changes in integrated climatic
conditions which are especidly vauable in mountan areas
of the world with sparse networks of conventiona measure-
ments; the latter in any case are often unrepresentative of the
mountain conditions (Barry, 1993). Glacier data from centra
Asia are potentialy of great vae in this regard.

Temperature profiles in areas of cold firn at high
altitudes and high latitudes (including the accumulation
areas of the two large ice sheets) contain important
information about decadd to secular warming trends. The
temperature of the firn areas is also critica to sea level
considerations in that the transition from cold to temperate
fim determines whether melt water runoff in the warm
season can take place in such areas or not. In connection
with global warming, migration displacement of this
boundary could potentially affect extended areas in
mountain ranges and polar zones.

Ice sheets

In regard to the impact from the Earth’s surface on the global
climate system the two large ice sheets in Greenland and
Antarctica are much more important than the world's
glaciers and ice caps. Together they contain 80% of the
Earth's fresh water. In order to understand their impact on
climae and consequences of climate change, we must be
able to monitor their mass balance. Unfortunately, with
presently available methodology and because of a paucity of
observations, even the sign of their mass balance remains in

doubt. An example of the importance of monitoring their
mass balance is that the exchange of water between ice
sheets and the oceans, which is a function of the mass
baance, remains the largest uncertainty in determining the
contribution of ice sheets to sealevel rise.

The consequences of a warming climate will be
very different for the two ice sheets. Warming temperatures
will increase precipitation over the Antarctic lce Sheet, but
temperatures will remain too cold for significant surface
ablation. However, significant increases in surface ablation
will occur from the Greenland Ice Sheet. The surface
ablation could increase by 50% for a 2°C warming,
according to an energy badance mode (Van der Waal and
Oerlemans, 1994), doubling the current contribution to sea-
level rise. Taken together, these effects may cancel, but the
uncertainty in this estimate is equivalent to 0.5 mm/yr of sea-
level change.

It is posshble that amospheric and oceanographic
changes a the Antarctic Ice Sheet margins may affect the
discharge of the ice sheet into the ocean. Changes a the ice
sheet margins have dready been observed on the Antarctic
Peninsula with the collapse of the Wordie and Larsen Ice
Shelves (Doake and Vaughan, 1991). There is considerable
uncertainty at present as to the impact of such changes, since
conditions at the bed of the ice sheet, largely insulated from
the ocean and atmosphere, greatly influence the flow
(MacAyeal, 1992).

As previoudy dstated, there are large uncertainties in
the present knowledge of the mass balance and the
contribution of the ice sheets to eustatic sea level.
Precipitation measurements have been accumulated over this
century from shalow ice cores (Drewry, 1983, Ohmura and
Reeh, 1991). These are irregularly digtributed, with a densty
biased towards the more frequently visited coasts.
Measurements of the calving rate, or more paticularly, the
flow across the point at which the ice starts to float, are
sarse less than haf the outlet glaciers of Antarctica have
been observed. Even in the Greenland Ice Sheset,
measurements of surface ablation, from which predictions of

18



the consequences of climate warming are made, are
restricted to points on the margins and isolated traverses
(Braithwaite and Olesen, 1990; Ambach, 1993).

The mass balances of the ice sheets may be
determined from measuring the change in average elevation
if accuracies of 5 cm/yr can be achieved. Presently, the
European Remote Sensing Satellite (ERS-1) altimeter
enables present measurements to be made with 10 cm/yr
accuracy to 82 degrees of latitude, an accuracy that will
improve to 5 cm/yr with the ERS-2 atimeter. Change
measurements over longer time intervals are possible using
historical observations. Zwally (1989) has estimated a1.6 m
thickening in southern Greenland by determining the
different elevations over a seven-year interval from the
Seasat and Geosat satellites. This measurement may be
affected by orbital uncertainties (Braithwaite, 1993) which
ae not preent in the newer sadlites

However, radar altimeter performance is
significantly degraded at the steeper margins of the ice
shedts, which ae regions of highet mass tumover and which
are most sensitive to oceanographic and atmospheric
changes. Lasy dtimetes aound the tun of the century may
provide accurate change measurements at the ice sheet
margins, which with modem orbit determination may
achieve 3 cm/yr accuracy. An important independent
constraint on ice sheet mass balance may also arise from
sensitive measurements of vertical uplift and temporal
variations in the gravity field (Wahr, et al., 1995).

Satellite imagery also has a very important role in
determining changes in ice sheet extent. The disintegration
of the Wordie and Larsen Ice Shelves, and the widespread
retreat of glaciers on the Antarctic Peninsular were observed
from changes in airborne, Landsat and Synthetic Aperture
Radar (SAR) imagery. The geography of the interior of ice
sheets is itself uncertain. Fahnestock, et al. (1993) have
recently observed undiscovered large scale ice flows in
northern Greenland. The recent development of
interferometric techniques to determine displacement fields
(Goldstein, et gl., 1993) provides a method to observe in
great detail dynamic flows at the ice sheet margins.

A Dbetter understanding of accumulation and
ablation processes on the Greenland Ice Sheet is essential to
scure  predictions of its mass badance  Although ablation rate
cannot be measured by satellite, the mapping of the melt
zones is posshle with passve microwave daa and SAR daa
Mote, et al. (1993) show from SSM/I data that the extent of
summer ablation in Greenland varied widely during
summers 1987-89. The combined SSMR and SSM/I record
will permit an extended assessment of any trends. To date,
surface accumulation has not been successfully measured by
satellite, although passive microwave measurements are
sensitive to accumulation rates.

Freshwater ice
The freeze-up and break-up of lakes and rivers are closely
correlated with air temperatures in the transition seasons.
Analysis of lake records in North America and Eurasia has
shown that the dates of ice cover formation and
disintegration each vary about 4-7 days/degree C changein
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mean air temperature during the corresponding seasons
(Skinner, 1993). There is a better and more robust correlation
in the autumn then in the soring when snow cover on the ice.
discharge from small streams and wind effects modulate the
basic energy exchange processes. The timing of freeze-up
and break-up of ice may be used as an indicator of air
temperature trends.

L akes selected for monitoring should preferably be
of asimilar size, covering an area of afew hundred square
kilometres, and relaivey shdlow. An extensve surface intro-
duces the effects of wind fetch; large lakes ae dso  unditable
asonly asmall areamay be visible from shore, and they are
often deeper, with greater heat storage. Barry and Maslanik
(1994) suggest that saelite monitoring could grealy  augment
the number of lakes that can be studied; they show that
although cloud obstruction may be more frequent in the
autumn, there is quite close agreement between ground and
sdlite edimaes of freezeup daes Thee ae suface records
spanning 25 to 45 years for some 250 lakes in Canada
(Skinner, 1988) and much longer ones for lakes and riversin
Scandinavia  (Kuussto, 1993) and the former Soviet  Union.

Permafrost

Permanently  frozen ground underlies some 25% of the Eath's
land surface. It is widesoread in Canada and Alaska, northern
Russia and parts of north-east China, but it also occursin
many mid-latitude high mountains and on the Tibetan Plateau
(Barry, 1985). Permafrost is believed to form gradually over
very long time intervals (105 years), occurring continuously
where mean annual air temperature is <-7°C. Along the
margins, where it is thin and discontinuous, permafros degra
dation can be monitored. Changes in the permafrost and the
overlying summer active layer can have important effects on
hydrological regimes, ecological and geomorphological
conditions, and dructures (Koser and  Nieuwenhuijzen, 1992;
Nelson, er al., 1994). In aess of thick continuous permafrod,
changes are detectable in profiles of ground temperature
measured in deep boreholes. Lachenbruch and Marshall
(1986), for example, reported 2 to 4°C warming in the upper
100 to 150 m of boreholes in Arctic Alaska, which they related
to atemperature rise over the last 100 years or so. However,
changes in ground temperature reflect a complex response to
surface temperature and moisture conditions, vegetation
cover, winter snow depth and any disturbances due to fire,
plant successon, or human activity. Moreover, the ar temper-
dure record @& Barrow does not suggest a sustaned warming.
Increesed recognition is being given to the active layer daa for
monitoring and model  vaidation.  Gilichinsky  (1986)  provides
illusrations of the seasond course of ative layer temperaiure
and show depth a three sStes in the Seppe and  steppe-wood
land zones of western Siberia over a ten-year period.
However, there are currently no generally available data sets
for research use. Planning for appropriate databases for
purposes of monitoring, model validation and development.
and applications is being actively pursued by the Data and
Information Working Group of the International Permafrost
Association (IPA) (Barry and Brennan, 1993). In severa
mountain areas, a ground temperature monitoring programme
has been initiated (Haeberli, et al., 1993) and initial results



indicate a recent rapid rise in ground temperature a various
dtes in centrd Asia and the European Alps.

4.3 Variables Required for GCMs
The impact of the cryosphere on global climate change is
further emphasized by the sendtivity of GCMs to
fluctuations in large ice sheets (Clark, et al., 1995).
Topography and albedo of the then existing ice sheets
explain most of the cooling of the Northern Hemisphere
during the latest ice age (Manabe and Broccoli, 1985).
Many well known ice sheet/atmospheric interactions are
common results of several independent GCMs. Belter use
of existing glacier inventory and permafrost distribution
data could help in validating GCMs, particularly where
poor weather records exist.

However, there are severa issues of impact on
climate of large ice sheets that dtill need to be explored, and
hence a need for an expanded observing system. A basic
requirement for modelling the influence of ice sheets on
climate is improved data on distribution of temperature,
precipitation and runoff on the surface of the ice sheet. Clark,
et a. (1995) aso emphasized the need for a database of
three-dimensional ice-sheet geometry to be developed for the
large ice sheets of the globe. If more detailed information on
ice sheet dimensions, insolation and atmospheric  compo-
sition can be obtained to study interannua variability,
coupling of ice sheet models to GCMs will be a useful tool to
solve the existing problems in understanding the mass
balance of large ice shes.

Another important issue which may be dudied by
GCMs s the inter hemispheric communication between ice
sheets in the Northern and Southern Hemispheres which
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takes place through the general circulation of the
atmosphere and the oceans. Such studies may call for
coupled ocean-atmosphere GCMs, which treat heat
transport linked to thermohaline circulation that originates
in the North Atlantic.

Also relevant to the above issue and mentioned
by Clarke, et al. (1995) is the need to understand the
causes of the episodic discharge of icebergs from the
Greenland Ice Sheet which a present are unknown. These
discharges of icebergs may have a crucid effect on climate
of the Northern Hemisphere through controlling the salt
content of the thermohaline circulation in the North
Atlantic.

Table 4.1 summarizes the minimum set of
cryospheric variables that are required to detect climate
change, assess the impacts of climate change, predict
seasonal  to interannual  climate and to Smulate long-term
climate changes.

Sea ice concentration/extent
Sea ice motion

Sea ice thickness

Snow cover area

Snow  depth

Snow  water  equivdent

Ice sheet mass baance

Ice sheet geometry

Glaciers and ice caps

Lake and river freeze-up and break-up (timing)
Permafrost -— active layer
Permafrost — thermal state

Table 4.1 == Key variables for cryospheric observations.



SAMPLING DESIGN

51 introduction

Observational systems of the terrestrial environment require
both local observations, often measured in situ, and broader
scale data frequently obtained by remote sensing. The
success of this integrated system is highly dependent on the
sampling  drategies employed.  Current ones are deficient in a
number of respects and we outline in this section the
principles  for desgning the sampling drategies for the global
biosphere, hydrosphere, and cryosphere.

Successful execution of the GCOS and GTOS
programmes requires that information about numerous
variables be obtained for the global terrestrial environment
and converted into homogeneous data s Such dda s are
necessary to achieve the GCOS objectives such as climate
change detection, assessment of seasonal and interannual
variability, model validation; and the GTOS objective of
detecting and assessing the impact of climate change on
terestrid  ecosysems, among others. To obtan the daa ses
typically implies that each variable is measured at many
locations around the world with the necessary temporal
frequency, accuracy and consistency so that the global data
sets can be generated from these measurements. Since most
variables of interest vary both in time and in space, often
quite rapidly, this poses a formidable challenge.

Criteria for the design of the GCOS/GTOS
sampling scheme were adapted from those of the US
Environmental Monitoring and Assessment Program
(EMAP; Overton, €t al., 1990). The criteria are;

. Responsiveness - The design is responsive to the
needs of users;

Adaptability — The design must accommodate
changing perspectives, objectives, user needs and
increased  knowledge;

Flexibility — The protocols and design  structures need
to be flexible and capable of accommodating a wide
variety of methods, and space/time resolutions; and be
able to incorporate existing international monitoring
programmes,

Simplicity — It must be understood by all and it must
be implementable with varying degrees of
sophistication;

Rigour == Quality assurance procedures need to be
developed and approved by an international
GCOS/GTOS methods working group.

5.2 Concept

The various climate objectives, including those relating to(e.

economic and sustainable development — regardless of
whether they require observations of the hydrosphere,
cryosphere or biosphere — imply different design criteria.
Change detection is favoured by placing a sample in the path
of probable change. Change quantification requires a
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systematic, representative and unbiased sampling strategy.
Model development and future projections may require
intensive data collection for relatively few sites which span
the range of global conditions present, without necessarily
being statistically representative. Model operation needs
complete and coherent sets of vaiables When the individud
temporal and spatial characteristics of a large humber of
vaidbles ae added to these condderations, it is clear tha the
data gahering sysem needs to be flexible and  multi-purpose,
besides being cost-effective.

The fundamental constraint of global observing
systems is that it is not practically feasible to make all the
measurements all of the time everywhere. It is therefore
necessary to design a sampling system which still retains
adequate spatial and temporal resolution, but is affordable
and practical. For example, one of the efficient sampling
designs is stratified random sampling in which the
distribution of samples is based on the distribution of the
variance within the population of interest. The highly
variable portions (or strata) of the population are then
sampled more intensively than those with less variability
(Figure 5.1).

GHOST
sample / I

Tier 1

Total possible
sampled volume

Tier 2---===- Lt
Tier 3
Tier 4 ------- -

Detail

Coverage

Figure 5.1 — Diagrammatic representation of the Global
Hierarchicad Observing Strategy (GHOST).

A hierarchical tier system in which at the one
extreme a few vaiddles ae messured continuoudy in a lage
number of places, and at the other extreme alarge number of
variables are measured in a few locations, provides a
practical compromise between the conflicting requirements
for accuracy, representatives, and affordability. In principle,
the tiers will be defined in relation to individual variables
(Section 5.3). Since many variables of interest vary in similar
manner so that their stratifications more or less coincide
g., biogeochemical variables in relation to biome
distribution, hydrological variables based on catchments), it
is posshle to colocae the messurements a research  dtations
or observation dStes Examples of such exiging stes ae long-
term ecological reserves, agricultural research stations, and
experimental  watersheds.



A variable of interest may often be measured in
different ways. For example, soil organic matter content can
be measured directly through chemical analysis, indirectly
using spectrophotometry, or simply related to soil colour
through the use of colour charts. The available procedures
generally differ in accuracy, complexity, and costs. Various
measurement techniques also provide results over different
spatial domains. Thus direct, detailed measurements can be
applied at only few locations because of logistics and costs.
On the other hand, indirect methods such as satellite
observations provide the means of covering the whole globe,
with high or low spatial resolution that can be selected
through sensor design and mission management. The
hierarchical tier concept can readily accommodate these
differences, thus affording optimized use of the available
resources.

The hierarchy of terrestrial measurements required
for a global observing system divides fairly naturally into
five tiers, each with distinct characteristics and roles. They
range from tier 1, where measurement techniques employed
for the variable of interest are more complex and the
measurements are made at few locations, to tier 5 with few
variables measured at many locations using indirect
methods, principally remote sensing (Figure 5.2). Specific
sites can be assigned to tiers on the basis of the number of
GCOS/GTOS variables measured at the same location, the
accuracy/precision of the methods used to measure the
variables, and the spatial frequency with which the variables
are sampled. Thetier concept is applicable to the three main
areas of concern in the relationship land surface/climate
change ~ the land surface, freshwater ecosystems and
cryospheric surfaces== each of which may have their own
hierarchy, culminating in a shared tier 5. The main
characteristics of thetiersare givenin Table 5.1.

Tier 1 Large area
experiments

Tier 2 Centres

National

P10 == |evel data

Tier 3 Stations

Tier 4 Periodic
plots

Tier 5 Remote
sensing

Figure 5.2 == Tier structure of sampling strategy.
Space resolution, time resolution, and thematic
detail are the main organizing principles of thetier hierarchy.
The hierarchy is partially nested, in other words, only some
of the locations & one tier ae components of a location a the
next lower tier. For example, research centres are not
necessarily made up of research stations, stations by sites,
and so on; but in most cases there are strong linkages
between the tiers. Within the hierarchies for the land,
freshwater and cryosphere, there is a balance between
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different types of systems: for instance between natural.
agricultural and urban ecosystems on the land; between
rivers, lakes, estuaries and groundwater in freshwater
gydems and between ice shedts, ice cgps and glaciers in the
cryosphere. There is also a geographical balance: coarse
representation at tiers 1 and 2, detailed representation at
tier 3, unbiased sampling at tier 4, and complete coverage at
tier 5.

An important feature of the hierarchy isits vertical
and horizontal integration. Horizontal integration means
that the data at one tier are sufficiently complete both
spatially and thematically to make useful products at that
level; they are mutually supporting within a conceptual
model operating at that level. Vertical integration means
that the tiers are not independent. Each major theme is
covered at al tiers by interrelated and compatible variables,
alowing the detail and mechanistic insight obtained at
higher tiersto be spatially elaborated and validated at lower
tiers. For example, globa wall-to-wall land cover is
mapped in broad classes using remote-sensing at tier 5; this
is enriched with ground observations of vegetation cover
and land use at tier 4; further enriched with temporal detail
(the seasonal progression of intercepted radiation) at tier 3;
supported with mechanisms at tier 2 (the landscape-scale
dynamics of leaf area and architecture) and elaborated with
spatial processes at tier 1 (for instance the ‘green wave'
which travels seasonally along a regional temperature/
moisture gradient). This integrative logic has been applied
to all variables.

Tier 1~ The primary objective of tier 1 is to characterize
climate and climate change-related processes in the
terrestrial environment, at a range of spatial scales and for
seasonal or shorter time scales; and to develop procedures
and models for upscaling findings from local sites to the
region and eventually the globe. Tier 1 involves intensive
experimental studies over large areas or along transects
crossing environmental gradients. Such studies focus on the
development and validation of models that mimic the
climate-terrestrial interactions and the response of the
terrestrial  environment to changing climate, including
feedbacks. This requires a small number of regional scale,
relatively short-term (5 years or so) studies, athough
measurements over extended periods are likely to continue
at many of these sites. Facilities at this tier add
measurements of processes generally not quantified at
lower tiers (e.g., trace gas exchange), and they
address mechanisms of spatial integration and scaling up of
the various processes from local to regional and larger
areas.

The proposed IGBP transects and the existing or
proposed large-scale surface experiments (e.g., Hydrological
Atmospheric Pilot Experiment (HAPEX-Sahel), and the
Boreal Ecosystems Atmosphere Study (BOREAS)) already
totd the appropride order of magnitude The spatid scde for
these sites should include a core areain the order of at least
(10 km)2, and studied surroundings of 104 km2 or more.
Although these studies are short term, it would be highly
beneficial for the sites to continue long-term measurements
beyond the experimental period. In most cases, this would



TIER

ROLE

CHARACTERISTICS INDICATIVE
NUMBERS

.Largearea
experiments®)
eg., IGBP, large
cachment  udies.

Underdanding of spatid  sructure
and processss, interactions  among
processs and  ecosystem
components, detecting change in
these & regiond scde sudy of
gding isues, and development of
models describing  these

Lagescde experiments  Intendve  messurement |10
of a lage number of varisbles over a ‘ste of
severd hundred square kilometres or a transect of
severd  hundred  kilometres long, over a limited
period of time Examples are the IGBP
Megaransects, GEWEX large cachment  Sudies,
ISLSCP projects, etc. May later continue
observations of sdected variables (as tier 2 or 3
sites).

.. Research centres
eg., LTERS, lage
agricultural research

Understanding  processes  within
biomes, change detection,
experimentation,  method

Ressarch centres with a lage staff (> 10 100)
paticipating <cientigs) and  sophisticated
infragtructure  (varies with the research focus but

stations. development, data  synthesis may include laboratories data loggers for
continuous  measurement,  flux towers and  gauging
weirs, efc.). They tend to focus on one biome type
for unmanaged ecosystems (eg. the US-LTERs)
or one crop type in the case of agriculturd centres
(eg. CIAT, IRRI). In principle, there should be
one or ore Stes per mgor crop type, biome type,
aguatic sysem type and ctyospheric type.

}, Stations eg, Long-term  measurement  of Ressach dations with permanent presence on ste. | 10009
Biosphere  resaves | variables which vary over periods |Many hydrologicdl obsarvation sites fall into this
smaller  nationd from weeks to years seasond and | category, as do ecologicd field stations and many
agricultural and interannual  variations across the | agriculturd research  tations. The  observations  do
gﬁgﬂerrnwcr:&arm range of variability within each not reguire very expensve, sophidicated or
cachments,  small major_ ecosystem,  crop - system, continuous  measurements.
polar  dations aguatic system or  ctyospheric

sydem; cdibration and validation
o remotely-

snsed  varidbles, trends of
variables.

L. Sample stes eg., US
EMAP program, UK
oountry — survey.

Direct measurement and  change
detection of variables not
obsarvable by remote sensing;
cdibration and vaidation of
remotely-sensed  variables,  status
and trends of biome hedth;
provide datigticaly valid spatid
information  for  extrapolating
findings from the other tiers.

Stes which are revisted regulaly but infrequently | 10000
(once evay 510 years).

5. Satellite remote
sensing  (eg.,
AVHRR, SPOT,
Landsat, Readarsa).

Spatid and tempord  interpolation
& detaled as 1 day and 10-30
metres. Extent of biomes, ice
shedts, ec., satus and trends of a
biome hedth.

The principd fedture is the reliance on remote Not applicable
sensing, which is usudly quasi-continuous in both
time and space, but can provide data for only some
of the vaiables of interes. This tier dso includes
other measurement or mapping techniques which
resllt in spaialy extensve data sets (eg.,
topographic, soil data sets); however, the vast
maority of future deta will be obtaned through
sadlite remote sensing.

NOTES:

Table 5.1 == Tier characteristics.

(a) May or may not include a ti€r 2 ressarch centre or tier 3 station, very likely to include at |east several tier 4 sites.
(b Approximately in the retios 30 naturdl ecosystems: 30 agroecosystems: 10 rivers: [0 lakes/esuaries: 10 cryosphere.

imply achangefromtier 1totier 2 or 3for thelongterm.In  Tier 2 «= The objective at this tier is to understand the
any case, GCOS/GTOS need to ensure long-term availability ~ processes and the way they respond to global change over a

of the data and models

experiments/sites.

resulting from these range of time scales. To enable studies of mechanisms, the

sites may involve manipulative experiments in addition to
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monitoring. Tier 2 includes mgor research centres, usualy
with a biome, regiona or crop focus. There will be a least
one (preferably two or three) centres in each of the mgor
hiome types (about 20 in &l) and a centre for each major crop
and plantation forest type, for a globa total in the order of
100. Sites a this tier will be well-equipped and staffed, and
they may include subsidiary research stations or off-site
experiments. Hallmark measurements added at this tier
include diurnally resolved weather; soil moisture; isotopic
studies of soil nitrogen and carbon; and continuous
monitoring of fluxes of CO, water, and energy. For larger
countries, there will be one or a few stes per country. For
smaler countries, tier 2 Sites can serve as regional centres.
The Consultative Group on International
Agriculturd  Research (CGIAR) crop centres would fit into
this tier, as would some of the better-developed ecologica
research sites in the US, Europe, and China. Together, these
dready total well over 100 sites. Extrapolation of measured
data are made via periodically-updated inventory
information. Some centres may need to be promoted (or
sustained) in the lesser-developed parts of the world.

Tier 3== The primary objective at this tier is to provide
dynamic data over time a the sub-annua tempora resolution
(e.g., phenology, net primary production, snow water
equivalent, glacier mass baance) as well as to provide spatid
context. Tier 3 includes many of the existing national
ecologicd and agricultural  research  dtations,  experimenta
watersheds and cryosphere research sites. They will
comprise some 1 000 facilities, each covering areas of up to
approximately 10 km?2. This is aso the tier of closest linkage
to weather stations and for calibrating remote sensing-
derived data products. Tier 3 gtes will usudly have small
permanent staff and modest facilities (eg., a weather dtation,
balances, drying ovens, communications, data handling
facilities). Because an approximate baance across biomes,
agro-ecological  regions and farming system types is a high
priority, these sites will need to be selected with care.
However, it is not necessary that all ecosystems be
represented at this tier in proportion to their extent. It is
estimated that 80% or more of these stations dready exist.
Where gaps occur, especialy in the developing world,
international  efforts may be needed to establish new ones.

Tier 4 = The objective of this tier is to establish the repre-
sentatives of the data obtained in tiers 1,2 and 3, and in some
cases also to provide additional ground data for satellite-
based estimates. Tier 4 has the unique function of providing
accurate and  spatidly-resolved data on variables which a
present cannot be remotely-sensed. An example is the soil
cabon content, which is important because it is the largest
biospheric carbon pool, is subject to change, and influences
other factors such as the soil water holding capacity. It
cannot be observed from space. In addition, tier 4 sites can
act as cdlibration and vaidation points for remotely-sensed
variables; tiers 2-3 also provide these data, but may have
insufficient sites to represent al the ecosystem classes. In
this sense, tier 4 is intended to bridge the gap between satel-
lite observations, which ae quasi-continuous in space and
time (tier 5), and the permanently-staffed but non-optimally
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distributed tier 3 ground stations. It is important to separate
the unique roles of tier 4 from the additiona roles, because
they have different sampling requirements. Tier 4 points
should be placed in a ddidticdly unbiased manner.

Among dl the tiers, tier 4 is the least established one
as only a few countries have sampling programmes at this
level. The implementation thus poses specia challenges
which are discussed later (Section 7.2).

Tier 5 == The objective of this tier is to alow extending the
data and knowledge from tiers |-4 to the large areas such as
country, region, and the globe. Such extension is typicdly
accomplished using tier 5 data sets in conjunction with data
from higher tiers and models from tiers 1-3. Tier 5 must aso
provide data to detect and classify natural and human
activities such as changes in abedo, snow cover, sea ice
concentration, vegetation composition and structure, forest
clearing, urbanization, and other types of land cover change.
While remote sensing is the dominant measurement
technique at tier 5, other tools (topographic surveying, field
mapping of soils, etc.) can be important for specific data sets.
In generd, it is expected that the spatid resolution will be
better (smaller areas) than 1 square kilometre globally,
though for specialized observations, resolution will be
provided for more local data sets at 30 metres or less.

The main source of data at this tier will be satellite-
borne sensors and associated data processing facilities. The
implementation of tier 5 thus relies on close collaboration
with space agencies and is further considered in Section 7.2.

5.3 Measurement Strategy

The proposed measurements are intended to capture the
datus and dynamics of terrestrial ecosystems essentid for
climate purposes. The proposed varigbles (Annex |) have
been selected to be the minimum set needed to observe,
understand and predict changes in criticadl life-supporting
terrestrial  processes involving climate. They are intended to
be internaly consistent and mutually supporting and
enhancing. The measurements must be as globaly applicable
and sandardisshle as possble.

Figure 5.3 illustrates the characteristics of the tiers
in relation to variables measured at these tiers. At tier 1
locations many variables are measured with precise, often

# Associated
measurements

Spatial
frequency

Figure 53 e Diagrammatic of charaderigics

representation
of variables at each tier.



expensive and time-consuming methods, and with a high
temporal frequency. At the other extreme, relatively few
variables are measured at tier 5 using remote sensing but
with a high spatial frequency because of the ability to
provide complee coverage of the aea of intered. In generd,
the accuracy a tier 5 will not be as high as for other methods
because of the necessary conversion of electromagnetc
measurements into the variables of interest.

In addition to producing integrated information
using data from the global observing systems, models will
play a centra role in filling the gaps in space and time
unavoidably left by incomplete sampling. In general, tiers 1
and 2 vyidd modds which ae vdidated, run and interpolated
using data from tiers3, 4, and 5.

The variables measured at each tier are listed
in Table 5.2. The requirements have been carefully

GCOS/GTOS CLIMATE OBJECTIVES \

Change
Detection

seasonal-
Interannual

Prediction

Long-term
Projections/
Modelling

Impacts
Assessment

BIG|G
G lclH

C|IM|G

BIOPHYSICAL PROPERTIES OF VEGETATION

Leaf area index (LAI)

Net ecosystem productivity (NEP)

Net primary productivity (NPP)

Biomass — aove ground

Biomass —— below ground

Necromass

Plant nitrogen and phosphorus — content

Roughness —  surfece

Spectrd  vegetation  greenness  index

Stomatal conductance = maximum

Vegetation structure

BIOGEOCHEMISTRY

Biogeochemical transport from land to oceans

Dissolved C, N, and P in water

Dry deposition of nitrate and sulphate

Emissons of CO,, NOy and sOx from combusiion of
fossl  fuds "

Fetilizer ue N & P

Rainfall chemistry

Lesf hiomass — pesk of nitrogen fixing plants

Volcanic sulphate aerosols

LAND COVER/USE AND DISTURBANCE

Fire area |

{ Land cover I

Land use |

SOIL PROPERTIES

Cation exchange capacity

Soil bulk density

Soil total carbon

Soil total nitrogen

Soil moisture

Soil particle size distribution

Soil available phosphorus

Soil total phosphorus

Soil pH

Soil surface state

P IR E R R B B R e

| Rooting depth (95%) |

EXEN

>
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Table 5.2 (Cont’'d)

GCOS/GTOS CLIMATE OBJECTIVES

Change Seasonal- Long-term Impacts
Detection Interannual Projections/ | Assessment
Prediction Modédlling
B[GT]G
G |C|H
C | M|G
[ HYDROLOGY
Relative humidity — atmospheric water content near X x | x
surface
Surface water flow discharge X X x | x X
Evapotranspiration X X X X
Surface water dorage fluxes X X | x X
Ground water dorage fluxes X X
Precipitation (solid and liquid) x X X | x X
Precipitation  gridded X x X X
CRYOSPHERIC PROPERTIES
| Fim temperature X
Glaciers and ice caps X
Ice sheet mass balance X X X X
Ice sheet geometry X
Lake and river freezeup and bresk-up X X
Permafrost — active layer X X X X
Permafrost == thermal state X X X X X
Sea ice concentration/extent X X X X
| Sea ice motion X
Sea ice thickness X
Snow cover area X x I x X
Snow  depth X X

Snow  water  equivaent

RADIATION AND RELATED VARIABLES

Aerosols

X X X X X
Albedo X X X
Cloud cover X X X
Radiation incoming — short-wave X X
Radiation reflected =  short-wave X X X | x | x X
Radigtion == photosynthetically active radiation x
(PAR)
Radigtion outgoing — long-wave x x X
Temperature surface — ar X X X | x| x X
Tropospheric  ozone  thickness X X X X | X
TRACE GASES
Carbon dioxide flux (CO,) X X X | x X
Methane flux (CHy) X X X X
ANCILLARY VARIABLES
Wind velocity X X X
Topography X X | X

Table 52 aw Varidhles nexded to met GCOS/GTOS dimate objectives
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analysed to ensure that a minimum set of the important
variablesis chosen. It isevident that numerous variables are
measured at several tiers, although the details differ (time
resolution, measurement method, etc.). The rationale and
specifics are discussed individually for each variable in
Annex .

5.4 Site Selection

The objective of the selection is to take maximum advantage
of existing facilities while ensuring an appropriate global
distribution of the measurement sites. It is essential that the
sites be carefully chosen so as to meet the objectives of
GTOS and GCOS. The different objectives associated with
the tier I-5 facilities impose different criteria on site
selection. This section outlines basic guidelines for
identifying sites at the individual tiers. The site selection
processis further considered in Section 7.

55 Sdection of Variables

Details on the variables selected for measurement are given
in the setions on the biosphere, hydrogphere, and  cryosphere
below and in Annex |I. The variables were selected to
conform to three criteria:

Relevance — the variables address the core issues of the
dfect of the land surface on the globd dimae and the effect
of the climate on the land surface. They focus on exchanges
of water, energy, and key elements (such as carbon and
nitrogen) between the atmosphere and the land, and the
impact of these under a changing climate (see Sections 2.3,
and 4);

Priority — the variables form a minimum (and highly-
integrated) data set. They consist of essential data required
to understand and predict the functioning of the land-
atmosphere interface, and comprise primary variables
(those quantifying the interchange directly) and secondary
variables (those required to derive or interpret the primary
variables);

Practicality - variables are obtained by proven, stable
methods, globally robust, repeatable, affordable and already
widely applied.
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Table 5.2 indicates the importance of each of the
sdlected varigbles in relation to GCOS/GTOS objectives. It is
evident that some variables are critical to several objectives
while others only to few or one. Nevertheless. the
achievement of the objectives depends on these data being
available with the resolution, sampling frequency and
accuracy indicated in Annex |I.

While some variables are measured at several tiers,
others are obtained at one tier only. The relationship of
variables to tier measurements are shown in Table 5.3. It is
likely that where a variable is measured at several tiers, the
measurement method will vary among the tiers. This has
been consdered in Annex | in reaion to individud varigbles
where the item ‘Measurement method' lists the measure-
ments a the vaious ties.

The TOPC considered various options for
identifying the highest priority variables for initia
implementation, The criteria selected for prioritizing the
variables are related to importance and feasibility

(Table 5.4):

. Wheat is the impact of the variable in both depth and
breadth?

. How well will the variable help meet a specific GCOS
objective?

What is the cog of implementing?

What is the existence of implementing structures?
It isimportant to note that important variables exist without
a feasible measurement methodology (e.g., soil moisture).
These gaps point to priority areas for further research and
development of measurement programmes.

In addition to the suface sampling sysem based on
in situ Sites, there are a number of satellites which provide
essential data at tier 5. Landsat and SPOT are particularly
useful to the terrestrial community for a number of
measurements including monitoring radiation, leaf area
index, and detecting changes in land cover and land use The
AVHRR of NOAA has provided useful data at >1 km
reslutions & noted above Severd new sensors are due to be
launched in the next five years which will revolutionize land
remote sendng to the benefit of programmes such as GCOS.
They include the Moderate Resolution Imaging
Spectroradiometer (MODIS), vegetation instrument on
SPOT-4, and the Medium Resolution Imaging Spectrometer

(MERIS) to provide improved data at resolutions 250 m to
1 km.



PROPOSED VARIABLES*

Biophysical Properties of Vegetation

Soil Propeties

| Cryospheric Properties (cont'd.)

Leaf areaindex (2,3,5)

Soil cetion exchange capacity (2,3,4)

Permafrost active layer-thickness
2.34)

Net primary productivity (2,3)

Soil moigture (2,3,5)

Permafrost thermal state (2,3.4)

Net ecosystem productivity (2,3)

Soil totd carbon (2,3.4)

Sea ice concentration/extent (5)

Biomass — above ground (2,3,5)

Soil total nitrogen (2,3,4)

Sea ice motion (5)

Biomass -bdow ground (2,3)

Soil available phosphorus (2,3,4)

Sea ice thickness (4)

Necromass (2,3,4)

Soil total phosphorus (2,3,4)

Snow cover area (5)

Plant nitrogen and phosphorus content (2,3)

Soil bulk density (2,3,4)

Snow depth (2,3)

Roughness — surface (2,3)

Soil particle size ditribution (2,3,4)

Snow water equivaent (2,3,4)

Spectral vegetation greenness index (5) Soil pH (2,3,4) Radiation
Stomatal conductance — maximum (2,3) Rooting depth 95% (2,3.,4) Aerosals (2,5)
Vegetation structure (2,3,4) Soil surface state (2,3,4) Albedo (2,3,5)
Biogeochemistry Hydrology Cloud cover (2,3,5)

Biogeochemical transport from land to
oceans (2,3)

Relative humidity (2,3)

Radiation incoming — short-wave (2,3)

Dissolved organic C, N and P in water (2,3)

Surface water flow discharge (2,3)

Radiation reflected -~ short-wave (2,3,5)

Dry deposition of nitrate and sulphate (2,3)

Evapotranspiration (2,3)

Radiation - fraction of photosynthetically

active radiation (2.3,5)

Emissions of CO,, N and S from burning
fossl fud (2)

Surface water storage fluxes (2,3,5)

Radiation outgoing long-wave (2,3,5)

Fertilizer use N and P (N/A)

Ground water storage fluxes (2,3)

Temperature surface == air (2,3)

Leaf hiomass == peak of nitrogen fixing
plants (2,3)

Precipitation (2,3,5)

Tropospheric ozone thickness (2)

Rainfal chemistry (2,3)

Precipitation gridded (N/A)

Trace Gass

Volcanic sulphate emissions (2) Cryospheric Properties Carbon dioxide flux (2. $)
Land Cover/Use and Disturbance Fim temperature (2,3) Methane flux (2, 5)

Fire area (5) Glaciers and ice caps (2,3.4,5) Andllary ~ Variables
Land cover (2,3,4,5) Ice sheet mass balance (2,3.5) Wind velocity (2.3)

Land use (2,3,4) Ice sheet geomeuy (2,3,5) Topography (5)

Lake and river freeze-up and thaw (3,5)

Table 53 =~ Recommended variables at each tier.

*NOTES:
Numbers in brackets refer to the tier where the variable would be measured:

Tier 1 measurements are not listed here as their choice is dictated by the specific study; in generd, it will include many of the variables identified here;
Variables derived through models comhining several variables are not listed. For example, net primary productivity can be estimated at tier 5 using

satellite measurements and global data sets of vegetation, soil, and meteorological variables;

It is asumed tha tier 4 stes would be operated by, or have acess to, fier 3 faciliies Thus they would be able to undertake laboratory andyses for eg.

soil properties;

The feashhility of accurately estimating some variables from satellites (near-surface soil moisture, trace gases) is under investigation or instrument

development.
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VARIABLE

INTEREST BY TERRESTRIAL CATEGORY

Priority: Pl=high; P2=medium; P3=low.
Us a = climae change defection; b = impact assessment, ¢ = prediction and smulation; d = model validation.
Feasibility: Fl=high; F2=medium; F3=low.

CRYOSPHERE | [ECOSYSTEMS ||HYDROSPHERE
Aerosols Pl (c,d) F1
Albedo Pl(a.b.c.d) F2 P2 c.d) F2
Biomass P2 5.4 F2
CH, flux P2 (c) F2 Pl (ab,c)Fl
Cloud cover P3 (ab)F2 P1 (b.c.d) Fl P3 (a.c) F3
CO, flux P3 (b.c) F1 P1 (a,b,c.d) Fl P3 (a.b.c) Fl1
Evapotranspiration P2 (b,c) F2 P2 (ab,c,d) F2 P1 (a,b.c,d) F3
Fire area P2 (a.b)F1
Glaciers and ice caps Pl (a.b,d) Fl P2 (a,b,c,d) F2
Ground water storage fluxes P2 (b.c) F3 P3(b)F2 Pl (ab)F2
Ice sheet geometry P1 (b,c.d) F2 P3(ab) F3
Ice sheet surface balance P2 (b,c.d) F2 P3 (a.b) F3
Lake and river freeze-up and break-up (timing) P2 (a,b) F2 P3(ah)F2 P2 (a,p) F2
Land cover P2 (b,c) F2 P1 (a.b,c.d) F1 P2 (a,b.c,d) Fl
Land use P2 (b,c) F2 P2 (a,b) F2 P2 (a.b.c.d) Fl
Leaf area index (LAI) Pl (a.b,c.d) F1
Biogeochemical transport from land to oceans via rivers P2 (b) F2 Pl (a.b.c.d) F!

Necromass

P2 (b,d) F2

Net ecosystem productivity (NEP)

Pl (a,b.c,d) Fl

Net primary productivity (NPP)

Pl (a,b,c.d) F1

Tropospheric ozone P2 (a,b) F2

T wadsaals v wnd v Dok g s 1 (vmehy Fi NS (L) 1 DA (- L. -.3) T2
Permafrost — thermal dtate Pl(a,bd) F2

Precipitation == Wint Pl(b.c.d) F2 [P2(ab)F2 [PI(ab.c.d)Fl

Radiation — fraction of photosynthetically active radiation |

Pl (a,b.cd) F1

\

Radiation ayuggung. -Tone-yvave IPI(ahcd Fl [PZ(c) FI
Radiaic..im .incoming == Short-wave [Pl (b.c.d) F1 TP1(a,b,c.q), EL P2 {c)F]
Radiation raflent. ed - shot-wave Pl (ab,c.d) Fl IP1 (a.b.c.d) F1 P2 (c)Fl
Rooting depth (95%) P2 (bd) Fl
Roughness — surface P2 (b.c.d) Fl P2 (b d)E2 P2 (c.d) F1
___ «ww COncentration/extent P! (b,c.d) F1
Sea ice motion P2 (c.d) F2
Sea ice thickness Pl (a,cd) F2
Sow cover aea Pl (ab,c,d) FI Pl (ab,c.d) Fl P2 (b.c.d)Fl
Sow waer  equivaent FT®O 2 P2 (ad) F2 Pl (bcd) F2
Soil bulk densty P3 (b) F3 P1 (b,d) Fl P3 (¢) F3
Soil totd carbon | P2 (b.d) FI
Soil moisture Pib.c)F3 P1 (abc,d) Fl Plb.cd) F3
Soil paticle size distribution P1 (b,c.d) FI1
Soil  avalable phogphorus P2 @) F2
Soil totd  phosphorus PT(c.d) FI
SOl suface Sde 3 (B) F2 F3 (0 F3
Soil totd nitrogen P2 (b,c) F2
Surface watax flow discharge P2 (b,c.d) F2 Pl(abcd)FI
Surface ... storage fluxes P30 F2 P2 (a,b) F2 Pl (ab,c.d) F2
Temperature SUfae — air P1 (b,c) F1 Pl (a.b.c.d) Fi P2 (b.c.d) F1
Topography P1(abcd) F2 P1 (c). Fi P2 (c.d) F2
Spectrd vegetation  greenness index P3(a,c) F2 P2 (a,d) FI Fo(ac) F2
Vegetation  dructure P3(b,c) F2 PT (@b ) FI P3{abc) F3
Waer  vgpour sufece  -rdlative  humidity P2 (0 R P2 (ab.c) F2 Pl(abc.d) F3
Wind  velocity P1 (bc) F2 P2 (b,c.d) F2 P3 (b.c.d) F3

Table 54 == Prioritization of recommended variables.
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INFORMATION MANAGEMENT

6.1 Introduction
Data and information munugement are crucial
issues for terrestrial observations

Descriptions of the GCOS Data and Information Management
Plan (GCOS-13) and the proposed GTOS plans for data
management, access and harmonization (ICSU, et al., 1996),
have been published and the reader is referred to these and
reports of the GCOS Data and Information Management
Panel for more details. The following description is intended
to provide the reader with an overview of the guiding princi-

ples of the information management system needed for
terrestrial observations for climate purposes.

Need for datea and information management
There is a clear requirement for systems that will promote
and facilitate the access by individuals, institutions and
national entities to relevant global and regional level
information. Especially for the land, observations are often
scattered and need to be assembled from a large number of
sources and locations and may often require substantial
analysis to create internally consistent databases.

Components of data and
systems

information management

There needs to be explicit links with a variety of different
existing data systems. Data sets lie at the heart of any Data
and Information System (DIS), including both in situ,
remotely-sensed data and also increasingly model outputs. In
addition, there is requirement for high quality meta-data
describing data sets including such attributes as location,
time of collection and data quality. For both the data and
meta-data there is a need for tools for input, storage,
management, retrieval, display, analysis and output. Rather
than any sort of centralized systems, a highly dispersed
system is envisaged. What is crucial from the point of view
of the TOPC is that for every key observation, responsiility
is taken by an orgenization or entity to cary out these tasks
Another essential aspect of data and information distribution
is to ensure agreement to, and implementation of, data policy
tha leads to free and open access to the daa s

Making maximum use of existing programmes
and expertise

To the fullest extent possible, the GCOS/GTOS data and
information systems will rely upon existing national and
international programmes. Systems operated by these
programmes, such as the ICSU World Data Centres,
WWW of the WMO, GOOS, UNEP'S Globa Resource
Information Database (GRID) and many others, should be
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enhanced as necessary to meet data requirements rather than

creating new entities. While GCOS and GTOS should
oversee development of a coordinated information system
design that identifies the responsibilities of all cooperating
agencies and programmes, it should not normally need to

crete new indituions to cary out the tasks required for its
implementation. Instead, these tasks will be performed by
the existing world and national observing systems,
telecommunications networks, and data and processing
centres. GCOS and GTOS should act to ensure data are
collected, validated, processed and archived to the exacting
standards necessary. They should also review, monitor and
coordinate activities between groups to ensure proper data
are being collected and can be exchanged easily.

Ensuring data are of appropriate quality and
consistency

In order to meet its exacting scientific objectives, data and
products must be of the appropriate quality and consistency
to meet stated objectives. GCOS will promote the
development of, and adherence to, minimum quality and
documentation standards for all relevant data and products.
Experts will be invited to review these data sets regarding
their quality and documentation to ensure they are of a
standard that is acceptable to peers using similar data.
Metadata (e.g., calibration and other information about the
daa themsdlves) will be assembled and maintaned so that it
is emly accesshle to paticipants.  Achieving  harmonization,
i.e., internal consistency, can be particularly demanding for
terrestrial in situ observations. Considerable attention has
been pad in recent yeas to the hamonization of the legends
of databases of properties such asland cover and land use.
But there are many other aspects of data harmonization
relating to categorical data, continuous data fields such as
those from remote sensing, and in situ observations which
often require substantial efforts.

Overall system design

To make the best use of existing facilities and expertise, the
GCOS data and information system will be based on a
hierarchy of locd, national, regiond, and globa inditutions.
Local centres responsible for data produced by the research
community should provide short-term archival and access to
pertinent data that they hold, production of data sets,
analyses and products, and should forward data and
information of enduring value to designated centres.
National organizations should be responsible for long-term
observation, basic quality control, and routine transmission
to world centres. Designated centres should be responsible
for advanced quality control (e.g., international comparisons
and bias adjustment) and for operational production of data
sets, analyses and products.



6.2 Data Management for the Biogphere

It is clear tha data and information management for the hios
phere will have to rely primarily on the efforts of national
institutions. Among recent national developments of interna-
tional significance is the Distributed Active Archive Centre
(DAAC) sydem in the US developed a pat of NASA's Eath
Observing System (EQS). In terms of an overall framework
for providing international linkages, it is recommended that
the data and information management system for terrestrial
observations work closely with the World Data Centre
System, IGBP-DIS and develop cooperation with UNEP’s
GRID programme. After the initial data centres are estab-
lished, it is expected tha others will be added to the system.

World Data Centre System

Originally set up to handle data from the Internationa
Geophysical Year, the World Data Centre System of the
International Council of Scientific Unions has a number of
centres whose work is relevant to the biosphere, including
soils at Wageningen in the Netherlands and remotely-sensed
data for land cover at the Earth Resources Observation
Systems (EROS) Data Center in Sioux Falls, USA. However,
it isalso apparent that there are many types of observations
relevant to the biosphere not currently covered by the WDC
system.

International Geosphere-Biosphere Programme
Data and Information System

The Data and Information System of the International
Geosphere-Biosphere Programme (IGBP-DIS) was set up
because of the key role of data and information in the
scientific success of IGBP. IGBP-DIS is not, and was never
intended to be, a hardware-based, data centre responsible for
receiving, processing and supplying al data for IGBP. That
scale of effort would be an inefficient use of resources,
duplicating the efforts of various international and national
agencies. Instead, the rationale for IGBP-DIS stems from a
number of generic issues for data acquisition and
management which cut across the activities of core projects
and relate to their integration. Among the most important of
these issues are:

The increasingly integrated nature of global

environmental science as a whole requires greater

exchange of data from diverse sources within and

between projects;

The current lack of many crucial data sets needed by

several core projects for model development and

operation;

The very large volumes and novel character of many

new data sets expected to be available from space

platforms in the late 1990s, with distinctive problems

of information manipulation and extraction;

The need to ensure the provison of longterm daa s

to detect significant global changes in environmentally

important parameters;

The need for data system plans for individual core

projects and other framework activities.
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Current projects include efforts leading to the
creation of aglobal land data set from the AVHRR, a global
land cover product derived from the AVHRR data st a pedon
database describing global soil properties, specification of a
global fire database, work with the Committee on Earth
Observation Satellites (CEOS) to analyse the implications of
their data policy for research epplications and development of
integrated meta-database systemsto permit improved use of
high  gspatid  resolution  products.

Global Resource Information Database

The Global Resource Information Database (GRID) was
established as part of the Global Environmental Monitoring
System (GEM S) but subsequently became a separate entity.
GRID objectives include enhancing the availability and open
exchange of global and regional environmental geo-
referenced data sets, providing the United Nations (UN) and
intergovernmental bodies with access to improved data
management technologies and enabling countries to make
use of GRID-compatible technology for national
environmental assessment and management. A magjor GRID
activity has been the development of data archives and a
meta-data catalogue for data referral purposes. The
availahility of datathrough GRID is enhanced by a network
of GRID cooperating centres currently in eleven countries
(Brazil, Canada, Denmark, Kenya, Japan, Nepal. Norway,
Poland, Switzerland, Thailand, and the USA).

6.3 Data Management for the
Hydrosphere

Modem data systems can exig nowadays in a digributed form
connected and integrated through Internet which does not
require alarge central office. While the research community
will produce many of the required derived products from the
raw data, some products may require a central office whose
function is to interpret the data. Examples of its activities
would be to make timdy summaies or to derive spaid fidds
by assimilation or by aggregation of the raw data. In the
hydrological field, examples include precipitation and runoff.
Derived products include gridded fields for monthly data.
Other products include zonal, continental or regional totals
and ther time variaion. These ae combined with changes in
surface and subsurface storage to compute water budgets and
as¢  with model vaidation.

There are two data centres which can form
components of the initial data management programme, the
Global Runoff Data Centre (GRDC) and the Global
Precipitation Climatology Centre (GPCC). It is essential that
GRDC and GPCC be adequately staffed in order to meet
these needs. The work of the International Satellite Land
Surface Climatology Project (ISLSCP) which is part of
WCRP's GEWEX project provides a useful example of the
integration  of data S

The Global Runoff Data Centre

Recognizing the role of river discharge in hydrological and
climatological research and monitoring, the GRDC was



established in 1988 under the auspices of WMO and is
operating at the Federal Institute of Hydrology in Koblenz,

Germany. The Cenne has close links with other magjor
hydrological data centres including the Water Global Data
Monitoring Centre at Burlington, Ontario, Canada, which
stores and processes the data for UNEP’s GEMS Water
network, the GPCC in Offenbach, Germany, and the
UNESCO Flow Regimes from International Experiments
and Network Data (FRIEND) Project. Mean daily and
monthly discharge data are collected on a global scale. For
meteorological and climatological applications, the scope of
the use of the data are primarily on the global and regional
scde. For use in opeationd hydrology, the scope of the use
of the datais mainly on the regional and basin scale.

The Steering Committee of the GRDC at its first
meeting in June 1994 recommended that the GRDC should
closely liaise with, and participate actively in, GCOS. This
sts the pah for the expected cooperation of the GRDC with
GCOS. Currently the centre has limitations, because of the
reluctance of individual nations to send data. To become a
fully useful and operational data centre, individual nations
must be willing to shae daa through the centre. Without the
cooperation of these nations, whether through GRDC or
elsewhere, the utility of ahydrological observing system for
GCOS and GTOS is limited.

The Global Precipitation Climatology Centre

Precipitation plays an important role in the globd energy and
water cycle. ‘he compilation of digital maps and data sets of
precipitation covering the Earth’s land surface worldwide is
the task of the GPCC, which was initiated by the WMO in
1988. The GPCC is a member of the GEWEX
Hydrometeorology Panel within the WCRP. The GPCC also
participates in the Global Precipitation Climatology Project
(GPCP), which is represented in the GEWEX Radiation
Pand. The purpose of the GPCP is to deive gridded data sets
of monthly precipitation totals covering the entire globe
including the oceanic areas, where satellite-based
observations are the main data source.

The specific functions of the GPCC in the
framework of GPCP are defined by the GPCP
Implementation and Data Management Plan (WMO/TD-No.
367) and comprise
. The collection of gauge-measured precipitation data
world-wide received via the Globa Telecommu-
nication System (GTS) and acquisition of non-GTS
precipitation daa a fet as posshle
Quality-control for al data before application and
spatial analysis;

Calculation of areal mean monthly precipitation totals
on the basis of conventional measurements (over land)
using objective analysis methods;
Merging these analyses with monthly precipitation
estimates from other observation techniques (satellite
images provided by other GPCP centres);
Determination of the error range of the result for each
individual grid area and month.

The GPCC also contributes to other international
programmes and projects a to the development of the GCOS

33

The GPCC is planning to compile and operate an Arctic

Precipitation Data Archive for the WCRP Arctic Climate

Sysem Study (ACSYS). In this framework, the GPCC’s func

tions will be extended to the collection of snow cover and

depth data and to andyss of the liquid water equivaent.

The GPCC is operated by the Deutscher
Wetterdienst (DWD, National Meteorological Service of
Germany) and is located in Offenbach, Germany.

The GPCC products are gridded area-means of
monthly total precipitation, meta data as well as statistical
results on the grid and on a monthly basis. The current grid
sze is 25 by 25 degree geographicd Iaitude and longitude.
The beginning of the data evaluation period is 1986. It is
planned to reduce grid size to 1 by 1 degree. Up to now, the
following products are available on a monthly basis for 2.5
degree grid cells:

. The lo-years “GPCC interims product” of terrestrial
monthly precipitation, based on raingauge-based data
worldwide from about 6 700 stations, are available for
the period 1986 to 1995;

. The climate monitoring product of terrestrial monthly
precipitation, based on observations from about 6 000
stations worldwide. This product has been available
since January 1996 on a routine basis with a delay of
not more than two months,

. The verification product of terrestrial monthly
precipitation will be based on the data from about
40 000 stations, supplied by more than 120 countries.
Fist monthly test analyses for the year 1987 are now
available;

. The GPCP combined data set of monthly precipitation
over land and ocean, based on the GPCC interims
product (1), infrared and SSM/1 satellite observations
(developed at NASA Goddard Space Flight Center in
collaboration with the GPCP participants) is now
available as version la for the period 1988 to 1995.

These gridded products are freely available. Access
is possible using FTP, The products are partly published on
CD-ROM, too.

The only directly observed information on
precipitation results from in situ raingauge measurements.
However, the data represent geographical points only and
need to be integrated over areas using interpolation
techniques.

Error studies have shown that data from about 10
stations per 2.5 degree gridcell or area of about 50 000 km?
ae required for the cdculdion of aea mean precipitaion on
the grid within an error benchmark of 10%. If this approach
is extrapolated to the totd aea of the Eath's land surface it
is added up to a number of 40 Q0 stations, which largely
exceeds the amount of the routinely exchanged precipitation
data, which are disseminated via GTS and actually available
from about 6 000 stations only.

The GPCC data collection includes monthly
precipitation totals of more than 40 000 stations, delivered
from about 120 countries. However, the spatial distribution
of the stationsis very unequal, and large data gaps are still
existing. The maximum coverage is in the year 1987 (status
of data collection in June 1996). Since the data flow from
national agencies to the GPCC is voluntary and not



generally regulated, the availability of these data is largely
delayed.

The station-related observational data are not
digributed by the GPCC to other users in order to respect the
interests of the data supplying countries.

The GPCC expects from GCOS an internationaly
regulated exchange with regard to the specific requirement of
a higher network densty for spatid andyss of precipitation.

International Satellite Lund Surface Climatology
Project (ISLSCP)

ISLSCP has been carrying out large-scale experiments on
Land Surface Climatology for several years and forms part of
the WCRP’s GEWEX. Recently it has compiled a wide
variety of data sets from various sources all on a common
global projection and with the same 1 degree resolution and
made these available on a CD-ROM. Comments on the
quality of the data sets are also included. Several of the data
sets also have direct relevance to the biosphere.

6.4 Data Management for the
Cryosphere

A strong organizational framework exists for the archiving

and dissemination of snow and ice data and information.

There are four ICSU World Data Centres for Glaciology:

Boulder, Colorado, USA; Moscow, the Russian Federation;

Cambridge, UK; and Lanzhou, China. It is proposed that

these four centres provide the initial data and information

management system for the IOS. WDC-A for Glaciology at
the US NSIDC in Boulder, Colorado, has an active
programme of archiving and distributing all forms of snow
and ice data. WDC-D at the Lanzhou Institute of Glaciology
and Cryopedology is assembling data on glaciers and
permafrost in China

The ICSU/Federation of Astronomical and

Geophysical Services (FAGS) and UNEP/GEMS World

Glacier Monitoring Service in Zurich, Switzerland, assemble

data on glacier extent and mass balance. The JPA is

sponsoring a project for a Global Geocryological Database.

Through NASA’'s Mission to Planet Earth, the NSIDC

DAAC manages satellite and in situ snow and ice data for

global change research and the Alaska SAR Facility DAAC

manages polar radar data.
There are several major limitations to current data
management capabilities;

. Many cryospheric observations have not been
adequately documented and archived. This is
particularly serious for snow water equivalent and
permafrost data. Steps should be taken to identify the
mog crucid of these observations ad to mount a daa
rescue programme;

Many permafrost records collected by private-sector
organizations, as well as agency surveys of glaciers,
may be at risk due to cutbacks in programmes. The
most important of these should be identified and
attempts made to save these in long-term archives;
Older station observations of snow cover and snow
course surveys of water equivalent are not readily
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accessible either because they are not digitized, nor
centrally archived. Digitization and archiving of the
most important of these should be attempted,;

' Some national agencies are also curtailing access to

their data sets by international centres wishing to
assemble and distribute global databases. Through
GCOS, GTOS and ICSU efforts must be taken to
ensure the continuing availability of these data for
scientific and related purposes.

6.5 Condudgons and Recommendations
for Improvements to Data and
Information Management

Apart from the specific recommendations and conclusions

with respect to the biosphere, hydrosphere and cryosphere,

there are a number of general conclusions and
recommendations with respect to data and information
management.

. The terrestrial community in terms of data
management is not well served for many observations.
This community urgently needs the assistance of the
DIMP to remedy these deficiencies. A related but
separate  problem is the ability of centres to acquire the
data they need for the user communities and to have
acess to it in agppropriate  formas;

. It is important that the needs of countries with
inadequate access to the Internet have their needs met
by the provison of daa in other formats,

. For the terrestriadl community there are many
inadequacies in data handling capabilities especially
within the ecological and hydrological areas.
There are some nominated centres such as the GRDC
and GPCC, but further capabilities are needed. A
World Data Centre for Sails is in existence. UNEFP' S
GRID holds several data sets collated from other
sources;

. For ecological observations, the situation is less
satisfactory though there have been proposals within
WDC-A to hdp rectify the stuation;

. There is a continuing problem in data being made

available to centresin the appropriate format, such as
long-term records collected for synoptic purposes
which are in analogue format;
It is important that the needs of countries with
inadequate access to the Internet are satisfied by the
provision of data in other formats. While Internet
access is increasingly available, problems associated
with bandwidth and charges are likdy to inhibit its use
by many users for several years;

. TOPC should cooperate with the WDC system and
other organizations such as the IGBP in further
evaluating needs for data management;

. The TOPC, with the assistance of the DIMP, should
identify and asess exising daa centres to determine if
its needs can be met;

. The possible benefits of archiving more of the data

collected through the World Weather Watch GTS
system should be explored, especially in view of the
development and application of web technology.



IMPLEMENTATION

71 The Challenge of Implementation
Turning the Plan into an operational routine collection of
observations is a challenging task. The following overal
approach has been adopted. First, summarize the present
situation with respect to each of the main areas of interest
(biosphere, hydrosphere and cryosphere); second, identify
which are the crucial observations which must be continued;
third, identify enhancements that are required to satisfy the
needs outlined in the previous chapters. An additional issue
which will need more effort is to identify the international
bodies who would play a coordinating role for each of the
observations and how they will interact with nationd bodies
to ensure the observations are collected. In the area of
atmospheric observations collected primarily for operational
weather forecasting, there are mechanisms organized
through the WWW by WMO to achieve this goal.
Comparable mechanisms need to be developed for many of
the other observations described within this report.

This chapter deals with two principal issues. The
fird is the globd implementation of the tier sampling scheme
discussed in Chapter 5. Special attention is given to tier 4
whose implementation poses unique challenges. It is
anticipated that the overall implementation will be a gradual
process, with a full-up global system not being in place for
some years. Therefore, the initial period is considered in
more detail in the second part. The initial system must start
with programmes and faciliies now in place or in the process
of implementation. Fortunately, there are many initiatives
that are directly relevant to the objectives of GCOS/GTOS
and can make very important contributions to the initial
obsarving sysem. This section reviews some of the exigting
systems for the monitoring of the biosphere, hydrosphere,
and cryosphere.

7.2 Implementation of the Tier Sampling
Scheme

The tier structure described in Chapter 5 is a classification
system to aid implementation, not a rigid formula for
implementation. This enables maximum use to be made of
existing data sets, sites and facilities. All the tiers are
necessary, but not dl the varisbles need to be messured a
tiers. For example, few hydrospheric variables are measured
a tir 4 becae the characterigic time scde of  hydrologicd
processes tends to be too short to benefit from infrequent
sampling. The key tiersfor early implementation are 2, 3 and
5 becaie they ae saved by exising Sructures

Guidelines for site selection

The objective of dte sdection is to teke maximum advantage
of existing facilities, including biosphere reserves while
ensuring an appropriate global distribution of the
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measurement sites. It is essential that the sites be carefully
chosen 0 as to meet the objectives of GTOS and GCOS. The
different objectives associated with the tiers I-5 (see also
Table 5.1) impose different criteria on site selection.
However, al GCOS/GTOS sites have to satisfy the
conditions of representatives and sufficiency. This section
outlines basic guidelines for identifying sites at the
individua  tiers.

Tier 1. These major, intensive experimental sites
should be located with a primary emphasis on spatial
diversity of regional ecosystems, land-use patterns, the
availability of regional process integrators like catchments.
and feeshility. Capturing the range of the mgor biome types
is acritica priority, but the location within biomes will be
opportunistic. Several sites can be drawn from the sites of
past or present large-scale experiments, including perhaps
BOREAS (boreal forest — Canada), Abracos (ARCS)
(tropical evergreen forest — Brazil), Harvard Forest
(temperate mixed forest-USA), Oasis (dry land agriculture
— Australia), and HAPEX. The actual sites will consist of
core areas of 100 km? or less, plus a surrounding region of
104-106 km2. It is critical to select tier 1 sites so that they
include arange of tier 2, 3and 4 sites.

Although all tier 1 data and research findings are
important to GCOS/GTOS, special attention needs to be
given to long-term measurements. Tier 1 sites are large
experimental areas and various adjustments are required
before they can become part of a long-term monitoring
programme. The long-term measurements will be a subset of
those made during the initial experimental period but the
transition from intensive field campaigns to continuous
monitoring will require careful planning.

The responsibility for tier I sites during the initial
period rests with research programmes such as IGBP,
GEWEX, etc. Once the initial programme is completed and
adjustments are made to institute a long-term measurement
programme, the responsibility for the monitoring programme
islikely to rest with anational agency. In most cases, tier 1
sites will be converted to tier 2 or 3 for the long-term
monitoring.  The responsibility of GCOS/GTOS should be to
assure that the data are available and that there are links to
the data. Lessons learned at these sites should be
incorporated into monitoring programmes where
appropriate.

Tier 2: The 100 or so tier 2 centres should be
chosen to encompass the major climatic zones, ecosystem
types, and land management practices. Ideally, tier 2 sites
should be located near the centre of the range of
environmental conditions (though not necessarily near the
centre of the geographical range) of the system which they
are representing. The actual locations will depend more on
existing infrastructure and feasibility than on strict spatial
guidelines, but the need to capture a broad range of
ecosystem types may require developing some new sites.



Since the proposed measurement scheme emphasizes a mix
of point measurements and spatid  Studies, the spatid  context
of each site will be an important consideration. The best
spatial context will be large enough regions of relatively
homogeneous ecosystems to allow careful assessments
against remote sensing, but enough diversity to allow access
to a broad range of ecosystem structure and dynamics.

Tier 2 sites should be located in the major natural
land cover (evergreen needleleaf forests, evergreen broadleaf
forests, deciduous needleleaf forests, deciduous broadleaf
forests, mixed trees and shrubs, closed shrublands, open
shrublands, woody savannahs, savannahs, grasslands and
permanent wetlands); aquatic systems (lakes, rivers,
estuaries); and cryospheric systems (permafrost, ice sheets,
ice caps and glaciers).

Tier 3: These are the sites that are most congruent
with the existing networks of agricultural and ecological
research stations in China, Europe., the USA, and other
countries; experimental watersheds; and cryosphere sites.
The requirement for permanent staffing and frequent
measurements necessitates locating the sites where there is
reasonable access, funding, and interest. There is no
requirement for spatial representatives at thistier. Although
some sites will be needed in under-represented areas, the
number of new sites should be a small fraction of the total.
Since this tier will provide a primary link with remote
sensing observations, selection criteria will include emphasis
on reasonable gspatid  homogenety over a few kilometres,  but
this emphasis should not preclude the selection of sitesin
mountainous zones or in regions with heterogeneous land  use
or disturbance. Tier 3 sites are intended to sample the range
of vaidion present in the sydem which they represent. This
means that some of them will be close to the average of the
various environmental factors which make up the
environmental range of the system, while others will be
closer to the extremes, and perhaps even at the ecotone of
transition to a different system.

Tier 3 sites should be located in natural (see tier 2
above) as well as in managed (12 most important food and
fibre crops and agricultural management systems (rice,
wheat, maize, potato, sorghum and millet, cassava, sugar
cane, extensively-grazed livestock, vegetables, tropical
fruits, temperate fruits, and cotton)) ecosystems. The
important  aquatic  sysems ae rivers lakes and  edtuaries and
the cryospheric systems are permafrost, ice sheets, ice caps
and glaciers. There are many potential tier 3 sites, but they
are not optimally distributed. As a result, some ecosystem
types may have more potentid tier 3 dtes then ae needed for
GCOS/GTOS purposes, particularly if a rough global
balance is to be preserved. Other ecosystem types may have
too few sites, or none at al and thusGCOS/GTOS will need
to work with funding organizations to enhance and balance
the network.

Tier 4: For these points, spatial representativeness
is the highest priority. Because the measurement ste is smal
and access is infrequent, they can be located wherever
necessary to ensure representativeness. With the order of
10 000 sites globally, the question on optimum sampling
design will require a careful consideration (see section on
implementation of tier 4 below). A few of these points may
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be established research stations, but all should be subjected
to the prevailing local land management. The land
management should not be altered during the monitoring
period. It may also e appropriate to continuously add sites
so that impacts of the GCQS/GTQS designation can be
estimated.

The locations of tier 4 sites should be based on
statistical considerations. It is impractical to prescribe one
statistical  design for al countries. Hence, individual
participating nations would be responsible for locating the
sites, and may choose either a systematic or a stratified-
random approach (or both, for different variables or different
systems). This latter approach requires an a prieri location
specification, but permits rdection of the ste and resampling
out of the same population if the site is inaccessible or if
sampling at the site would compromise national interests.

The main problem with tier 4 is that it is new, and
cannot be assembled from pre-existing systems. This makes
it apparently expensive and technically untested. The
question must be addressed whether tier 4 can be dispensed
with, greatly reduced, or phased in without undermining the
vdidity of the entire plan. A detailed discusson of this issue
is provided in the sections below.

Tier 5 For the mogt pat, these continuous fidds are
monitored from space. The frequency of measurement varies
depending on the paameler from sub-daly to once in severd
yeas Sadlite obsavaions ae aea aveages (for aes <102
m to >107 m, depending on the sensor and variable), while
ground observations ae point vaues Some vaiables require
surface observations, even for tier 5. These are mostly
compilations of existing data sets which took many years or
decades to produce eg., soil maps, topographic maps, ec. It
is virtually certain that al future tier 5 data sets will be
obtained through satellite observations.

The implementation of tier 5 requires international
collaboration, both in the space and ground components, to
produce the required data sets. The preparation of data
products from satellite measurements must be based on a
long-term programme of data acquisition, archiving, product
generation, and quality control. Discussions are now
underway in CEOS to set up such a system. For data sets
compiled from ground observations (e.g., soils) significant
dfots ae neded to hring together data from many  countries
and convert these into homogeneous global data products.
International organizations (e.g., the UN) and research
programmes (IGBP, WCRP) play very important rolesin this
regard.

It is important to note that the tier structure is a
classification system to aid implementation, not a rigid
formula for implementation. All the tiers are necessary, but
not al the variables are represented at all tiers. For example,
the hydrosphere will have few variables at tier 4, principally
because the characteristic time scale of hydrological
processes tends to be too short to benefit from infrequent
sampling. The key tiers for early implementation are2, 3 and
5 becaie they ae served by exiging sructures

GCOS/GTOS must simultaneously have a top-
down and bottomrup approach to sSte sdection. The bottom-
up approach can be implemented by publicising the existence
and bendfits of GCOSGTOS, and inviting sStes (and  exigting



networks of sites) to apply for membership. The GTOS
would then screen the applicants for suitability. The
guidelines are spelled out in the GTOS Planning Group
Report (ICSU, et al., 1996). Briefly, they are:
Each paticipating country should have & lesst one per
biome;
They should be capable of collecting, documenting
and making available the appropriate data;
Sites in under-represented environmental systems
have priority over already-represented systems;
Reasonabl e permanenceis required.

All else being equal:

Siteswhere research isalso carried out are preferred;
Long-established sites are preferred;

Exiging stes ae prefered over Stes which need to be
established;

Naiond support for the dte is preferred to  dependence
on external funding;

Accessible, practical sites are preferred.

The bottom-up approach would not fill gaps where
no or inaufficient gStes exis, or where the Stes ae not aware
of the needs of GCOS/GTOS. A complementary top-down
goproach is  therefore  required to till gaps in ecosysem  types
whee no sStes have been identified. If insufficient candidates
ae found through reviews of exiding Stes an active process
may be required to upgrade or edablish Stes in that type

The above described tier observing system can be
built largely out of existing national and international
observation systems, research centres and stations, with
modes additions of dations and Stes where representation s
inadequate, and a major effort towards methodological
consistency and data management. An exception is tier 4
which, for the most part, cannot be assembled from pre-
existing systems.

Role of tier 4

Tier 4 saves two primay purposes, only the firg of which is
grictly gpesking a monitoring  function, but both of which are
necessary for an operational system: repeated measurements,
for purposes of change detection; and one-time measure-
ments, for purposes assessing the state of the system and
model parameterisation.

Tier 4 has the unique role of providing accurate and
spatially-resolved data on variables which at present cannot
be remotely sensed. An example is the soil carbon content
which is important because it is the larges biospheric carbon
pool, is subject to change, and influences other factors such
& the il water holding capacity. It cannot be observed from
space. Tier 4 can also act as the calibration and validation
points for indirect remotely-sensed variables. Tier 3 can ds
provide these data, but may have insufficient sites to
cdibrate or vdidate dl the ecosysem classes It is important
to spaate the unique role from the additiona roles because
they have different sampling requirements.

Table 7.1 summarizes the variables that are unlikely
to be available with useful accuracy and resolution in the
foreseeable future without tier 4 and those whose accuracy
will likely be serioudly affected. Furthermore, the GTOS also
has several important non-climatic requirements from tier 4,

UNLIKELY TO BE ACCURACY LIKELY TO BE
AVAILABLE SERIOUSLY COMPROMISED
Necromass Biomass == above ground
S0il carbon Biomass -below ground
Sail - totd  nitrogen Roughness-surface
Sail  phosphorus Vegetation structure
Soiltexture Land use
Rooting ~ depth Soil - bulk  density
Ground  water  orage  fluxes Sl arface  dde
Precipitation
ce shet mess balance
Permafrogt — active layer
Permafrost == thermal state
Table 7.1 — Impacts of exduding tier 4 from the sampling

hierarchy.

including land use inputs, disturbance regime and soil
chemistry (pH, nitrate, phosphate, bases, acidity, e.g.). Itis
thus evident that functions met by tier 4 are a critically
important component of the global observing system. The
benefits of enriching the land surface data go beyond the
needs of GCOS and GTOS, into issues such as natural
resource management at aregional or local scale. Tier 4 can
deliver national-level information and national involvement
inthe global programmes.

Sampling design for tier 4

Various options can be envisioned for the location of tier 4
Stes.  sysematic (eg, gridded), dratified random and  targets
of opportunity, among others. Each scheme has implications
in terms of cost, political feasibility and statistical analysis.
Table 7.2 provides an analysis of the financial, political and

datigicd  senditivities  of the issue.
SYSTEMATIC STRATIFIED TARGETS OF
RANDOM OPPORTUNITY
Financial Expensive, because |Lless expensive Dbecause | Marginal costonly.
smesites willhe | more efficient and
hard to- acoess. resampling Canelimunate
most expensive: sites.
Political Issves Of national | Resampling Caneliminate | No problem. but large
sovereignty. sensitive sites. pats of the world may
be under-sampled.
Statistical Simple and easy to | Statistically  efficient with | Biased and difficult to
interpret  unbissed | aninformation-rich extrapolate.
nowandinthe stralifier; can be unbiased
future but sensitive to changes in
the draification.

Table 7.2== Implications of different tier 4 sampling patterns.

Tier 4 need not have a single sampling scheme for
all variables and all places. For instance, where the purpose
of the obsavation is cdibration and vaidetion of a remotely-
sensed variable, the target-of-opportunity approach is
acceptable. For statistical change detection of avariable not
indirectly measurable, the scheme must be stratified or
systematic. A systematic scheme in one country remains
compatible with a stratified scheme in ancther, if they are
designed to the same accuracy specifications.
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Implementation strategy for tier 4

Among all the tiers, tier 4 is the least established at the
present with only a few countries having monitoring
programmes at this level. The implementation strategy is
therefore particularly important in view of the new resources
required. Some possibilities are considered here.

While there are costs associated with analysing
and storing any collected data, reducing the number of
variables in tier 4 is not a useful strategy, since the costs
involved in sampling have largely to do with accessing
the sites, not the time spent at an individual site. There
may even be a case for increasing the at-site data
collection in order to be able to share the sampling effort
with a wider range of clients. For example, could GTOS
geo-referenced socio-economic data be collected this
way? The main cost-reducing options are thus fewer
sample sites, use of targets of opportunity, and phased
implementation.

Fewer samples

There are two issues which need to be distinguished,

accuracy and spatial resolution. The debate on tier 4 initialy
concentrated on the number of gtes needed to vdidde a land
cover product with a given number of classes, to a given
level of precison and confidence for each class (e, discrete
variables). However, most of the variables which depend on

tier 4 are continuous values, not categories. The
determination of an adequate sample size for these is more

complicated, since it requires a knowledge of their statistical

distribution, which is largely lacking, and fluctuates from
variable to variable. For a completely unbiased and efficient

sampling scheme (stratified random, for instance) and a
normally-distributed variable with a coefficient of variation
of 30%, an accuracy of £10% with 95% confidence would
need 36 samples, +5% would need 144 samples, and +0.5%
would need 14 400 samples. In practice, most of the
variables in question are log normally distributed and then

only once they have been stratified, so the sample number
needs to be multiplied by the number of strata if each is to
meet the accuracy criteria, or by some area- or value-
weighted number for a given globa accuracy. If only a
globa estimate is needed, the sample number is greatly

reduced; perbaps by 75% (to allow for increased coefficient

of variation as disparate classes are lumped). If regionalised

estimates are needed, the requirement goes up in rough

proportion to the number of regions.

Although a rigorous analysis has not been
performed, it seems that the original estimate of the order
of 5 000-10 000 sites for tier 4 remains valid. However,
where the tier 4 sites are simply required to calibrate or
validate a remote-sensing algorithm, the required sample
numbers are much smaller, and the sample location
requirements are much less rigorous. Typicaly, more
than 30 samples each are required for calibration and
validation of a continuous, linear model if the errors are
normally distributed, the model is reasonably predictive
(accounting for >75% of the variance), and the sample
points cover the full range of variation. If the number of
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points needed can be reduced to 500-1 000. then tier 4
can be substituted by tier 3, but all the problems
associated with a biased sample scheme remain. Such
reduction would also not provide adequate information
on variables listed in Table 7.1.

Targets of opportunity

By piggy-backing on other activities, the costs of sampling
can in theory be reduced to the margina costs of the
additiond  effort needed to collet the GCOS/GTOS daa An
exampleisthe Soil and Terrain Data (SOTER) Project which
aimsto improve global soil data products. If the vegetation
component were slightly enhanced and geo-location
specifications were tightened to £10 m, many GCOS/GTOS
regquirements for surface climate-rel ated observations would
be met.

There are two main drawbacks with using
targets of opportunity: the sample locations are likely to
be biased, biasing the values in an unknown way; and the
chances of being able to revisit the point at the same low
cost are small. This approach could be useful for
calibration and validation of indirect algorithms and for
one-time parameterisations, but is not suitable for
change detection except in the sense of archiving a
current state, which future generations may find useful.
At a minimum, the data system should make provision
for the recording of tier 4-type data from activities
outside of GCOS/GTOS, and should actively pursue
their acquisition from the origina collectors.

Initial  implementation
All of the tier 4 variables have relatively slow rates of
change, which dlows them to be infrequently collected. Thus
only 10-20% of the target sample needs to be collected in a
given year. Alternatively, or additionally, each tier 3 station
could be tasked with collecting one or two tier 4 data points
per year, in an a priori determined location. This approach
hes the added advantage of a doser link between the tiers a
theregiona level.

Recommendations for implementation of tier 4
sites

Despite the significant logistical challenges associated with
implementing tier 4, this tier should remain as a key part of
the hierarchical global sampling scheme. A specific action
plan could have the following components:
Publish a brochure explaining and publicising the
hierarchical system;
Publish and distribute a methods handbook for
tier 4 data and actively encourage the placement of
target-of-opportunity tier 4 data in public domain
databases;
Phase in the implementation of tier 4 by making it a
tier 3 responshility. Each tier 3 Ste would appoint one
or more dedicated tier 4 observers, who will
simultaneously do in-field training of tier 3 personnel
and collect tier 4 data.



7.3 Management of the Tier Sampling

Scheme

The TOPC has concluded that the tier sampling scheme
should be a joint responsibility of both GCOS and GTOS,
but that a single observing system should take prime
responsibility for the overall management. The general
management structure outlined in the GTOS Planning Group
Report (part 1, page 1.5) (ICSU, et a., 1996) is appropriate,
but in its initial implementation it should focus on
establishing an effective secretariat for this purpose and
developing strong links to national implementing agencies
and networks.

The steps in an initial operating strategy for
managing the system should be:

. Make the Terrestrial Ecosystem Monitoring
Sites (TEMS) database more comprehensive by
asking regional and national experts to check and
populate it;

Charge the GTOS secretariat, in conjunction with
discipline and system experts, to develop a “ methods
manual” (see comment below), reporting procedures
and a training programme. Training exercises should
be in-field (not central), and should double as data-
collection exercises;

Establish the communication and distributed database
functions of GCOS/GTOS so that they are ready to
handle the data flow;

Begin a dialogue with existing site networks (either
international or national) to produce a draft of
workable data exchange rules and procedures and to
refine the potential site database;

Conduct an initial tier 3 selection according to the
procedures described above;

Identify under-sampled regions and ecosystem types;
Hold an international meeting of site and network
managers, plus representatives of organizations to
edtablish or upgrade stes in  under-sampled regions. Its
purpose would be to edtablish and raify the rules and
methods of data collection, data sharing and quality
control and to establish agreement on their
participation in a network.

For each variable, standardization should be
primarily achieved by specifying the quantity measured,
necessary accuracy, measurement frequency, and spatial
resolution. Standard methods can be encouraged by
publishing manuals and providing training, but these are
not obligatory. Full descriptions of the methods used at
the site should be provided to the Secretariat at the time
that a site joins the network, and updated when necessary.
Variables with a significant bias due to the method used
should be subject to expert review and cross-calibration
exercises.

The first and most important line of quality control
is the point of data collection. Data items not accompanied
by time, exact location (100 m or less) and method should
be rejected. On entering a GCOS/GTOS data system, data
should, as a minimum, be passed through a “smart” filter to
detect gross errors and inconsistencies, and then be checked
for reasonableness by a discipline expert.
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7.4 Initial Operational

Biosphere

System for the

It is anticipated that the terrestrial/ecosystem observations
for climate will be further developed and implemented
jointly with the GTOS, GEMS, World Hydrological Cycle
Observing System (WHYCOS) and other activities as
appropriate. The following activities will be closely
coordinated with projects of IGBP and WCRP, since these
progranmes are currently very active in these areas.
Probably the largest single task in implementing the IOS will
be to gan agreement on the data maenagement system and to
have individud stes begin to openly share their daa
Existing  components
The UNEP GEMS monitoring networks, GEMS-Air and
GEMS-Water, working with UN agencies and national and
international institutions, collect global pollution data and
publish technical assessments on arange of environmental
issues. The Man and the Biosphere Programme (MAB)
biosphere reserve programme also provides valuable
observations in selected sites around the world. Except for
these two programmes, there are no global programmes that
coordinate observations of global terrestrial systems. Many
individual countries, however, have established ecological
monitoring and/or long-term research sites. There are over
2 000 such sites located throughout the world. The majority
are in the Northern Hemisphere. Even though there is a
general lack of sites in the Southern Hemisphere, there are
some notable exceptions primarily in Australia, Brazil,
Chile, and New Zealand. Consequently, it is proposed that
the initial operational system should start at existing sites,
and if resources become available additional sites should be
added, first in the Southern Hemisphere.
There is an urgent need to:
Continue the established data collection programmes
including those in biosphere reserves. Assure all
existing sites are collecting the minimum set of
variables listed in chapter 2, using comparable
methods;
Complete UNEP/FAQ initiative on Standardization of
Land Use and Land Cover Classification;
Support existing rainfall and discharge measurement
networks and enhance their effectiveness using
modem data collection, transmission and dissemina
tion sygems (ke GCOS 17);
Continue assessments of land cover and land use
change usng fine resolution saellite data and  provide
systematic multi-temporal monitoring of selected sites
in a variety of biomes (see GCOS-15). Landsat and
SPOT have proven paticulaly useful to the terrestrid
community for a number of measurements including
detecting and measuring changes in land cover and
land use It is important that data from these and other
similar later missions, such as the Indian Remote
Sensing Satellite (IRS) and the Japanese Earth
Resources Satellite (JERS), are collected systemat-
icaly for the Earth’s land surface and made readily
available to user communities;



NUMBER OF STES

TERRESTRIAL FRESHWATER
North America 502 87) 77
South America 73 10 31
Central America & Caribbean 37 3)
Africa 95
Sub-Saharan Africa 134 (14)
North Africa & Middle East 50 (&)
Asia 51
East Asia 93 (38
South Asia 46 9
North Eurasia 32
Europe 1713 174) 332
Greenland & Arctic 3 (2)
Australia & New Zealand 57 (5) 23
Oceania 4
Antarctica
Total 2748 (347) 609

Table 7.3 == Globa digribution of potential Stes of relevance for TOPC objectives. In brackets ( ) number of gtes which have
dready shown interest in contributing. (From GTOS Plan. The lig is not complete, and although those expressing
interes in contributing have accepted certain genera principles, eg, regarding the free and ready access to data,
there has been no attempt to sel out the full obligations)

. Continue to develop and validate LAI algorithms for
additional biomes and produce LAI data sets using
best available algorithms;

. Routinely produce improved land-related data fields,
including albedo, short-wave and long-wave fluxes
Photosynthetically Active Radiation (PAR) and the
fracion of PAR absorbed by the plant canopy (FPAR).
The AVHRR of NOAA has provided valuable source
daa to deive thee vaidiles a coarse resolutions It is
important that data from these missons continue to be
made available;

. Continue the experimental 1 km AVHRR data
collection for the complete global land surface and
derivation of registered calibrated spectral bands and
vegetation indices;

. Continue to develop and validate optimal FPAR
algorithms for various biomes, and stimulate
production of FPAR data sets;

Enhancements

The following enhancements and augmentations to current
systems are of high priority, and given modest increases in
funding, could be implemented in the near term:

' Water and gas flux monitoring needs to be integrated
into intensve ecologicd monitoring  Sites in  additional
biomes and global regions;

Improve reliability of existing monitoring stations,
especially in developing countries, where some
ground-based networks are declining in quality;
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. Derive improved global soils information through
integration of existing soil maps and detailed profile
observations;

. Increase the availability of passive microwave datato
monitor microwave emissivity and hence surface char-
adteridics such as gran Sze, weness, and  temperature

. Assemble global biomass data sets from existing
sources  within  the next 5 vyears

. Topographic data should be derived through the
integration of existing sources of data;

Improve parameterizations of land surface interactions
in operational 4-dimensional models including making
available improved soil moisture fields; and

. Improve global coverage of high resolution satellite
imagery.

Several new sensors are due to be launched in the
next five years such as MODIS, the Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER) and
the vegetation instrument on SPOT-4 to provide improved
data at medium to coarse resolutions (250 m to 1 km). The
availability of these data will be vital for many aspects of
monitoring the biosphere.

7.5 Initiadl Operationad Sysem for the
Hydrosphere

While there is not an overdl desgn for an obsaving sysem
of the hydrosphere for dimate purposes, it is dear tha there
are current activities and there are enhancements to those
activities which should be included in the system design.



The number of precipitation, river flow, ground-
water and water quality measuring sites exceeds by at |east
one order of magnitude the number of those represented in
“global” systems. Data are collected primarily to be able to
repond to locd, regiond, and nationd needs but operationa
organizations are often unaware or sceptical of their
usefulness to a broader community. This puts a maor burden
on global environmental change interests to convince
national bodies of the benefit to the world of sharing their
data.

Understanding the impact of climate change on the
distribution and abundance of hydrological resources is
critical to many socio and economic factors. In this regard
the IOS should systematically compile and analyse data for:
globally significant freshwater bodies, pristine and/or
“stable” ecosystems,
research basins used for studying universal-type problems.

The globally significant freshwater bodies should
include:

A set of largest rivers of the world, accounting for at
least 50% of total runoff to oceans;

Selected large lakes;

Largest world’s aquifers;

' Water bodies representative of major anthropogenic
influences, sdected on a bads of populaion, economic
development, possible water induced international
conflicts, etc.

The pristine and/or “ stable” ecosystems should be
distributed throughout the world reflecting various climatic
and physiographic conditions. The stability concept should
be rigorously defined.

The following list is preliminary in nature and it is
expected to grow as a result of the specific design that is
eventually developed. Table 7.4 gives an overview of the
existing elementsto form the Initial Operationa System. Itis
proposed to build upon thee edements to achieve the gods of
the IOS.

Exiding  components
This section presents a description of existing observational
systems. A detailed sampling strategy still needs to be
developed. A number of existing networks are providing
information on the required hydrological variables
(Table 7.4). While many existing sites provide useful
information for climate purposes, no overall climate strategy

PRESENT DATA SOURCES
SUGGESTED CENTRE
PARAMETER FOR COORDINATION GLOBAL NATIONAL OTHER
Precipitation GPCC WMO-WWW National Diverse  research
Meteorologica projects
Sarvices,
Netional
Hydrologica
Sarvices
Discharge GRDC WMO-HWR National Diverse  ressarch
UNES Hydrologica projects
o Sarvices
Ground waer flux TBD UNESCO Netional Diverse  ressarch
Hydrologic ~ and projects;
Ceologic ~ Sevices | jocql - activities and
governmental  units
Suface waer  dorage Co-located with a major None Diffuse  ativities Resarch  projects
(both a sSte/dage levels nationd  hydrological among many and locd
ad remote aea sndng) | service nationd  agencies governments
Soil  moisture None Diffuse Diverse  research
In stu
TBD
Remote  sensing
Evapotranspiration None Diffuse Diverse  research
Current TBD
Enhancement Wait for outcome of WMO
dudy and BAHC study
Transport  of TBD IAHS Internationd Spotty, generdly not | Diverse research
biogeochemicals Commission on operational
Continental ~ Erosion;
GEMS-Water

Table 7.4 Hydrologicd varigbles for the
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which identifies the most critical dtations and identifies gaps
has yet been developed. The development of such a detailed
sampling scheme for climate purposes will be the subject of
future TOPC and WHYCOS planning activities.

All hydrological parameters, except for evapotran-
spiration and soil moisture, should be observed to provide a
globa coverage of information. Given the highly variable
spatid and tempora nature of evapotranspiration and ol
moisture, and given the limitations in the methods for their
observation, it was deemed that data for these two variables
should be obtained from ste-specific observations, that is
from tier 1 and tier 2 ecologica dtations. (See Chapter 5 for
details on tiers)

Currently, the WWW, working with national
governments, collects, and makes available, data from over
20 000 dations globaly. All available data from national and
international archives, whether from meteorological or
hydrologicd dations, that meet GPCC dandards, should be
accepted for precipitation observations.

Ground-water data are needed from al major
aquifers of me world. The totd number will probably be of
the order of 6 000-7 000 stations globally. Localy, the
network densty of observation wells will vary, depending
not only on aquifer conditions, but on the state of information
dready avalable to characterize the aguifer. Thus, aquifers
in the “start up” phase of characterization will need more
intense monitoring in order to estimate future change.

Discharge data are currently collected on al maor
rivers of the world, but many of the data are available only
a the nationad level. To study impacts and climaie change
detection, discharge data should be obtained for several

selected rivers that are minimally affected by human .

intervention. This information == the degree of human

intervention «= can be stored as metadata in the site .

characterization, as has been developed by the United States
Geologicd Survey (USGS), (Sack and  Lancwehr, 1992).
To construct global 100 km? grid information for GCM and
other climate model analysis and validation, enough
discharge data should be collected to satisfy the 10% error
condraint of accuracy. Similarly, changes in surface water
storage reflect climate impacts and climate variation,
dthough the climate forcing signd can be confounded by
human withdrawals. Thus, surface storage information =
for lakes, reservoirs and wetlands — needs to be observed
only at such sites that are relatively free of human
intervention. Finaly, biogeochemical transport via
sediments needs to be observed a the mouths of large rivers
(WMO, 1988).

It should be noted that many hydrological data,

specifically discharge data, are gathered by national .

hydrological services throughout the world, but it has
generdly not been seen as beneficid to individud countries
to share the data to construct global data sets. Archiving the
latter will be a formidable task, but a necessary one to
accomplish if GTOS and GCOS are to obtain truly global-
scale relevant observations. It should be noted that the USGS
is currently in the process of making public via the Internet
(USGS home page) dl of its hydrologica data In particular,
the design of the sampling strategy for climate needs to be
done in close cooperation with GEWEX, and WHYCOS

42

In terms of current capabilities the following
recommendations are made:

: The current hydrologica observational  capability is
essential as a component of climate observing
system;

The 4 500 stations that report on precipitation in any
given day to the GPCC must be continued;

The existing network of nationa water quality stations
that provide information on biogeochemical fluxes to
the oceans must be continued;

Coordinated globa collection, storage and distribution
of hydrological data, including ground water and
surface water storage is essentid. Existing data need to
be compiled, primarily from nationd and loca state
agencies,

Continue WHYCOS in the Mediterranean region.

Enhancements

A number of enhancements are proposed to provide the
observations required for operational characterization of the
hydrosphere.
. Develop WHYCOS into a fully operationd system.
Criticd eements of WHYCOS include the following:
(& Approximately 1 000 discharge stations
worldwide;
(b) Data collection should be performed according
to well-defined international  standards,
(c) Data collection will involve the upgrade of
existing facilities and selected installation of

new ones

Provision of underpinning logistical support for data
collection;

Improved data archiving, especidly through use of
satellite communication;

It is proposed that data be collected on the world's 50
largest rivers, and selected others sensitive to climate
change. One ste should be located near the mouth,
though above the extent of sdine incursions,

The GPCC a the Deutscher Wetterdienst presently
can use only approximately 4 500 stations that
report on any given day via the GTS of the WWW.,
To provide adequate, continuous global fields of
monthly precipitation on a 2.5 degree grid, the
estimated number of dations required is 40 000. This
enlargement would be achieved by including data
from existing non-synoptic stations operated
separately by national meteorological and hydro-
logicd  services,

Additional approaches to obtaining discharge data
must be explored to overcome the problems of the
past, namely the reluctance of individual countries to
submit data to globa organizations. Efforts should be
made to provide global products of interest to
individual countries, so that they can see benefit in
return for their contributions;

It is suggested that a coordinating unit or centre
should be established for ground water storage
data, possibly located with a national hydrological
Service,



Establish within five years, a mechanism by which:
(1) remotely-sensed land cover data are routinely
converted into surface storage area; (2) rating curves
are developed for each relevant site; and (3) protocols
are established for archiving information;
Assure that ground water quantity is measured in the
50 largest aquifers in the world.

7.6 Initial Operational System for the
Cryosphere

It is clear that there are current activities and there are
enhancements to those activities which should be included in
any system that may be designed. However, an overal
design for a cryosphere observing system for climate
purposes has not been developed. The following list is

expected to evolve as a result of the specific design for
cryospheric  observations.

Existing components

There are anumber of current sites which can and will serve
asthe basis of aglobal monitoring network.

Snow and snow water equivalent

Daily observations of snowfall and depth of snow on the
ground are currently made at first-order synoptic weather
stations; most of these are distributed over the GTS of
WMO. A much greater number of climatological stations
also record snowfall and snow depth and these are held in
nationd achives (as had copy and digitd files). In countries
where snow cover is an important water resource, ground
surveys of snow depth and water eguivalent are made at
regular intevas (10-day to monthly); these ae conducted by
various locd, regiond and nationd agencies and may not Al
be held in national archives.

Snow cover extent and sea ice extent

Operational products have been prepared by NOAA/
National Environmental Satellite Data Information Service
(NESDIS) for the Northern Hemisphere snow cover extent
on aweekly basis since 1966 and by the U.S. Navy-NOAA-
Coast Guard National Ice Centre for sea ice in both polar
regions since 1972/73. The basis of these products is visble
band data from NOAA Polar Orbiting Satellites (since 197 1,
AVHRR |-km data). More recently, daily all-weather
passive microwave data have been incorporated into theice
analyses which depict ice extent, concentration categories
and ice type. Plans are underway for a similar product
blending satellite visible and passive microwave data and
dation observations. Both sets of chats ae digtributed by the
Nationa Climatic Data Center (NCDC) and NSIDC in
Boulder, Colorado, USA.

Glaciers

Glacier monitoring is site-specific concerning the direct
signal of mass balance. Regional to global representativeness
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in space and time must be tested by more numerous
observations of glacier length changes. As coordinated by
the World Glacier Monitoring  Service, mass bdance is beng
measured on about 50 relatively small glaciers, and glacier
length changes ae observed for about 1 000 gleciers Glacier
lengths are easily measured in the field, from aeria
photographs, or with high resolution satellite imagery.
About 100 regularly observed glaciers and ice caps
constitutes a minimum for assessing the long-term
representativeness of the mass balance programmes in 10
major mountain ranges of the world.

Ice sheets

At present, observations are sufficient to constrain the mass
bdances of the Antactic and Greenland ice shedts to within
20% of their mass turnover, and to provide some idea of the
spatial distribution of mass balance and the interannual

fluctuation in surface accumulation and (to a lesser extent)
surface ablation. The dynamic behaviour of some drainage
basins in West and East Antarctica has been studied in

greater detail. This status is insufficient for GCOS. An
improvement in mass balance estimates by a factor five is

required to determine the ice sheet contribution to the present
rise in sea level. A secular trend may be the result of the

long-term adjustment of the sheets to the Holocene warming

and precipitation patterns, or more local changes in the
margins due to variations in the atmosphere, oceans or ice
deves Becaie the rate of ice flow is lagdy determined by

basd conditions changes in the trend ae unlikdy on scdes
of less than a century. It is sufficient to sample at decadal
intervels the lage scde mass bdance and changes in  extent,
flow and conditions at the margins. However, for this trend

to be observed within the next two decades, a considerably
better description of interannual fluctuations in surface
accumulation and  ablation is required. In addition, to reduce
the uncertainty in predicting the consequences of climate
change, a more representative sampling of surface ablation is
reguired, together with a closer understanding of its
dependence on regiona climate, particularly in Greenland.
What is needed is an effort in the next decade to greatly
improve our knowledge of the interannual fluctuations in
space and time, and to assess our ability to forecast them.
This requires a tier-based approach to: (i) determine the
detailed surface energy balance and its relation to climate
variables; (ii) determine the spatial and temporal variability
of surface accumulation and its relation to climate variables
a present and in the recent past; and (iii) assess the ahility of
forecasting models to correctly predict surface precipitation
and ablation, and therefore provide proxy measurements of
ablation and accumulation.

A better understanding of the dynamics of the
marine West Antarctic Ice Sheet is needed before the impact
on ice sheet discharge of atmospheric and oceanographic
driven changes & the ice sheet magins can be assesed. This
requires detailed geophysical and glaciological investi-
gations of particular drainage basins and ice sheet/ice
dreamfice shelf sysems, with a view to better understanding
the conditions a the bed and the resulting bed shear dress
the pattern of subglacial drainage; the stress distribution



between ice streams and shelves and their effect on flow rate
and the surface and bottom interactions of ice shelves with
the atmosphere and ocean.

Permafrost

Many permafrost sites are presently being monitored for
active layer thickness and permafrost temperature a depth in

North America, the Russian Federation, and in some .

high-altitude areas (Tibet Plateau, Tien Shan Mountains,
European Alps). Permafrost data are held by national
agencies, the private sector and university researchers.
Efforts are presently being made by the IPA to systematically
rescue and collect such information.

Lake  freeze-up/break-up

There are over 500 stations in both the Northern and Southern
Hemispheres that collect data on lake freeze-up and bresk-up.

There is a demonstrable need to maintain the .

following  components:

. Daily observations of snowfdl and depth of snow on
the ground a first-order synoptic weather dtations,

. Regular ground surveys of snow depth and water
equivalent; these are conducted by various local,
regiond and nationa agencies,

. Observations of lake freeze-up/break-up dates on
about 200 lakes and rivers in northern latitudes and
high altitude areas. Expand the network to include
lakes in the Southern Hemisphere

. Use of aray(s) of ULS for measuring sea ice thickness
in a key area of the Arctic (Fram Strait, Bering Sea);

. Acquisition of sea ice data by operationa agencies for
both polar regions and adjacent sess,

. Gridded daily brightness temperature and ice
concentration products from SSM/I and future passive
microvave  Sensors,

. Measurements of mass balances on about 50 relatively
smal glaciers and glacier length for about 1 000 glaciers

. Radar image mapping a 10 metres resolution of the
Greenland and Antarctica ice sheels,

. Complete dtimetric mapping and image mapping of
the Antarctica and Greenland Ice Sheets by saelite or
arrcraft platforms at decadal intervals with a resolution
Of:

10 cm accuracy a 104m? resolution of ice sheet
margins.

Enhancements

The following enhancements are strongly recommended:
Develop routine daily products of snow cover and sea
ice extent, snow water eguivalent and sea ice
concentration from EOS MODIS and planned
Multifrequency Passive Microwave Radiometer
(MPMRY);

Develop and implement a routine procedure for
optimal merging of the various satellite data streams
and surface observations. The data products should
be distributed through appropriate data centres;
Complete radar and optical mapping a 100 m
resolution of ice sheets, ice caps and glaciers, with a
ten- year interval. The ERS 1 SAR, Radarsat SAR and
EOS ASTER saelites should be used to provide an
initid  basdling;

Digitize and quality control the existing records of
snow and snow water over the next 5 years,

Develop a centra archive of &l avalable snow water
equivalent data, a daily intervals,

Assemble a centrdl archive of lake ice records,
Implement an upward-looking sonar network
in the Antarctic corresponding to the moored ULS
aray in the Arctic. Ensure data are transferred to a
designated centrd archive (NSIDC, for the Arctic,
designated by the WMO-WCRP ACSYS) for
distribution;

Rescue and archiving of ealier permafrost borehole
data are urgently needed,

Develop a strategy for internationally coordinated
long-term monitoring of permafrost and install deep
(>20 m) boreholes a selected sites in polar and high-
atitude areas. This will be the subject of a future
TOPC  workshap;

Establish baselines for long-term monitoring using
laser atimetry in combination with kinematic Globa
Positioning Sysem (GPS). Measure surface elevation
changes along representative flow lines of large
glaciers in Alaska, Canada, Patagonia, and the
Himaayas,

Glacier mass balance programmes should be
drengthened in the Southern Hemisphere. Systematic
application of remote-sensing products (air  photos,
high-resolution  space  imagery) should enable global
coverage to be reached with respect to glacier
length/area change and inventory data



CONCLUSION AND SUMMARY

The objective of the TOPC Plan is to provide a rationale
for the structure and implementation of the initia
observing system. It describes the minimum set of
terrestrial variables that are required to assess the impacts
of, predict, and detect climate change. Annex | to the
document contains a detailed description of each of the
variables. While it has taken considerable work to arrive at
a consensus on this set of variables, it is recognized that
these are a beginning. Future meetings of the TOPC will
consider other variables and will prioritize this list further.
The Plan recognizes that a comprehensive observing
system must address the critical variables by making
measurements with sufficient and adequate precision,
spatial and tempora resolution, and with long-term
continuity. The data must be compiled and collated in a
fashion that is useful to the users. Ultimately, the products
that are produced by GTOS and others must include ones
that are in a form that can be easily utilized by policy- and
decision-makers. For much of the land and climate
system, such comprehensive observations, databases and
associated products are not available.

In spite of the fact that a considerable amount of
work needs to be done before a comprehensive observation
system can be completely implemented for the terrestrial
components of the GCOS or the climate portion of the
GTOS, a number of actions can be taken to begin
implementing some of the required observations. It is clear
that with limited resources the TOPC will also need to
prioritize implementation actions at a future meeting.
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Those observations which can be made from space offer the
best hope of globally consistent data sets, and consequently
research to increase the number and quality of observations
that can be made from space is highly encouraged. At the
same time, these data must be made readily available to
countries that do not have a programme of space-based
observations.

The major issue facing GTOS and GCOS to
implement a set of climate-related terrestrial observationsis
to obtain sufficient resources. While the majority of the
required observations are already being made at a number
of sites, it is clear that for a comprehensive global
obsarving sysem there will need to be some additiond Stes
established, particularly in the Southern Hemisphere. In
addition, other selected sites will need some additional
equipment and upgrading. Both GTOS and GCOS central
offices are under-staffed and are in the need of additional
personnel. These resources must ultimately come from
national efforts; the success of these programmes depends
on receiving commitments from operational and research
funding agencies and national governments.

Since climate affects al nations, it is important to
have the participation of al nations. Thus, GCOS and
GTOS have made a commitment to fully involve al nations
in the programme. In the case of developing countries, the
GCOS/GTOS will, in partnership with other programmes,
actively support capacity building and training in both
making observations and in devel oping techniques to fully
utilize the data and products for national needs.



DETAILS OF RECOMMENDED VARIABLES

ANNEX |

BIOPHYSICAL PROPERTIES OF
VEGETATION

Biomass « above-ground

Biomass - bel ow-ground

Leaf area index (LAI)

Net primary productivity (NPP)

Net ecosystem productivity (NEP)
Necromass

Plant tissue nitrogen and phosphorus content
Roughness - surface

Spectral vegetation greenness index
Stomatal conductance - maximum
Vegetation structure

BIOGEOCHEMISTRY

Biogeochemical transport from land to oceans

Biomass - peak leaf of nitrogen-fixing plants

Dissolved organic C, N, and P in water (rivers and lakes)
Dry deposition of nitrate and sulphate

Emissions of CO,, NOy and SOx from combustion of fossil
fuels

Fertiliser use N and P

Peak leaf biomass of nitrogen-fixing plants

Rainfall chemistry

Volcanic sulphate aerosols

LAND COVER/LAND USE AND
DISTURBANCE

Fire area
Land cover

Land use
SOIL PROPERTIES

Rooting depth = 95%

Soil cation exchange capacity
Soil moisture

Soil total carbon

Sail total nitrogen

Soil phosphorus = available
Soil phosphorus -~ total

Sail bulk density

Sail particle size distribution
Soil pH

Soil surface state
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HYDROLOGY

Biogeochernical transport from land to oceans
Evapotranspiration

Ground water storage fluxes

Precipitation - accumulated (solid and liquid)

Relative humidity (atmospheric water content near the
surface)

Surface water flow — discharge

Surface water storage fluxes

CRYOSPHERIC PROPERTIES

Fim temperature (ice sheets, ice caps, glaciers)
Glaciersand ice caps

Ice sheet mass balance

Ice sheet geometry

Lake and river freeze-up and break-up (timing)
Permafrost = active layer

Permafrost ~ thermal state

Sea ice concentration/extent

Seaice motion

Sea ice thickness

Snow cover area

Snow depth

Snow water equivalent (SWE)

RADIATION (AND RELATED VARIABLES)

Aerosols

Albedo

Cloud cover

Radiation = fraction of photosynthetically active radiation
(FPAR)

Radiation = incoming short-wave

Radiation = outgoing long-wave

Radiation - reflected short-wave

Temperature = air

TRACE GASES

Carbon dioxide flux (CO,)
Methane flux (CHy4)

ANCILLARY VARIABLES

Topography
Wind velocity



AEROSOLS

Units of measure:
Atmospheric transmissivity.

Users:
Hydrologists, climatol ogists, ecoiogists, agronomists, remote-sensors.

Rationale:

Aerosols are not needed by teredrid scientits in their own right, but for the cdculation of incoming radigtion. They ae ds0
useful indices of biomass burning and wind erosion.

Frequency of measurement:

Hourly measurements at centres equipped with tracking sun photometers: 10-daily climatologies from satellite remote-
sensing.

Spatial resolution:
100 km.

Accuracy/precision required:
+10%.

R and D needed:
Development of robust all-weather infra-red sensors.

Present status:
Not routinely collected except by satellites such as AVHRR.

Measurement method:
Tiers |-2: spectroradiometric measurements,
Tier 5: spectral radiance.

Associated measurements:
Incoming short wave, outgoing short wave.

Action required:
Promote the establishment of a sun photometer network.



BIOGEOCHEMICAL TRANSPORT FROM LAND TO OCEANS

Units of measure:
mg/1 (fluxes should be calculated from raw datain metric tonnes per year). particle shape and size distribution (mm).

Users:
Earth system modellers; carbon cycle modellers; natural resource assessments; climate modellers (eventually): those
concerned with detection of change and general health of the continental land masses.

Rationale:

Biogeochemistry focuses on the carbon nitrogen, phosphorus and sulphur cycles, and underlies all primary production and
trace gas emission models. The impact on the climate is via the emissions of radiatively-active trace gases which occur asa
result of biogeochemical cycling (CO,, CHy, N, O, ozone precursors such as NO, CO and NMVOC, and aerosols) and via
the land surface characteristics such as hiomass and leaf area which are constrained by biogeochemical considerations. Since

biogeochemical cycling is strongly influenced by climate, this constitutes one of the major avenues for both impacts and
feedbacks.

Ocean systems ae overdl net stores of cabon and other hiogeochemicds through burid. The system is kept “topped-up” by
inputs from continental areas. In the case of carbon, estimates of around 1 Gt/a (1% terrestrial NPP) are often quoted. Shelf
seas ae the initid recipients of the nutrient fluxes, but less than haf is accumulaed in shdlow sees. The mgority is dispersed
through the various food chains into the open ocean.

For calculation of the fluxes between the land, freshwater hydrosphere and oceans, stream flow measurements are critical.

Frequency of measurement:

Daily measurements of dissolved and particulate organic carbon, nitrogen and phosphorus, nitrate, pH, phosphate, dissolved
oxygen, water temperature, suspended and bedload sediment as concentrations scaled to volume by discharge data. Particle
size and shape distribution seasonal.

Spatial resolution:

Lowest practicd gauging point on the world's mgor rivers, sy average of 20 per continent. To the extent possble co-locate
discharge and water quality stations close to each other.

Accuracy/precision required:
10% of true value.

R and D needed:
Further development of automated techniques of analysis. Associate measurements with basin characteristics to fill
unmonitored basins to complete continental budgets. Use of remote-sensing for determination of sediment load.

Present status:

Data already collected on majority of rivers and reasonable body of research has established average values (guessed
precision £25%). GEM S water has a number of locations that are currently collecting the appropriate information, but they
lack comprehensive country participation.

Measurement method:
All tiers direct measurement of all chemical variables, automatic gauging stations for flow.

Associated measurements:

Runoff at monthly time-steps and water balance variables representing large land areas. Elements of the land and ocean
carbon and nutrient cycle.

Action required:

Bring the appropriate existing GEM S water stations into the network and strengthen these in cooperation with Land
Ocean Interactions in the Coastal Zone (LOICZ) and FRIEND;
Upgrade and/or rehabilitate existing stations.
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BIOMASS « Above-ground

Units of measure:
g/m*.

Users:

Ecosystem and carbon modellers, decision-makers concerned with international measures to mitigate atmospheric carbon
increases.

Rationale:

Biomass is a key variable in annual and long-term changes in the global terrestrial carbon cycle, and in modelling carbon
uptake and redistribution within the ecosystem. Of most interest is the live woody biomass. It mediates and buffers
amospheric calbon  concentrations and  thus its dynamics must be understood if annual spatid  variations in  amospheric CO,
ae to be reaed to spatid weather vaiables It is dso a key vaiable (dong with cabon emissons and carbon sequedtration

raes) in defining cabon status ad flux in a gven geopoliticd unit for assessment of cabon taxes, and Smilar international
atmospheric CO, mitigation measures.

Frequency of measurement:
Once every 5 years.

Spatial resolution:
0.01 to 1 km?,

Accuracy/precision required:
210%.

R and D needed:

Research is required to determine the feasibility of estimating live biomass from satellite data; radar measurements presently
offr the best prospect. Imaging lesr sensor technology is dso promisng but no spacebome missons ae planned.

Present status:

Data available are very coarse-grained in developed countries, almost non-existent in less-developed countries; resulting
estimates vary widely.

Measurement method:
Tiers |-3: destructive sampling, allometric equations;
Tier 5: inferred from spectral radiance measurements (non-woody types, experimental stage).

Associated measurements:
Below-ground biomass, NEP, necromass, vegetation structure, vegetation roughness.

Action required:
Currently, biomass is determined from labour-intensive techniques involving sampling, drying and weighing all
vegetation on a given unit area, including whole tree and root system harvesting. Beyond these techniques, it is
uncertain how we can more efficiently get biomass data for the modelling efforts within the next 5 years:
Encourage R and D on biomass estimation from now highly-experimental satellite techniques.
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BIOMASS - Below-ground

Units of measure:
gm* or kgha

Users:
Terrestrial ecologists, ecosystem modellers, decision-makers (e.g., for cdculaing cabon taxes  ec).

Rationale:

Above- and below-ground biomass are key variablesin annual and long-term changesin the global terrestrial carbon cycle.
and in modelling carbon uptake and redistribution within the ecosystem. Experimental evidence indicates that changesin
atmospheric chemistry and climate will change carbon allocation patterns between the above-ground and below-ground
pools, hence, they will not change in parallel as a response to global environmental change. The currently large but

undetected terredtrid  carbon  Snk  proposed by dimae modelers and  oceanogrephers may  well be found eventudly in below-
ground biomass.

Frequency of measurement:

After 10S, annually to every 5 or 10 years except for centre and land experiment analyses, the needs for which then may
dictate seasonal or monthly measurements.

Spatial resolution:
Tiers 1, 2, 3 and 4.

Accuracy/precision required:
+10%.

R and D needed:

Currently, there is neither sufficient theory on carbon allocation in plants under chronic environmental change to predict
bel ow-ground biomass increments from other variables (i.e., temporal patterns) nor is there enough data to define current

spatial patterns and their relationship to other spatial variables. In addition, the only measurement technique is the labour-

intensive removal, drying and weighing of below-ground plant parts. Measurement techniques need to be developed to
measure current distributions and distribution changes through time.

Present status:
Below-ground biomass is known from only a few dtes aound the world, mogt of them associaled with onetime  experiments
or with research ddions This is wholly inedequate for globd change purposes.

Measurement method:
Tiers |-3: sampling; video cameras (fine roots; experimental).

Associated measurements:
Above-ground biomass is most closely associated, as the two are required to define biomass distributions and increments.
while neither aloneis of much value in terrestrial carbon cycle understanding or prediction.

Action required:
: Currently below-ground biomass is determined from labour-intensive techniques involving extraction, drying and

weighing all roots on agiven unit area. Beyond these techniques, it is uncertain how we can more efficiently obtain
biomass data for the modelling efforts within the next 5 years;

Encourage R and D on biomass estimation from now highly-experimental radar imagery techniques.
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BIOMASS = PEAK LEAF OF NITROGEN-FIXING PLANTS

Units of measure:
g/m?2.

Users:
BCG and ecologica modellers, Greenhouse Gas (GHG) modellers.

Rationale:

Nitrogen fixation by microbes associated with certain species of plants is one of the major sources of nitrogen inputs to
terrestrial ecosystems and some forms of agriculture. The magnitude of the input varies according to which crop is planted.
and may be very sendtive to the amospheric CO, concentraion in naurd ecosysems. The direct measurement of hiological
nitrogen fixation (BNF) isdifficult and costly. Indirect indices, such as the reduction of acetylene by soils, are simpler. but
still tedious. An approximate index can be obtained from the fraction of the total plant biomass which is made up by plant
species known to have associated nitrogen fixing organisms. When considered in conjunction with the leaf N content
(required elsewhere) and especially its isotopic content (not required), quantitative estimates of BNF are possible.

Frequency of measurement:
Per crop of BNF plantsin agricultural systems, once a decade in natural systems.

Spatial resolution:
A representative sample per site.

Accuracy/precision required:
+10%.

R and D needed:
Compilation of BNF rates for different functional types of BNF-associated plants from the research literature.

Present status:
No existing observing system, large literature of measurements.

Measurement method:

Requires knowledge of leaf areaindex (see leaf areaindex variable sheet) and species composition. Species composition is
obtained through field observations (Tiers |-4) or through remote sensing in combination with limited ground sampling
(Tier 5).

Associated measurements:
Leaf N, leaf area index, cover type.

Action required:
Literature compilation.
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CARBON DIOXIDE FLUX (CO,)

Units of measure:
ppmyv.

Users:
Climate change and ecosystem modellers and researchers. Science policy advisors nationally and globally, e.g.. IPCC.

Rationale:

Precise observations of past, present and future concentrations of atmospheric CO, are critical in attempts to mode! and
understand the global carbon cycle and possible CO,-induced climate change. Between 1980 and 1989, atmospheric CO,
increased on average approximately 1.5 ppmv (or 3.2 = .2 GtC/yr) per annum. The rate of increase slowed significantly
between 1991 and 1993, but increased subsequently in 1994. Consistent long-term observations are necessary to determine
trends and identify causes of change. Atmospheric concentration represents the net effect of a variety of sources and sinks.
An unidentified terrestrid  sink(s) of 14 GtC/yr contrasts with tropicd land use sources of 16 = 1 .0 GtC ad nothen foret
sink of 0.5 = 0.5 GtC/yr. Refining these estimates and monitoring change (e.g., the suggested shift from sink to source in
tundra over the last decade) are critical. Monitoring of atmospheric CO,. land use change, and net CO, flux from particular
terrestrial systems, are the main requirements.

Frequency of measurement:

Continuous or monthly atmospheric concentration;

Cumulative or weekly/monthly 24 hr samples at tier 3 stations;

Continuous messures  over short-term  seasondl  phases a  tier 1 fadliies and tier 2 centres.

Spatial resolution:

Approximately 100 |and-based atmospheric samples sites;

Metre plots or km transects for representative fier 3 dations

Intensive profile measurements over km fetch on tier 1 facilities and tier 2 centres.

Accuracy/precision required:
+5% accuracy, but quantification of spatial variation is more important than the analytical error.

R and D needed:
Among the many requirements in this citicd subject ae  development of sadlitt and arbome sensors development of Jong-
path detection instruments for ground-based, landscape scale flux measurements; extensive field measurements with

experimental treatments to assess, and then monitor, net ecosystem flux; and medium-term research to establish techniques
to digtinguish and monitor root and heterotrophic il respiration.

Present status:

Atmospheric concentration monitoring is reasonably well established through the NOAA/Climate Monitoring and Diagnostic
Laboratory (CMDL) air sampling network. Field-based observations are a completely sporadic and poorly-distributed
research activity with lack of representation across biomes and agro-ecological zones. As aresult, estimation sink/source
relationships and changes have very high errors. A number of intensive, short-term, net ecosystem flux studies are making

significant progress but technology is limiting WMQ's Global Atmosphere Watch (GAW) coordinates a network of sites to
measure CO, around the globe.

Measurement method:

Tier I-2: flask samples and laboratory measurement; aircraft CO2 concentration profile measurements across horizontal and
vertical ranges (experimental).

Associated measurements:
Quantitative definition of land cover and its derivative, land use, are the important basis for extrapolation from spot

measurements. Systematic observation of climate, vegetation and soil characteristics are essentia for calculations.
comparisons and extrapolation.

Action required:
Production of quidelines for fidd observation and edtablishment of a network of replicted Stes covering main  biomes
and agroecosystems  (tier 2 centres and tier 3 ddions).
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CLOUD COVER

Units of measure:
Fractional cover; by type.

Users:
Hydrologists, climatologists, remote-sensors, ecologists.

Rationale:

Cloud cover is not needed in its own right, but as an intermediate variable for the calculation of incoming radiation. It is
therefore not needed a the dation and centre levels, but is needed a the levd of globd fields.

Frequency of measurement:
Hourly means from stations equi pped with short-wave radiometers; daily, accumulated 10-daily for satellite products.

Spatial resolution:
1050 km.

Accuracy/precision required:
+10% absolute.

R and D needed:
Ongoing research on satellite-derived cloud cover products.

Present status:

Some existing cloud climatologies of inadequate spatial and temporal resolution. Work isin progress developing satellite-
based cloud climatologies.

Measurement method:
Tiers 1-2: kilometers (sky cameras);
Tier 3: ocular estimates;
Tier 5: spectral radiance.

Associated measurements:
Incoming short wave, aerosols.

Action required:
Ensure the continuation of cloud climatology products.
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DISSOLVED ORGANIC C, N, AND P IN WATER (Rivers and Lakes)

Units of measure:

pg NO3/litre, 1g Dissolved Organic N/litre, g Particulate N/litre, pg Dissolved Organic Clitre, Ug Particulate C/litre. g
PO4/litre, pg Particulate PAitre, pg Dissolved Organic P/litre.

Users:
Biogeochemical modellers.

Rationale:

Phogphorus and nitrogen ae the two nutrients most closdly associated with primary  productivity in  freshwaters. including its
extreme form, the eutrophication of rivers and lakes as aresult of agricultural and urban pollution. Leaching of P and N into
groundwaters and then into rivers, lakes and ultimately the ocean, is an important avenue of N and P loss from terrestrial
ecosystems, and a measure of their ‘leakyness’, often associated with anthropogenic disturbance. The level of nitrate in
drinking water is a human and animal health issue.

The separation into dissolved inorganic, dissolved organic and particulate formsis necessary to capture all the major forms
and to be able to attribute fluxes to processes. Dissolved organic forms are generally from relatively undisturbed natural

ecosystems, inorganic forms are often the result of disturbance, excessive fertilisation or pollution, and particulate forms are
associated with soil erosion.

Frequency of measurement:
Linked to the flow regime of rivers and the rate of turnover in water bodies; not less than monthly.

Spatial resolution:
One representative sample per site.

Accuracy/precision required:
5%.

R and D needed:
None.

Present status:
The measurements are widely made, but not globally standardised or observed.

Measurement method:
Tiers 1 to 3: direct measurement.

Associated measurements:
Flow inrivers.

Action required:
TBD.
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DRY DEPOSITION OF NITRATE AND SULPHATE

Units of measure:
mg N/m%/month, mg S/m2/month.

Users:
BGC and ecological modellers, GHG modellers.

Rationale:

In arid regions, dry deposition of nitrate and sulphate is substantially greater than wet deposition. and forms a major
biogeochemical input of N and S, with significant consequences to ecosystem functioning. Direct measurement methodology
isnot yet widely applicable. The proposal isto use simple passive diffusion collectors, which consists of asmall capsule
containing a filter and a membrane on which sulphate and nitrate are trapped. The captured N and S are washed off the
membrane after a known exposure period and analysed. Thisis an index of the atmospheric content of reactive N and S,
integrated over time, and the dry deposition rate is then modelled.

Frequency of measurement:
Weekly during episodes of high atmospheric content, monthly at other times.

Spatial resolution:
One sampler per site.

Accuracy/precision required:
10%.

R and D needed:
Modelsfor dry deposition for al parts of the world.

Present status:

Applied in a research context (e.g., IGBP-International Global Atmospheric Chemistry Programme (IGAC) Deposition of
Biogeochemically Important Trace Species (DEBITS) programme); incomplete global coverage and no planned continuity.

Measurement method:
Tiers 14: field sampling with standard filters;
Tier 5: modelling using atmospheric models (typically at the mesoscale level).

Associated measurements:
Rainfall chemistry, surface wind velocity, LAI, vegetation structure.

Action required:
Coordinate with IGBP-IGAC DEBITS.



EMISSIONS OF €Oy, NO,, AND SO, FROM COMBUSTION OF FOSSIL FUELS

Units of measure:
Gg/lcountry/year; resolved at sub-national scale where possible.

Users:
Climate and GHG modellers.

Rationale:

These values are required from Parties to the Framework Convention on Climate Change. The emissions of CO, are amajor
forcing of the global atmosphere leading to global warming. SO, and NO, are significant sources of these elements leading
to the acidification and nutrient forcing of terrestrial and freshwater ecosystems. SO, ultimately forms sulphate aerosols,
important in the global radiation budget.

Frequency of measurement:
Every threeyears.

Spatial resolution:
National territory; resolved to 0.5” grid squaresif possible.

Accuracy/precision required:
TBD.

R and D needed:
None.

Present status:
Submitted to the FCCC Secretariat by Annex 1 countries of the FCCC.

Measurement method:
Not applicable (N/A).

Associated measurements:
CO, content of amosphere and its isotopic  composition.

Action required:
Link to the FCCC Secretariat database.
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EVAPOTRANSPIRATION

Units of measure:
kg of H,0/m?/day.

Users:

Evapotranspiration (ET) is a criticd hydrological link between the Earth’'s surface and the amosphere. It is therefore
important for issues involving many aspects of climate, climate change, and ecosystem response. Evapotranspiration
information is needed by climate modellers, climatologists; vegetation ecologists and physiologists; ecosystem modéllers;
hydrologicd and water resource specidists, and regiond planners.

Rationale:

Evapotranspiration is the process responsible for the transfer of moisture from soil and vegetated surfaces to the atmosphere.

Changes in evapotranspiration are likely to have large impacts on terrestrial vegetation, since the distribution and abundance
of plant communities are controlled to a large extent by the quantity and seasondity of moisture. If changes in the water
baance are significant, major shifts in vegetation patterns and condition are a likely result of climate change. Equaly,

changes in evapotranspiration are likely to impact atmospheric composition of greenhouse gases, and climate, as the
hydrological cycle increases in intensity with warming. At the same time, increased amospheric concentrations of CO, are
expected to decrease the rate a which leaves transpire by decreasing the frequency of stomata and the size of stomatal

openings. It should be emphasized that actual evapotranspiration is the required measurement (not potential).

Frequency of measurement:
Daly or diuna (4 x daily) measurements of potential evapotranspiration are adequate for most modelling and research
applications. Higher frequencies, up to continuous measurement, are required for certain physologica research objectives.

Spatial resolution:
As with precipitation, a distinction is made under most headings between point and gridded vaues.

Point: 10-100 m2;
Gridded: 100-1 000 km?2.

Accuracy/precision required:
Accuracy  £20%.

R and D needed:

ET is an important parameter for the terrestrial hydrologic system, but difficult to measure because it is highly variable, both
spatidly and temporaly. Many different methods exist to determine ET, but each is subject to fairly large biases and errors.
It is dill highly debatable how to aggregate ET measurements spatially. Evapotranspiration can be estimated by satellites
from differences between leaf temperature and ar temperature. Considering the inability of satellite optica imagery to
accurately measure leaf or ar temperature, this or unrelated and yet-to-betested radar imaging techniques, both require
considerably more development to permit the regular ET estimates.

Present status:

Currently, potentidl evapotranspiration is measured a several thousand irregularly distributed sites worldwide from pan
evaporation, or it is estimated from measurements of meteorologica variables such as dry bulb and wet bulb temperature, net
radiation, and atmospheric humidity. These approaches are too labour-intensive and indirect, respectively, to be adequate for
a globa progranme. There now exist no practicd means of measuring actual evapotranspiration over large aress. Eddy
correlation offers a means of measuring actual evapotranspiration a a limited number of locations (selected in tiers [-3).

Most ET data will thus be derived estimates. At present, there is no consistent approach and no broad-based globa data sets
ae avalale.

Measurement method:
Tiers 1-3: lysimeters, eddy correlation methods;
Tier 5. estimated using models driven by remote sensing and meteorological measurements.

Associated measurements:
Actual evapotranspiration is that amount of potential evapotranspiration permitted by the available soil moisture; humidity
and wind are other variables which control evapotranspiration. In addition, this is one of a suite of weather variables often

measured in the same place: solar radiation, air and soil temperature, evapotranspiration, precipitation, verticaly structured
wind speed and relative humidity.
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Action

required:
Despite its fundamental importance to the concept of the surface water balance, it is recommended that no spatially
aggregated measure of ET beincluded for the I0S because of the extreme difficulty involved in producing areliable
global gridded data set. However, the IOS should include any ET measurements made at tier 1 facilities and tier 2
centres. All tier 3 sites should be upgraded to have automated temperature, humidity, wind and radiation
measurements. It isimportant to ensure that the data collected presently (tier I-3 sites) are archived and available;
For gridded products thee may be condderable potentid vaue in the edimates of evapotranspiration derived by Soil-
Vegetation-Atmosphere Transfer (SVAT) models, in particular those models contained within  GCMs run to reanalyse
past global data sets. It is understood that, at present, such estimates are not available and are possibly not even
archived. However, together with remote-sensed data, they could provide gridded estimates of value to GCOS and
GTOS,
The results from the WMO effort to correlate different ET methodologies as well as the effort by IGBP/BAHC
(continuous flux network) should be available before a final decision is made as to what to achieve on a long-term
bass. One posshility is to accept evapotranspiraion time series that ae conddently messured & a sngle ste, and to
include information about the nature of the ET measurement into metadata for one station.
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FERTILIZER USE N and P

Units of measure:
Mg/country/year; resolved a a sub-national scale where possible.

Users:
BGC and ecologicd modeles GHG modelers.

Rationae:

Fertiliser use is a magjor determinant of agricultural production. It is also a significant source of freshwater pollution, and an
index of agricultural intensification. Nitrogenous fertiliser use is the major detriment of emissions of N,O from soils. The data
on fertiliser manufacture and trade are generdly available from international trade statistics and national industriad statistics.
Use can be estimated from manufacture, plus net trade, plus net changes in stockpiles.

Frequency of measurement:
Annual.

Spatial resolution:
Nationd territory; resolved if possible a subnationa scale.

Accuracy/precision required:
10%.

R and D needed:
None.

Present status:
Routinely reported in nationa and internationa statistics.

Measurement method:
N/A.

Associated measurements:
Agriculturl  production,  freshwater NOs5.

Action required:
TBD.

60



FIRE AREA

Units of measure:
km?2.

Users:
BGC, climae and eco-sysem moddlers.

Rationale:
Burning of biomass is important because of the resultant release of a wide variety of trace gas species and aerosols. These

affect regiona and global amospheric composition and in many regions such as the African savannas and bored forests are
crucid in afecting the vegetation succession.

Many fires are anthropogenic but lightning strikes are aso an important factor. Fires are aso an important indicator of land
use and land cover change associated for example with deforestation.

Frequency of measurement:
Daily images are required that can be cornposited over time to give at least globad monthly images.

Spatial resolution:
For the globd digtribution of fires, a 1 km resolution is probably sufficient, but their small areal extent means that reliable
estimation of the areal extent of fires using the therma bands is difficult. Information on the extent of fires can aso be

obtained through observations of the resultant fire scars. For global modelling purposes, these observations need to be
reduced to much coarser cell sizes to be of managesble size.

Accuracy/precision required:
Accuracy: within 10% of the actua vaue,
Precision: within 5% of the actud vaue.

R and D needed:
Fidd campaigns are needed dlowing surface and near-surface observations of fire processes linked to satellite observations.

Present status:

Information on the nature, distribution, timing and impacts of fires is currently poor. Using the AVHRR sensor, it appears
likely that a least the broad globa distribution and seasona timing of fires can be determined. However, the coarse resolution
of the sensor and the fact that the bands easily saturate in the presence of fire will limit the use of the resultant product. The
MODIS sensor of EOS has the spectrd bands to measure fire temperature much more accurately.

Measurement method:
Tiers 1-5: aircraft or saellite remote sensing.

Associated measurements:
Emissons of gases and particles, fire temperature.

Action required:

Current efforts through the IGBP to generate fire products should be supported as should research using new sensors
with the capacity to monitor tire properties more reliably.
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FIRN TEMPERATURE (ICE SHEETS, ICE CAPS, GLACIERS)

Units of measure:
Degress C.

Users:
Modellers of sea level change, specialists for climate change detection.

Rationale:
Aress of cold firn predominate a high latitudes and under dry climatic conditions. In such aress, globad warming primarily
influences the digtribution of temperature a depth. Most boreholes in Greenland, the Antarctica and on polar glaciers show

srong deviations from steady state temperature profiles as a consequence of century warming. Increasing atmospheric
temperatures can lead to additiond melt water runoff to the sea

Frequency of measurement:
Decadal.

Spatial resolution:
Tiers 1,2,3 and 4.

Accuracy/precision required:
+0.1°C.

R and D needed:

The distribution of cold fim aress, outside the two large ice sheets should be modelled on the basis of glacier inventory
information, topographic and climate data

Present status:
Borehole temperature measurements in cold firn areas are commonly carried out in connection with ice core projects.

Corresponding data need systematic collection and intercomparison. Borehole measurements at sdected stes should be
repested at decadal time intervals.

Measurement method:
Tiers 2-3: temperature profiles in boreholes.

Associated measurements:
Determination of accumulation rates from ice cores recovered during drilling as described under the variable Ice Sheet Mass
Balance.

Action required:
Organize systematic collection and interpretation of existing borehole data from cold fun aress.
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GLACIERS AND ICE CAPS

Units of measure:
Change in ice thickness (m per year), glacierized area (km2 per year) and glacier length (m per year); energy flux (derived).

Users:
Change detection andysts, climate impact modellers, regional andysts and planners (hydrology, tourism, natural hazard).

Rationale:

Fluctuations of mountain glaciers are expressions of changes in the energy and maess baance a the Earth/atmosphere-
interface. Glacier mass baance is the direct signad, whereas glacier length change is a strongly-enhanced, but also indirect,

filtered and delayed signd of climate change. During the 20th century, glacier mass losses typicaly amounted to a few
decimetres ice thickness per year. This corresponds to an additional energy flux towards the earth surface of a few watts per
m? and, thus, roughly corresponds to the assumed anthropogenic radiative forcing. Glacier shrinkage in some mountain areas
such as the European Alps seems to have reached the “warm” limit of Holocene (pre-industrial) variahility. Further evolution

of such ice surface masses will conditute a key element of climaie change detection and climate impact assessment.

Frequency of measurement:

Direct mass bdance annualy;

Glacier length change: annualy to once every 10 years,
Glacier inventories. every 30 to 50 years.

Spatial resolution:
Tiers 1,2, 3,4 and 5.

Accuracy/precision required:

Dependent on application and temporal resolution. High precision (0.1 to 1 m) for change detection, 100 m for model
vaidation  (inventories).

R and D needed:

Systematic application of remote-sensing products (air photos, high-resolution space imagery) should enable globa coverage
to be reached with respect to length/area change and inventory data. Analysis and worldwide intercomparison are needed to
investigate the representativeness of the few existing long observational series. Specid techniques such as laser dtimetry

combined with kinematic GPS or gravimetry have to be used in connection with measuring large glaciers and their effects
on sea level.

Present status:

Standardized data are being collected and digtributed by the World Glacier Monitoring Service (UNEP/GEMS, UNESCO,
FAGS/ICSU, Haeberli, 1995). Mass baances are being measured on about 50 relatively smal glaciers and glacier length
changes are observed for about 1000 glaciers. Some of these observational series reach back into the past century and can
be recongtructed for the Upper Holocene. Detailed glacier inventories are available in numerous regions of the Americas,
Eurasa, Africa and New Zeadland. Concepts have recently been developed for combined (spatid and temporal) interpretation
of inventory, length change and mass balance data. Large glaciers are important melt-water contributors to the ocean but are
not well documented. Information from the Southern Hemisphere is dill strongly limited.

Measurement method:
Tiers [-3: direct measurements;
Tier 5. spectrd radiance; microwave or laser atimetry.

Associated measurements:
Hydrologicd and meteorologicdl data in glacierized catchments, sea level.

Action required:

: Highest priority is on the continuation of long-term mass balance measurements and glacier length observations;
Better use should be made of remotely-sensed information on glacier size in areas of difficult access,
Basdines for long-term monitoring (surface elevation changes adong representative flow lines of large glaciers in
Alaska, Canada, Patagonia and the Himaayas) should be established using laser atimetry in combination with
kinematic  GPS;
Mass balance programmes should be drengthened in the Southern Hemisphere.
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GROUND WATER STORAGE FLUXES

Units of measure:
Observation units = depth to water table;
Estimated flux units = net water volume change over observation period.

Users:
Hydrologic modellers; water resource planners; ecologicd modellers; climate change modellers.

Rationale:

The major portion of the world's fresh water occurs as ground water. Both recharge and discharge rates of ground weter are
dfected by climae, abeit in complex and generaly not instantaneous ways. Depletion of ground water stored in aquifers
aound the world (i.e, ground water mining) is due to withdrawas exceeding recharge. Climate change toward hotter and

drier climates would encourage withdrawals for water supply and irrigation. As such, ground water depletion is a critical
component for assessing impacts of climate change.

Recent research indicates that aggrading temperate forests and forest soils sequester significantly larger amounts of carbon
than previousy thought, and may be an important repository of the “missing carbon”. The mohilization of such carbon
through the hydrologic system, especialy shallow aguifers, is poorly understood and may be a key mechanism controlling
cabon exchange between terrestrid hydrologicd and ecologica systems and the amosphere. The documentation of
groundwater levels and chemistry, in conjunction with surface water conditions, is necessary to quantify the role played by
terrestrial  hydrologic systems in carbon sequestration and mohilization.

Frequency of measurement:
For tiers 3 and 4, observation wells should be revisited a a minimum of once per year,
For tiers 1 and 2, observations are needed monthly in conjunction with storm events.

Spatial  resolution:
For the 10S, a representative sample of the world's aguifers needs to be developed;

For research purposes a tiers 1 and 2, it is dependent on the question being asked, but it is estimated the number will be
between 10 and 100 per watershed.

Accuracy/precision required:
<1 % of true depth.

R and D needed:

Improved understanding and modelling of ground water-surface water interactions, including weter qudity, fate and transport
of chemical weathering products, and solute transport of radiatively active trace gases are reguired.

Present  status:
Although global estimates have been made and published, there are mgor gaps in the data

Measurement method:
Direct measurement at al tiers.

Associated measurements:
Precipitation,  discharge.

Action  required:

An inventory of existing programmes is needed so that a workshop of experts can sdect an IOS;
Ensure continued viability and integrity of long-term, process research, watersheds.
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ICE SHEET GEOMETRY

Units of measure:
kmandm.

Users:
Coupled ice-sheet climate modellers.  Atmospheric  modellers.

Rationale:

In the short term, changes in ice sheet mass balance may result from changes in surface balance, or changes in conditions a
the margins, such as break-up of the ice shelves. The prediction of the response of the sheet to changes a the margins depends
on the ice rheology, the ice temperature distribution, and the surface and basal conditions. The surface topography and
velocities are boundary conditions on the modelling of ice sheet flow, and inferences as to the condition a the bed. The
geography of the interior of ice sheets is dill poorly known.

Frequency of measurement:
Decadal.

Spatial resolution:
100 m2.

Accuracy/precision required:
+10 m.

R and D needed:

The performance of interferomeuic radar for determining topography and velocity, both absolutely and relatively, needs
extensive  investigation.

Present status:

At present, only coarse resolution (10 km) and poor accuracy (5 m) elevation models of ice sheets are available, provided by
radar dtimetry, and often these models are extremely poor a the ice sheet margins.

Complete radar imagery of Greenland is now avalable, and complete imagery of the Antarctica will become available with
Radarsat (1995). Substantid proportions of the Antarctica have been imaged with ERS-1 (1991-1995).

Research in the capabilities of interferometric SAR commenced with ERS1 and will continue with Radarsat. The eventuad
performance is yet to be determined.

Surface velocities derived from Landsat imagery have been provided for elements of the western Antarctic coast. These
efforts  remain  labour-intensive.

The EOS laser dtimeter (2004) will provide 100 m, 10 cm topography over much of the ice sheets, athough the effect of
atmospheric  conditions on sampling is uncertain.

Measurement method:
Tiers 2-3: fidd surveys,
Tier 5. spectra radiance (high resolution) and atimetry.

Associated measurements:

The hedlth of the Antarctic ice shelves, many of which are abruptly decaying in the Antarctic Peninsular, may be monitored
with repeated imagery. In principle, the calving rates of icebergs can aso be estimated, athough the task is labour-intensive.

Action required:
It is important to stress that remote measurements cannot provide temperature profile data, and bed conditions may
only be inferred. A continuation of present surface investigations, particularly of the western Antarctic shelf/stream
system, is essential to providing better predictions of dynamic response of the ice sheet margins to amospheric and
oceanographic  conditions.
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ICE SHEET MASS BALANCE

Units of measure:
kg yri, kg m-2 yrl.

Users:
Modellers for predicting climate change and in the egtimation/prediction of global sealevel change.

Rationale:

The mass baances of the two large ice sheets of the Antarctic and Greenland is the difference between the mass gained by

snow accumulation and that lost by ice ablation and caving. On short time scales, variations in surface baance as driven by

amosphere processes determine the mass balance of the ice sheets as a whole. Present ahility to monitor changes in surface
balance (snow accumulation and ice ablation) is limited by the paucity of observations. This uncertainty congtitutes the
largest uncertainty in determining the sources of the observed rise in eustatic sea level. In the event of globa warming, the
changes in the balances of the two sheets may largely cancel; Antarctica will experience increased precipitation; Greenland
increased ablation. The uncertainty in this prediction is also large, perhaps as large as 0.5 mm yr! per degree C of warming.
The mass balances of these two extensive ice sheets is aso an important uncertainty in the interpretation of the observed rates
of change of the Earth’s rotation and gravity field.

Frequency of measurement:
Decadal.

Spatial resolution:
100 km?.

Accuracy/precision required:
Sx 103 kg yrl

R and D needed:
At decadal intervals, satellite radar atimetry can provide sufficient measurement accuracy to usefully constrain ice sheet

mass balances over the interior, low gradient regions of ice sheets. At shorter time intervals, present accuracies are not
sufficient, athough this may change with improvements in orbit reconstructions.

Over the seeper gradients associated with the margins of ice sheets, ocean radar dtimeters provide little useful data
Although limited in area, the ice sheet margins have the largest mass turnover, and are also those regions most affected by
atmospheric and oceanographic changes. Different technical solutions are required for these areas. While a laser solution is
currently in development, aternative radar solutions should be pursued. It is not clear a present that amospheric conditions
will permit adequate sampling of the margins.

The remote-sensing of accumulation remains a critical research god.

Present status:

Radar dtimetry obsarvations of Greenland and the Antarctica to 72 degrees of latitude were made by Sea Saelite (Seasat)
(1978) and Geodesy Satellite (Geosat) (1985-1989). Radar dtimetry coverage to 82 degrees of laitude have been made hy
ERS 1 and will continue with ERS-2. To date, elevation change measurements are posshble with these data to an accuracy
of 0.5 m, principaly limited by orhit reconstruction error. The Seasat/ERS data set should usefully constrain the balance of
Greenland. At present, it appears unlikely these data have a time interval long enough to usefully constrain the Antarctic
balance. The European Space Agency's Environmental Satellite (ENVISAT) radar atimeter (1998-2003) will repeat radar

dtimeter coverage to 82 degrees of latitude. The EOS polar atimeter will provide laser dtimetry of ice sheets to 86 degrees
of [atitude.

In regions of net surface accumulation, the surface balance may be determined from ice cores. Accumulation is relatively well
congtrained in the margins of western Antarctica and parts of eastern Antarctica In Greenland, accumulation is relatively well
known in the south. It is probable that a considerable amount of accumulation data exists in inditutions around the world.
The lack of surface melting in the Antarctica makes determining the surface balance simply a question of determining

accumulation. In Greenland, surface ablation accounts for haf the mass loss from the sheet as a whole. However, few
measurements exist of surface ablation, and these are located at the coast.

While surface baance cannot be determined from satellite observations, passive and active microwave sensors can provide
considerable information on the dtate of the surface layers. Regions of permanently dry snow, surface melting and bare ice
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regions can be digtinguished. Variations in the equilibrium line that separates regions of net accumulation from regions of
net ablation can be determined by satellite observations.

Measurement method:
Tie's 2-3; fidd surveys, GPS;
Tier 5: dtimetry.

Associated measurements:
Accurate change measurements with dtimeters are possible only through the continued operation of the globa satellite
tracking networks. The lifetime of satellites (3-5 yrs) will alow sampling of the interannua variability of elevation.

Action required:

: The continued operation of radar/laser dtimeter satellites, with high inclinations (>80 degrees) and repeat cycles in
excess of 30 days, is essentid to the long-term monitoring of ice sheet mass-balance;
Research in radar solutions to the monitoring of ice sheet margins should continue. It is not clear a present how the
planned laser atimeter will perform a the ice sheet margins,
Shallow cores (200 yr) over the interior of the Antarctic and Greenland Ice Sheets should be obtained in a systematic
fashion. The relatively uniform climate of eastern Antarctica makes even sparse sampling useful. In Greenland, a
higher spatid density (104 km2) is required;
The surface measurement of surface ablation, paticularly in Greenland, should be extended, both in dtitude and
geographicd  digtribution;
The caculation of water flux divergence over the ice sheets.
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LAKE AND RIVER FREEZE-UP/BREAK-UP (Timing)

Units of measure:
Julian  date.

Users:
Assessors of climate change detection and impact.

Rationale:

Conventional  ground-based observations of the dates of lake and river freeze-up/bresk-up are well correlated with air
temperature during the trangtion seasons. As a change indicator, freezelbreak-up dates change by approximately 4-7 days
for every degree (Celsius) change in ar temperature. Changes in lake and river ice cover will have not only ecologica effects
on freshwater systems but can adso have significant economic effects, for example, by affecting ice road transportation.

Polar lakes with permanent ice cover may be particulally senstive indicators of high-latitude change.

Frequency of measurement:
Daily observation in spring and fall.

Spatial resolution:

Two hundred medium-sized lakes (25 to 100 km?) and sdected large lakes geographically distributed across middle and high
|atitudes.

Accuracy/precision required:
Date +/- |-2 days. Date of complete lake freeze-up/bresk-up is required.

R and D needed:

Satellite mapping capability has been demonstrated but not yet implemented for Arctic lakes. SAR can be used to identify
lakes which freeze to the bottom; passive microwave data can be used to map ice cover/open water of large lakes.

Present status:

Ground observations for many lakes and rivers in North America Russa and European countries; inadequate metadata and
archives. Use of vishle band satellite imagery is limited by cloud cover.

Measurement method:
Tiers 3—4: in dte observations;
Tier 5. gpectra radiance, microwave backscatter.

Associated measurements:
Water temperature and air temperature, wind velocity, precipitation, and snowfall at adjacent climate stations.

Action required:

A centra archive or severa regiona archives (eg., North America, Northern Europe, the Russian Federation, South
America, Himdayas) ae needed,

A comparison of conventiond methods with satellite-derived time series is needed

A compilation of existing records is needed so that a long-term set of “GCOS’ lakes can be selected.
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LAND COVER

Units of measure:
Land cover class.

Users:
International, regiond, and national  agencies responsible  for  agriculturdl, forestry, and urban/industriad  planning.  GCM  moddllers.
BGC modellers (global, regiondl), ecosysem modelers climate impact modelers, aso  regiond  analystyplanners.

Rationale:

Changes in land cover drive changes in the climatic system and are affected by climate change either directly or through
human response. Land cover determines water, energy, and trace gas balances and changes in cover have significant effects
on carbon flux. (For example, estimates are that tropical deforestation contributed between 2.0 and 2.8 Gt C per year during
the late 1980s, contributing 25-35% of total biospheric emissions of carbon.) Climate change could significantly expand the
area of land suitable for cultivation in northern latitudes, simply through an increase in the length of the growing season.
Increasing the length of the growing season could significantly extend the northern limits of cultivation, but drought may
restrict crop production and forest boundaries at lower latitudes. Comprehensive, standardised characterization of land cover
is needed to drive modds that sSmulae regiond changes in cover and to understand the feedback to dlimae.

Frequency of measurement:
Global mapping: every 5 years,
Annual observations are needed in indicator/sensitive areas to determine short-term fluctuations.

Spatial resolution:
10S: 1 km for global coverage; 30 m for regional to local coverage;
Post-10S: 0.25-0.5 km for global, 30 m for regional to global.

Accuracy/precision required:
Global accuracy of 80% may be sufficient for the operation of GCMs, but for other purposes, such as estimating changesin
carbon stocks and detecting cover boundaries, accuracies of better than 95% are required.

R and D needed:
Continued effort is required to consolidate global cover mapping using existing methods. More detailed research is required
to improve discrimination of more subtle differencesin cover and for small areas of heterogeneity. Wetlands are a special
case which would benefit from improvements in remote-sensing techniques. Improvement is needed in detecting and
monitoring fires.

Present status:
Global coverage can be obtained from the Global 1 km AVHRR data set (Io-day composite images over 18 months) which
was completed in 1995. A methodology for regional land cover mapping was demonstrated in North America.

High resolution coverage is provided by high resolution saellite data (Landsat, SPOT, etc). The methodologies for mapping
have been well demonstrated. Methodologies for change detection continue to be devel oped, with operational techniques
expected in 23 yeas Sonificant regiond coverage is feasble with newly-obtained and achived data A good representation
of wetlands distribution is especially important for BGC studies. At the global level, it will be more reliably derived by
combining satellite data outputs with soil data.

Measurement method:

Tiers 1-3: field mapping; spectral radiance (high resolution);
Tier 4: field observation;

Tier 5: spectral radiance (high to medium resolution).

Associated measurements:
Land use.

Action required:

Several land cover maps are available. However, there are large disagreements between them due to differences in
methodol ogies used to prepare them. What is needed is an adequate characterization of the spatial distribution of actual
vegetation cover. For hidoricd periods, current methods probebly canot  be improved. However, for the recent ped, presen,
and future, land cover will be best provided by remote-sensing. For spatial extrapolation purposes, the spatial resolution, in
generd does not have to be great. I-5 km is finer then that which mogt investigators currently use but not finer than the scde
over which significant variations in vegetation processes occur. It isimportant to distinguish land cover categories along
criteriarelated to carbon storage and turnover. Olson, et al. (1983) suggested a scheme that resulted in 30 or so categories
that included possibilities for mixed pixels at an 0.5 degree resolution. At afiner spatial scale and using different methods or
tools other clasdfication schemes will  undoubtedly be necessary. However, it is thought that 2040 categories of land cover
would be adequate. For wetland categories that have special carbon dynamics, higher spatial resolution may be required. A
rationale for change detection and parameters is required.

Endorse completion of the initial global 1 km AVHRR data set;

Promote continuation of the Global 1 km AVHRR project to provide a continuing series of global observations;
Promote validation of cover mapping methodology for 1 km datain various regions;

Encourage development of robust change detection algorithms;

Promote expanded use of high resolution datafor land cover mapping for large areas (national to regional levels);
Promote generation of global data setswith higher spatial resolution from existing or new sensors.
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LAND USE

Units of measure:
Land ue dass

Users:

International, regiona, and nationa agencies responshle for agricultura, forestry, and urban/industrid planning. BGC
modellers,  ecosysem  modellen.

Rationale:

One of the most controversia components concerning the global carbon cycle concerns the magnitude of release and uptake
of CO, resulting from man’s activities. Currently, the most authoritative accounting of these fluxes is based on interpretations
of land use datistics compiled by FAO. A more objective system that can be updated annualy may be possble using remote-
sensing of land cover change (perhaps combined with agriculture and forestry production dtatistics, socio-economic spatia
data such as population and transportation). Landsat is one of the most approprite data streams for land use monitoring.
While it is dill a research topic on how to use this data to produce a land use product, it is important that this data stream
continues to be archived and kept accesshle. The type of land use which can be sustained under future climatic conditions

is aso one of the most troubling questions of climatic change from the point of view of human impact and economic terms,
and from its impact on the climate itsalf.

Frequency of measurement:
Once every 5 years.

Spatial resolution:
5 ml km depending on the spatid heterogeneity of land use; at least 30 m for many regions.

Accuracy/precision required:
TBD.

R and D needed:

Development of regionaly-specific relationships between land cover and land use

Definition of the lowest acceptable spatial resolution (also regionadly specific, depending on land use heterogeneity);
Development of reliable procedures of inferring land use from land cover, on a regiond basis.

Present status:

Land use maps have been completed for many specific areas of the world. These efforts were based on various data sources
and are not generally compatible with each other. A consistent, hierarchical classification system is presently under
development; this is to be encouraged.

Measurement method:
Tiers 1—4: field surveys, supported with remote-sensing images,
Tier 5: inferred from spectral radiance (high resolution) (experimentdl).

Associated measurements:
Standing surface water, ground water, land cover.

Action required:
. Complete the development of land use classfication scheme,
Identify areas of the world for which acceptable and accessible products exist; compile these into a consistent database;

Carry out pilot studies for tilling the critical gaps in coverage using a land-cover mapping procedure and the
relationships between land cover and land use
Vdidate preliminary  products.
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LEAF AREA INDEX (LAI)

Units of measure:
mZ/mZ,

Users:

Climate modellers, weather forecast modellers, ecosysem modellers, BGC modellers, modellers of  atmosphere-ecosystem
interactions.

Rationale:

The most suitable definition of LAl is haf the total projected green leaf area (one-sided area for broad leaves) in the plant
canopy per unit ground area (Chen and Black, 1992). LAl describes a fundamental property of the plant canopy in its

interaction with the atmosphere, especialy concerning radiation, energy, momentum and gas exchange (Monteith and
Unsworth, 1990). Leaf area plays a key role in the absorption of radiation, in the deposition of photosynthates during the

diurna and seasonal cycles, and in the pathways and rates of biogeochemica cycling within the canopy-soil system (Bonan,
1995; Van Cleve, et d., 1983). Various oil-vegetation-atmosphere models and BGC models use LAl (Sellers, et d., 1986,

and Bonan, 1993a). Globaly, it varies from less than 1 to above 10 but aso exhibits significant variation within biomes at
regiona, landscape, and loca levels.

Frequency of measurement:
I0S: monthly;
Post-I0S: product to be issued every 10-30 days.

Spatial resolution:
10S: |-8 km for global applications,
Post-10s: 0.25-1 .0 km.

Accuracy/precision required:
I0S: 15-25% of true valug
Post-I0S: 5-15% of true value.

R and D needed:

Development of methods in various biomes and vaidation. Improvement of methods to increase robustness and to reduce
dependence of ground data. Improvements in the canopy radiation models used as the basis for inferring FPAR from satellite
measurements and for relating satellite values to various levels within the canopy.

Present status:

Similar to FPAR, a globd LAI data set has been produced (Sdllers, et al., 1994). LAI in the data set is caculated from FPAR
which is treated as a linear function of the simple ratio. Different relationships between LAI and FPAR were used for two
broad vegetation types. The validation of the data set has not yet been done (Hall, et al., 1995). There have been many

published results on the relaionship between vegetation indices and LAl for agriculturd crops and grasdands, but similar
resllts are limited for naturad ecosystems.

Measurement method:

Tiers |-3; destructive sampling; allometric equations; indirect (light penetration-based estimates);
Tier 5. spectrd radiance (high or medium resolution).

Associated measurements:

LAl edimation from satellite data requires ground data for validation and testing for bias. Satellite data must be corrected for
atmospheric effects, thus requiring additional information on the state of the atmosphere (especialy water vapour, aerosols,

ozone). Non-destructive (optical) measurements are the preferred approach for obtaining ground measurements (Chen and
Cihlar, 1995h).

Action required:

- Complete testing of non-destructive ground methods in various biomes, especidly needidlesf forests;
Continue development of prototype LAI products at various spatiad resolutions. Test ability of satellite data to produce
LAI products in different parts of the phenological cycle. Test use of products in models;
Produce time series of LAl products a various spatid resolutions and coverage, from regiona to globa. Transfer
methodologies to new data sources and optimize;
Continue testing and use of products in models.
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METHANE FLUX (CHy)

Units of measure:
ppb.

Users:
Climate change and ecosystem modellers and researchers. Science policy advisors nationaly and globaly.

Rationale:

Methane is one of the most important radiatively active atmaospheric trace gases with the potential to affect climate
significantly within the next century. Atmospheric concentrations have risen rapidly since records began in 1978 (0.8-2.0%
per year), but there are signs of decline in the 1990s. Trends are well documented but the magnitude of sources and sinks,
and their individual trends, are less well known. Terrestrial sources are mainly ruminants, rice paddies, northern
wetlands/peatlands and landfill. Chenges in tempadure and predpitetion cen have dgnificant effects (both postive and
negdive) on CH, emissos thvough dienges in pamdrod ad waeloggng Decompodtion of methene hydrates in
coninetd  shdf regons ad landfill emissons ae important  additiond  sources neding  quantificstion and - monitoring.
Linked obsavdions a dffaat sdes ae essatid to detet trends refine modds and asess polides

Frequency of measurement:
Continuous o monthly obsarvations of amogphaic concantraion. Cumulaive or weskly/monthly 24 hr samples & tier 3;
Continuous meeares over shorttam seesond phasess & ties 1 ad 2

Spatial resolution:

Ties 1 ad 2,

Mere plots or km trensadts for tier 3 reporesentdive Stes

Intensive profile meesuremants over km fetch on tiers 1 and 2,

Accuracylpreddon repuired: 95% accuracy, but quantifiction of spdid  vaidion is more importat then andyticdl  aror.

Accuracy/precision required:
+5%.

R and D needed:

Among the many requirements in this critical subject are: development of improved satellite and airborne sensors for
concentration and eventually for flux determination; development of long-path detection systems for ground-based,
landscape scdle flux meesrements: extensive fidd meesures: (with expaimentd treatments) to assess then: monitor, emisson
and absorbtion rates. Improvement in satellite definition of wetlands/peatlands and detection of change in
tempaaurdmodurepamarot  regimes  ae  aiticd.

Present status:

Atmogphaic  concantrdion monitoring  is ressonedly wdl  eddblished  through  the NOAAKMDL  ar sangling  newark.
FHeddbesad obsavdionss ae a compledy soradic and poody-disributed  ressarch edtivity  despite the  concentration of — effort
in wetlands/peatlands and tundra. Rice paddy observations are improving considerably through the leadership of the
Intemationdl Rice Research Inditute (IRRI). Edimation of snk/source rdaionships and of change have vay high arors due
many to inedequete sampling.

Measurement method:
Tias -3 eddy corddion; chambas aradtbessd eddy accumuaion;
Tig 5 goecrd radance (future to be demondrated).

Associated measurements:

Quartittive definition of land cover ad its daivative land use ae the important besis for extrgpolation from ot to large
area. Remote-sensing of wetlands/peatlands is critical but difficult. Systematic associated observation of climate,
moisture/redox, vegedion and il conditions (expeddly heterogendity in tundrd) are essntid for cdauldion, compaisons
ad extrgodaion.

Action required:
Qppot for IRRI to etadlish rice peddy monitoring;
Egeblismet of wetland/peatland monitoring sysem for CH, flux and dienge in conditions
Encourage devdopmat of tedniques and sydemdtic recordng of CH, flux over wetland/peatland landscapes
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NECROMASS

Units of measure:
kg/m?2.

Users:

Ecologists modelling transient responses of forests to rapid climate change, ecologists and climate modellers estimating
terrestriadl  carbon  stocks and carbon fluxes, decision-makers concerned with internationa measures to mitigate atmospheric
cabon  increases.

Rationale:

Necromass consists mainly of plant litter. It is usudly on the soil surface or in me oil, but some may teke the form of
standing or atached dead materia. Much of the transient or lag in response to rapid climate change by forest ecosystems can
be estimated by the difference between tree nataity and tree mortality. Annua necromass increments result from individua
tree mortality within stands and from larger-scale disturbance and die-back events (fires, insect infestations, disease
infestations, wind throw). In addition, a significant portion of the carbon stocks which comprise terrestria carbon stored in
forest and non-forest communities can be found as necromass which must be documented if the terrestria carbon cycle is to
be understood and predicted, and if carbon status in geopolitica regions is to be documented.

Frequency of measurement:
Annualy.

Spatial resolution:
Tiers 1,2 and 3.

Accuracy/precision required:
+10%.

R and D needed:

No known means of remote detection; early attempts using European forest die back failed because of forest management
amed a sanitation removas, dieback detection in north-eastern U.S. required very fine-scde spatiad measures in 100%
mortality. In the longer term, development of remote-sensing techniques will be necessary.

Present status:
Poorly known and very little documentation of spatial and tempora distributions.

Measurement method:
Tiers |-4; field observations.

Associated measurements:
Above-ground and below-ground biomass, vegetation structure, vegetation  roughness.

Action required:
Systematic measurement at the scale of points, stations and experiments;
Eventua development and employment of remote-sensing techniques to document necromass distributions.
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NET ECOSYSTEM PRODUCTIVITY (NEP)

Units of measure:
moles C/m*; kg C/ha/yr.

Users:
V egetation ecologists, ecosystem modellers, global vegetation modellers, decision-makers.

Rationale:

Like NPP, NEP includes the annual sum of carbon fixed by daytime photosynthesis and of carbon released by night time
respiration of fixed carbon. Unlike NPP, NEP also includes carbon released by maintenance respiration inside plants, by
microbia respiration of organic compounds in dead plants and braches, in suface leaf litter, and in oils, and respiration/loss
of grazed living plant material by other respiring animals. Thus, NEP is a measure of the residual annual carbon incremented
to the long-term carbon stocks of any given region or location. As such, it is a critical variable in determining long-term
behaviour of theterrestrial carbon cycle, and in defining changesin long-term carbon stocks.

Frequency of measurement:

The variable itself needs to be measured annually; however, the means by which NEP is calculated (e.g., with eddy-flux
measurements) may dictate continuous or hourly measurements, or (with cuvette methods that separate canopy and soil
fluxes) monthly estimates of carbon flux.

Spatial resolution:
Tiers1,2 and 3.

Accuracy/precision required:
+25% instantaneous point measurements, *10% for annual and landscape-level values.

R and D needed:

Early methods involving repeated annual sampling of annual tree increments (as derived from tree rings and root samples
collected every metre of length or of whole tree harvests), of leaf and seed fall, and of soil respiration clearly were too
inaccurate and labour-intensive for global applications. The eddy-correlation technique of carbon flux measurement is only
now being evaluated with intensive field studies; this work needs to be pushed to completion while other, perhaps more
direct, methods are developed. For the latter, three main areas need exploration: (a) instrument system development; (b)
spatial representativeness and integration; and (c) internal constraints and redundancies between C and other measurable
vaidbles Idess for (b) include repetitive arbome transects, radon, and 13C; for(C), CN ad C:H,O redionships and annual
comparison with biomass change. N

Present status:

At present, eddy correlation measurements are being undertaken in few locations worldwide and their validity in measuring
carbon flux isuncertain at best. Thisis of no significance in terms of the minimum needs for carbon flux measurements and
resulting NEP estimates.

Measurement method:
Tiers 1-3: eddy correlation; field measurements (computed at tier 5).

Associated measurements:
Above-ground and below-ground biomass, necromass, vegetation structure, vegetation roughness; in addition,
photosynthesis, leaf respiration, NPP and |eaf area estimators (LAI, FPAR, etc.) are components of NEP.

Action required:

- In the chort term, evduation of the eddy-correation indruments and the overdl technigue of carbon flux  measurement
must be completed with intensive field studies aimed especially at defining spatial representativeness; if thiswork is
successful in  certifying the drengths and wesknesses of the method, data collecion sStes must be developed. At firg,

these may only be at the level of land experiments and centres, but eventually they should be added at the level of
stations and points;

For the longer term, more direct methods of measuring NEP should be developed.
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NET PRIMARY PRODUCTMTY (NPP)

Units of measure
kg/m2.

Uss
Ecosysem modelle's, BGC  modellers, resource  managers,  planners.

Rationale:

NPP refers to the net cabon upteke by the ecosygem in one year. It is defined as the difference between totd carbon uptake through
photosynthes's and losses (through maintenance or growth respiration). NPP is a sum of two components, above (ANPP) and below
(BNPP) ground. The digtinction between ANFP and BNPP is made because of the differences in the type and rates of processes involved
and in our ability to measure these two parameters.

NPP is a fundamentd propety describing ecosytem performance. It depends on the characterisics and interactions of the vegetation,
soil, and weather, and integrates these effects in a spatidly explicit manner. It provides a record (eg., in annud growth increments of
woody species) of these interactions. Because of its direct relationship to amospheric CO, it plays a srong role in the globd climate

system.  Seasondlly it accounts for the latitudind dependence of the amospheric CO, concentration which can be detected from satellites
(Fung, er d., 1987). On the annua basis, it accounts for the land portion of the cabon sink and may explain the missng carbon (Tans,

& al, 1990). In the past, NPP has not been messured systematically or frequently because of the limitations of measurement methods.

Thus, only typicd vdues are avalable for various ecosysems and the interannud varigbility is not known except for a limited number

of specific Stes. Recent advances in BGC modeling (eg, Bonan, 19936) and satdlite data applications (eg, Prince, 1991(b); Prince,
e d., 1994; Goward, e al., 1985 Goward and Dye 1987) offer the progpects for globd mapping of NPP.

Frequency of measurement:

Ground measurements once a year if biomass sampling approach is used, daly if eddy flux correation is used;
Saelite daly esimaes of photosynthess and respiration to obtain annud total.

gatial  resolution:
Gound messramats Tias 1,2 ad 3;
Sadlite messurements: IOS: [-8 km. Post-I0S: 0251 km.

Accuracy/precision required:
+10%.

R and D needed:
Vdidation of models in various biomes and years, a various spaid resolutions from stand/patch to landscape. Testing models with

vaious input parameters and degress of process representation. Production and validation of NPP edimates from saellite data, including
edtimation of ANPP and BNPP components.

Presat  daus

Modds with vaious degreess of complexity have bemn developed and tested, principdly in foret and grasdand ecosystems (Bonan,

1991, 1993b). The uxe of sadlite data in conjunction with models has been demonstrated in specific Situations (Running and Nemani,

1988, Royer, et al., 199, Runyon, et d., 1993) but no rigorous independent tests have been caried out a continentd or larger scales.
Saelite data sets are being developed through the EOS Pahfinder programme (Eidenshink and Faudeen, 1994; James and Kallur,

1994) which shoud be used to cary out rigorous tets of NPP edimation using satellite data Depending on the model, ANPP or NPP

will be obtained in this manner. The BNPP component may be obtaned through the detailed process models used or by establishing
reaionships between ANPP and BNPP usng environmentd parameters avalable a  continuous fields.

Measurement method:
Tiers 1-3. eddy corrdlation; field messurements, chambers (modelled a tier 5).

Associated measurements:

Ground meesurements on NPP ae required to vaidate the results from modeling. Meteorologicd data, <oil data and plant parameters
ae required as input vaiables for processhased models.

Saellite messurements:  depending on the model needs, FPAR, Incident Photosyntheticdly Active Radiation (IPAR), Absorbed
Photosynthetically  Active Radiation (APAR), and LAI products are required.

Action  required:

. Continue producing data sets and improved models for tedting accuracies of NPP edimation a regiond to globd scaes,
Cary out rigorous tests of various approaches in different hiomes,
Initite pilot programmes for NPP edimation a <udy aess representing various biomes of the world. Complement these with
samples of ground methods for assesing accuracy and checking for bias or  dhift;
Continue preparing data sets for global application and initigte retrospective processing of multi-year series (Pathfinder  AVHRR)
for globd NPP estimation.
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PERMAFROST - ACTIVE LAYER

Units of measure:
Depth to permafrost table (cm) if possible combined with soil temperature (“C) a 15 cm depth.

Users:

Change detection analysts, climate impact modellers, regiona analystyplanners (hydrology, engineering), plant ecologists
in cold areas (polar and high mountains).

Rationale:

Permafrost areas at high latitudes and high dtitudes would be among the regions most heavily affected by continued or
accdlerated warming. Active layer changes are the direct/undelayed response of permafrost to changing surface conditions.
Thaw destabilization of perennialy frozen ground, therefore, has strong effects on hydrology, vegetation, sope sahility,
surface abedo etc., but the processes involved are complex and not well understood. Moreover, thawing of organic layers
could release additiona amounts of methane.

Frequency of measurement:

100 points a weekly intervals after snow melt at occupied sites, if possible combined with recording a 15 cm depth of active
layer temperature. Statistically representative measurements/soundings in late summer (maximum thaw depth) or ingtallation
of thaw tubes, a non-occupied Sites.

Spatial resolution:
Tiers 1,2, 3 and 4.

Accuracy/precision required:
001 to 0.1 m for a datisticaly significant number of regularly arranged points following recommended standards of the IPA
(Circumarctic Active Layer Monitoring (CALM) protocal), or 0.01 m with permanent thaw tubes.

R and D needed:

Surface energy balance, especialy with respect to snow cover effects and vertical/horizontal heat and mass flux between the
surface and the permafrost table, must be better understood.

Present status:

Despite its importance to a wide variety of physicd and biologica processes related to climate change, the development of
the active layer has rarely been documented in a systemaic, standardised fashion over large areas. The mgority of the
historical record on thaw depth has been obtained by physically probing for the permafrost table — a low-cost method of non-

destructive and areally extensive data collection in peaty soils and shalow active layers. Geophysicl prospecting and/or
shdlow drilling with temperature monitoring or frost tubes must be used in coarse materid and deeper active layers. A
protocol for CALM has been prepared by the IPA and has aready been implemented at 20 sites. To take advantage of

complementary measurements, the CALM protocol should be initiated at most of the 25 International Tundra Experiment
(ITEX) dations and some Arctic long-term ecological research (LTER) and TEMS sites. Where soil conditions permit, frost
tubes should be ingdled. To assure circumpolar distribution some 10 additiond new stes should be edablished; it is
expected that existing permafrost sites in Canada and the Russian Federation can be enhanced for this purpose. Severa new
stes are required in the southern hemisphere including Antarctica

Measurement method:
Tiers |-4: field measurements (supported by remote-sensing images).

Associated measurements:
Permafrost thermal date (temperature measurement a 15 cm), snow cover area and snow water equivalent, vegetation
dructure, land cover, soil moisture, soil bulk density, ground-water storage fluxes, precipitation, radiation and topography.

Action required:

Ingtitute protocols and recommendations of the IPA a key existing sites and a selected international programme sSites
(eg, ITEX),

Sdect new stes where geographic gaps exist. It is expected that many of the gaps will be in high-dtitude aress.
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PERMAFROST = THERMAL STATE

Units of measure:
Temperature (“C) a depth (m), heat flow/energy flux (W/m?2, derived).

Users:

Change detection analysts, climate impact modellers, regiona anaysts/planners (engineering, oil and gas prospection, natural
hazards) in polar and high mountain aress.

Rationale:

Therma conditions within permafrost a high latitudes and high dtitudes are closely linked to changes in atmospheric and
surface conditions. Corresponding changes in temperature distribution and vertical heat flow a depth take place over time
scdes of decades to centuries, and adjustment of permafrost thickness can take decades, centuries or even millennia
depending on origina permafrost thickness and ice content. Due to the important memory and filter functions as well as the
long time scales involved with heat conduction in virtually impermeable ground, recent warming of near-surface
temperatures in permafrost congtitute a key signa of climate change impact with foreseeable long-term effects. Pronounced

disturbances of temperature profiles related to 20th century warming can be observed in the uppermost 200 m of sub-arctic
boreholes.

Frequency of measurement:

Weekly to monthly in the uppermost 20 m below the permafrost table, annually to once every 10 years for depths greater than
20 m.

Spatial resolution:
Tiers 1,2, 3 and 4.

Accuracy/precision required:
0.1 C for near-surface temperatures and 0.05 to 0.1C for temperature profiles in deep boreholes.

R and D needed:

Borehole instalations must be designed for long-term monitoring of temperature and vertical/horizontal deformation (creep,
thaw settlement/frost heave). Therma characteristics of the investigated ground material must be carefully determined using
a combination of laboratory and in stu measurements (therma adjustment after drilling, decay/lag of seasonal amplitudes
with depth). Speciad emphasis should be on effects of unfrozen water near melting/freezing temperature.

Present status:

A number of Stes are presently being monitored in North America (Canada, Alaska), in the Russian Federation and in some
high-altitude areas (Tibet Plateau, Tien Shan Mountains, European Alps). Efforts are being undertaken by the IPA to
systematically rescue, collect and distribute such data Within the same framework, a circumpolar/northern hemisphere
permafrost map at a scae of 1:10 000 000 was prepared and could be used for GCM-validation in polar regions.

Measurement method:
Tiers |-4: borehole temperature measurements (continuing or periodical).

Associated measurements:
Snow cover, meteorologica data, permafrost active layer, vegetation/surface changes.

Action required:
Develop criteria for selection of key existing sites to recommend continuance;
Egablish new dtes where geographic gaps exidt, including high-dtitude aress,
Temperatures a 15 cm and in boreholes greater than 20 m depth should both be implemented.
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PLANT TISSUE N AND P CONTENT

Units of measure:
mg N/kg, mg P/kg for photosynthetic and structural tissues.

Users:
BGC modellers.

Rationale:

The plant biomass condtitutes a major pool for C, N and P. To caculate these pools, and their changes over time, it is
necessary to know the biomass and the elemental content of the biomass. The fraction of C content hardly varies and therefore
need not be measured. The content of N and P is variable, and sensitive to the availability of these elements. Furthermore,

the content of N has a maor impact on the potential photosynthetic rate, respiration rate and digestibility of tissues. The N
content of particular groups of plants is especidly important in calculating ecosystem N inputs from biological nitrogen
fixation. The 1SN content of the leaf N, where available, indicates what fraction is derived from biologica N fixation.

Frequency of measurement:
Twice per year, at the time of first full leaf expansion and at leaf fall.

Spatial resolution:
One sample for each species contributing at least 10% to the primary productivity of the site; to a maximum of 10 species in
very diverse vegetation, one sample from a representative biologica nitrogen fixing species where present.

Accuracy/precision required:
10%.

R and D needed:
None.

Present status:
N content is routinely anaysed a many stes, but not globaly observed. P content is less widely analysed.

Measurement method:
Tiers |-3; direct measurements.

Associated measurements:
Plant  biomass.

Action required:
TBD.
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PRECIPITATION = ACCUMULATED (SOLID AND LIQUID)

Units of measure:
mm per time interval.

Users:

Widespread use by scientists, resource managers, modellers, planners, climate change detection and impact analysts, climate
system analysts, and many others. Critical variable for assessing regional and global water supply and its variability with
time. Characterizes the input of water into the entire hydrological system. Critical for a range of models including climate,
weather, ecosystem, hydrological, biogeochemical models.

Rationale:

Precipitation includes fallen (liquid, solid, or rain, snow, hail) as well as deposed (dew, hoar-frost, rime etc.) forms. The
observed variable is “ Precipitation depth”, which is defined as the depth of liquid water accumulated during a defined time
interval on a horizontal surface. “Precipitation rate” is used for production of liquid and solid water by condensation and
sublimation in the atmosphere during a time unit. Precipitation must be measured to determine the annual accumulation
required for regional and global water balance estimation. Precipitation drives the land surface hydrology in the same way
that incoming solar radiation drives the surface thermal regimes. It istherefore the key variable in the terrestrial hydrological
cycle, surface water budget, and is essential for all vegetation growth. Reliable, high-resolution records of precipitation are
ciicd a input for understanding and monitoring regiond  effects of climate variability and change, a input for hydrologica
models, and for validating global and regional climate models. Precipitation is also the primary determining factor for
national and global resources and for crop production (forestry and agriculture). There are different requirements for
precipitation data, depending on the use. For large-area applications (‘ macro-scal€e’), data are required with a coarser spatial
and temporal resolution than for specific studies over smaller regions and/or where higher resolution is called for (‘meso-
scde). For most of the applications (moddl verfication, water cycle and budget) aea averaged information on  precipitation
isrequired.

Frequency of measurement:

Macro-scale: daily (but note that the measurements are not time-coincident around the globe);
Meso-scale: hourly where available.

Spatial resolution:
For meso-scale analyses: 1 km up to 10 km;
For macro-scale analyses: 50 km up to 100 km.

Accuracy/precision required:

The raw data should be available, corrected for systematic errors. For both macro- and meso-scale studies: 0.1 mm should
be the definition of precipitation a opposed to no precipitation.

Instrument precision:; liquid precipitation: 0.2 mm or less,
solid precipitation (snow): 0.6 mm or less.

Accuracy: liquid precipitation: 1 nun for <=20 mm; +5% for >20 mm;
snow: 5% of true value;
(adjustment for systematic errors required).

R and D needed:

Ongoing WMO work, with regard to the correction and standardisation of solid precipitation measurements, is endorsed.
Assimilation of in situ measurements with remotely-sensed (radar and satellite) measurements is required. Adjusted

precipitation  estimates  for liquid and solid precipitation need to be produced and archived. More reible ways ae needed of

remote-sensing  olid  precipitation  paticulady in - high  Iditudes.  (Present  efforts to  derive precipitation rates focus largely on
the tropics.)

Present status:

Work is ongoing in the GPCC to derive monthly precipitation fields; thiswork is endorsed for model validation purposes.
Therefore, the incorporation of mode-generated data in these fidds is to be discouraged. GPCC can use approximaedy 6 000
dations of which daa ae disseminated worldwide via the GTS. This is only a subset of the totd precipitation network. About
200 000 raingauge stations are operated in national networks. Studies on the accuracy of solid precipitation measurements
are being finalized. Data of at least 40 000 stations are required for reliable global analyses on a monthly basis. Some
countries are installing automated weather stations without sufficient solid precipitation measurement capability.
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Measurement method:

Tiers 1,2, 3 direct in Stu measuring using precipitation gauges.

Tier 5: indirect remote-sensing techniques. Based on radiation theories, radar and satellite observations can be used to
etimate areamean precipitation. Remote-sensed precipitation data need to be adjusted to in situ observations.

Associated measurements:

Detailed topographic database to alow aggregation/disaggregation;

Metadata about reliability: atitude, instrument type station description, climatologica normals; meteorological conditions
during the precipitation event: ar temperature, dewpoint, precipitation type current weather, snow depth, wind speed.
Information on quaity control procedures and results, and on any applied corrections.

Action required:

There should be a concerted effort to use the data from existing sites. A very large number of these measurements exist, and
efforts are probably better directed to obtaining existing data than to establishing new dsations. Sites for incluson in a data
set should be chosen taking into account the location of discharge stations so that the two data sets can be used for river basin

sudies (in the tier framework, as applicable). Data from non-synoptic stations run by meteorologica and hydrologica

services should be incorporated into the globa precipitation database. They are often a more representative locations and are
more numerous than synoptic stations.

On a more generd basis.

. Macro-scale studies: the first need is for 40 000 stations based on an objective anadysis of the distribution of stations.
We can use exigting knowledge of actud versus desired dtations based on information avallable to GPCC together with
WMO criteria These should give GPCC a bass for edtablishing guidelines for locating desired Sites;

. Meso/micro-scale studies. the network will depend on the purpose for which the data are to be used and the locd
climatic/topographic conditions. In most cases the request will be for al possible stations in the area concerned, even
if this gives non-uniformity in the density of stations,

. Pursue technological advances in the direct measurement of precipitation over oceans;

. Continue using informal personad contacts to achieve the most comprehensive coverage possible until data delivery
(continuation of delivery of data from countries supplying a the present, encouragement of countries not supplying
data to do s0), until routine data delivery to GPCC becomes more established;

. Send a letter to dl countries requesting that an update of the precipitation measurements be forwarded to GPCC,
including the most recent data and al synoptic station data;

. Prepare a statement to governments or Heads of States to give priority to regular and more comprehensive precipitation
and runoff data submisson to GPCC and GRDC, respectively;

. Design a future data flow structure for precipitation data and products (end to end);

. Autogtations should measure both liquid and solid precipitation;

. Precipitation measurements should be routingly corrected for systematic measurement errors, but the raw data should
be available, too.
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RADIATION - ALBEDO

Units of measure:
No unit.

Users:
Moddlers and anaysts concerned with climate, weather, ecosystem, hydrological issues.

Rationade:

As the ratio of the downwelling to upwelling shortwave radigive fluxes a the surface, surface abedo is fundamenta to
surface energy balance. Surface adbedo and clouds are the two most important parameters modulaing the Earth’s climate,
epecidly over land. Although it does not change temporaly as much as clouds do, surface abedo undergoes considerable
variaion over space, and it shows srong seasona cycles and inter-annual variability. Surface abedo data have been obtained
from in situ observations (Ohmura and Gilgen, 1991) and from space-borne measurements by means of remote-sensing
techniques (Li and Garand, 1994). The former are Ste-specific as they usualy represent very smal areas but have high
temporal resolution, whereas the opposite is true for the latter. Therefore, me two types of measurements are complementary.

Frequency of measurement:
10 min. means at centres or experimental sSites, hourly means a stations, monthly means from space.

Spatial resolution:

The measurements of albedo should be taken by hemispheric sensors mounted on towers as high as possible; the
measurement locations should be chosen within relatively homogeneous regions. As a result, the spatid resolution of the
surface observations can vary. The gspatid resolution of satellite-based abedo depends on the field of view of the saelite
sensors, ranging from 1 km for operationa meteorological satellite to tens of kilometers for meteorological research satellites.
These data can be degraded to the larger grids required by models (typicdly 250 km for GCMs at the present).

Accuracy/precision required:
Relative accuracy +10%;
Absolute accuracy better than +5%.

R and D needed:
Continue development of satellite-based inversion agorithms with the focus of retrieving spectrd surface albedos, improve

the dgorithms for cloud detection, angular, spectra and diurnal corrections; synergistic use of ground and spaced-based data
to provide a global abedo data set of high spatid and tempora resolution.

Present status:

Current global data sets on surface abedo have a reative discrepancy of 20-30% in low- and mid-latitudes and over 50% in
polar regions (Li et &. 1997). There exists essentidly two types of globa surface adbedo data sets. One is obtained by
combining globa cover type information with the typical albedo values obtained for each cover type (Wilson and Henderson-
Sellers, 1985). Such data sets generally do not contain sufficient temporal resolution and lack information on the interannual
variability. The other is derived from clear-sky satellite measurements (Staylor, etal, 1990, Li and Garand, 1994), which are
hindered by the presence of clouds and insufficient knowledge of the atmospheric state. The mgjor limitation for both types
of data is the lack of spectra variation that is required by most models.

Measurement method:
Tiers 2-3: tower-mounted hemispheric  sensors;
Tier 5 satellite measurements.

Associated measurements:

Upwelling and downwelling shortwave radiative fluxes a the surface; shortwave radiative flux a the top of the atmosphere,
sky condition, and amospheric parameters (water vapour, aerosol).

Action required:

Promote the indallation of towers mounted with downward- and upward-looking, hemispheric shortwave radiometers;
Promote the acquisition of globa aerosol data sets.
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RADIATION ~ FRACTION OF PHOTOSYNTHETICALLY ACTIVE RADIATION ABSORBED BY THE
PLANT CANOPY

U_nits pf measure:
Dimensionless.

Users:
Climate, ecosystem, BGC modellers.

Rationale:

FPAR is an essentia parameter relating the available visible solar radiation to its absorption by chlorophyll for plant photosynthesis.

It is one of the surface parameters quantifying the CO, uptake by plants and release of water through evapotranspiration. Since FPAR

can be inferred from satellite measurements of reflected radiation (Myneni and Williams, 1994; Sdllers, et d., 1994;), it is used as
an intermediate variable in estimating the total light absorption by green plants and thereby plant productivity (Goward and Dye,
1987; Prince, 1991a; Goward and Dye, 1995). Because of the seasona vegetation dynamics, FPAR can change rapidly, especialy
for herbaceous, deciduous, or short-season vegetation types. FPAR can be measured with ground optica instruments (Chen and
Cihlar, 1995a; Pinter, 1993). Given its variation with the solar zenith angle, multi-temporad measurements are required. For the

retrieval of FPAR from satellite data, @ minimum of two spectrd bands (in red and near infrared regions of the electromagnetic

spectrum) are necessary (Huete and Liu, 1994). Satellite methods ret1ui re cloud-free optical data to estimate FPAR, thus cornpositing

of the data to minimize cloud interference is required. Corrections for diurnal variations are required when using satellite data to

estimate FPAR (Chen and Cihlar, 19956).

Frequency of measurement:

Globally, daily measurements are needed to produce products & 10-day intervals. For ground measurements, the frequency will be
lower but more precise measurements will be acquired, eg., the fraction of coverage by various layers in the canopy (trees, shrubs,
under-story) and their relative proportions in the canopy.

spatial resolution:

Ground -~ 10 m- 100 m;

Satellite ~ 1I0S: 1-8 km for global products;
Satellite « Post-I0S: 0.251 km.

Accuracy/precision required:
10-20% of true vaug
5-10% of true value.

R and D needed:

Validation of present methods in various biomes. Improvement of methods to increase robustness and to reduce dependence of
ground data. Improvements in the canopy radiation models used as the basis for inferring FPAR from satellite measurements and for
relaing satellite values to various levels within the canopy. ,

Present status:

Definitive agorithms are not yet available. Substantid R and D on FPAR estimation from satellite optical data has been carried
out through both modelling and experimentation. One globa data set has been produced through the ISLSCP project (Sellers, et
al., 1994). The product is based on 8 km AVHRR data, and its validation and use in models has been initiated. ISLSCP continues
efforts to improve the methodology as do other research programmes, e.g., BOREAS, HAPEX-Sahdl, etc.

Measurement ~ method:
Tiers 1-3: field measurements;
Tier 5: inferred from satellite optical measurements.

Associated  measurements:
Satellite data must be corrected for atmospheric effects, thus requiring additional information on the state of the atmosphere
(especially water vapour, aerosols, ozone).

One of the following two parameters may be used in conjunction with FPAR to estimate the photosynthetically active radiation ahsorbed by green

plants. One is the TPAR a the top of the plant canopy (Prince, 1991b). The other is the total photosynthetically active radiation absorbed by the
vegetation (leaves, stem; live, dead)/soil complex (totd APAR) (Li and Moreau, 1996; Moreau and Li, 1996). The latter approach is expected to

yield estimates with a lower error because fewer assumptions about the atmospheric state are required.

Action  required:

: Testi%g and evauation of existing products and methods. Testing the robustness of the present methods by developing data
sets for severa years,
Development of a higher resolution (1 km) data set using global 1 km AVHRR product (Eidenshink and Faundeen, 1994);
Validation of the APAR total approach mentioned above in various biomes. Continuing research (see above);
Transfer of methodologies to improved satellite data sources. Enhancement of product to take advantage of better data
characteristics (radiometric, spectra, etc.);
Use of products in vegetation productivity modelling.
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RADIATION = INCOMING SHORT-WAVE

Units of measure:
Wi/m2.

Users:
Meteorologists, climatologists, agronomists, hydrologists, cryologists, ecologists, energy planners.

Rationale:
Incoming solar radiation is the fundamental driver of hydrological processes and leaf and soil temperature. It is highly
correlated with incoming photosynthetically active radiation, the fundamental driver of primary production.

Mog of the incoming radigtion (on an energy bess) is in the shortwave. The totd short-wave indruments are Smple dable
and widdy didributed, and should be the dation level standard.

The long-wave component can usually be inferred or modelled; it should be measured at the centre level to establish and

validate these models. Similarly, the direct and indirect components can be modelled from cloud cover (and type) and
atmospheric aerosol profile; centre level sites should be equipped with sun photometers capable of measuring these
components independently, and by inversion, calculating aerosol profiles. However, since it is much easier to accurately

measure total long-wave flux as well as shortwave direct and diffuse components these should be measured wherever
possible.

Frequency of measurement:
Hourly means at station level; lo-minute means at centres. Derived global surfaces of monthly long-term means.

Spatial resolution:
Point measurements. The spatial representativeness depends on the temporal averaging used. Monthly mean fluxes may
represent 102s km, daily means 10s km, instantaneous fluxes kms; all are subject to the effects of the cloud regime.

Accuracy/precision required:
5% absol ute for total short wave and long wave, 2-3% absol ute accuracy (SW/m2) for centre radiometers.

R and D needed:
None.

Present status:

Most agricultural and ecological research stations are equipped with short-wave radiometers; there are some problems
maintaining calibration standards. There are existing networks of high-precision radiometers and photometers, which need
expansion to be spatially representative.

Measurement method:
Tiers |-3: direct measurements by radiometers;
Tier 5: inferred from satellite radiance measurements.

Associated measurements:
Cloud cover, aerosols, PAR.

Action required:

Establish inter-calibration protocols for short-wave radiometers, a spatially representative precision radiometer and sun
photometer network, and routine satellite-based cloud and aerosol products adequate to support radiation modelling at
ay point on the teredrid surface
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RADIATION = OUTGOING LONG-WAVE

Units of measure:
W/m?2.

Users:
Hydrologists,  climatologists,  remote-sensors.

Rationale:

Outgoing long-wave radiation is an important component of the ste surface energy balance. It can aso be used to provide
an integrated vegetation and land-surface temperature, which relates to, for instance, leaf physiology and stress levels in
vegetation. By closing the site energy baance the evapotranspiration rate can be caculated or validated.

Frequency of measurement:
Hourly means a dtations, lo-minute means at centres.

Spatial resolution:

The measurements of upwelling radiation are taken by hemispherical sensors mounted on towers, the area sampled depends

on the height of the tower, which should be adjusted to gain a representative sample (a few m2 in grasdands, to a few hundred
m? in forests).

Accuracy/precision required:
10% absolute.

R and D needed:
Development of robust all-weather infra-red sensors.

Present status:
Not routingly collected except by saellites such as AVHRR.

Measurement method:
Tiers [-3: fiedd measurements;
Tier 5. inferred using amospheric models.

Associated measurements:
Incoming short-wave, outgoing short-wave.

Action required:
Promote the use of infra-red down-looking sensors a sites with towers and short-wave sensors.
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RADIATION = REFLECTED SHORT-WAVE

Units of measure:
W/m?.

Users:
Climatologists, ~ hydrologists.

Rationale:

The net radiation is fundamental to energy (and water) balance a the land surface. It consists of the sum of the downwelling

and upweling radiation. The downwelling radigtion has been described as a separate varidble The upwelling radiation
conssts of two components: the reflected short-wave radiation and the reradiated long-wave. Measurement of the reflected

solar radiation alows to determine a key climate parameter, surface albedo that is defined as the ratio of the downwelling to
upweling solar irradiance. Land surface abedo is subject to considerable spatid and tempord variations. Knowledge of
surface abedo is not only critical to climate and ecosystem modelling, but adso a senstive indicator of land cover change.
Climate modelling has suffered, for a long time, from the lack of accurate globa surface abedo data (Dickinson, 1995). A
recent survey (Li, er a., 1997) indicated that the relative discrepancy in surface abedo among the existing global data sets
reaches 20% over snow-free land and 50% in snowl/ice covered areas. The mgjor problem in measuring reflected radiation is

the poor spatial representation, which may be dleviated somewhat by selecting uniform and representative observation sites
and deploy observation towers. However, it is not feasble to deploy extensively such observation facilities. Therefore,
measurement of the reflected radiation must be aimed primarily a validating satellite-derived products. Acquisition of global

uniform data on surface abedo can only be achieved by means of space-borne observation (Sellers, et a., 1995). As most
models require wavelength resolved surface abedo data, it is highly recommended to measure the reflected flux a severd

spectral intervals, a least vidhble and near infrared, in addition to broad band measurements.

Frequency of measurement:
Hourly means a dations, lo-minute means at centres, monthly means for globa terrestrial fields.

Spatial resolution:
The measurements of upwelling radiation are taken by hemispherical sensors mounted on towers;, the area sampled depends
on the height of the tower, which should be adjusted to gain a representative sample (a few m2 in grasdands, to a few hundred

m2 in forests). Idedly, the resolution of surface measurements should be selected in relation to the pixel size of satellite data
and the heterogeneity of land cover.

Accuracy/precision required:
5% absolute for total short wave and long wave, 2-3% absolute accuracy (SW/m?2).

R and D needed:

Continue development of satellite-based inverson agorithms with the aim to refrieve accurate spectral surface abedos,
improvements of the agorithms for cloud detection, angular, spectra and diurnal corrections;, synergistic use of ground and
Spaced-based data to provide a globa albedo data set of high spatial and temporal resolution.

Present status:

Upwelling radigtion is not routinely collected except in a few detalled micrometeorological experiments. The standard
ingrument used is usudly the net radiometer, which is troublesome for continuous use and does not resolve the upward and
downward  components.

Measurement method:
Tiers |-3: direct measurements with radiometers;
Tier 5 infered from satdlite radiance measurements.

Associated measurements:
Incoming short-wave radiation, outgoing long-wave radiation.

Action required:

Promote the indallation of downward-looking, hemispherical short-wave radiometers a sites which dready have
towers and upward-looking radiometers.
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RAINFALL CHEMISTRY

Units of measure:
ug NO,/litre, ug SQy/litre.

Users:
Biogeochemicd modellers.

Rationale:
Sulphate and nitrate in rainfal are one of the principal biogeochemicad inputs of these elements to ecosystems, and are

generaly increasing as a result of increased emissons of SO, and No,. These are the principd components of ‘acid rain'.
They have direct impacts on ecosystem function, including enhanced productivity and carbon sequestration at low levels, and
acidification and ultimately ecosystem failure at cumulatively high levels. The most widely used analytical technique is ion
chromatography, which provides, with little additional cost and effort, values for al the maor cations and anions. This is
advantageous as it increases the understanding of the origins of rainfal contaminants and adso permits an interna quality
check. for balance of cations and anions.

Frequency of measurement:
Per rainfal event, accumulated (by freezing and/or addition of gtabilising chemicals) weekly or monthly.

Spatial resolution:
One collector per site.

Accuracy/precision required:
5%.

R and D needed:
None.

Present status:
Widely but not consgtently or continuously collected. Research networks exist (eg., DEBITS under IGBP-IGAC).

Measurement method:
Tiers 1 to 3: direct measurement.

Associated measurements:
Rainfall amount per event, passive collectors for fry deposition.

Action require&
Coordinate  with  IGBP-IGAC DEBITS.
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RELATIVE HUMIDITY (ATMOSPHERIC WATER CONTENT NEAR THE SURFACE)

Units of measure:
g HzO/m3.

Users:
Climatologists and climate modellers; ecologists and ecologicd modellers.

Rationale:

Relative humidity, or atmospheric moisture, controls potential evapotranspiration rate (see Evapotranspiration) from soils and
vegetation surfaces. An increase in the intensity of the hydrologica cycle predicted from GCM simulations of future climate
would both increase relative humidity, and be modified by concommitant changes in amospheric moisture. Because of its
role in the linkage between vegetation and atmosphere (the end result of soil moisture being transported within and
evapotranspired from vegetation surfaces), relative humidity is both a climate change forcing function, and a response
varible. This provides it with a centra importance in climate change.

Frequency of measurement:

For most purposes, in combination with evapotranspiration, wind and temperature measurements, daily or diurnal
measurement of relative humidity is adequate. (Initidly this will only be possble at tier 1, tier 2 and possibly some tier 3 sites
and a existing weather dtations where relative humidity is collected.)

Spatial resolution:
Points spaced a 10 to 100 km, including verticd humidity profiles. (This is the idea, but it is recognized that initidly the
spatia resolution will be limited to tier 1,2, and 3 sites, and a existing weather stations where it is routinely collected.)

Accuracy/precision required:
+1%.

R and D needed:
Cheaper instruments that combine unattended remote recording and data logging by satellite transmisson with solar power.
Satellite imagery that measures atmospheric moisture is needed in the long term.

Resent status:
Relative humidity measurement sites are erratically and sparsely distributed, mostly at airports and research dtations. This

network is entirely inadequate for modelling effects on the atmosphere, vegetation and hydrology, especialy in mountainous
terrain. b

Measurement method:
Direct  measurement.

Associated measurements:
Soil moisture, wind, and ar temperature combine with relative humidity to define moisture transfer from vegetation to the

amosphere. Solar radiation, ar and soil temperature, evapotranspiration, precipitation, verticaly structured wind speed and
humidity.

Action required:
In the short term, automated, data logging and transferring systems need to be distributed in places where relative
humidity is rarely measured: areas of low population density, of high eevation, and in less-developed countries,
In the long term, instrumentation must be developed and placed to provide an automated collection of relative humidity
data via saelite imagery.
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ROOTING DEPTH = 95%

Units of measure:
cm, m.

Users:
Climatic, ecosysem, BGC modelets and managers,

Rationale:

Data of rooting depth are important to properly quantify interactions between the climate, soil and plants, because the root
growth is very senstive to climate change and soil properties, especialy moisture.

Frequency of measurement:
Every 5 years.

Spatial resolution:
Tiers 1,2,3 and 4.

Accuracy/precision required:
Within 10% of tue vaue

R and D needed:
The main chalenges are to find the correlation between rooting depth, soil and climate features.

Present status:

Generdly spesking, the underground part of ecosystems are poorly studied. Data on rooting depth of different trees, shrubs
and crops in different climate and soil conditions are not yet available.

Measurement method:
Tiers 1-4: fidd sampling (infer from soil and vegetation characterigtics at tier 5).

Associated measurements:
Meteorological data and soil data are necessary. The growth rate and annua rate of turnover of roots should aso be measured.

Action required:

Mapping of soil, climate and rooting depth for important species,
Standardisation of methods for measurement of rooting depth.
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ROUGHNESS - Surface

Units of measure:
Metres.

Users:

Climate modellers who dmulate vegetation-aimosphere water exchange; hydrologists who model  vegetation-atmosphere
water  exchange.

Rationale:

Roughness is a vegetational dructural variable and is important in models because it is used to caculate wind effects on

evapotranspiration, and controls the rate of transfer of moisture from vegetation to atmosphere. Hence, GCMs require
accurate estimates of surface roughness. For the same reason, hydrologic cycle models require accurate estimation of the
vegetation-atmosphere  linkage.

Frequency of measurement:
Same as land-cover measurements.

Spatial resolution:
[-10 m for vegetation surface roughness, measured a 1 to 10 km intervals.

Accuracy/precision required:
+10%.

R and D needed:

Roughness is generdly derivable from vegetation dructure and associated variables. If techniques can be developed to
measure directly roughness length, these should be pursued.

Present status:

Estimated qualitatively from qualitative descriptions of vegetation structure applied as an average value to vegetation units
& lage as biomes.

Measurement method:
Tiers |-3: inferred from tower or aircraft flux measurements;

Tier 5. estimated using SVAT models for various canopy configurations (one option). Also can be related to cover type and
topography, given that the relationships are properly quantified.

Associated measurements:

Vegetation structure and topography determines surface roughness. Related vegetation measures include above-
ground and below-ground biomass, NEP, necromass, and vegetation sructure.

Action required:
Roughness needs to be edtimated a the level of continuous data fields and point data Sefs.
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SEA ICE CONCENTRATION/EXTENT

Units of measure:
Concentration — Fractional coverage of total ice, km?;
Extent - Area within a specified minimum sea ice concentration (eg., 15%) (km?).

Users:
GCM modellers, climate change detection anaysts, climate impact modelling/analysts.

Rationale:

Changes in sea ice concentration (extent) play a major role in ocean-atmosphere fluxes of heat, moisture, and momentum.
Climate models predict major changes in ice cover for a CO, doubling with impacts on global climate and ocean
thermohaline circulation. Ice concentration and extent are required to validate sea ice models and for change detection.

Frequency of measurement:
Daily.

Spatial resolution:
Concentration = 25 km;
Extent = 25 km.

Accuracy/precision required:
Concentration = cold season +1%, melt season £5%;
(Currently available 4-7% in cold season and 10% in melt season.)

Required Ice Extent postion accuracy +25 km (this is currently available).

R and D needed:

Concentration and extent = Passive microwave mapping needs refinements for atmospheric effects, and agorithms for thin
ice types need vaidating. Improvements are needed for SAR products in coastd areas and in margind sea ice zones.
Combination of active and passve microwave daa

Present status:

Multi-frequency passive microwave data operationa since 1978.25 km gridded and ice products (FYI, MY1 tota icelopen
water) distributed on CD-ROMs by NSIDC (for SMMR and SSM/I). Radarsat Scansar and high resolution passive
microwave data will permit mapping of leads and polynas. SAR adds only margindly to ice type mapping.

Measurement method:
Tiers |-3: estimated from high resolution remote sensing images,
Tier 5 passive microwave measurements, spectra radiance measurements, microwave backscatter measurements.

Associated measurements:
Ice surface temperature, radiation components, snow depth on ice, melt pond fraction, sediment in ice.

Action required:

Maintain and intercalibrate SSM/I data stream to insure consistent and continuous long-term time series of sea ice
extent;

Improve current retrievals to match required accuracy of ice concentration and extent.
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SEA ICE MOTION

Units of measure:
km/h; direction (degrees of azimuth).

Users:
Climate and ocean modellers, shipping and offshore rig operators, operational and strategic planners.

Rationale:

Sea ice is a tracer of surface winds and ocean currents. Observationd data are required to vaidate coupled climate models.
Coupled atmosphere-ocean models predict sea ice concentration and drift based on thermodynamic and dynamic forcings.
The predicted extent, concentration and thickness of ice depends on ice growth by freezing, ice drift by wind and currents,
and ridging intensity. Model outputs of ice motion need vaidation by observed ice drift vectors.

Frequency of measurement:
Twice per day.

Spatial resolution:
10 x 10 km.

Accuracy/precision required:
Direction 10 deg.

Speed 1 km hrl,

R and D needed:
Optima blending of buoy, AVHRR, SAR, and SSMA daa on ice motion.

Present status:
Buoys ~ There are approximately 40 international Arctic drifting buoy platforms; and about 5 in the Antarctic; collecting

position and pressure data (via the Data Collection and Position Location System (ARGOS)). AVHRR/ERS-1 SAR ad
SSM/A mapping research ongoing and test validation of sea ice models.

Measurement method:
Tiers 1-3: drifting buoys,
Tier 5. microwave temperaiure and backscatter (change detection from sequential images).

Associated measurements:
Pressure and air temperaiure from buoys.

Action required:

: Maintain Arctic buoy network;
Expand Antarctic buoy network;
Improve associated temperature  measurements,
Operational products from RADARSAT. (A geophysical processing system is being developed by NASA/Jet
Propulsion Laboratory (JPL) for sea ice products and AVHRR Pathfinder (1982-1996.))
Improve techniques for extracting sea ice motion from satellite data sets (effort currently underway a NASA/Goddard
Space Hight Center (GSFC) and AVHRR Pethfinder (1982-1996).
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SEA ICE THICKNESS

Units of measure.:
Metres (m).

Users:
GCM coupled modellers, climate change detection analysts, climate impact modelling/analysts.

Rationale:

Changes in sea ice thickness, especialy the occurrence of thin ice, play a mgor role in modulating ocean-atmosphere fluxes.
Climate models predict major changes in ice thickness for a CO, doubling with impacts on global climate and ocean
thermohaline circulation. Ice thickness is needed to validate sea ice models and for change detection.

Frequency of measurement:
Weekly.

Spatial resolution:
200 km.

Accuracy/precision required:
Required ice thickness didtribution accuracy: +10%;
Currently available ice thickness accuracy for mean thickness. +15%.

R and D needed:

Processng of ULS data from submarines and <tationary moorings needs to become more operational. Techniques for

inverson and assimilation of satellite sea ice concentration measurements need to be developed for the purpose of obtaining
ice thickness digtributions. Some work is in progress.

Present status:
Sea ice thickness inferred from active and passve microwave sea ice typing (eg., new, young, firs-year, and multiyear).
Vey few ULS daa from submarines in the Arctic have been released. These sensors actualy measure ice draft below the

sea surface. Some ULS measurements from moorings are avalable. There are aso direct measurements from drilling holes
in the Arctic and Antarctic.

Measurement method:

Tiers [-3; direct measurements;

Tier 4: underwater profiling (eg., sonar);

Tier 5: edtimated based on ice type and seasona ice climatology.

Associated measurements:
Ice surface temperature, radiation components, snow depth on ice, melt pond fraction.

Action required:

Develop and implement a strategy for extracting accurate sea ice thickness from submarine ULS records,
Augment moored ULS dation network;

Process, archive and distribute submarine sonar data collected by the US Navy and the Roya Navy.
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SNOW COVER AREA

Units of measure:
km2.

Users:
Modellers, climate, hydrology, climate impact analysts, change detection analysts.

Rationale:
Sow cover has mgor effects on suface dbedo and energy bdance Show dbedo is 3 to 4 times higher than over other land
surfeces (except ice). Snow mdt is important in the seasond change of energy flux and in il moigure and ground water re-

charge. Mountain snow packs are a primary water resource in semi-arid areas (such as Central Asia and western North
America) and a major economic base for tourism.

Frequency of measurement:
Daily.

Spatial resolution:
25 x 25 km.

Accuracy/precision required:
Area - nearest 25 x 2.5 km.

R and D needed:

Combining surface (station) measurements and satellite passive microwave and visible band datain an operational product
(SSM/1, Advanced Microwave Scanning Radiometer (AMSR), MODIS). Research on canopy and other effects on passive
microwave signatures. Evaluate/improve automatic SWE measurements where manned stations are being replaced.

Present status:

Weekly hemispheric snow extent since 1966/67 (NOAA/NESDIS);

Research - Status algorithms for passive microwave used routinely by AES Canada;

Basin-scale mapping in North America from the Geostationary Operational Environmental Satellite (GOES) and AVHRR
(data on CD-ROMS) since 1990 (for hydrologic application).

Measurement method:
Tiers 1-5: spectral radiance.

Associated measurements:
Need vegetation canopy and digital elevation model information (one-time) to improve algorithms.

Action required:
Implement products containing optimal blend of satellite and surface data;
Asemble achive of ddion dda from Eurasa and North America from beginning of records with associgted metedata
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SNOW DEPTH

Units of measure:
cm.

Users:

Modellers, climate, hydrology, climate impact analysts, change detection analysts agriculturists, transportation specidlists and
recreationa  planners.

Rationale:

Snow cover has magor effects on surface abedo and energy balance. Snow depth observations are important in assessing
winter kill of agricultura crops, influencing surface energy exchange and managing snow removal.

Frequency of measurement:
Daily.

Spatial resolution:
Point measurements a existing climate and synoptic stations (GCOS surface network).

Accuracy/precision required:
+2 c¢m a depths up to 20 cm;
+10% of absolute at depths greater than 20 cm.

R and D needed:
Evauate/improve automatic depth measurements. Need to define standards of observation for manua and automatic stations.

Present status:
Manua daily snow depth observations have been a standard observation a synoptic and climatic stations. Automatic snow

depth sensor observations are being made a a few fully automated synoptic stations. There are experimentad satellite derived
edimates being made from microwave sensors.

Measurement method:
Tiers |-4; direct field measurements (points, snow CoUrses);
Tier 5: inferred from satellite data. The estimation based on optical data varies with cover type and is not generaly reliable.

Snow depth could be inferred using satellite microwave measurements if snow density digtribution is known (see Snow Water
Equivalent varigble shet).

Associated measurements:
Temperature and  precipitation including snowfall.

Action required:

Implement automatic sensor  observations,
Standarclise  manual  observation  methodology.
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SNOW WATER EQUIVALENT (SWE)

Units of measure:
Liquid water equivalent (mm).

Users:

Modellers, climate, hydrology, climate impact analysts, change detection analysts, agriculturists, energy planners
(hydropower).

Rationale:

Snow melt isimportant in the seasonal change of energy flux and in soil moisture and ground water re-charge. Mountain
snow packs are aprimary water resource in semi-arid areas (such as Central Asia and western North America) and a magjor
economic base for tourism.

Frequency of measurement:
Daily (satellite derived);
Bi-weekly (snow courses);
Daily.

Spatial resolution:
25 x 25 km;

Snow courses representative of terrain and land cover within the vicinity of the GCOS surface network.

Accuracy/precision required:
+20 % of absolute (satellite);

+5 mm up to 100 mm;

+10 mm for greater than 100 mm.

R and D needed:

Combining surface (station) measurements and satellite passive microwave and visible band datain an operational product
(SSM/1, AMSR, MODIS). Research on canopy and other effects on passive microwave signatures. Evaluate/improve
automatic SWE measurements where manned stations are being replaced.

Present status:

Currently thereis no global satellite product being produced. The Canadian AES produces a-weekly SWE satellite map for
selected Canadian regions. Snow courses and pillow data are routinely collected and used by operational hydrologists.

Measurement method:
Tiers |-3: field sampling; recording devices;
Tier 5: passive microwave emission (experimental).

Associated measurements:
Need vegetation canopy and digital elevation model information (one-time) to improve agorithms.

Action required:

Assemble archive of station data from Eurasia and North America from beginning of records with associated metadata;
Implement SWE products containing optimal blend of satellite and surface data.



SOIL BULK DENSITY

Units of measure:
Mg/m3 in a given depth range.

Users:
Hydrologists, biogeochemists, climatic modellers,  agronomists.

Rationale:

Bulk density is a fundamental soil property which is both itself subject to anthropogenic impact, but is dso essentid to the
interpretation of any nutrient budgets (for instance, to perform carbon inventories), Furthermore, it is used to caculate soil
porosity, a crucid variable for hydrologists, climate modellers and trace gas modellers.

Frequency of measurement:
Decadal.

Spatial resolution:
Tiers 1,2, 3 and 4.

Accuracy/precision required:
5% absolute.

R and D needed:
None.

Present status:

Bulk density is measured widely but not systematicaly. As a result, a vast amount of soil data are rendered useless for global
andysis because the elementa anayses are not accompanied by bulk densty measurements. Bulk densty is only routinely
monitored a a few hundred agricultural and ecologica research dations.

Measurement method:
Tiers 1-4 messured using fidd samples;
Tier 5. inferred from soil maps and management practices.

Associated measurements: g
Bulk density is an essentid accompaniment to soil C, N and P measurements. With sail C,it can be used to derive porosity.

Action required:
Establish bulk density as a routine measurement at point, station and centre levels & wdl as in globd oil surveys.
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SOIL CATION EXCHANGE CAPACITY

Units of measure:
cmol(+)’kg at pH 8.2 in 1M solution.

Users:
BGC modelers, agronomists, terrestriad  ecosystem  modéllers.

Rationale:

The cation exchange capacity (CEC) is a measure of the soil’s ability to retain cationic nutrients. It is aso an index of the
clay activity and mineralogy, which is important for calculating minerdisation rates, leaching rates and interaction with
pollutants. It changes relatively dowly, and largely due to changes in the soil organic carbon and pH. It can either be
measured & ‘soil pH and ionic strength’ or a a standard pH, such as 7 or 8.2, in strong ionic solution. The standard pH is
sdected here for the sake of universal applicability and comparability, since the CEC is to be used as an index of clay activity.
The ‘Effective Cation Capacity’ in acid soils can be estimated from the sum of extractable bases plus acidity; these
measurements are widely made and recommended in acid soils, but not obligatory on a globd bass.

Frequency of measurement:
Once a decade.

Spatial Resolution:
Tiers 1, 2, 3 and 4.

Accuracy/precision required:
5%.

R and D needed:
Cross-cdlibration with other methods a sites with long records using other methods.

Present status:
Widely applied, but not globaly observed or standardised.

Measurement method:
Tiers 1 to 3 direct measurement;
Tier 5: inferred using soil maps.

Associated measurements:
pH, clay content, soil organic C.

Action required:
TBD.
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SOIL MOISTURE

Units of measure:
Atmospheres of  pressre (pascals) or cm/100 cm; both & avalable soil moisture capacity between wilting point and field capacity.

Users:

Ecologits usng ET to edimae or modd NPP, vegetation compostion, vegetation dructure, water and  agricultura  resource
managers,  hydrologicd  modellers,  a@mospheric  modellers  edtimating  land-amosphere water  fluxes.

Ratiouale:

Of dl messured climate varigbles, <ol moidure is the mogt important determinant of NPP and vegetation dructure, composition
and dendty. The variable rate a which soil moidure is released back into the amosphere by the vegetation results in a shift in time
gdes from tha of precipitation, which occurs over a scde of minutes, to weeks. The partitioning of precipitation into soil moisture
and run-off is highly dependent upon the holding capacity of the oil, the soil water content, the rain intensty, and the distribution
in space and time of the ranfdl. This resuts in another varigble time scde ranging from minutes to hours for a given ranfdl
pattern, to months and seasons for soil  moidture.

Changes in soil moidture and evapotranspiration are likdy to have large impacts on terrestrid vegetation, since the digtribution and
abundance of plant communities are controlled to a large extent by the quantity and seasondity of moisture If changes in the water
bdance ae dgnificant, mgor ghifts in vegetation patens and conditions are a likely reut of climae change

Soil moidure is the integrator of suface and subsuface water fluxes and is thus the key diagnosic varigble for surface water
budget. Many BGC proceses ae fundamentdly related to soil moisture conditions. Hydrologicd models use soil moisure to
determine runoff and evaporation rates.

Soil moisture has been shown to be a crticd component of temperature and precipitation forecasts. These forecadts require ol
moidure measurements down to 1 to 2 metres.

Freguency of measurement:

For data fidds and point sefs, weekly to annud; for dations centres and surface experiments daly maximum and minimum or
diuna (4 x daly) measurements.

Spatial resolution:
Tiers 1,2 ad 3.

Accuracy/precision required:
Areanearest 25 x 25 km grid;
+5 mm up to 50 mm;

#10 mm up to 600 mm.

R and D needed:

Radar imagery appears cepable of measuring soil  moidure,  after severd  yeas of arborne  and-groundbesed  experiments,  but it
needs to be developed and indrumentation provided to sadlite vehicles.

Present status:

There is no method to messure soil moisture directly on the needed time and space scdes Therfore, soil moisture is inferred from
4-dimensional data assimilation using models which have sufficiently sophisticated |and-surface parameterizations. Runoff,
evapotranspiration and precipitation are the most important soil moisture related variables in these models. Runoff and
evapotranspiration  are  usualy  derived from models, but messured precipitation must be obtaned. Despite the success of research
in rainfall estimation through satellite techniques, precipitation estimates still use acombination of in situ and satellite data.
Therefore the networks of ran gauges managed by weather services aound the world ae criticd. It is evident that the actud

density of these networks, despite the efforts of international agency programmes, isinsufficient to provide global fields of
precipitation  for the needed precison in ol moisture  estimates.

M easurement method:
Tiers 1-3: in dtu recording sensors,  Stespecific water  budget  models,
Tier 5: microwave emission, microwave back scattter (experimental).

Associated measurements:
Soil moisture is a function of precipitation, and of soil texture, porosty and the rate of moisture withdrava from the oil, that is,
water upteke by plants and evapotranspiration from them, in turn controlled by <omatd opening, relative humidity and wind.
Action required:
. Airborne and ground-based experiments and instrument development should proceed for eventual radar or SAR
measurement of soil moisture;
Some curent  4dimensond  data assmilation models ae predicting soil  moidure fidds. Mechanisms ae needed to make
these daa routindy and economicaly available
Congderable improvement in the modelled sl moisure should result from a onetime effort to improve the specificity of
giobd soil maps to include detailed physicd properties and greaster spatid  detall;
Effots should be made to suppot exiging rainfdl and runoff messurement networks and to enhance ther efficiency by
usng modem data collection, transmision, and dissemination systems.
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SOIL PARTICLE SIZE DISTRIBUTION

Units of measure:
% soil massin predefined particle size ranges.

Users:
Hydrologists, pedologists, agronomists, erosion scientists/sedimentologists.

Rationale:

Paticle s§ze didribution (PSD) is a fundamenta <ol propety which has a drong influence on many other propeties and can
be used to predict them. PSD (often referred to as ‘ texture’, especially when classified into broad classes such as ‘ sandy’ or
‘clayey’) is usualy inferred, via Stoke’'s Law, from the sedimentation time of dispersed primary soil particles. It controls

(with bulk densty and soil cabon) the water retention and water trangmision propeties of the ol and the thermd capacity
and conductance. The smallest particles (clays) are responsible for soil carbon stabilization and anion and cation retention.
The physical cohesion of the soil, and thusits erodibility is related to PSD, soil carbon and chemical state.

In sony or gravelly oil, the volume fraction of <tones (>2 mm) needs to be recorded a well as the conventiond andysis of
PSD to 2 mm.

Frequency of measurement:

Decadd. (PSD changes over time, principdly a a reslt of eroson, which <dectivdy removes certan fixed fracions and il
layers.)

Spatial resolution:
Tiers1,2,3and 4.

Accuracy/precision required:
5% absolute.

R and D needed:

Research is needed on robust algorithms for inferring soil hydrological and other properties from PSD, and for converting
between different national PSD class systems.

Present status:

PSD is one of the most widely-measured soil variables, but some computability problems remain, especially with respect to
the particle class size limits. There are the rudiments of several global soil pedon databases.

Measurement method:
Tiers 1 to 3: direct measurement.

Associated measurements:

Most useful when collected in conjunction with bulk densty and soil carbon. Stations and centres should aso collect related
hydrological functions (water retention curves and saturated hydraulic conductivity) and cation exchange capacity at pH 7.

Action required:
Standardise international class limits and develop methods to convert between national systems.



SOIL pH

Units of measure:
pH units, measured in 1:5 suspenson in delonised water.

Users:
Biogeochemical modellers.

Rationale:

The pH of the soil is a fundamental property controlling soil biologicd and chemical processes, such as biologica nitrogen
fixation, root growth and the mineralisation of organic matter. It is also an indicator of soil acidification due to acid deposition
resulting from industria processes, or from agricultural activities. There are several dtandard ways of measuring soil pH, each

with advantages under particular circumstances (for example, in 1M KCI, 0.01 M CaCl,, saturated paste extract). The

proposd is for a single, easily-goplied index.

Frequency of measurement:
Annud to decadd.

Spatial resolution:
Tiersl, 2,3 and 4.

Accuracy/precision required:
0.1 pH units

R and D needed:
Cross-cdibrations to other pH methods for sites with long pH records.

Present status:
Widely applied, but not systematically observed globaly and not standardised.

Measurement method:
Tiers 1 to 3: direct measurement.

Associated measurements:
Fertilizer use, rainfal, atmospheric deposition of nitrate and sulphate.

Action required:
TBD.

100



SOIL PHOSPHORUS - AVAILABLE

Units of measure:
mg Pkg.

Users:
BGC moddlers, agronomists, ecologicd modellers, aguatic ecologists.

Rationale;

Only a small fraction of the total phosphorus in soils is available for upteke by plants. P availability is a mgor determinant
of ecosystem productivity, particularly in the tropics, ether directly or indirectly via its controlling influence on biological
nitrogen fixation. P availability can change rapidly in agricultural systems, mainly due to fertilization and changes in the soil

acidity. There is a wide variety of techniques for avalable P in soil, each with advantages in particular soil types. The

proposal is for resin-extractable P, since this method mimics the availability to plant roots and is applicable to al soil types.

Frequency of measurement:
Once a year in agriculturd systems, once a decade in naturd systems.

Spatial resolution:
Tiers 1, 2, 3 and 4.

Accuracy/precision required:
5%.

R and D needed:
Cross-caibrations with other standard available P methods for sites with long records.

Present status:

Avallable P is routinely measured in many locations by a wide variety of methods. The proposed method is well tested, but
not universaly applied, nor globaly observed.

Measurement method:
Tiers 1-4: laboratory andysis of soil samples;
Tier 5: inferred from soil maps.

Associated measurements:
Soil bulk density for the same horizon, soil total phosphorus, fertilizer in use.

Action required:
- TBD.
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SOIL PHOSPHORUS - TOTAL

Units of measure:
g P/m? to given depth (30 cm or 1 m).

Users:
Teredrid  ecosysem modellers, agronomists, aguatic  ecologists.

Rationale:

After N, P is the most generaly limiting nutrient in terrestrial natural and agricultural ecosystems, especidly in the tropics.

In many cases, it may be the ultimaely limiting nutrient, due to its constraining influence on the N cycle. In freshwater
aguatic systems it is the most generaly limiting nutrient and the one most associated with eutrotrophication. In agriculturd
systems, it is the macronutrient most widely traded at a globa scale and exhaustion of readily available stocks could limit
global food production.

Soil P occurs in many forms, which have complex interrelationships. Total soil P is one of the few robust measures. There
is no single, standardisable method for measuring *available’ P in all soils; there is nevertheless virtue in making this
measurement, using an appropriate technique, at stations and centres. Full fractionation of soil P, into organic P, secondary
P, extractable P and occluded P is appropriate a centres and stations, as is assessment of the type and degree of mycorrhiza
infection. Characterization of the P-sorbtion relationship is appropriate for soils with high iron.

Soil P should be routinely measured to 30 cm, and to 1 m a dstations and centres. Plant tissue P levels should be monitored
annually, a senescence, a stations and centres.

Frequency of measurement:
Decadal.

Spatial resolution:
Tiers 1,2,3 and 4.

Accuracy/precision required:
5% absolute.

R and D needed:
Relevance of fractionation.

Present status:

Soil P is the most under-represented variable in globa soil databases. Totd P is not routinely measured, athough the
techniques are well known. Extractable P is widely measured, but the techniques used are incompaible and likely to remain
that way.

Measurement method:
Tiers |-4: l|aboratory andyss of soil samples;
Tier 5 inferred from soil maps.

Associated measurements:
Soil bulk densty for the same horizon, soil available phosphorus, fertilizer use.

Action required:
Establish totdl soil P as routine measurement & stations and centres and in global soil survey.
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SOIL SURFACE STATE

Units of measure:
mmys.

Users:
Hydrologists, agronomists, sedimentologists, desertification  monitors.

Rationale:
The partitioning of water between infiltration and runoff occurs at the soil surface. The state of the top few millimetres is

strongly influenced by land management; one of the magor mechanisms of desertification, for instance, is a seding of the soil
surface as a result of vegetation denudation.

The process of infiltration is dynamicaly variable and highly variable spatially within the landscape. Therefore, a centre
level (and possibly station level) the time course of infiltration needs to be measured and resolved into its two main
components (sorbtivity and steady-state infiltration). The key measurement a dtation level is the infiltration rate under
constant tension (disk infiltrometer), repeated at enough postions to be representative of the landscape facet. Large area
experiments need to resolve the landscape level redistribution and surface ponding capacity as well. At point samples, a visua
estimate of the percentage of the soil surface in different states (capped, crusted, litter-covered, stone covered) is a surrogate.

Frequency of measurement:
Annually a centres and stations, decadally a points.

Spatial  resolution:
Tiers 1,2, 3 and 4.

Accuracy/precision required:
10% absolute.

R and D needed:
A dsandardised soil surface state classification and measurement protocol for implementation at points.

Present status:

Infiltration rates are presently only monitored in a few experimental situations. Recent technological innovations (eg., the
disk infiltrometer) have resolved many of the previous methodological issues.

Measurement method:
Tiers 1 to 4: direct measurement.

Associated measurements:
Slope, PSD, soil carbon, vegetation cover.

Action required:

Egtablish infiltrometry as a standard monitoring technique at stations and centres;
Develop and test a point characterization protocol.
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SOIL TOTAL CARBON

Units of measure:
g C/m2 to a given depth below the surface.

Users:
Biogeochemids,  hydrologists,  agronomists.

Rationale:

Soil carbon is the largest terrestriadl carbon pool and the largest hiospheric carbon pool subject to anthropogenic impact at the
time scae of decades to centuries. Knowledge of the size of the soil carbon pool and its dynamics is therefore essential for
conducting a national carbon dioxide flux inventory and for modelling the global carbon cycle. Soil carbon is also a
controlling variable for many other soil variables;, eg., water holding capacity, cation exchange capacity and erodability. Soil
cabon stocks are one index of sustainable agriculture.

Totd soil carbon consists of a number of fractions with different turnover times. At centres and dtations the carbon should
be fractionated into a least microbid carbon and paticulate organic matter. The microbid biomass carbon should be
measured more frequently; perhaps annualy.

Most of the changes in soil carbon take place in the top 30 cm, but significant amounts of carbon lie a greater depths.
Measurements a centres and dtations should be 0-30 cm and 30 cm-Im.

Frequency of measurement:
Decadd; microbid biomass carbon annudly.

Spatial resolution:
Tiers 1,2,3 and 4.

Accuracy/precision required:
5% absolute.

R and D needed:
Research is needed on robust soil carbon fractionation methods.

Present status:

Soil carbon is routindly measured a most nationa agricultura research dtations and ecological field stations and is a basic
variable in soil survey. The techniques for measuring it are simple and require little equipment. However, it is only monitored
in a systematic way a a few locations, mostly long-term experiments. Standardisation of sampling depth and inter-calibration
is  required.

Measurement method:
Tiers 1-4: fiedd sampling, laboratory anayss.

Associated measurements:

Must be accompanied by bulk density for the same horizon. Significant synergy can be obtained by measuring total nitrogen
and organic phosphorus on the same samples; process insight obtained by fractionation of microbid and particulate carbon
and by measurements of 13C and 14C. Paticle size digtribution is closely correlated.

Action required:

Formaise and standardise soil organic carbon monitoring a stations and centres;
Initiate point-level globa soil carbon survey; create a global pedon database as an interim measure.
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SOIL TOTAL NITROGEN

Units of measure:
g N/m? to given depth for soil; g N/kg DM for plant materid.

Users:
Teredrid ecosystem modellers, agronomists, trace gas modellers.

Rationae:

Nitrogen is the element most generdly limiting primary production in natural and agricultura ecosystems. The capacity of
ecosystems to sequester carbon, for instance, is constrained by the maximum ratios of carbon-to-nitrogen (C/N) in living
tissues. Severd important greenhouse gases (eg., N,O and NO, and CH,) are tied to the soil N cycle. As with soil C, mogt
changes occur in the top 30 cm, which should be the measurement standard, but stations and centres should measure to 1 m.

Totd N anaysis mostly measures organic N, which is not the form taken up by plants. However, inorganic N (NO, and NH,)
are very variable a short time scales and therefore not suitable for monitoring except at centres or in ground water and aguatic

systems. The process of conversion of organic N to inorganic N (mineralization and nitrification) are suitable for measuring
only a the centre level.

Plant total N differs between tissues, and mugt therefore be measured separately for woody tissues, leaf tissue and fine roots.
In the latter two, it varies characterigtically at seasona scale; the key measurement is a the moment of senescence; the next
priority is the maximum concentration. Centres may wish to monitor tissue N monthly. 5N is a naturally-abundant isotope
which can be used for tracing the fate of N and elucidating the cycle.

Frequency of measurement:
Decadal.

Spatial resolution:
Tiers 1,2, 3 and 4.

Accuracy/precision required:
5% absolute.

R and D needed:
Rates of gross and net mineraization.

Present status:

The techniques for totd N are well tried and routinely applied in hundreds of laboratories worldwide. Soil and plant totd N
is monitored & a few hundred agriculturd and ecologicd research dtations.

Measurement method:
Tiers 1-4: laboratory analysis of soil samples,
Tier 5. inferred from soil maps.

Associated measurements:

Must be accompanied by bulk density for the same horizons. Tota C on the same samples should be measured. Fractionation
into microbid N, organic and inorganic N and measurement of potentid minerdization rates lend mechanistic insights.
Correlation with soil NO, and N,O fluxes is useful information. In agriculturd settings, it must be accompanied by records
of N applied as fertilizer; a dtations N deposition should be measured, and at centres denitrification, N fixation and leachate
fluxes should be monitored. At dtations and points, the occurrence of N fixing organisms should be monitored.

Action required:
Increase the number of centres and Stations at which soil N is monitored;

Initiate a global soil and plant N survey, in conjunction with the globa soil C survey;
Support globa pedon and plant databases as an interim measure.
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SPECTRAL VEGETATION GREENNESS INDEX

Units of measure:
Dimensionless.

Users:
Climate, ecosystem, BGC moddlers.

Rationale:

The ratio between the surface radiance or reflectance of visible and near infrared radiation has been found to be related to a
large number of vegetation properties including leaf area index. Underlying these empirical relaionships is the fact that ratios
between these bands are affected by the fraction of photosyntheticaly active radiation absorbed by the vegetation. Because
water vapour transpires through the same stomata that allow CO, to enter the leaf in global climate modelling, the retio has
dso been found valuable in estimating the energy used in evapotranspiration.

Commonly used spectral indices include the simple visible to near infrared ratio (Red/Near Infra-Red (NIR)) and the
normalized difference vegetation index (NIR-Red)/(NIR+Red). More complex ratios involving other spectral bands to reduce
the effects of factors such as the soil background are under development.

Composites for ten day to monthly time periods of satellite images of these ratios are routinely derived to improve observations
of the ground surface. Their value arises from the fact that by choosing the pixel with the maximum spectral vegetation index
for each location, many of the obscuring effects of clouds and other atmospheric effects are substantially reduced.

Frequency of measurement:

Images of vegetation indices may be derived localy on a daly basis, but for continental to global scales, tempora composites
(see rationale) over periods of ten days to one month are required. However, to generate the latter, daily imaging is needed
to build up sdisfactory images.

Spatial resolution:

Data with a resolution of 8 km is of considerable value in global modelling activities, but for other applications finer
resolutions of 1 km are required and for detection of interannual change, resolutions of 250 m are desirable.

Accuracy/precision required:
In terms of the normalized difference vegetation index, which varies in absolute terms from -1 to +1 and for actud land
surfaces varies from approximately 0.15 to 0.8, an accuracy of 0.05 in terms of the actua at-surface value is required and a

god of 0.02 is highly desrable. Achieving the latter will require the availability of considerable precision in atmospheric
correction.

R and D needed:
Continuing efforts are required in the development of more advanced indices in which the effects of soil and litter background
ae reduced and in the development of indices in which bi-directiona effects are considered.

Present status:
The AVHRR of the NOAA satellite system has been widely used to generate globa products. It has a number of deficiencies
because of orbita drift of the satellite, poor cdibration, and much less than optimal band width especialy of the near infrared

band. Future systems, notably MODIS, the Vegetation instrument of SPOT IV and ASTER-2 of ERS2 are expected to give
much better observations.

Measurement method:
Tiers 1-3: fidd radiance measurements;
Tiers 4-5. remote sensing optical measurements.

Associated measurements:

Incoming PAR received a the surface is required so that the amount of energy absorbed by vegetation can be estimated;
observations dlowing for amospheric correction are needed.

Action required:
The vaue of the long-term record from the NOAA satellites has been much reduced by drift of satellite orbits;, and
efforts must in future be made to ensure stahility of overpass time of al satellites making observations for this index;
Daily products must be better navigated to reduce misregistration effects.
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STOMATAL CONDUCTANCE « MAXIMUM

Units of measure:
p mole H20/m2/sec.

Users:
Biogeochemical modellers, GCM and NWP modellers.

Rationale:

The maximum stomatal conductanceis akey parameter of the rate of carbon assimilation and transpiration from vegetation.
It is needed for biogeochernical, hydrological and plant production modelling. It is anticipated that it will change as a

consequence  of eevated cabon dioxide and possbly changes in the climate It is measured a saurating leves of  sunlight,
in the absence of water stress.

Frequency of measurement:
Once every decade.

Spatial resolution:
Tiers1,2,3 and 4.

Accuracy/precision required:

+10%.

R and D needed:
None.

Present status:
A widely measured parameter with mature instrumentation, but not globally and routinely observed.

Measurement method:
Tiers I-3: field measurements with standard technique;
Tier 5: estimated using optical remote-sensing measurements.

Associated measurements:
Leaf area, Leaf N, temperature and PAR at the time of measurement, species composition/cover type.

Action required:
TBD.
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SURFACE WATER FLOW- DISCHARGE

Units of measure:
m3/s.

Users:

Discharge is a criticaly important variable for GCM modellers, climate impact modellers, modelling of extreme events,
hydrologicd modellers, nationa and regiona analysts/planners.

Rationale:

Surface discharge is a measure of the volume of water flowing through a river channel cross-section per unit time. It can aso

be expressed as the equivalent water depth per unit area, given the knowledge of the surface area contributing to the
discharge. (Note that this latter form is sometimes called ‘runcff; the term runoff is not used here to avoid confusion with

runoff in hill-Sope hydrology.) As one term in water budget equation, discharge is a very important quantity for GCM

validation. Independently measured discharge can thus provide check on other parameters computed by the numerica climate
model, eg., surface evapotranspiration rate on the seasonal time scale. Freshwater discharge from river mouths also strongly
influences oceanic circulation at interannua to decada time scales. Discharge is a high priority observation because it is
essentiadl for climate impact modellers, for example models of climate change impacts on water resource availability and
extreme events. Discharge from pristine river basns may be a fundamental climate change detection element since it
naturally integrates over an area and is very sensitive to climate change and measurement errors are likely to be random.

Frequency of measurement:

Depends on the specific question being asked (see Spatid resolution). With regard to data archiving, for tier 1 experiments
it is generaly expected that 15 minute to 1 hour data will need to be collected. For tier 2, hourly to mean daily and for tier 3,
mean daly to monthly. Data should be collected as specified by WMO.

Spatial resolution:
The spatid resolution of the data very much depends on the specific question being answered and on sampling tier;

Tier 1 (detailed experimental catchments): process-based studies generally conducted in catchments of up to 100 km2;

Tier 2 (smal pristine catchments up to 1000 km?2): climate change detection. These catchments should have minimum
interference  from anthropogenic  influence;

Tier 3 (catchments greater than 100 km?): used for nationa and regiona runoff studies dong the lines managed by the
GRDC. Such catchments provide an overlap with tiers 1 and 2.

Note that there should be flexibility in the area specified for each tier depending on the specific question that is being
answered and the environmental conditions, eg., mountains vis-a-vis plains.

Accuracy/precision required:
The god for all discharge data within 5% of true value;
Because of interfering factors, a +15-20% accuracy could be acceptable.

R and D needed:

Spatial and tempora aggregation and disaggregation for application of measured data for modellers needs. Improvements
in measurement technology appropriate for large rivers and rivers subject to ice jamming.

Present status:

Discharge measurements are routinely made by hydrological services (or other agencies), and easy to obtain. For the climate
change assessment, observations from catchments with minima  anthropogenic impacts (benchmark, pristing), or with
accountable impacts, should be used. A sudy is needed to ascribe a number of dations in various parts of the globe to
document climate change and variability: density will not be uniform and depend on severa factors, such as topography,

The qudity of river runoff data collected by national, state, local services is very variable. Measurement accuracy is poor due
to lack of reliable sage-discharge relationships (as logistic problems and lack of funding prevents a regular updating,
especialy a high stages), unknown changes in channel cross-section of different flood stages, and lack of current metre
rating. Geographical coverage is deficient in many areas, especidly Africa and Latin America (coincidentally where the
magjor rivers of the globe are located). Overdl, the data in the developing world are insufficient to meet nationad needs and
to allow the globa hydrological cycle to be closed. Moreover, in recent years the network has declined significantly in quality
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and quantity. WHY COS can be the solution, but needs to achieve global coverage and solve the logistical problems of
national hydrometric agencies in developing countries in a sustainable way.

Daa ae not often achived nationdly or intenationdly in forms fadlitating their longtem use An effot to be commended
and encouraged is that of GRDC in Koblenz (Germany) which is concerned with collection, archival and distribution of
global river discharges, but geographical coverage and duration of the data sets have serious deficiencies.

It is immediately possible to specify 150 to 200 stations at tier 3 that are required by the GRDC to obtain regional and
continentd  discharge to the oceans. These daions can become operationd in the next two yeas However, to define a vey

specific 10S, particularly for tiers 1 and 2, the climatologists and GTOS community need to define clearly the specific
questions to be answered.

The network design needs to be carried out in conjunction with national agency needs. It is unrealistic to expect that
individual nations will establish and operate stations exclusively for GTOS and GCOS. Therefore it is critical that sites be
selected that serve multiple purposes. The selection processes for stations is different between the developing countries and
the devdoped countries. In developed countries the most appropride catchments from the exising st should be sdected. In

contrast, in most developing countries, it will be necessay to provide for upgrading andlor rehabilitation of dtations to obtain
a sufficient density.

There are a number of networks already in existence that will meet many of the climate needs of GTOS and GCOS. Many
of the existing national networks are sufficient for climate purposes. Governments need to be encouraged to make their data
readily available. It is suggested that GCOS and GTOS work through the FRIEND programme to encourage governments to
make at least a subset of their data available to the GCOS/GTOS community. A study is needed to ascribe a number of

dations in vaious pats of the globe to document climate change and vaiability. Densty will not be uniform and depend on
several factors, such as topography.

Measurement method:
Tiers 1 to 3: direct measurement.

Associated measurements:

River level, stage-discharge relationships, global digital map of river basin boundaries, time-dependent adjustment factors to
river discharge data, accounting for withdrawal of water for human use (irrigation, municipal water supplies, etc.).

Action required:

For climate change detection, in addition to the 150 to 200 stations mentioned above, there is aneed for additional stations
a ftier 3, locaed in homogeneous climates and with a minimum of anthropogenic influences (such as hydrologic  Structures).
Inthe longer term, it is desirable to have at |east one station for every 2" by 2" grid. The network design needsto be carried
out in conjunction with national agency needs, sinceit isunlikely that individual nations will establish and operate stations
exclusively for GTOS/GCOS. Therefore it is critical that sites be selected that serve multiple purposes. The selection
processes for stations is different between the developing countries and the developed countries (provisions for upgrading
andlor rehabilitation of oations will be needed in the later case to obtain aufficient densty).

Generdly, it has to be assumed that the data provided ae of aufficient qudity, as there is so much variability in hydrologica
datathat checking data quality after the fact is almost an impossibility.

The following enhancements are urgently needed:

: Filling gapsin spatial and temporal resolution;
Upgrading of exidting dations to improve collection, data qudity and transmisson of daa
Rehabilitating stations where the infrastructure has to be replaced;

Establish the macro-scale network proposed by GRDC and enhance it to obtain a homogeneous time series. These
dations should be asked to update data to fill time gaps,

Improve transmission of data utilizing WHY COS where possible;
The priority (in decreasing order) should be given to: filling temporal gapsin existing records; upgrading of stations;
rendbilitation of exiding dations; and indalation of new dations to fill spatid gaps.
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SURFACE WATER STORAGE FLUXES

Units of measure:

Areal extent measured in sguare metres; depth changes measured in metres; estimated volume fluxes measured in
m3/observation period.

Users:
Hydrologic modellers; water resource planners; ecological modellers; climate modellers; limnologists.

Rationale:

Surface water storage occursin lakes, reservoirs and wetland areas for water in its liquid phase. The volume of water in a
surface storage unit at any one time is an integrator variable, reflecting both atmospheric (precipitation, evaporation-energy)
and hydrologic (surface water recharge, discharge and ground water tables) conditions. Depending on the storage capacity
of a resavorr, it may primaily reflect human control. However, if lakes and welland aess ae not being afected by excesive
withdrawal, they are strongly driven by extant climate conditions and are important for assessing net climate effects over
time. If cimae change is occurring to a hotter and drier mode, then lakes and wetlands should reflect this promptly. Internaly
draining lakes are especially important.

Frequency of measurement:
Monthly.

Spatial resolution:
500 largest |akes (volume) and selected others.

Accuracy/precision required:

Depth changes/stage along estimated stage should be within 5%; areal extent should be within 5%; volume flux should be
within 5%.

R and D needed:

Depending on the available information, area-volume and stage-volume rel ationships need to be devel oped for any lake or
wetland used in this andyss.

Present status:

The avaladility of time series of lske aea and volume is limited but not negligble The avalability of wetland areal coverage
information is minimal and seasonal variation almost non-existent.

Measurement method:
Tiers 1-5: spectral radiance (high to very high resolution).

Associated measurements:

Depending on the available information, area-volume and stage-volume rel ationships need to be developed for any lake or
wetland used in this andyss.

Action required:
Areal extent of surface water bodies should be estimated from satellite data and devel oped in monthly time series;
If appropriate volume-area relationships can be developed (confirmed in situ to 5%) then volume fluxes could be
estimated. If not, in situ depth variations should be measured and depth flux-volume change relationships developed.
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TEMPERATURE - AIR

Units of measure:
Degress  Cdsius

Users:
Climate modelers, climatologists; vegetation ecologists and physiologists; ecosystem  modellers;  decision-makers.

Rationale:
Temperature is the most commonly-measured climate varigble, the climate varigble most directly sensitive to greenhouse gas
increases, and the most easily-documented indicator of climate change. Along with soil moisture, leaf and soil temperatures

(for which air temperature is a reasonable proxy) define rates of plant growth and development, reproduction and
establishment.

Frequency of measurement:
For some physiologicad processes of growth and seedling establishment, hourly mean and daily maximum and minimum
temperatures are needed; for ecosystem and landscape-level processes of NPP, daily to monthly values have been used.

Spatial resolution:

When combined with a precise digital elevation model which differentiates multiple elevation values from single
measurements of temperaiure, resolution of one point measurement every 1 to 10 km is adequate for many purposss.
Physiologicd model development and validation may cal for highly-concentrated local measurements.

Accuracy/precision required:
+1 degree C.

R and D needed:

Cheaper instruments that combine unattended remote recording and data logging by satellite transmisson with solar power
would be useful in the short term. Air temperature in the lowermost atmosphere should be obtainable by remote satellite
observation and thus related instrument development and testing is needed in the long term.

Present status:

Air temperature networks from ground-based observation sites are the best-documented climate variables. However, they are
inadequate for current purposes.

Measurement method:
Tiers [-4: thermometers.

Associated measurements:
This is one of a suite of weather variables often measured in the same place solar radiation, ar and soil temperaure,
precipitation, evapotranspiration, verticaly structured wind speed and relative humidity.

Action required:
In the short term (next 5 years), ground-based measurement sites require supplementing, particularly in areas of low

population density, rough topography, high elevation, and in less-developed countries, where few measurements are
avallable;

In the long term, satellite remote-sensing ingtrumentation needs to be developed, tested and placed in service.
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TOPOGRAPHY

Units of measure:
Metres/kilometres.

Users:

Ecosystem modellers concerned with land cover change and deforestation as it affects carbon cycle. Hydrologica cycle
moddlers, including GEWEX and BAHC projects. Remote-sensing specidists carrying out high-quality image rectification
for change-detection  purposes.

Rationale:

Topographic data are necessary to properly quantify the interactions between the solar radiation, water, and the
heterogeneous land surface, including the measurements of these interactions from remote platforms.

The most complex interaction the biosphere has with the climate system is through the elevational and orthographic effects
of topography. Though topographic structure strongly influences the regiona climate, which controls soil development, the
water balance, and the distribution of vegetation, actual data on these interactions are sparse, and are generaly limited to a

few smal experimental field sites. Air temperature and precipitation databases must be corrected for topography if they are
to be of use to climate modellers.

The fact that existing precipitation measurements significantly underestimate input volumes, severely limits our ability to

model the water balance over a large region, unless we can account for the orthographic effects of topography and improve
estimates of precipitation volume.

The problem is aso evident in the gridded global humidity data recently released by R. Leemans to go with his 1990 global
temperature and precipitation database (Leemans and Cramer, 1990). Though the temperatures in the 1990 database were
corrected for elevation, the humidities were not. Consequently, 30-50% of the grid points for some months exceeded the
maximum saturation value for the grid point temperature. Not only must a database be elevation corrected, but because many
of the climate parameters are coupled, the correction of al parameters must be done in a coordinated approach.

Frequency of measurement:
Once for a given spatia resolution.

Spatial resolution:

1 km for use with AVHRR-type data (and for regiona applications);
10 m-30 m for high resolution data and for hydrologicd modelling.

Accuracy/precision required:
Veticd: 100 m with AVHRR data, 5 m-20 m for work with higher resolution data and for hydrologica modelling.

R and D needed:
None.

Present status:

In the near term, only topographic data presently available can be redlistically expected to form the basis for global and
regiond data sets. The best quality global topographic data sets are presently classfied and dthough discussions have been
held for their declassification, this has not yet happened. The presently available Digitd Chart of the World contains elevation
information digitized from 1: 1 million maps, with coarse vertical resolution. Most of the world's land mass has been mapped
a 1:250 000, thus providing a good basis for digita elevation data with a grid spacing of 100 m. It should be noted that the
verticd accuracy of the above data sets is likely to be margind a best. For many loca or regiona applications, higher
resolution data will be required, such as are available from 1:50 000 or higher scale topographic maps.

Measurement method:
Tiers 1-3. fidd surveys, GPS; arcraft laser dtimetry;
Tier 5. saellite atimetry; topographic maps.

Associated measurements:
N/A.

Action required:
Work towards the release of the highest resolution global data set presently available. In pardlel, evauate the utility
of DCW topographic data;

Pursue the availability of higher resolution topographic data (1:20 000 to 1:50 000) for regional to continental
applications.
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VEGETATION  STRUCTURE

Units of measure:

Qualitative classes of structure (non-woody annuals and perennials; shrub land, savanna, open forest, closed forest); also as
a continuous variable measured inmT/ha (see biomass).

Users:

Climate modellers predicting surface roughness; ecologists predicting changing vegetation carbon contents and NPP from
successional state and absorption of PAR.

Rationale:

The dructure of vegetation defines potentid LAl and in tun, is determined by moisture bdance and PAR. Hence, vegetation
model  vaidation requires the cepability to successfully sSmulate vegetation dructure as  an  intermedigte  product in  projecting
carbon status from physical environmental variables. At the same time, vegetation structure defines surface roughness

potential (see Surface Roughness) and as such is arequired component for development of climate and hydrological cycle
models. Finally, vegetation structureis closely correlated with potential and realized above-ground biomass and, to some

degree, below-ground biomass. Therefore, it may be used to estimate biomass stocks in certain situations where biomass
measurements are impossible.

Frequency of measurement:
Annually to decadally.

Spatial resolution:
Tiersl, 2, 3 and 4.

Accuracy/precision required:

+5%.

R and D needed:

Vegetation structure can be determined by stereo pairs of aerial photographs at the scale of 1-10 m?; development of
automated remote-sensing and analysis could prove to save considerable time and effort.

Present status:
Fairly well known or estimated at scales of 10 000 km?2 but poorly known, especially in tropics, at finer scales. Close to
completion of capability for automated measurement; scattered and inadequate estimates by subjective (educated) guess.

Measurement method:
Tiers 1 to 3: direct measurement.

Associated measurements:
Above-ground and below-ground biomass, NEP, necromass, vegetation roughness.

Action required:
Complete IOS measurement at level of fields and points; re-measure at 5-10 year intervals.
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VOLCANIC SULPHATE AEROSOLS

Units of measure:
Mg S/volcanic source/month.

Users:
GCM, NWP modellers, GHG modellers, remote-sensing scientists.

Rationale:
The emission of sulphur from volcanic eruptions is the major natural source of sulphate aerosols, which have a profound
impact on the g¢lobd radigtion baance This is dso a dgnificant pat of the globd sulphur budget. The bulk of the emissons

can be traced to a small number of major eruptions per year. Aerosol data are essential for accurate evaluations of satellite
optical remote-sensing measurements over land.

Frequency of measurement:
Monthly totals per significant event.

Spatial resolution:
Point source.

Accuracy/precision required:
20%.

R and D needed:
None.

Present status:

Currently, national programmes monitor all significant eruptions. Ongoing monitoring takes place at selected active
volcanoes.

Measurement method:
Direct measurement during events,
Inferred from satellite optical measurements (over ocean, accuracy variable).

Associated measurements:
Atmospheric aerosol thickness.

Action required:
Make contact with existing volcanology data centres.
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WIND VELOCITY

Units of measure:
km/hr, m/sec.

Users:
Climate modellers, hydrological cycle modellers, ecosystem modellers.

Rationale:

Wind speed (along with available soil moisture, stomatal conductance, and the relative humidity profile and the boundary
layer) controls evapotranspiration rate, i.e., vegetation-atmosphere coupling. Hence, modelling of the hydrological cycle, and
understanding of vegetation-atmosphere coupling, require wind speed information.

Frequency of measurement:
Hourly maximum, minimum and mean is adequate for many climatic, hydrologic and ecological modelling purposes.
Monthly and annual measurements useful in certain ecosystem (NPP) models as well.

Spatial resolution:
20 to 100 km, including vertical wind profiles.

Accuracy/precision required:

+10%.

R and D needed:

Cheaper instruments that combine unattended remote recording and data logging by satellite transmission with solar power
would be useful in the short term.

Present status:
Wind measurement sites are erratically and sparsely distributed, mostly at larger airports. The measurement networks are
entirely inadequate for modelling effects on vegetation and hydrology, especially in mountainous terrain.

Measurement method:
Tiers 1 to 3: recording anemometers. Wind velocity estimates are also produced through 4DDA.

Associated measurements:
This is one of a suite of weather variables often measured in the same place: solar radiation, air and soil temperature,
evapotranspiration, precipitation, vertically structured wind speed and relative humidity.

Action required:
Implementation of sola-powered  meteorologicd  instrument indallations  that log daa via saelite to  remote  computers
ad tha incdude wind speed and veticd profiles a& the levd of points and dations.
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DETAILS ON CRYOSPHERIC VARIABLES

ANNEX 11

DATA CHARACTERISTICS DATA APPLICATIONS

Parameters Coverage Duration Frequency Gi\?llzilit((:)ﬁril:;te Earltlho?iifstem 11:41.23?[:
Snow cover extent HR > 10 Years | Daily/Weekly 1 1 1
Snow water HR >10 Years | Daily/Weekly 2 1 1
equivalent
Snow depth HR > 10 Years | Daily/Weekly 1 2 2
Precipitation amount HR > 10 Years | Daily/Weekly 2 1 1
Precipitation HR > 10 Years | Daily/Weekly 2 1 1
Canopy (vegetation) HR >10 Years | Daily/Weekly 1 2 2
Albedo HR >10 Years | Daily/Weekly 2 1 2
Temperature HR > 10 Years | Daily/Weekly 5 3 1
Melt (runoff) HR > 10 Years | Daily/Weekly 5 3 1

H = HOMSee R = Regona RaARMg. L (mony 10 5 (ow).

Table 1 — Snow cover data requirements and priorities for sysem monitoring and climate change monitoring (Crane, 1993).

DATA CHARACTERISTICS DATA APPLICATIONS
Parameters Coverage | Duration Frequency Gﬁ’:‘lig::;“ Eax:{,tlx;);s];em 3:1‘:153
Concentration HR 10 Years | Weekly/Monthly 1 1 1
Thickness R/P 10 Years | Monthly/Seasonal 1 1 1
Met obs R 10 Years | Daily 1 1 1
Surface radiation R 5 Years | Hourly/Daily 1 1 1
Albedo HR 10 Years | Weekly 2 1 1
Snow depth R/P 5Years | Weekly 2 2 !
Extent H/R 10Years | Weekly/Monthly ! 5
Leads/Polynyi R 5 Yeas | Weekly 4 2 1
Ice temperature H/R 5Years | Weekly/Monthly 3 2 2
Ice type H/R 10 Years | Weekly/Monthly 2 5 1
Ice motion H/R 5Years | Weekly 5 2 2
Melt ponds R 5Yeas | Daily/Weekly 3 4 2
Flow sze digribution H/R 5Years | Weekly 5 5 2
Ridge datistics R 5Yeas | Weekly 5 5 2

H= Hemisphere R= Regional P= Point Ranking: 1 (high) to 5 (low).

Table 2« Sea ice data requirements and priorities for sysem modelling and climate change monitoring (Crane, 1993).
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DATA CHARACTERISTICS | DATA APPLICATIONS

Parameters Coverage | Duration Frequency G'&bglnitoﬂi%aie Ear tl\r/]l . d%@em mgggfg
Snow accumuliation GL/A >10 Years Annually 2 2 1
Ice extent G >10 Years | Annually 1 5 5
Ice thickness G >10 Years Annually 1 5 1
Ice sheet DEM GL/A >10 Years | Decadally 1 5 1
Ice velocity/surge activity G >10 Years | Annually 2 5 2
Iceberg production GL/A >10 Years Annuaily 2 5 3
Mass balance G >10Years | Annually 1 5 5
Land ice fraction GS5x.5 >10 Years Long-term mean 5 3 5

GL = Greenland A = Antarctica G + Global Ranking: 2 (high) to 5 (low).
Table 3 == lce shedt and glacier data requirements and priorities for sysem modeling and climate change monitoring (Crane, 1993).

PARAMETERS APPLICATIONS
Process Engineering GCM Change Impact
Understanding Design Validation Detection Evaluation
GEOMETRY
Permafrost extent M H H H M
Permafrost thickness (shallow)* H H H H H
Permafrost thickness (deep)* M M L H L
Active layer thickness H H M H H
Ground ice extent H H M M H
Lateral/vertical displacement H H L H H
THERMAL STATE i
Temperature (shallow*) H H H H H
Temperature (deep*) M M H L
-PROPERTIES (SOIL/ROCK)
Madure content (waterice) H H M H H
Buk daty H H H L L
Texture H H L M M
Chemistry (weterfice) M M L M M
Trece geees | H | L | H M M

Ste description: Location, geology, vegddion, geotechnicd properties

Mdadda Tedchniques equipmat, predson, post-processing, owngship, efc.
Notes: H, M. L = High, Moderate, and Low priority.

» For permafrogt thickness and temperature, the demarcation between “shallow” and “deep” is taken as the local depth of zero annual
amplitude.

Table4 — Permafrog data requirements and priorities for meodelling and change detection.
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ABBREVIATIONS

ANNEX

AARI
ACSYS
AMSR
ANPP
APAR
ARCS
ARGOS
ASTER
AVHRR

BAHC
BGC
BNF
BNPP
BOREAS

CALM
CEC
CEOS
CGIAR
CIAT
CIESIN
CMDL
DAAC
DEBITS
DIS

DMSP
DWD

EMAP
ENSO
ENVISAT
EOS
EROS
ERS
ESMR
ET

FAO
FAGS
FCCC
FPAR
FRIEND

GAW
GCM
GCOS
GDSIDB
GEMS
GEWEX
GHG
GHOST
GIAM
GOES
Goos
GPCC
GPCP
GPS
GRDC
GRID
GTOS
GTS

HAPEX-Sahel
HCDN

HRV

HWR

Arctic and Antarctic Research Indtitute

Arctic Climate System Study. _

Advanced  Microwave  Scanning  Rediometer

Above Ground Net Primary Productivity

Absorbed  Photosynthetically” Active Radiation

Abracos

Data Collection and Position Location System ) _
Advanced Spaceborne Therma Emission” and Reflection  Radiometer
Advanced Vey High Resolution Radiometer

Biospheric Aspects of the Hydrologicd Cycle (within 1GBP)
Biogeochemicad Globd  Climate (models)

Biological Nitrogen Fixation

Below Ground Net Primary Productivity
Bored Ecosystems Atmosphere  Study

Circumarctic Active Layer Monitoring

Cation Exchange Capacity .

Committee on "Earth Observation Satellites

Consultative Group on International  Agricultural  Research
International Center for Tropica Agriculture

Consortium for International  Earth Science Information Network
Climate Monitoring and Diagnostic Laboratory

Distributed Afctive Arcﬁivecalclientre

Deposition of Biogeochemi Important  Trace ies
DgtPa and Informatlgqn Sysiem}./ P e0
Defense  Meteorologica ~ Satellite  Programme

Deutscher  Wetterdienst

Environmental  Monitoring and Assessment Program
El Nifio/Southern Oscillation .
European Space Agency Environmental Satellite
Eath Observing System

Earth Resources Observation  Systems

European Remote Sensng Satellite
Electricdly ~Scanning Microwave  Radiometer
Evapouanspiration

Food and Agriculture Organization of the United Nations
Federation of Astronomicd and Geoghyscal Services
Framework Convention on Climate Change

The Fraction of PAR Absorbed by the Plant Canopy
Flow Regimes from Internationa Experiments an

Global  Atmosphere  Watch

Generd  Circulation  Model

Globd Climate Observing System

Globd Digitd Sealce Data Bank

Globd Environmenta Monitoring  System
Globa Energy and Water Cycle Experiment
Greenhouse Gas

Globd Hierarcchicd Observing  Strategy

Globa Integrated Assessment  Models ,
Geostationary  Operational  Environmental  Satellite
Globd Ocean Observing  System

Globa Precipitation Climatology Centre
Globa Precipitation Climatology —Project

Globa Postioning  System

Global Runoff Data Centre

Globd Resource Information Database (GEMYS)
Global Terrestrial  Observing  System

Globa  Telecommunications  System

Hydrologica  Atmospheric  Pilot
Hydro-Climatic Data  Network
Igh Rexolution Vighle

Hydrology and Water Resources Programme (WMO)

Network Data

Experiment
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NPP
NSIDC
NWP

PAR
PFT
PSD

Rand D

SAR
SCAR
SIGRID
SMMR
SOP
SOTER
SPOT
SSM/A
SVAT
SWE

TBD
TEMS
TOPC
ULS

UN
UNEP
UNESCO
USGS
WCRP
WDC
WHYCOS
WMO
WWW

International  Association of Hydrological  Sciences

Internationd Commission on Srow and Ice

International  Council of Scientific  Unions

International  Global  Atmospheric  Chemistry  Programme

International GeosghereBio here  Programme )
International ~ Geosphere-Biosphere  Programme-Data  and  Information  System
Internationdl  Human Dimensions  Programme

Intergovernmental Oceanographic  Commission

Initidd  Operational  System

International  Permafrost  Association

Incident Photosynthetically Active Radiation (at the top of the plant canopy)
Intergovernmentd Panel on Climate Change

International  Rice Research Indtitute .

International  Satellite Land Surface Climatology Project

International  Tundra  Experiment

Joint Data and Information Management Panel
Joint Scientific and Technicd Committee (GCOS)

Leaf Area Index

Land Ocean Interactions in the Coastal Zone
Long-Term  Ecologicad  Research

Land Use and Cover Change Project (within IGBP)

Man and the Biosphere Programme

Medium Resolution Imaging  Spectrometer
Moderate  Resolution  Imaging  Spectroradiometer
Multifrequency Passve  Microwave —Radiometer

Not Applicable L
Nationd  Aeronautics and Space Administration
Nationa Climatic Data Center

Normaized Difference Vegetation Index

Net Ecosystem Productivity

National Environmental Satellite Data Information Service
US National Ice Centre

Near Infra-Red

National Oceanic and Atmospheric  Administration
Net Primary Productivity

Nationa Snow and lce Data Centre

Numericll Weather Prediction

Photosynthetically Active Radiation
Plant Functiona Type
Paticle Size Disiribution

Research and  Development

Synthetic  Aperture  Radar .
Scientific Committee on Antarctic Research
Forma for the Archival of Sealce Dam in Digitd Form
Scanning  Multifrequency  Microwave  Radiometer
ae-based  Observation  Panel
il and Terrain Data
Satellite Probatoire d’Observation de la Terre
Specid  Sensor Microwave  Imager
Sail-Vegetation-Atmosphere Transfer
Show  Water Equivaent

To Be Determined o _
Terestrial - Ecosystem  Monitoring  Sites
Terrestrial  Observation Panel for Climate

Upward-Looking Sonars

United Nations

United Nations Environment Programme

United Nations Educationa, Scientific and Cultural  Organization
United States Geologicdl  Survey

World Climate Research  Programme

World Data Centre _

World Hydrologicd Cycle Observing System
World Meteorological  Organization

World Weather Watch
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