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Introduction: The International Year of Mountains
Challenge and Opportunity for Mountain Research

Thomas Hofer

Sustainable Mountain Development, UN Food and Agriculture Organization,
Viale delle Terme di Caracalla, 00100 Rome, Italy

phone +39 06 5705-3191, fax +39 06 5705-5137, e-mail
Thomas.Hofer@fao.org

1. Mountain ecosystems: Vulnerable to global changes

Mountains are complex and fragile ecosystems characterised by verticality,
highly ditferentiated climatic conditions and often by an abundance of water and
rich biodiversity. Mountains are high-risk environments: avalanches, glacial lake
outbursts, landslides and earthquakes threaten life in mountain areas. Remoteness
and difficult access hamper development in mountain regions. Therefore, mountain
areas are often marginalized. Despite these constraints, mountains offer significant
opportunities. Mountain dwellers have adapted to life in steep and harsh conditions
and have developed sophisticated techniques for farming, water use, forestry and
communication. The agro-biodiversity as a function of altitude, exposition and
farmers' crop selection is huge. Mountain inhabitants have also developed a rich
cultural diversity. Therefore, people living in lowland areas or in big cities increasingly
prefer mountains for recreation.

Global change may increasingly threaten, or at least alter, the capacity of mountain
ecosystems to provide goods and services for both highland and lowland people. On-
going glacier recession, for example, poses a significant threat to water supply and
public safety, especially in tropical and subtropical regions where a large proportion
of the most vulnerable global population resides (e.g. Thompson 2000; Mark and
Seltzer 2003). Permafrost degradation is likely to be associated with an increased
magnitude and frequency of mountain slope instability (Harris et al. 2001). Further,
climate change may lead to more frequent and severe fires in mountain ecosystems,

1
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2 T. Hofer

such as the temperate forests of the Rocky Mountains (e.g. Keane et al. 1996). Tropical
mountain areas, such as Mount Kenya, are undergoing rapid population growth, land use
intensification and change. This results in increased competition for water resources in
regions where water is already scarce and conflicts over water are growing (e.g. Gichuki
et al. 1998). From a scientific point of view, the high sensitivity of mountain regions
provides unique opportunities to detect, model and analyse global change processes
and their effects on the socio-economic conditions of mountain areas.

The awareness about the global importance of mountain areas, the fragility of
their resources in the context of global change and the difficult living conditions of
many mountain people has increased significantly over the last decades. Along with
this, the need for a better understanding of the functioning of mountain ecosystems
and of the global change impacts on these ecosystems has grown. The International
Year of Mountains (I'YM) 2002 gave mountain research a new impetus. The Mountain
Research Initiative (MRI) with its integrated interdisciplinary approach to global
change in mountain regions responded to this growing need for better information with
the timely and highly relevant commissioning of this State of Knowledge Overview.
Part 2 (Paleoenvironmental changes) of this book sets the long-term perspective
against which recent environmental changes can be assessed. Part 3 to 4 discuss the
biophysical (cryospheric, hydrological and ecological) responses of mountain regions
to climate and land use change, whereas part 5 addresses the human dimension of
global change and provides ideas for sustainable mountain development.

This introduction puts global change research in mountains into the context of the
IYM. It discusses its importance, highlights challenges and expectations for future
programmes, and elaborates on emerging partnership opportunities.

2. The International Year of Mountains and Chapter 13

Based on an initiative of the Republic of Kyrgyzstan, the United Nations General
Assembly declared 2002 as the International Year of Mountains in November 1998.
The Year reinforced the implementation of Chapter 13 of Agenda 21 placing mountains
on an equal footing with climate change, tropical deforestation and desertification.
The mission statement of the IYM was as follows: “The IYM promotes the
conservation and sustainable development of mountain regions, thereby ensuring the
well-being of mountain and lowland communities” (FAO 2000). This statement put
the main emphasis of the Year on people and highlighted the close linkages between
highlands and lowlands. Further, the statement emphasized that the Year is not just
about conservation and protection of mountain ecosystems, but that mountain areas
deserve investment to prevent out-migration of mountain people in search for better
opportunities. The Umted Nations General Assembly invited FAO to coordinate the
IYM because of the agency’s role as task manager for Chapter 13 of Agenda 21 and
its extensive experience in key mountain issues (e.g. forestry, agriculture, sustainable
livelihoods, food security, watershed management and biodiversity). In spite of the
obvious diversity of conditions and priorities in the different mountain areas of the
world, it was possible to identify and formulate a few overarching principles, which
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were to be followed in the implementation of the IYM. The Year was supposed to:

» focus on mountain people and contribute to the improvement of their livelihoods;

* further increase awareness of the global importance of mountain regions and their
fragile resources;

¢ trigger long-term action reaching far beyond 2002;

* encourage inter-disciplinary and multi-sectoral approaches and stimulate new
ways of collaboration among stakeholders from different disciplines;

¢ trigger attention and action on the national level and contribute to the formulation
of mountain-specific policies;

* initiate new mountain research programmes; and

* contribute to peace-making in the world.

3. Achievements of the IYM

The IYM was a major success thanks to the strong involvement of a large
number of stakeholders and the contributions from various disciplines. The mountain
research community, and the Mountain Research Initiative in particular, made a major
contribution to the success of the ['YM that can be summarised as follows:

3.1 Awareness-raising

In 2002, a number of major global, regional, national and sub-national mountain-
related events were organised. Countless newspaper articles, television programmes,
and educational materials were produced and research programmes developed, all
stimulating a new way of thinking about mountains and their fragile resources. Today,
many people know that
* mountains are crucial to all life on earth;

* more than half of humanity depends on freshwater resources from the mountains;

* the genetic and biological diversity of mountain ecosystems is crucial for our
future;

* mountain areas are particularly sensitive to global change;

¢ the cultural diversity and gender issues merit particular attention;

¢ the future of mountain areas and their inhabitants is threatened by social, ethnic
and religious tensions and armed conflicts, by climate change and natural hazards,
and by unsustainable mining, forestry and agricultural practices.

3.2 Attention on national level

Worldwide, 78 countries have established a national committee for the TYM.
Many of these are currently in the process of institutional transformation to be able to
guide long-term follow up to the IYM on the national level. Together with the Ville
de Chambéry in France, FAO has convened a meeting of IYM national focal points
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in June 2003 to share experiences and to discuss the follow up. The well-attended
meeting created a lot of enthusiasm to work on sustainable mountain development
at national level far beyond 2002. Important elements in this follow up will be
the establishment of sustainable mountain development strategies as well as the
formulation of mountain-specific policies and laws. Many countries have already
started initiatives in these directions. Global change and its impact on mountain
ecosystems are important elements in these discussions and are instrumental in the
formulation of national strategies and policies.

3.3 Partnerships

Initiated by the Swiss Government, UNEP and FAO, a formal alliance, the
International Partnership for Sustainable Development in Mountain Regions, known
as the “Mountain Partnership,” was launched at the World Summit on Sustainable
Development in 2002 in Johannesburg. The partnership was further strengthened at the
Bishkek Global Mountain Summit, the closing event of the [YM. The objective of the
partnership is to promote and strengthen the cooperation between donor organisations,
governmental and non-governmental organisations, the private sector, mountain
communities, science and other stakeholders. Under the umbrella of this partnership,
a number of thematic and regional initiatives are being established, one of them
focusing specifically on mountain research. The Mountain Partnership is considered
an evolving voluntary alliance, which will allow the assessment of the complexity,
variety and scale of mountain-specific themes and problems with the highest possible
flexibility. The director general of FAO has offered to host a secretariat for this
partnership. By spring 2004, 39 countries, 14 Intergovernmental Organizations and
46 Major Groups (e.g. civil society, private sector) had already joined the Mountain
Partnership. A milestone in the development of this partnership was a conference in
Merano (Italy) in 2003, in which high-level representatives of those Governments and
institutions, which had so far signed up to the partnership, participated and gave their
political blessing. The partnership got the clear mandate to establish the membership
criteria, governance structure and the secretariat at FAO, as well as to promote the
formation of partnership initiatives. In the context of this publication it is particularly
interesting to note that the Secretariat of the United Nations Framework Convention
on Climate Change (UNFCCC) has joined the Mountain Partnership.

4. Mountain research: A key to sustainable mountain
development

4.1 Importance of mountain research

A solid knowledge base about mountain ecosystems and their responses to global
change is a pre-condition for the successtul follow up to the [YM, the implementation
of Chapter 13, the development of national strategies for sustainable mountain
development, and the formulation of mountain-specific policies. Accordingly,
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mountain research scholars and initiatives have a major responsibility and a key role

to play in the follow up efforts to the IYM. The importance of mountain research is

spelled out in three key documents:

* Programme area A (Chapter 13 of Agenda 21) asks for “generating and
strengthening knowledge about the ecology and sustainable development of
mountain ecosystems” (UN 1992).

* One main objective of the [YM was to “increase awareness of, and knowledge
on, mountain ecosystems, their dynamics and functioning, and their overriding
importance in providing a number of strategic goods and services essential to
the well being of both rural and urban, highland and lowland people, particularly
water supply and food security” (FAO 2000).

* The United Nations General Assembly Resolution A/RES/58/216 on Sustainable
Development in Mountain Regions (UNGA 2004) “encourages Member States to
collect and produce information and to establish databases devoted to mountains
s0 as to capitalize on knowledge to support interdisciplinary research, programmes
and projects and to improve decision-making and planning.”

Research in the context of global change in mountain regions is particularly
important and requires high priority in future research programmes.

4.2 Research initiatives in the framework of the IYM

There are a number of international research programmes, which were initiated in
the framework of the ['YM. One of the most prominent ones is the Mountain Research
Initiative (MRI), which looks at environmental change in mountain areas, at processes
along altitudinal gradients and at sustainable land use and natural resource management.
The EU-funded project on Global Change in Mountain Regions (GLOCHAMORE)
is a particularly promising research project, which the MRI and UNESCO are jointly
implementing in mountain biosphere reserves. The Global Mountain Biodiversity
Assessment (GMBA) and the Global Observation Research Initiative in Alpine
Environments (GLORIA) are also key international mountain research programmes.
The Millennium Ecosystem Assessment, another major global research effort, is
charged with providing decision makers within governments, civil society, and the
private sector with the latest scientific information about the relationships between
ecosystem change and human well-being. Chapter 27 within the Conditions Working
Group of the Millennium Fcosystem Assessment focuses on mountain ecosystems.
Early in 2003, IUCN established a Mountain Task Force with the objective to assist
the organization to streamline and coordinate its mountain-related activities, but more
broadly to be a platform for discussion about the links between mountain research and
policy development. The Consultative Group on International Agricultural Research
(CGIAR) renewed its system-wide Global Mountain Programme. A number of UN
Agencies have contributed to knowledge creation on mountain ecosystems: The
United Nations Environment Programme (UNEP) has published “Mountain Watch,”
which documents environmental change and sustainable development in mountains
(UNEP/WCMC 2002). Jointly with the Centre for Development and Environment
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(CDE) of the University of Berne, the United Nations University (UNU) embarked on
a Global Mountain Partnership Programme. In its normative work programme, FAO
has carried out research on vulnerability in mountain areas (Huddleston et al. 2003),
on mountain legislation (Villeneuve et al. 2002), on household food security and
nutrition (Jenny and Egal 2002) and on mountain fisheries (Petr 2003). In addition,
FAO launched the initiative “Preparing the next generation of watershed management
programmes”’ with the overall objective (i) to promote worldwide dissemination and
exchange of information regarding achievements and gaps in watershed management
and (ii) to develop guidelines for future watershed management projects and
programmes, considering various scenarios of global change.

A number of mountain research conferences have been held during the IYM
2002, such as the global research meeting of the United Nations University on
“Conservation of Mountain Ecosystems” held in Tokyo, Japan, a regional mountain
research conference organised by the Royal Academy of Sciences in Kathmandu,
and the Forum Alpin in Alpbach, Austria. In a scientific workshop, convened by
the Swedish Academy of Sciences already prior to the IYM, the progress of the
implementation of Chapter 13 in the ten years since Rio was reviewed from the
research perspective and the priorities for mountain research for the next years were
defined (AMBIO 2002). Finally, mountains were the core theme of the 54" Congress
of German-speaking geographers (Deutscher Geographentag), which was held in late
2003 in Berne (Jeanneret et al. 2003).

4.3 Mountain research in the follow up to the IYM:
Challenges and expectations

Mountain research needs to orient itself on global priorities and, at the same
time, place itself within the framework of national programmes for sustainable
mountain development. Although specific research priorities vary in the different
mountain areas, issues such as global change, water, biodiversity, tourism/recreation,
economy, cultural heritage, gender issues and highland-lowland linkages require
research attention and efforts all over the world (AMBIO 2002). The information and
knowledge needs in the follow up to the IYM call for inter-disciplinary and applied
mountain research. However, disciplinary and basic research is crucial to fill specific
knowledge gaps. Researchers engaged in disciplinary and basic mountain research
should never lose sight of the larger, inter-disciplinary context.

Today, nobody can afford to carry out isolated research. Although this is a
well-known fact, in practice, there are still too many gaps and not enough dialogue
between the research world and the world of application and decision making. The
December 2002 issue of the SDC journal “Fine Welt” discusses this challenge under
the heading “research and development — a difficult dialogue between academicians
and practitioners” (SDC 2002). There is a clear need to intensify the links between
researchers and practitioners engaged in sustainable mountain development. Scientists
need to make practitioners aware of the potential threat that global change poses for
mountain people. Mountain researchers have to be proactive in the identification
of emerging issues, anticipate future information needs and make politicians and
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decision makers aware of mountain research issues and priorities. On the other hand,
politicians, NGOs, decision makers and other stakeholders need to be receptive
and supportive and assist researchers to work on relevant issues. In this process, it
is essential that researchers listen to concerns and information needs expressed by
practitioners and try to respond to such requests. This does not reduce the research
freedom but guarantees mutual benefits for scientists and the users of research results.
Ideally, practitioners and future users should be involved in the conceptual and
formulation phase of a research project and maintain a constant dialogue during the
project implementation to ensure that research activities remain on track and user-
friendly.

The results of successful mountain research projects need to be documented,
publicised and communicated. Traditionally this is done through scientific journals
with a scientific readership. However, equally important is the transfer of research
results to users. Human resources, time, and money need to be invested for the
synthesis of research results and for their translation into user-friendly, operational
and practical products. In mountain research projects, this is an often under-valued
or neglected effort. Therefore, future mountain research programmes should earmark
the last project phase specifically for the preparation of policy-relevant documentation
and for the transfer of the research results (e.g. through training materials and curricula
for education and capacity building on sustainable mountain development for school
children, students, technicians, and decision makers). The journal “Mountain Research
and Development,” edited at the Centre for Development and Environment in Berne,
as well as the Mountain Forum with its regional nodes offer excellent communication
platforms.

4.4 Partnership opportunities

Apart from offering significant opportunities for mountain research, the increased
demand for sound information, created through the IYM, poses new challenges.
Increased coordination, information exchange, and use of synergie are needed
to effectively fill knowledge gaps and to avoid duplication. All this calls for the
establishment of stronger research partnerships across the continents and across
mountain regions. The Mountain Partnership, which was launched at the World
Summit on Sustainable Development (see 3.3), is an umbrella alliance under which
all partners can join specific initiatives according to their interest, competence and
priorities. Such initiatives can be organized around thematic areas or by geographic
regions. There is considerable scope for existing mountain research institutions
and programmes to create a partnership initiative under the umbrella of this global
Mountain Partnership. Initial steps towards such a mountain research partnership
have already been taken. Such an arrangement will strengthen existing research
programmes by creating synergies and providing a common framework. It is obvious
that global change in mountain regions will be a priority theme to be researched and
discussed under this partnership initiative.
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5. Conclusion

Each mountain researcher contributes to the implementation of the global mountain
agenda and towards real action in sustainable mountain development. Applied and
basic research, disciplinary and inter-disciplinary research, general and location-
specific research are equally important and useful as long as the research activities are
driven by the burning issues and needs in mountain areas and root in true enthusiasm
to contribute to the sustainable development of mountain regions. In this context, the
publication of this State of Knowledge Overview by the Mountain Research Initiative
is very timely and is highly appreciated. Contributions by excellent scholars from all
over the world and from a large variety of expertise make this book a highly relevant
and strategic document. We hope that this volume will help orient future mountain
research initiatives. The IYM 2002 and the International Year of Freshwater 2003
have provided an ideal platform for reviewing the state of knowledge on Global
Change and mountain ecosystems, for initiating new mountain research programmes
and for strengthening research partnerships around the world.
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Part 1 : Paleoenvironmental changes

The world’s climate had always been changing and those changes have had
considerable impact on aspects of the environment that are now important resources,
among them human habitat, forests, and water. Paleoenvironmental change shows us
what the planet can do, and gives us insights regarding how climate change and its
impacts occur.

Discerning paleoenvironmental change is a detective story, in which researchers
unearth clues and attempt to infer exactly what happened. A theme that arises from
many of these papers is the great difficulty of discerning the past. The proxy data are
themselves the result of complex physical processes and therefore their development
needs to be understood before one can extract data, much less information, from the
record. The temporal resolution and length of proxies vary greatly, with these papers
covering four orders of temporal magnitude (from centuries to millions of years).
Thus one researcher’s conclusions on a trend may refer to phenomena that another
paleo researcher would consider noise.

Nevertheless, in the first paper Alverson et al. encourage us to aim high in
paleoreconstructions, specifically to abandon the story telling mode and to move
toward quantitatively calibrated records based on multiple lines of evidence. They
offer two examples of how to improve inference from annually resolved proxy
records at the century scale.

Shafer et al. focus on key physical questions: how mesoscale factors such as
topography modified the larger scale forcing of climate in the past, and from that, to
infer how future forcing might change the climate. They examine changes in an E-W
gradient across the northern Rocky Mountains at the scale of tens of thousands of
years.

Thompson et al. discuss ice cores from tropical mountain glaciers as unique
archvies of past climate and environmental change on the scale of decades to
millennia.

Gosse returns to methods, in this case to the use of nuclides in rocks exposed to
cosmic rays to provide data at scales up to millions of years. He provides excellent
examples of how an understanding of proxy development can improve inference.
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Nesje et al. consider glaciers as sources of information. They use estimates of summer
temperature to estimate precipitation in a variety of sites in Norway over the past ten
thousand years

Solomina summarizes multiple lines of evidence (tree rings, lichen, pollen, lake
sediments) for environmental change over the last thousand years gathered at widely
dispersed sites in Russia. While she tentatively identifies a general pattern across this
immense area, she emphasizes the need for accurate and intercomparable data sets to
support accurate assessments.

Kerschner focuses on the use of glaciers for the estimation of precipitation in the
Alps over the Holocene. He raises the interesting image of an extremely arid central
Alpine region but as with other authors, pleads for much for accurate temperature
reconstructions in order to improve estimation of precipitation.

Overpeck et al. take us to the Himalaya and Tibet and note evidence for past abrupt
changes in the monsoon that today would have huge impacts on the population. They
see the need for much more extensive data principally from lakes on the Tibetan
Plateau to understand the full range of potential climate behavior.

Grosjean and Veit study a quite the opposite environment, the arid Atacama of
South America. They point out the roles of previously humid phases during the late
glacial and the Holocene and rare extreme events in the more recent past in creating
the water resources of today.

The next three papers focus on lakes as recorders of environmental information.
Lotter describes some of the limitations of the use of biological data from lakes, such
as the lack of sensitivity to winter conditions and the great sensitivity to thermal
stratification. He notes the need to disentangle human from climate impacts on the
biology of lakes.

Battarbee et al. focus on pollutants in European lakes with data gathered
from a wide network of study sites. They conclude that climate change can affect
multiple biological and chemical properties of lakes. They note a particularly
interesting possibility of cold trapping serving to concentrate certain volatile organic
compounds.

Rose et al. go further to emphasize that even remote lakes, particularly those in
cold locations cannot be considered as pristine. Concentrations of certain pollutants
reach their highest levels in remote, cold lakes.

Tinner and Ammann summarize information on forest composition in the Alps
as a measure of environmental change over the last several thousand years. They
emphasize that while some plant communities have remained relatively intact, others
have exhibited large scale species replacement. They note several issues related to
inferences from pollen data.

The last two papers focus on climate variability in the central and southern Andes
in both Chile and Argentina. Lara et al. present a picture of climate changes along
the length of the Cordillera over the past 1000 years from tree ring data. Villalba
et al. look at both tree ring and glacial data. They note that data from trees must be
interpreted with an understanding of tree demography: that mortality can be triggered
by severe droughts on a short annual scale, while recruitment requires more favorable
conditions over the course of many years.
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1. Introduction

Mountain paleoarchives, including glaciers, laminated lake sediments, and trees
near the limits of their habitable range, provide much information relevant to the
study of past climatic changes (Alverson and Kull 2002). Properties recorded in these
archives offer quantitative climate-related information at annual or higher temporal
resolution. In addition, by nature of their occurrence at high elevation, they provide
information about climate variability in the free atmosphere, not just its surface
expression. However, interpreting these proxy records in terms of large-scale climatic
change is a difficult task. Mountains are generally regions of strong climatic gradients
and inherently high natural variability, making interpretation of local records difficult.
Additional difficulties exist due to the fact that the proxies do not respond to climate
alone, but are influenced by myriad additional factors. In this chapter, we highlight
two methods which use dynamical constraints, either from the climate system or the
underlying archives themselves, to help tease out the climatic information contained
in point-based proxy timeseries. Although the examples that we present are applied
in conjunction with ice core records, the techniques are relevant to the interpretation
of annually resolved climate proxy timeseries in high altitude regions. Past climatic
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changes are often either reconstructed using paleoproxy data or modeled using a
numerical representation of the underlying dynamics of either the climate system or
paleoarchive development. A more holistic approach is to combine these underlying
dynamical equations with proxy reconstructed variables as complementary constraints
within the context of a single reconstruction.

2. Dynamical interpretation using reanalysis data

Climatic interpretation of ice cores, as with any archive, relies first and foremost
on an accurate chronology. Visual identification of the annual accumulation and
ablation layers is possible only in the uppermost portion of the ice, due to increasing
compaction with depth. Independent age determination can be done with annual
oscillations of 8'%0 or other chemical species. Time markers, such as datable organic
material, chemical signatures from known volcanic eruptions and atmospheric nuclear
weapon tests, serve as additional, independent dating checks and help demonstrate
that a given ice core does not contain time hiatuses due to ice motion or negative mass
balance.

If a reliable, annually resolved chronology can be established and it extends into
the modern period, there exists the possibility of using instrumental data to put the ice
core record in a spatial and dynamical perspective and to address the drivers behind
the observed climatic changes. In this regard, the recent reanalysis projects, carried out
in both Europe and the USA, are of particular interest. The key innovation employed
in these reanalyses is the use of a single state-of-the-art data assimilation system for
the entire period from the late 1940s onward. In this way, all available climate data are
incorporated to produce an estimate of the climatic evolution that is consistent with
all available data and a modern atmospheric dynamical model and, importantly, is not
corrupted by changes in analysis or modeling techniques that have occurred during
the period under consideration. The Mt. Logan ice core record from 5340 m altitude in
the Saint Elias mountains of the Yukon, Canada, has been analyzed in detail with the
help of reanalysis data (Moore et al. 2001; 2002; 2003). The three hundred year long
ice core derived snow accumulation timeseries shows a clear secular trend towards
increasing snow accumulation, a trend that has accelerated in recent years. However,
climatic interpretation of this trend, if it were the only relevant information at hand,
would be highly speculative. Figure [ puts this trend in a dynamical perspective by
regressing the Mt. Logan accumulation record against the NCEP reanalysis climate
reconstruction, thus indicating the climatic pattern consistent with both the ice core
data and the model equations governing atmospheric motions. The regression of mean
winter geopotential height, moisture transport and atmospheric temperature from
the NCEP reanalysis data against the Mt. Logan snow accumulation time series is
shown during their overlap period from 1948-2000. Fields are only shown where the
regression is significant at the 95% level. As is evident in Figure 1, the accumulation
record at Mt. Logan is linked to moisture transport associated with the strength of
the Pacific North American (PNA) pattern. This dipole pattern of warmth over the
Northwest American continent and cool conditions over the North Pacific Ocean has
a major impact on the spatial distribution of precipitation in North America, with
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higher precipitation in the northwestern region as the PNA pattern strengthens. The
connection between the snow accumulation time series and this large-scale climatic
pattern is statistically significant and, more importantly, the reanalysis data provide a
plausible dynamical mechanism behind this statistical correlation.
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Figure I: Regression of climate parameters derived from the NCEP reanalysis against the annual snow
accumulation at Mount Logan: (A) 500mb geopotential height field (m m™') and the vertically integrated

moisture transport vector field (kg m™' s! m') and (B) mean temperature in the 1000-500mb layer (°C m™')
during the winter (JFM).
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Figure 2 shows the regional trends in winter mean surface temperature, in °C
per decade, from the HADCRUTYv dataset over the period 1870-1999 and the NCEP
reanalysis dataset from 1948-2000. In both cases, shading indicates that the trend
is significant at the 95% level. Since the ice core accumulation record is correlated
with surface temperature fields associated with the PNA, this figure puts the secular
trend seen in the ice core data in a larger spatial perspective. As is evident in Figure
2, the trend is part of a large-scale regional amplification of the PNA pattern that has
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Figure 2: Trend in the surface winter (JFM) temperature field (°C decade™) from (A) the HADCRUTv
dataset from 1870-1999 and (B) the NCEP Reanalysis from 1948-2000. In each instance, shading indicates
where the trend is significant at the 95% level in the presence of temporally autocorrelated noise. The “#”
indicates the location of Mount Logan.
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been occurring for the last ~150 years and has been accelerating in recent decades.
Assuming that the correlation between the ice core record and this climatic pattern
also held in the pre-reanalysis period, the ice core record indicates that over the period
from 1700 to 1850, there was no statistically significant trend in this pattern. The
implication, given this evidence for a recent and accelerating trend in the PNA pattern,
is that this may be an example of anthropogenic climate change manifesting itself as
an amplification of a naturally occurring climatic mode. This plausible interpretation
could not be made with the ice core data alone. Rather, it depends on finding a
dynamically consistent large-scale climatic pattern correlated with the ice core record
during the recent NCEP period, and the assumption that this correlation also held in
earlier times.

3. Modeling archive-specific processes
3.1 Problem

High-altitude ice cores provide unique information about past climate. As noted
above, extracting quantitative information depends first and foremost on accurate
dating of the ice layers and on understanding the mechanisms, which produced the
recovered records preserved in the ice (e.g. stable isotopes, major ion concentrations,
dust). Water accumulation, and isotopic and chemical species concentrations are a
product of numerous processes, which must first be understood in order to be able to
back out climatic variability at the site. Recorded ice accumulation is influenced by
local precipitation, avalanche feeding, snow drift, melt and sublimation.

Although "0 1is often used for temperature reconstruction, this parameter
depends also on a range of site-specific climatic conditions, on changes in moisture
source properties (e.g. ocean temperature, oceanic vs. continental air masses) and on
moisture transport history. This points to the importance of understanding synoptic
atmospheric circulation in order to interpret an ice core based 80 history. After
deposition, processes, such as percolation of melt water or surface sublimation, are
able to alter the isotopic record. Chemical species captured in the ice (e.g. Cl, SO,
Ca?*, Na") are accumulated by dry and humid deposition and their concentrations
are influenced by both changes in their respective sources and climatic conditions.
In drier areas, interpretation of chemical concentration records is often difficult due
to the strong influence of sublimation. Thus, ice core records arise as a result of a
complicated accumulation history, modified by a myriad of different processes. In
the past, climate modes may have been markedly different, including periods of
sufficiently low accumulation that were associated with negative mass balance, and
therefore a hiatus in the core. Similar gaps in a supposedly “continuous” core can
also arise in shear zones. Failure to diagnose such a hiatus in the record leads to an
erroneous chronology, an underestimation of past accumulation and an overestimation
of the deposition of chemical species - in other words, a completely flawed climatic
interpretation. Such effects are often difficult to detect but may play an important role
when interpreting “continuous” ice core records back to the Last Glacial Maximum,
especially from susceptible high-altitude glaciers in the tropics and subtropics.
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3.2 Solution

One way to provide a more rigorous ice core based climatic reconstruction is to
model the site- and archive-specific accumulation history, the 8'%0 and chemical species
record and the related climate conditions. In such a study in the North Chilean Andes
(Fig. 3, Ginot et al. 2001; Stichler et al. 2001; Kull et al. 2002; Ginot et al. submitted;
Schotterer et al. 2003) we carried out field experiments on Cerro Tapado Glacier
(5550 m asl, 30°S/69°W) to quantitatively estimate the climatic controls on local mass
balance (sublimation, melt, accumulation) and to assess the post-depositional effects
on environmental tracers stored in the firn (Fig. 3b). These experiments confirmed that
post-deposition processes, mainly sublimation, have a substantial influence on the ice
and snow surface. The loss of water by sublimation (around 2 mm per day) during fair
weather resulted in an enrichment of conservative chemical species and a reduction in
accumulation. This process may even lead to a negative mass balance in particularly
dry years and has wide implications for interpreting ice core records. In a second step,
the mass balance (sublimation, accumulation, melt) at the coring site and the related
changes in the concentration of conservative chemical species was modeled (Ginot et
al. 2001; Kull et al. 2002). These models were based on local climatic data and field
measurements of sublimation and enrichment of some chemical species (Fig. 3b).
Such models allow us to identify dynamical processes that affect the concentration
of chemical constituents in ice and thus lead to an improved interpretation of the ice
core record.

Mass loss and modification of chemical constituents have significant consequences
for the interpretation of the paleo-record from the long Cerro Tapado ice core.
Bedrock was reached at 36 m, a depth corresponding to 28 m of water equivalent
(Fig. 3c). Dating was performed by a combination of annual layer counting (assuming
that regular wet and dry periods lead to low and high concentrations of chemical
constituents), 2'°Pb, tritium fallout from nuclear weapons tests, and a firn densification
model.

Our results show that the upper half of the accumulated ice is younger than 50
years, as indicated by the pre-bomb tritium level of 1952, and that more than 80%
of the ice has accumulated during the 20" century (Schotterer et al. 2003; Fig. 3c).
However, the lowermost ice must have been formed under very different climatic
conditions in the more distant past. Below 23 m water equivalent (weq), a distinct
change is apparent in both the ice core stratigraphy and the concentration profiles of
isotopes and chemical constituents compared to the upper part of the ice core (Fig.
3c). The reconstructed accumulation history in this part of the core must have been
driven by massive sublimation losses during the buildup of the glacier (Schotterer et
al. 2003; Ginot et al. submitted; Fig. 3¢). The climatic interpretation, consistent with
both the ice core data and the climate-mass-balance model (Kull and Grosjean 2000,
Kull et al. 2002), points to lower temperatures, higher precipitation and increased
seasonality in the moisture supply to the glacier (Fig. 3d). High precipitation in the
humid winter season is responsible for the necessary accumulation while the extended
dry season relates to the pronounced sublimation. The timing of this climatic regime
remains unclear, because of problems with age determination for the lower section of
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Cerro Tapado Ice Core - Climate Reconstruction

a) Geographical Location b) Surface Experiment - Modeling
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Figure 3: (A) Location of Cerro Tapado (5550m asl / 30°S) in the North Chilean Andes where an ice core
was drilled to bedrock in 1999; (B) Results of the surface experiment, showing the measured and modeled
daily sublimation amounts as well as the related concentrations of chemical species. There is a clear linear
relationship between the measured concentrations of chemical species and measured sublimation. This
relationship can then be applied to model past sublimation from measured chemical species concentrations
in ice cores. A mass balance model (Kull and Grosjean 2000; Kull et al. 2002) and a model for the
concentration of chemical species (Ginot et al. 2001) can be used to calculate specific mass balance
and climate conditions from the ice core record; (C) Ice core record from Cerro Tapado: The ice core
stratigraphy and ?H excess both show clear differences between the core sections below and above 23 m
water equivalent (weq.). The variation in the concentration of the chemical species, which is directly linked
to sublimation changes, results from climate variability (Schotterer et al. 2003; Ginot et al. submitted).
Reconstruction of the original ice accumulation as corrected for sublimation losses, using a model that
calculates the concentration of chemical tracers as a function of postdepositional processes (Ginot et al.
2001). A clear change in accumulation is visible at ca. 23m weq (Ginot et al. submitted); (D) Climate
reconstruction from the accumulation history in the core using the mass balance model from Kull and
Grosjean (2000) and Kull et al. (2002). A significant change in climate is found at ca. 23m weq. This points
towards a core hiatus of unknown age and duration, in agreement with the stratigraphy and 2H history.
Below 23m weq. the reconstruction suggests more humid and colder conditions with a very pronounced
precipitation seasonality, in marked contrast to 20" century conditions (Schotterer et al. 2003).
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this ice core. However, the presence of a time and accumulation hiatus of unknown
age and duration is clearly indicated and raises concerns.

3.3 Conclusion

An accumulation and time hiatus is recorded in the Cerro Tapado ice core. A viable
climatic interpretation of the Cerro Tapado ice core record rests upon archive-specific
modeling work and field experiments. Traditional methods of ice core interpretation
would fail in this case due to the highly variable and complex accumulation history.
There is no reason to believe that the Cerro Tapado case is unique, rather the possibility
of such effects should be considered (or reconsidered) in all cores. Site-specific mass
balance—climate models can provide more robust interpretations of ice core records,
and their use is particularly vital at high-altitude, low-latitude sites where complex
climatic conditions produce paleo-proxy records that can often not be explained by a
simple set of climate variables.

4. Future research directions

Mountain regions are characterized by climatic variations on all timescales.
Dramatic changes in these environments, due to a combination of external forcings
and internal system dynamics, are known to have occurred on timescales from decades
to hundreds of thousands of years. Furthermore, their history is replete with examples
of nonlinear dynamics, wherein various system components demonstrate large, abrupt
or irreversible changes in response to forcings that are both small and smooth as for
example the infinitely nonlinear (step function) phase transition from water to ice.
Instrumental climate and ecosystem related data, on the other hand, are characterized
by a short and, at least in relative terms, uneventful history. Meteorological data from
a global network of stations have been available for about a century, but few of these
stations are at high altitudes (see Diaz this volume). Satellite measurements date back
only about a decade.

Paleoclimate research in mountain regions seeks to bridge the vast gulf that looms
between these two extremes - the long and rich record of the past on the one hand,
and the short and comparatively uneventful instrumental record on the other. Closing
this gap is the only way to make the past record relevant, for example, to resource
sustainability. A quantitatively calibrated, chronologically well-constrained record
based on multiple lines of empirical evidence alongside a hierarchy of dynamical
models is the foundation for such understanding.

Over the past decade, paleoscience in mountain regions has come a long way.
The climatic and environmental history recorded in paleoarchives is now widely
recognized as being of great relevance to societal concerns (Alverson and Oldfield
2000; Alverson et al. 2002). Based solely on such proxy records of the past, we
can make some fairly strong statements about the present. Greenhouse gas levels
are higher than they have been for hundreds of thousands of years. Global average
temperatures are warmer now than they have been for the past millennium. Rapid,
large amplitude environmental change can occur in response to smooth, small
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amplitude forcing. Remote and seemingly pristine mountain lake ecosystems, when
compared to the records of the past millennium or longer, stored in their sediments,
are acidified and contaminated by both heavy metals and a wide range of persistent
organic pollutants (see Rose et al. and Batterbee et al. this volume).

These are all messages that the past decade of paleoresearch has brought to the
public attention. As paleodata comes into the limelight however, so will it come under
increasing outside scrutiny. In order to be a genuine partner in the broader earth system
science community, the paleocommunity must dispense with qualitative methods. In
some cases, quantitative calibrations are not yet available — this is especially true
in mountains where, for example, long-term climate stations are scarce. In these
situations, proxy records are of course still useful, but every effort needs to be made
to calibrate them with modern data. We need to publish our uncertainties. We need to
be clear about our chronological accuracy. We need to make the data behind published
results freely available (e.g. at the World Data Center for Paleoclimatology).

Mountain climate and environmental systems are enormous and complex, while
our data remain sparse and our models crude. The system can therefore only be
underdetermined. As every first year college mathematics student knows, there are
infinitely many solutions to an underdetermined problem. Thus, stories, which appear
to fit our data, though often plausible and exciting, are not necessarily conclusive
or significant. The paleocommunity needs to abandon the storytelling mode of
research. Rather than collecting data and then interpreting them, we need to adopt a
hypothesis-driven approach, which explicitly seeks out certain data in order to rule
out specific scenarios. Moreover, a single core, a single proxy, a single model or a
single researcher cannot possibly answer questions about the evolution of mountain
climates or ecosystems with the degree of sophistication that we wish to addrcss them.
More than ever before, our research must be grounded on quantitative calibration
against instrumental datasets, detailed understanding of the behavior of paleoarchives
and how the proxy records therein are created, along with inverse modeling for robust,
quantitative, dynamically consistent, past climate state estimation.

4.1 Relevance to societal concerns

Since the industrial revolution, mountains have become increasingly affected
by human activities. Some might suggest that anthropogenic change has been so
dramatic as to render dynamics of the past irrelevant to current concerns. This is not
the case. Natural processes are now woven together with human induced changes in
a complex tapestry of forcings, responses, feedbacks, and consequences. However,
the past record remains of great significance for the future. For example, there is
much evidence to suggest that global anthropogenic climate change may be expressed
by the strengthening or weakening of naturally occurring climatic modes (e.g. the
PNA pattern and its effect on mountain precipitation, discussed above). Another
example is mountain biodiversity. The degree and range of modern biodiversity is
not explainable based on current climatic conditions alone. Rather, it has arisen in
response to the integrated history of conditions in the past. Understanding the basis
for the persistence of high mountain biodiversity in the face of past disturbances
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is the key to ensuring its future survival in the face of modern change (see Tinner
and Ammann this volume). A globally inclusive, coordinated effort to decipher the
complexity of natural climatic variability and ecosystem change in mountain regions,
whenever possible concentrating on those aspects most relevant to modern concerns,
must remain the primary goal of paleoresearch in mountain regions.
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1. Introduction

One of the challenges for global environmental change research is to understand
how future climate changes will be expressed in mountain regions. The physiographic
complexity of mountains creates environments that can be highly variable over
relatively short distances. This spatial heterogeneity reflects a hierarchy of
environmental controls. At regional scales, insolation and atmospheric circulation
features determine the dominant regional climate patterns that affect mountain
regions. At finer spatial scales, substrate, aspect, elevation, and a number of other
environmental factors influence ecosystem dynamics. Vegetation, for example, is
affected by all levels of this hierarchy, from regional-scale climate regimes down to
site-specific features, such as substrate type (cf. Kdrner, this volume).

The spatial heterogeneity of mountain environments will significantly influence
the ways in which mountain ecosystems respond to future climate change, yet the
potential spatial complexity of ecosystem responses continues to be underestimated.
For example, vegetation response to future climate change in the northern hemisphere
is often described in terms of “moving northward and upward.” Although this type of
movement may approximate the response of plant species in regions with relatively
little topographic variability, such as the eastern United States (US), the response is
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unlikely to be as simple in topographically complex mountain regions, such as the
Rocky Mountains of the western US. In fact, preliminary results from vegetation
modeling indicate that plant taxa in mountain regions may move not just northward in
response to future climate change, but in all directions, including southward in some
instances (e.g. Shafer et al. 2001). This simulated complexity of future vegetation
response to climate change is supported by the paleoecological record, which indicates
that species have responded individualistically to climate changes in the past (Huntley
1995; Webb 1995). Moreover, vegetation change is just one of the potential complex
responses of mountain ecosystems to future climate change.

We have been using a combination of numerical models and paleoenvironmental
data to investigate the spatial heterogeneity of environmental response to climate
change in mountain regions. Of particular interest to us is how large-scale forcings,
such as global warming, are mediated by mesoscale physiographic features, such as
mountain ranges. We are examining this mediation process in the Yellowstone region
of the northern Rocky Mountains (US) where large-scale atmospheric circulation
features interact with the region’s topography to create contrasting precipitation
regimes. These mesoscale interactions between hemispheric-scale circulation features
and regional-scale physiographic features have received relatively little attention in
discussions of the potential effects of future climate change, and yet they may greatly
increase the variability of ecosystem responses to changing climate. Moreover, an
understanding of these mesoscale dynamics is necessary to determine the potential
range of mountain ecosystem responses to climate change, and to develop appropriate
policy and management strategies to address future global change impacts in
mountain regions.

2. Spatial heterogeneity in mountain regions: An example
from the northern Rocky Mountains of the western US

In the Yellowstone National Park region of the northern Rocky Mountains there
are two contrasting precipitation regimes. As illustrated by the precipitation bar graphs
in Figure 1 (middle and right), to the north and east of Yellowstone are areas that
receive much of their annual precipitation during the summer (summer-wet regions),
while to the south and west of Yellowstone are areas that receive much of their
annual precipitation during the winter (summer-dry regions). These two precipitation
regimes are part of a broader-scale pattern of precipitation seasonality in the western
US (Fig. 1, left) controlled by different large-scale atmospheric circulation features
(Whitlock and Bartlein 1993; Whitlock et al. 1995). The areas with a summer-wet
precipitation regime receive summer moisture from the Gulf of Mexico and the Gulf
of California via monsoonal circulation. In contrast, the areas with a summer-dry
precipitation regime are dominated in summer by the eastern Pacific subtropical high-
pressure system that suppresses precipitation in the region. These summer-dry regions
receive winter moisture from Pacific Ocean air masses that are funneled to the interior
of the continent through physiographic low areas in the northwestern US, such as
the Columbia Gorge (Bryson and Hare 1974; Whitlock and Bartlein 1993). Although
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the amplitude of the seasonal cycle of precipitation in the Yellowstone region is
controlled by these large-scale circulation patterns, the spatial pattern of the summer-
wet versus summer-dry areas is controlled by the region’s topography (Whitlock and
Bartlein 1993).

The juxtaposition of these two precipitation regimes creates a mesoscale level of
environmental complexity across the Yellowstone region that affects many aspects
of the region’s environment. To explore the influence of this mesoscale complexity
on the region’s response to future climate change, we examined paleoenvironmental
data to evaluate how this region responded to climate changes in the past. From
approximately 12,000 to 6000 cal yr BP (i.e. calendar years before present), summer
insolation in the northern hemisphere was greater than it is at present. Although the
direct effect of higher-than-present summer insolation was likely to have increased
evapotranspiration, creating drier conditions in the Yellowstone region, an important
indirect effect may have been to increase the strength of both the summer monsoon
and the eastern Pacific subtropical high-pressure system (Whitlock and Bartlein
1993; Mock and Bartlein 1995; Mock and Brunelle-Daines 1999). The strengthening
of these two circulation features had opposing consequences on the precipitation
regimes of the Yellowstone region. The indirect strengthening of the summer
monsoon likely overwhelmed the direct insolation effect, creating wetter-than-present
summer conditions in the summer-wet areas in the early Holocene. In contrast, the
indirect strengthening of the eastern Pacific subtropical high-pressure system likely
augmented evapotranspiration, creating drier-than-present summer conditions in the
summer-dry areas at this time (Fig. 1, middle).

These opposing responses to increasing insolation had significant impacts on the
region’s ecosystems, particularly its vegetation and fire regimes. The paleoecological
record indicates that vegetation in the Yellowstone region responded to these seasonal
precipitation changes, with vegetation communities in the summer-dry region
supporting an increased number of taxa that tolerate drier summer conditions, and
vegetation communities in the summer-wet regions supporting an increased number
of taxa that require more mesic summer conditions (Whitlock and Bartlein 1993;
Whitlock et al. 1995; Millspaugh and Whitlock 2003). Fire regimes in the region,
which can be reconstructed for centennial-to-millennial time periods from charcoal
analysis of lake-sediment cores, were also affected by the changing strength of the
region’s precipitation regimes. Charcoal records indicate that enhanced dryness in
summer-dry regions resulted in increased fire frequencies (Millspaugh et al. 2000;
Millspaugh and Whitlock 2003). As insolation decreased from 9000 to 6000 cal yr
BP, the strength of both the eastern Pacific subtropical high-pressure system and the
southwestern monsoonal circulation likely decreased as well. As a result, summer-wet
areas became drier in summer and summer-dry areas became wetter than they were
during the early Holocene, and this change is recorded in the paleoenvironmental
record (Fig. 1; middle and right).

2.1 Simulating past and future environmental changes in mountain regions

The evidence that the precipitation regimes in the Yellowstone region responded in
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opposite ways to insolation forcing in the Holocene raises important questions about
how the region’s climate and ecosystems may respond to future climate change. We
are currently investigating these questions using a variety of physically-based process
models to simulate the potential response of vegetation and soil moisture (as a proxy
for fire regimes) to both past and future climate changes in the Yellowstone region.
General circulation model (GCM) simulations of precipitation for 6000 cal yr BP
resolve the broad-scale pattern of summer-wet and summer-dry regions in the western
US (Fig. 2). This pattern includes summer-wet conditions in the southwestern US
attributed to strengthened monsoonal circulation, and summer-dry conditions in the
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Figure 2: Ratios of July-to-annual precipitation for 6000 cal yr BP (top left) and 2050-2059 (10-year
mean; top right), and mean summer (July-September) soil-moisture anomalies (mm) for 6000 cal yr BP
(bottom left) and 2050-2059 (bottom right) compared to present (1951-1980, 30-year mean) in the western
US. Climate data: 1951-1980 (Thompson et al. 1999); 6000 cal yr BP, CCM3 (Bonan 1996); 2050-2059,
HADCM2 HCGSa (Mitchell and Johns 1997). Soil data: CONUS-Soil (Miller and White 1998).
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Pacific Northwest and parts of the northern Rocky Mountains arising from a stronger-
than-present eastern Pacific subtropical high-pressure system. Soil moisture simulated
for 6000 cal yr BP, using a simple water-balance model, reflects the broad-scale
summer-wet and summer-dry precipitation patterns of the western US (Fig. 2), with
drier-than-present summer soil conditions simulated for much of the northwestern
US, and wetter-than-present conditions simulated for the southwestern mountains
and the areas north and east of the Yellowstone region (Fig. 2). The soil moisture
simulations also capture the local-scale effects of different soil types and variations in
the amount and duration of snow cover across the region. These local-scale variations
create the mosaic of both drier and wetter soil moisture conditions simulated for
the mountain areas in the western US. The largely drier-than-present soil moisture
patterns simulated for 6000 cal yr BP in the Yellowstone region are consistent with
the paleoecological data, which includes evidence of increased fire frequency in the
region at 6000 cal yr BP compared to present (Millspaugh et al. 2000; Millspaugh and
Whitlock 2003).

The summer-wet versus summer-dry pattern is maintained in the simulated future
July-to-annual precipitation ratios for 2050-2059, although the summer-wet areas are
simulated to be slightly drier in the future, relative to annual precipitation, than they
are at 6000 cal yr BP (Fig. 2). Potential future summer soil moisture simulated for
2050-2059 contains drier-than-present patterns similar to those simulated for 6000 cal
yr BP at high elevations. At low elevations there is slightly more moisture simulated
for 2050-2059 than for 6000 cal yr BP, particularly in the summer-dry regions (Fig.
2). This increased soil moisture is a result of simulated future increases in summer
precipitation compared to present in the western US (Mitchell and Johns 1997).

These potential future soil moisture changes could have important impacts on
vegetation and fire regimes of the Yellowstone region. Decreased summer soil
moisture simulated for high elevations in the Yellowstone region relative to present
could lead to increased drought stress on vegetation and create conditions suitable for
increased future fire frequencies (Clark 1989). Warmer and drier conditions would
also decrease the moisture content of fuels (e.g. downed wood, duff), making them
more flammable. Under the simulated future climate conditions, increased summer
soil moisture at low elevations could also lead to increased fire frequencies if there
is sufficient moisture to increase the productivity and connectivity of fine fuels,
particularly grasses (Gitay et al. 2001). This situation could occur if effective moisture
increased during the growing season, for example, allowing increased grass growth,
which was then followed by summer climate conditions that dried out the grass during
the fire season.

There are a number of caveats that go along with these simulations of potential
future climate, soil moisture, and vegetation. That we find similarities in simulated
patterns of certain variables, such as soil moisture, for past and future time periods
does not mean that the physical processes creating those patterns necessarily will be
the same in the future as they were in the past. Additional model experiments will
allow us to refine our understanding of these processes and determine, for example,
how robust the atmospheric circulation features implicated in past climate changes
in the region may be under future climate scenarios. There are also uncertainties
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associated with model simulations of both past and future time periods. For example,
the atmosphere-ocean general circulation models (AOGCMs) used to simulate
potential future climate change have difficulty simulating precipitation patterns and
fine-scale climate features, which limits the confidence we can have in the model
simulations of increased soil moisture for particular regions (Giorgi et al. 2001).
These uncertainties continue to be reduced as the models simulating climate, soil
moisture, and vegetation are improved. In the meantime, model simulations can be
used to indicate the potential magnitude and direction of changes that may occur in
the future.

It is also important to remember when interpreting model simulations of future
climate change that climate change is transient, with the current global warming trend
predicted to continue for centuries (IPCC 2001). As aresult, the mesoscale summer-wet
versus summer-dry pattern that exists in the Yellowstone region may not persist in the
future as climate changes exceed particular environmental thresholds beyond which
other climatic processes may become dominant. For example, the increased summer
moisture in the summer-wet area during the early Holocene was likely the result of
increases in summer precipitation that were large enough to exceed concomitant
increases in evapotranspiration. If future global temperatures continue to increase, the
opposite result may ensue: future summer evapotranspiration rates may at some point
exceed precipitation in the summer-wet regions of Yellowstone. Although the region
might still have a summer-wet precipitation regime, drier summer soils could lead to
significant changes in the region’s vegetation and fire regimes.

Finally, a strength of our modeling efforts is that they often explicitly rely on
paleoecological data (e.g. Whitlock et al. 2003). Although the paleoenvironmental
record cannot be used as an analogue for future change in the Yellowstone region, it
provides important evidence of how mountain environments have responded to large
environmental changes in the past - changes similar in magnitude to potential future
climate changes simulated to occur over the next few centuries. Paleoecological data
also can be used in conjunction with models to reconstruct paleoenvironments and
thus to validate model simulations of past time periods. Models that can accurately
simulate environmental changes in the past give us more confidence in their ability to
simulate future environmental conditions.

3. Future priorities for investigating the spatial heterogeneity
of environmental response to climate change

An important priority for spatial heterogeneity research in mountain regions is to
identify other areas where topographically controlled circulation features exhibited
complex responses to past climate changes or are anticipated to have complex
responses to future climate change (e.g. see Fall et al.’s (1995) study of the Wind
River Range in Wyoming and Brunelle-Daines’ (2002) study of the Bitterroot Range
in Montana). Interactions of mountain ranges with large-scale circulation features are
unique, with different ranges having different thresholds for change. The topographic
contro] of climate by smaller mountain ranges may be overwhelmed as circulation
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features increase or decrease in strength with changing climate. Additional studies are
needed to understand these dynamics in other regions of the globe.

3.1 Improving model simulations of environmental change

A variety of physically-based process models are used by researchers to simulate
environmental dynamics in mountain regions. Refinement of these models will lead
to improvements in our ability to simulate both the past and potential future spatial
complexity of environmental responses to climate change in mountain regions. Of
particular importance is improving the spatial resolution of climate simulations.
AOGCMs are run at too coarse a spatial resolution to adequately resolve mountain
regions, although they provide important information about large-scale atmospheric
circulation patterns. Regional circulation models (RegCMs) have a finer spatial
resolution and, although they are too complex to run at global scales, they can be
nested within AOGCM simulations for hypothesis testing of regional-scale questions
(e.g. Hostetler et al. 2000; Leung, this volume). However, even finer-scale resolution
models are needed to resolve the topographic complexity of mountain regions that
creates the spatial heterogeneity observed at regional scales.

3.2 Increasing data-model comparisons

Paleoecological research in mountain regions is improving our understanding of
the spatial variability of environmental responses to past climate change. In some
mountain regions, such as the western US, there is now sufficient paleoenvironmental
data coverage (e.g. NOAA/NGDC paleoclimatology data: www.ngdc.noaa.gov/
paleo/data.html/) for regional syntheses of the dynamics of past environmental
changes. A wide variety of paleoenvironmental data (e.g. pollen, charcoal, diatoms,
isotopes) are available and multi-proxy studies are beginning to reveal patterns
of environmental change in mountain regions during the Holocene. These studies
include information on past patterns of species migration (MacDonald and Cwynar
1985; Anderson 1996; Whitlock and Millspaugh 2001), disturbance regimes, such as
fire and drought (Meyer et al. 1995; Long et al. 1998; Millspaugh et al. 2000; Mohr et
al. 2000), and how these processes varied with past climate change. Designing studies
that utilize paleoenvironmental and modern environmental data in conjunction with
climate models and other physically-based process models will help us move from
identifying the spatial patterns associated with environmental change in mountain
regions to identifying the processes controlling those patterns.

3.3 Developing model simulations of climate change impacts for policy and
management

Finally, in order to develop policy and management strategies for responding
to the impacts of future climate change in mountain regions, we must improve our
ability to predict the magnitude, variability, and spatial complexity of potential future
environmental changes. Policy-makers and managers would like to have predictions
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of the exact timing, location, and type of climate change impacts on environmental
systems that will occur in the future, but this level of accuracy is not now possible.
However, we do have increasing confidence in the ability of models to simulate
the magnitude and direction of potential future environmental changes, and efforts
should be made to translate these results and their uncertainties into language that is
accessible to policy-makers and managers.
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1. Introduction

The 20" century has seen the acceleration of unprecedented global and regional-
scale climatic and environmental changes to which humans are vulnerable, and by
which we will become increasingly more affected in the coming centuries. One-half
of the Earth’s surface area lies in the tropics between 30°N and 30°S, and this area
supports almost 70% of the global population. Thus, temporal and spatial variations
in the occurrence and intensity of coupled ocean-atmosphere phenomena such as
El Nifio and the Monsoons, which are most strongly expressed in the tropics and
subtropics, are of worldwide significance. Unfortunately, meteorological observations
in these regions are scarce and of short duration. However, ice core records are
available from low-latitude, high-altitude glaciers, and when they are combined with
high-resolution proxy histories such as those from tree rings, lacustrine and marine
cores, corals, etc., they provide an unprecedented view of the Earth’s climatic history
over several millennia. This paper provides an overview of these unique glacier
archives of past climate and environmental changes on millennial to decadal time
scales. Also included is a review of the recent, global-scale retreat of these alpine
glaciers under present climate conditions, and a discussion of the significance of this
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retreat with respect to the longer-term perspective, which can only be provided by the
paleoclimate records.

Over the last 25 years the principal objective of the Ice Core Paleoclimatology
Research Group (ICPRG) at the Byrd Polar Research Center has been the acquisition
and analysis of a global array of ice cores that can provide high-resolution climatic
and environmental histories, which contribute to our understanding of the complex
interactions within the Earth’s coupled climate system. With the help of new light-
weight drilling equipment, we have achieved one of our main scientific objectives
by expanding our research from the polar regions to remote ice fields on some of the
highest tropical and subtropical mountains. Ice core records from mountains in Africa,
South America, and China make it possible to study processes in the subtropical
and tropical latitudes where human activities are concentrated. We utilize an ever-
expanding ice core database of multiple proxy information (i.e. stable isotopes of
oxygen and hydrogen, or 8'*0 and 8D, respectively, insoluble dust, major and minor
ion chemistry, precipitation reconstruction) that spans the globe in spatial coverage
and is of the highest possible temporal resolution.

The records contained within the Earth’s alpine ice caps and glaciers provide a
wealth of data that contribute to a spectrum of critical scientific questions. These
range from the reconstruction of high-resolution climate histories to help explore the
oscillatory nature of the climate system, to the timing, duration, and severity of abrupt
climate events, to the relative magnitude of 20" century global climate change and its
impact on the cryosphere. The information from these ice core studies complements
other proxy records that compose the Earth’s climate history, which is the ultimate
yardstick by which the significance of present and projected anthropogenic effects
will be assessed.

2. Recent results

The sites from where the ICPRG has retrieved high-altitude ice cores are shown
in Figure 1. The first program to drill a low-latitude mountain core to bedrock was
carried out on the Quelccaya ice cap in southern Peru (14°S, 71°W) in 1983, and the
most recent was accomplished in 2000 on the Puruogangri ice cap (34°N, 89°E) in the
center of the Tibetan Plateau. In between, we have recovered cores (Dunde, Guliya,
Dasuopu) from other regions of the Tibetan Plateau, from the Andes (Huascardn and
Sajama) and from Kilimanjaro in East Africa. With the exception of Puruogangri, all
the cores have been analyzed and their overall climate records have been published.

Low-latitude, high-altitude ice core records have revealed the nature of climate
variability over both glacial and interglacial time scales, specifically from the Last
Glacial Maximum (LGM) 18 to 20 thousand years ago, to the present. Two records
from the South American Andes (Huascardn in northern Peru at 9°S, 78°W and Sajama
in Bolivia at 18°S, 69°W) and one from the western Tibetan Plateau (Guliya at 35°N,
81°E) extend to or past the LGM and confirm, along with other climate proxy records
(e.g. Guilderson et al. 1994; Stute et al. 1995; Colinvaux et al. 1996; Weyhenmeyer et
al. 2000), that the LGM was much colder in the tropics and subtropics than previously
believed (Thompson et al. 1995; 1997; 1998). Although this period was consistently
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Figure I: Locations of sites from where ice cores have been taken by the Ice Core Paleoclimate Research
Group. The shading depicts the extent of the tropics over land from 30°N to 30°S.

colder, it was not consistently drier through the lower latitudes, unlike in the polar
regions. For example, the effective moisture along the axis of the Andes Mountains
during the end of the last glacial stage was variable, being much drier in the north
than in the Altiplano region in the central part of the range (Thompson et al. 1995;
1998; Davis 2002). In another example, the Guliya ice cap is partly affected by the
variability and strength of the Southwest Indian Monsoon system, which was much
weaker during the last glacial stage than during the Holocene. However, this region of
the Tibetan Plateau also receives (and received) moisture generated from the cyclonic
activity carried over Eurasia by the prevailing wintertime westerlies. Not only were
many lake levels in the western Tibetan Plateau higher than tropical lakes during the
LGM (Li and Shi 1992), but the dust concentrations in the Guliya ice core record
were comparable with those of the Early Holocene when the summer Asian Monsoons
became stronger, suggesting that local sources of aerosols were inhibited during this
cold period by higher precipitation and soil moisture levels (Davis 2002).

Tropical and subtropical ice core records during the Holocene show evidence
of major climatic disruptions, specifically droughts. Major dust events, beginning
between 4.2 and 4.5 ka and lasting several hundred years, are observed in the
Huascardn and Kilimanjaro ice cores (Thompson 2000; Thompson et al. 2002,
respectively), and the timing and character of the dust spike is similar to one seen in
a marine core record from the Gulf of Oman (Cullen et al. 2000) and a speleothem
d"*C record from a cave in Israel (Bar-Matthews et al. 1999). This dry period is also
documented in several other proxy climate records throughout Asia and Northern
Africa (see contributions in Dalfes et al. 1994). Two other periods of abrupt, intense
climate change in East Africa are observed in the Kilimanjaro ice core at ~8.3 ka and
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5.2 ka (Thompson et al. 2002). The latter event is associated with a sharp decrease in
8"0, indicative of a dramatic but short-term cooling.

More recently, a historically documented drought in India in the 1790s, which was
associated with monsoon failures and a succession of severe El Nifios, was recorded
in the insoluble and soluble aerosol concentration records in the Dasuopu ice core
(Thompson et al. 2000). Another recorded Asian Monsoon failure in the late 1870s
(Lamb 1982; Charles et al. 1997) is noticeable in the Dasuopu dust flux record (Davis
2002), which is a parameter that incorporates both the dust concentration and the
annual accumulation rate of ice on the glacier surface.

High-resolution records of Late Holocene variations in temperature are available
from low-latitude alpine ice cores. Composites of the 8"O profiles of the South
American cores (Huascaran, Quelccaya, and Sajama) and three of the Tibetan Plateau
cores (Dunde, Guliya, and Dasuopu) show similar trends in decadal averages over
the last millennium (Thompson et al. 2003) (Fig. 2). When all six of the records
from these mountain glaciers are combined, the resulting composite is similar to
the Northern Hemisphere temperature records of Mann et al. (1998) and Jones et
al. (1998) covering the last 1000 years. As in polar ice cores, the dominant factor
controlling mean 8'®0 values in Andean snowfall on decadal, centennial, and
millennial timescales must be temperature, while on seasonal to annual time scales
both temperature and precipitation influence the local 6'30 signal (Vuille et al. 2003).
8'®%0 variations in ice cores from Bolivia and Peru are highly correlated with sea
surface temperatures (SSTs) across the equatorial Pacific Ocean, which are closely
linked to ENSO variability (Bradley et al. 2003). Likewise, 8'30 variations in the
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Figure 2: Composite records of decadal averages of 8'*Q from ice cores from (a) the South American Andes
(Huascardn, Quelccaya, Sajama) and (b) the Tibetan Plateau (Dunde, Guliya and Dasuopu) from A.D. 1000
to the present. All six ice-core records are combined (c) to give a total view of variations in 80 over the
last millennium in the tropics, which is compared with the Northern Hemisphere reconstructed temperature
record (d).
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Dasuopu ice core from the Himalayas also reflect SST variations in the equatorial
Pacific Ocean. The controlling factor on 6'*O is a matter of debate; however, not only
do these comparisons argue for the important role of temperature in the composition
of oxygen isotopic ratios in glacier ice, but they also demonstrate abrupt warming
from the late 19™ century through the 20" century. Indeed, they suggest that the 20*"
century was the warmest period in the last 1000 years in the tropics, which also
encompasses the time of the “Medieval Warming”.

The recent warming is recorded in tropical alpine glaciers in other ways, both
within the ice core records and by the rapid retreat of many of the ice fields. In the
Andes, on the Tibetan Plateau and in the East Africa Rift Valley region this climate
change has left its mark. On the Tibetan Plateau, the trend is amplified and is
accelerating with increasing elevation (Thompson et al. 2000). The lower elevation
ice caps in the Andes are experiencing damage to their seasonal 8'°O signals from the
lifting of the 0°C isotherm (Davis et al. 1995). For example, not only is the seasonal
isotope signal on the Quelccaya ice cap at 14°S in southern Peru being smoothed
out as meltwater percolates through the upper layers of the snow (Thompson et al.
1993), but the ice margins are undergoing rapid and accelerating retreat. The rate of
this retreat from 1983 to 1991 (14 m/yr) was almost three times that between 1963
and 1983 (5 m/yr), and in the 2000/2001 year reached 205 m/yr. The many ice fields
on Kilimanjaro covered an area of 12.1 km? in 1912, but today only 2.6 km’ remains.
If the current rate of retreat continues, the perennial ice on this mountain will likely
disappear within the next 20 years (Thompson et al. 2002).

3. Future Priorities

Meteorological data from around the world suggest that the Earth’s globally
averaged temperature has increased 0.6°C since 1950. The El Niflo year of 1998
saw the highest globally averaged temperatures on record, while 2002 (a non-El
Nifio year) was the second warmest. The marked warmth of the last two decades has
contributed to the widespread melting of low-latitude, high-altitude glaciers. During
this time, the ICPRG has been monitoring the accelerating retreat of this tropical ice
in conjunction with its global ice core drilling and climate reconstruction program.

Seasonal and annual resolution of chemical and physical parameters in ice core
records from the Andes Mountains have allowed reconstruction of the variability of
the ENSO phenomenon over several hundred years (Thompson et al. 1984; 1992;
Henderson 1996; Henderson et al. 1999). Because the effects of El Nifio and La Nifa
events are spatially variable, ice core records from the northernmost (Colombia) and
southernmost (Patagonia) reaches of the Andes Mountains will help further resolve
the frequency and intensity of ENSO along with temperature variations long before
human documentation. This will aid in placing the modern climate changes and the
modern ENSO into a more comprehensive perspective.

Variability of the South Asian Monsoon is also of vital importance for a large
percentage of the world’s population that lives in the affected areas. The ICPRG has
drilled four cores on the Tibetan Plateau that have yielded millennial-scale histories
of monsoon variability across this large region and information on the interaction
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between the monsoon system and the prevailing westerlies that are traced back to the
Atlantic Ocean. Although marine cores from the Arabian Sea show that the intensity
of the South Asian Monsoon has increased over the last four centuries (Anderson
et al. 2002), the Dasuopu record from the Himalayas demonstrates that since the
early 19" century the amount of precipitation falling on this region has decreased
(Thompson et al. 2000). However, the Dunde record from the north side of the Plateau
shows an accumulation history that is opposite to that in the Himalayas (Davis and
Thompson submitted). Like ENSO, therefore, the South Asian Monsoon systems
have varying geographical effects. Retrieval of ice core records from the west side of
the Himalayas, which is more directly affected by the SW Indian Monsoon than is the
east side where Dasuopu is located, will provide a more comprehensive overview of
the precipitation and temperature histories of the Himalayas as a whole. The glaciers
on these mountains are vital sources of stream water for the populations of Nepal and
India during the dry seasons, and their recent disappearance should be a source of
great concern for these countries.

Compelling evidence for major climate warming underway today comes from the
tropical glaciers, recorded in both the ice core records and in the drastic retreats of
both total area and total volume. The rapid retreat causes concern for two reasons.
First, these glaciers are the world’s “water towers”, and their loss threatens water
resources necessary for hydroelectric production, crop irrigation and municipal water
supplies for many nations. The ice fields constitute a “bank account” that is drawn
upon during dry periods to supply populations downstream. The current melting
is cashing in on that account, which was built over thousands of years but is not
currently being replenished. As Figure 3 illustrates, all the mountain glaciers in the
tropical latitudes are currently retreating (see Kaser and Noggler 1991; Francou and
Ribstein 1995; Mark and Seltzer, this volume), as are glaciers in middle and subpolar
latitudes (Dyurgerov, Haeberli, both this volume). Although the land between 30°N
and 30°S is home to most of the world’s population and 80% of the world’s births,
the average gross domestic product per capita of the 72 tropical nations is only about
one-third that of the 78 extratropical nations. Only 20% of the global agricultural
production takes place in these climatically sensitive regions and the dwindling water
resources for dry-season irrigation will further threaten this production.

The second concern that is brought about by the disappearance of these ice fields
is that they contain paleoclimatic histories that are unattainable elsewhere and, as
they melt, the records preserved therein are forever lost. These records are needed to
discern how climate has changed in the past in these regions and to assist in predicting
future changes.

The manifestations of the current global warming remain a topic of much
debate, but the scientific evidence verifies that the Earth’s globally averaged surface
temperature is indeed increasing. At the same time, global water resources are at risk,
and mountain glaciers and their unique climate histories are disappearing at an ever-
increasing rate. In order to preserve these records that are essential for examining how
climate has changed in the past and to predict future changes, we must accelerate the
rate at which ice cores are being recovered and focus on those ice fields that are at the
greatest risk.
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1. Introduction

Moraines are non-continuous short-term records of ice marginal positions.
Moraines help provide important paleo-glaciological mass balance information (e.g.
glacier surface area, ice volume, terminus elevation, snowline altitudes, longitudinal
ice surface gradient below the paleo-snowline) which in part controls the geometry of
the glacier and the rate of advance and retreat of an ice margin. Therefore, chronologies
on these ancient glacial landforms can be directly tied to local paleo-temperature and
paleo-precipitation estimates for specific times during and after a glaciation. In the
past two decades, the terrestrial cosmogenic nuclide (TCN) exposure dating method
has made a revolutionary contribution to the study of alpine paleo-glacial histories
and paleoclimatology. (i) Exposure dating of boulders on moraines provides the time
since a boulder was deposited from an ice margin. It directly determines when the
glacier reached a measurable mass-balance condition, whereas other chronometers,
such as radiocarbon, U-series, and luminescence dating, typically provide only
minimum or maximum limiting ages on ice margin positions. (ii) The method can
provide a precise estimate of the timing of initial ice retreat. Timing of when an alpine
glacier reaches its maximum position is not only a function of local climate but also of
numerous glaciological and hydrological conditions. Initial retreat is the most discrete
short-lived climate-response event in a moraine record. Unlike the timing of initial
retreat, initial advance is not recorded in moraine records because glaciers override

39
U. M. Huber et al. (eds.), Global Change and Mountain Regions, 39-49.
€ 2005 Springer.



40 J. C. Gosse

their moraines during advance (Gibbons et al. 1984). The ability to precisely date
the timing of initial retreat may be the technique’s most important yet under-utilized
contribution to global change research. (iii) In the alpine environment, TCN’s have
been used to exposure date outwash terraces, bedrock and tor surfaces, and perched
erratics to establish histories of ice marginal positions and study glacier processes. (iv)
TCN methods are applicable from 10" to 10° years and are therefore useful in linking
alpine events (especially those that occur before ~60 ka - the radiocarbon limit) with
long-term continuous records of climate change.

Paleoclimatology has benefited from the increased reliability of TCN dating.
Moraines can be dated directly and affiliated with targeted Quaternary events, such
as cooling intervals associated with the Younger Dryas chron (Gosse et al. 1995a) or
Heinrich Events (Phillips et al. 1996). This helps to indicate if a climate signal was
of local, regional, hemispheric, or global extent and therefore provides constraints
on the climate change triggers and the roles of atmospheric and oceanic circulation
that must have controlled glacier extent. Regional climate changes, inferred from
moraine chronologies, must be reproduced by paleoclimate simulations before the
same models can be used for climate predictions. As the precision of the TCN dating
method continues to improve, a new level of questions can be tackled: Are there
subtle spatial trends in the timing of initial deglaciation across large regions (e.g.
Eurasia) that have been assumed synchronous? What atmospheric conditions could
explain such trends? Are there any alpine moraine records of the 2000-year phase lag
in climate change indicators between the high latitude Southern Ocean and the North
Atlantic ice core stratigraphy? What was the natural rate of retreat of alpine glaciers
from the last major stadial (Younger Dryas) and how does this compare to current
rates of anthropogenically-induced shrinkage?

2. Principles of the TCN method

For a recent review of the theory and applications of the TCN method the
interested reader is referred to Gosse and Phillips (2001), as only a cursory review
can be provided here. Galactic cosmic radiation, primarily high-energy protons,
penetrates Earth’s magnetic field and interacts with nuclei of atoms in the atmosphere.
The high-energy interactions produce a cascade of secondary particles, including
protons, neutrons, and muons. As the secondary radiation penetrates the atmosphere
and Earth’s surface, the average flux attenuates. Fast neutrons account for the majority
of the production of useful TCN at Earth’s surface, and the mean attenuation length of
fast neutrons in granite near the surface is roughly 50 cm (distance over which the flux
is decreased by a factor of 1/e). The concentration C (atoms-g™') of TCN in a mineral is
proportional to their rate of production P (atoms-g™-y"!, varies spatially and is different
for each isotope-mineral system) and to the time T (yr) that the rock was exposed.
Hence, measured concentrations of these nuclides can be used to determine the
exposure time of a rock surface. For stable isotopes on an ideal rock surface, T = C/P.
Most surfaces are not ideal for dating. The dependence of the TCN dating method
on careful sampling approaches cannot be overstated as the technique is extremely
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sensitive to the exposure history of the rock surface. Rock surfaces that erode will
have a lower concentration for the same exposure duration than a more resistant
surface. Rocks buried by ice, snow, ash, dense forests, loess or other sediments are
partially or completely shielded from cosmic radiation. Spatial and temporal changes
in production rates due to geomagnetic, atmospheric, and local geometry effects are
becoming better established. These factors, along with loss of radioisotopes due to
decay and a correction for non-cosmogenic concentrations of the isotopes, need to be
considered when interpreting exposure ages.

Although a wide spectrum of TCN is produced from these interactions, only six
are routinely used. Cosmogenic "*C, *Cl, 2°Al, and 'Be are radionuclides with half-
lives of 5.7 kyr, 0.3 Myr, 0.7 Myr, and 1.5 Myr respectively, and cosmogenic *He and
?INe are stable noble gases. The TCN are sufficiently stable to be useful for dating
on geological timescales ranging from 10' to 10° yr. There is sufficient production of
the TCN in common minerals to allow measurement above natural, non-cosmogenic,
or chemical background abundances of the isotope or isobars in the mineral or rock
type. All six TCN have provided alpine paleo-glacier chronologies. The stable
isotopes and ratios of two radioisotopes have been used to date surfaces exposed for
> | Myr. Isotopes with relatively high production rates (e.g. *He) are more useful for
determining the age of shorter exposures, but even '“Be, with the lowest sea level
surface production rate of the six at 5 atoms-g'-yr!, can date high altitude surfaces
that have been exposed during the past 1000 years. Essentially any rock type can be
dated. The most commonly utilized minerals are quartz ('°Be, "*C, *'Ne, *Al, *Cl),
and olivine and pyroxene (*He). Cosmogenic *Cl is the only TCN measured routinely
in a “whole rock” sample. Other isotope-mineral systems continue to be evaluated for
their usefulness for geological applications.

3. Applications and key contributions of TCN to alpine
global change research

This section describes some noteworthy contributions of TCN to global change
research. Alpine glaciers are useful in monitoring climate change on scales of 10'
to 10° years because their volume responds quickly to changes in temperature and
precipitation (Oerlemans and Fortuin 1992; Oerlemans 1994). Moraine maps permit
the reconstruction of paleoequilibrium line altitudes, which are approximately
equivalent to annual snowline altitudes and rough indications of the average elevation
of the annual zero-degree isotherm. In general, an alpine glacier responds sensitively
to an increase in winter precipitation or decrease in summer temperature because
its equilibrium line altitude (ELA, separating zones of net annual ablation and
accumulation on the glacier surface) will decrease and glacier volume will expand to
maintain a mass balance above and below the ELA. In the case of drying or warming,
the ELA rises in accordance to local adiabatic lapse rates and the glacier will shrink.
Paleo-mass balance calculations can constrain ranges of past precipitation and
temperature changes reflected by paleo-ice volume change. However, precisely dating
ice margin positions in the Quaternary has proven difficult. Radiocarbon ages reflect
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the timing of death of an organism (cessation of gas exchange with the atmosphere) in
the glacial sediment and rarely tie a precise age to a particular paleo-ice volume (see
Reasoner et al. (1994) and Madole (1986) for exceptions). Other dating methods, such
as U-series dating, have similar disadvantages in that they typically date some event
(e.g. travertine deposition or petrocalcic horizon in till), indirectly related to when a
glacier margin was at a specific position (see Sturchio et al. (1994) for an exception).
The lack of sufficiently precise chronologies was one of the chief factors identified
(Clark and Bartlein 1995) for the apparent lack of global synchronicity of glacier
maximum advances, according to Gillespie and Molnar (1995).

It is important to point out that the accuracy of an exposure age derived from a
single boulder with a single isotope will probably never be better than 10% (20).
The majority of this uncertainty is a reflection of the uncertainty in the various
production rate algorithms. Additionally, there is a real probability that environmental
conditions that influence the concentration of the cosmogenic isotopes may not be
well established for the entire duration of exposure. We recognize that a thin cover
of till may have persisted on a large boulder for a few thousand years following
deposition, snow cover thickness, density, and duration have likely varied, and small
amounts of inheritance may exist in even the most deeply plucked boulders. For
this reason, it is critical to rely only upon ages derived from multiple measurements
from a moraine. Where the random errors contribute negligibly, the precision of an
average age may be sufficiently precise to distinguish ages at the 4% (20) level or
better. This means it is possible to establish the relative timing of a certain short-lived
event, such as the Younger Dryas cooling (12.8 to 11.5 ka) or the initial retreat from
the last major glaciation (approximately 20 ka). Documenting synchronicity and
spatial trends in the responses of alpine glaciers is critical to our understanding of
the climate change mechanisms and telekinesis among energy sources (i.e. the Sun,
ocean, and atmosphere). A compilation of glacial boulder exposure ages measured
in the past 3 years (in an attempt to use similarly scaled age calculations) suggests
that the distribution of age occurrences may begin to reflect the ages of moraines
worldwide (Fig. 1). Although the magnitudes of the occurrences are influenced by
many non-climate factors, such as funding, availability of suitable boulders, and
various glaciological conditions, the distribution shows that there appears to be a
Younger Dryas age signal throughout the world, whereas a 16-kyr event that may be
related to Heinrich event | seems to be more prevalent in the Northern Hemisphere.
Clearly, more consideration of site attributes and more data are needed to make any
conclusions based on this distribution. However, if Younger Dryas-age moraines are
demonstrably synchronous throughout the world, then the dramatic cooling could not
have been communicated solely by ocean circulation because of the long (several kyr)
period for complete circulation. Similarly, if few or no moraine ages in the Southern
Hemisphere are found concordant with the North Atlantic Heinrich events, but many
moraines in the Northern Hemisphere are, this indicates that any associated climate
changes may have only weakly influenced the Southern Hemisphere and suggests that
the source of the climate change was in the Northern Hemisphere. A primary objective
of exposure dating of moraines is to help direct climate simulations by providing
certain boundary conditions and to test hypotheses of ocean-atmosphere dynamics
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used in simulations for predicting future climate trends.
3.1 Dating ice marginal positions

An important breakthrough in moraine chronology was realized with the
development of accelerator and noble gas mass spectrometry. Utilizing the prescient
theoretical foundation set in the preceding decades, Phillips et al. (1986) used AMS
to measure cosmogenic **Cl in boulders on moraine ridge crests to determine the age
of Sierra Nevadan glaciations. Phillips et al. determined that the technique would
yield exposure durations that were similar to the published ages of the moraines
based on geomorphometric indices and a scant number of radiocarbon dates. For the
younger (Tioga) moraine sequences, the technique was shown to yield reproducible
ages that were consistent with the independently attained ages of the moraines. This
was a significant result for the TCN technique as well as the field of glacial geology.
However, the exposure ages Phillips et al. obtained for the older moraine sequences
were not in stratigraphic sequence. This result brought attention to the influences
of moraine crest denudation (Hallet and Putkonen 1994) and boulder erosion
(Zimmerman et al. 1994) on exposure dating. Since then, more than 1000 boulders
on alpine moraines have been dated with cosmogenic nuclides on all seven continents
(Fig. 1). Subsequently, the Sierra Nevadan Tioga glacial chronology (Phillips et al.
1986) was correlated directly via outwash sedimentation to well-dated glacial-fed
lake sediment records of the Owens Valley (Benson et al. 1996). These results led
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Figure 1: Recurrence of TCN exposure ages on glacial erratics worldwide (n=441), showing only the last
30 ka (2-kyr bins). N.A. North America; E.-A. Europe and Asia; S.H. Southern Hemisphere. Data compiled
from publications using recently revised production rates and altitude scaling for '"Be. *°Al, *He, or *'Ne.
Ages remain unaltered from the original publications: Marsella et al. 2000; Phillips et al. 2000; Barrows et
al. 2002; Licciardi et al. 2001: Jackofsky et al. 2001; Owen et al. 2002; Schaefer et al. 2002; Easterbrook et
al. 2003; Macdonald 2003; Marquette et al. in press.
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to the conclusion that Heinrich Events and other rapid north-Atlantic type climate
change signals were evident in the southwestern USA glacial moraine and lake
records. A more recent development in alpine and piedmont moraine chronology has
revealed that the oxygen isotope stage 4 glaciation (approximately 75 to 60 ka) was
much more significant in the southern hemisphere than the northern (Barrows et al.
2002; Jackofsky 2001). Additional chronologies are needed to confirm this, and future
climate simulations will be used to help fully understand the asymmetry.

3.2 Multi-nuclide approaches to ice histories

By the end of the 1980’s, a group of chemists and physicists, including K.
Nishiizumi, D. Lal, J. Klein, R. Middleton, and J. Arnold, devised a means to
overcome the limiting influence of surface erosion and burial on TCN exposure
dating. They showed that when two isotopes with different half lives are measured
in an exposed sample, their ratio could be used to evaluate the steady state erosion
rate of the rock or provide a minimum estimate of how long exposure of a rock may
have been interrupted by a burial event. Although earlier isotopic ratio results were
published, their article (Nishiizumi et al. 1991) described the first use of *Al/'°Be
to document ice history and low erosion rates in the Antarctic Dry Valleys region
and Transantarctic Mountains. This multi-nuclide approach takes advantage of the
influence of nuclear decay rate and erosion rate on TCN concentration. Secular
equilibrium (when the number of isotopes lost to decay equals the number of isotopes
produced) is attained sooner by a shorter-lived isotope. Erosion causes a radionuclide
concentration to equilibrate even earlier. The isotopic ratio between the shorter- and
the longer-lived radionuclide can be used to simultaneously determine the exposure
duration and erosion rate. In the most common way to depict the ratio plot, the
exposure duration increases from left to right along the upper solid curve (Fig. 2).

The multi-nuclide approach also helps to identify complications to exposure
histories. For instance, the technique can be used to show if ice had ever covered
a landscape without eroding it. This non-erosive ice cover is referred to as “frozen-
based” or “cold-based”. Cold-based ice cover has been particularly important in
polar or alpine regions where thick permafrost may have existed prior to glaciation.
However, it may have been more expansive than the glaciology community realizes
because its geomorphic effects are minor relative to the effects of warm-based (erosive)
ice, which, over just a short time, has such a profound effect on the landscape. In the
case of the *Al/'"Be ratio plot, ratios plotting below the erosional equilibrium line
must have experienced shielding during exposure (Fig. 2). The technique therefore
provides a minimum estimate of the burial duration (assuming no erosion, one burial
event, and no post-burial exposure). Of course it is possible that multiple burial
(glacial) and re-exposure (interglacial) events have been recorded by a surface but the
total duration of these cannot be calculated.

In theory, the multi-nuclide approach is invaluable and should be considered for
many applications of TCN in order to ensure simple exposure histories and adjust for
erosion. However, the precision of ratio measurements limits the use of *Al/'°Be, for
example, to surfaces with longer exposure histories and inhibits unique solutions of
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erosion-exposure history (Gosse and Phillips 2001). Ratios involving shorter-lived
radionuclides (e.g. '*C) are more appropriate for shorter burial histories, and ratios
including thermal neutron capture nuclides (**Cl) are more useful for characterizing
erosion rates (Phillips et al. 1997).

The multi-nuclide approach, coupled with other evidence (marine multi-
bathymetry data, more detailed glacial geology mapping, and soil mineralogy and
geochemistry), has helped to develop a significantly different conceptual history of ice
cover in eastern Canadian highlands. Many summits along the coastal mountains have
scant evidence of glaciation. As a result, the summit areas had been misinterpreted
as ice-free during at least the last glaciation. This meant that paleo-ice volume was
interpreted to be lower than actual. The proposal of ice-free enclaves on these summits
was also used to explain the observation of disjunct populations of bryophytes and
beetles in coastal highlands in eastern and western Canada, Greenland, Scandinavia,
and Antarctica. As other areas with mostly cold-based ice cover are being recognized,
we may see a substantial change in ice volumes and paleoclimate parameters for
much of the northern hemisphere. Using '°Be to date perched erratics (very rare on
the highest summits) and the ratio of two nuclides, instead of one, to examine the
exposure history of tor-like outcrops of bedrock, Gosse and others (Marquette et al.
in press) have shown in eastern Canada that the summit erratics post-date the last
glaciation (many average 12 ka, Younger Dryas-age), yet the minimum exposure
history of adjacent bedrock is 0.5 Ma. The erratics indicate that the last ice cover
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Figure 2: *Al/'"Be ratio plot for bedrock samples in eastern Canada (modified from Marquette et al. in
press). A: Bedrock tors on high summits; ¥ and #: Valley bedrock; O: Erratic on highest summit; error
bars 1s analytical precision. Samples below the solid thick curves indicate that the exposure of the surface
was interrupted. Many combinations of multiple exposure, erosion, and partial or complete burial periods
can explain the data below the thick curves. In the case of sample 312, the minimum burial duration is 200
kyr after an initial exposure of 100 kyr, although the actual total history could be much longer than the
implied 300 kyr.
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persisted until the end of the Younger Dryas, but the old exposure age on the summit
bedrock surfaces reveal that there was little or no glacial erosion (i.e. the summits
were covered by cold-based ice). The existence of non-erosive ice cover also explains
the stark contrast between summit soils, with higher abundances of gibbsite, kaolinite,
and chlorites, and the valley soils, which are derived from the same parent material
but were clearly rejuvenated by glacierization.

3.3 High-precision time control on high-amplitude regionally correlable climate
events

In this example of the application of TCN for mountain climate change study, a
distinction is made between dating and correlation. The reliability of the former is
controlled by the accuracy of the method, whereas correlation requires a high degree
of precision. In other words, if the same systematic errors apply everywhere to the
TCN methods used, then the systematic errors may be ignored when correlating
moraine records dated by this method over long distances. In order to use ice marginal
records to test hypotheses of regional or global synchronicities of climate events, the
events must have been significant enough to have affected the glacier’s mass balance,
but short enough so that the synchronicity can be adequately evaluated. Individual
glaciers respond to a variety of forcings and environmental conditions. For instance,
under the same climate change, the time it takes individual glaciers to advance and
re-equilibrate will differ because factors, such as basal hydrology and glacier size,
influence flow and response time. Similarly, the length of time a glacier occupied its
terminal position during a glaciation will vary for each glacier, and may be as much
as 5 kyr for some large alpine systems (Pinedale Wyoming, Gosse et al. 1995b; 2004).
The only events that are useful to attempt to correlate among regional and global
glacier records are the initial responses to rapid high amplitude climate changes. A
record of initial retreat is preserved in all moraine sequences.

By the mid-1990s it was shown by two independent groups concurrently working
on Younger Dryas-age moraines in the Titcomb Basin of the Wind River Range,
Wyoming (Gosse et al. 1995a) and the famous Julier Pass in the Swiss Alps (Ivy-Ochs
et al. 1996) that a single glacial landform could be exposure dated with a coefficient
of variation about the mean age of the moraine (s/m) of greater than 5%. This is
better than the estimated total random uncertainty (10) in an individual exposure age
even with today’s technology. If additional adjustments were made to compensate
for neutron loss due to the size and geometry of the boulders (Masarik and Wieler
2003) the standard deviation would approach 2%. The mean age of the boulders at
both sites fell within the 1300-year duration of the Younger Dryas Chron. This result
gave further credence to the accuracy of the TCN method, at least for short exposures
where erosion was not an influence. The precision demonstrated that inheritance was
probably not a significant factor in dating glacial boulders at those sites. The precision
(about 600-years at Younger Dryas times) is equivalent or better than the 10 precision
of calibrated radiocarbon dates for the same period. The moraines could be reliably
correlated around the world. In the case of the Wind River Range experiment, lakes
dissected by the moraine were later cored to confirm with fossil pollen, sedimentology,
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and 30 AMS radiocarbon dates on terrestrial macrofossils and bulk sediment that the
moraine was indeed Younger Dryas in age (Gosse et al. 2004). This high precision
was reproduced when dating multiple late-Pleistocene recessional moraines at the
Pinedale type locality for the last glaciation (four tightly nested recessional moraines,
9 boulder dates (Gosse et al. 1995b). The results showed that ice marginal retreat from
the terminal moraines must have proceeded at a rate faster than the resolution of the
method (e.g. > 2 km/kyr).

The reproducibility of multiple boulder ages on single moraines or a group of
recessional moraines led to an important application of exposure dating to climate
change. It is possible to date the timing of initial retreat by exposure dating large
boulders near the back (up-ice direction) edge of the terminal crest and the foremost
boulders on the top of the first recessional moraine. The moraine chronology at
Pinedale, Wyoming, (Gosse et al. 1995b) demonstrates this approach. Samples (n=14)
collected on the crest of the Pinedale (Last Glacial Maximum) terminal moraine show
a decreasing age distribution (24.7 to 18.2 ka) from front to back. The mean age of
the first recessional moraine in a set of tightly nested recessional moraines of the
adjacent piedmont lobe is 18.2 ka, and this is also the mean age of all four recessional
moraines. The exact agreement of the two boulders on the back rim of the terminal
and boulders on top of the first recessional moraines is a coincidence. Nevertheless, if
suitable boulders exist on the targeted moraines and sufficient samples are measured,
the timing of initial retreat after the last glaciation (i.e. local warming) may be
resolved to within 1-kyr worldwide. By establishing precise chronologies for glacial
events, we are becoming better prepared to address questions of how past ocean and
atmospheric circulation impacted regional, hemispheric and global climate change,
using local proxies.

4. Future alpine global change studies involving TCN

In many high-latitude mountainous regions, new results from geomorphology,
soils, and TCN dating (e.g. Marquette et al. 2003) are challenging previous
estimates of ice cap and ice sheet volume. More analyses of TCN ratios are needed
to demonstrate that ice cover may have been significantly more extensive during the
Younger Dryas and late Pleistocene glaciations. Coupling soils, geomorphology, and
TCN data to provide constraints on thermomechanical ice cover models will help
direct the new research.

As the systematic and random errors for TCN dating continue to be reduced and
new isotope-mineral systems become established, new questions may be addressed.
For example, what was the average annual snow cover (g:cm?) in a given region
during the Little Ice Age? In the next decade, measurements of '“C in quartz will
become routine. This will open up some new questions regarding cold-based ice
cover, and will undoubtedly provide important insights regarding ice dynamics and
glaciological processes.

Where possible, I urge the glacial community to stop acquiring low precision
ages on broad events such as the last glacial maximum. Terminal moraine records
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reflect multiple processes and provide little direct data to increase our understanding
of climate change. In order to maximize benefit of paleo-glacier moraine records,
the timing of initial retreat from the terminal moraine must be dated precisely using
TCN from as many boulders on the terminal and recessional moraines as needed to
attain the required precision. This will provide a robust and sufficiently precise age
constraint on single events that is useful for climate modelers and glaciologists.
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1. Introduction

Glacier fluctuations provide important information on climate variations as a
result of changes in the mass and energy balance at the Earth’s surface. Variations
in glacier mass balance (e.g. Paterson 1994) are the direct reaction of a glacier to
climatic variations. Fluctuations in the length of valley and cirque glaciers, on the
other hand, are the indirect, filtered, and commonly enhanced response. Available
mass balance records are, however, relatively short compared to the longer records of
glacier length variations.

The main aims of the study of Holocene climate variations in southern Norway
have been to: (a) reconstruct continuous, high-resolution records of Holocene
glacier variations at a regional and local scale; (b) develop improved methods for
the reconstruction of past glacier and climate variations from glacio-lacustrine and
glacio-fluvial sedimentary sequences; (c) investigate whether the Norwegian glaciers
melted completely during the early Holocene thermal optimum from ca. 8000-6000
cal. yr BP (calendar years before present). In case they did, our study will focus on
what caused their disappearance, when did they form again, whether they formed
simultaneously, and which climatic factors caused their regrowth; (d) investigate
whether the maritime and continental glaciers fluctuated synchronously throughout
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the Holocene, and (e) combine glacier equilibrium-line altitudes (ELAs) with
independent biological proxy data for summer temperature to reconstruct variations
in Holocene winter precipitation.

Research on glacier variations is important for current global change issues in
mountain regions, because it provides a better understanding on which climatic
factors (accumulation-season precipitation, ablation-season temperature, wind
direction and wind strength during the accumulation season) drive glacial changes on
decadal to multi-millennial timescales. It also helps to improve our understanding of
the potential impact of climatic gradients on glacier variability, and of natural climate
variability against which present-day changes can be assessed.

2. Methodology

A variety of approaches and research techniques have been applied to reconstruct
Holocene glacier and climate variability. These have included mapping of terminal
moraines and sedimentary analyses (loss-on-ignition (LOI), water content, dry weight,
bulk density, magnetic susceptibility, grain size) of Holocene lake sediments and peat
sections in both pro-glacial and non-glacial settings. We have studied the relation
between modern glacier mass-balance and climate, in particular the North Atlantic
Oscillation (NAO), and have modeled present-day glacial equilibrium-line altitudes
(ELA). A solid understanding of modern relationships is an important prerequisite for
extracting palaeoclimatic evidence from Holocene glacial fluctuations.

3. Holocene glacial history in southern Norway

The Holocene glacial history of several glaciers in southern Norway, ranging from
the maritime (Nordre Folgefonna) to continental (Snghetta, Dovre) climate regime
has been reconstructed (Fig. 1). The early part of the Holocene was characterised
by retreating glaciers, however, this retreat was punctuated by some significant
glacier readvances. The studied glaciers had completely melted at least once during
the mid Holocene. Millennial-scale glacier variability during the Holocene was
most pronounced during the last 4000-5000 calendar years. New morphological
and stratigraphical evidence has been found about the age and nature of the earliest
Holocene glacial advance in Norway, the so-called Erdalen event, first described from
the Jostedalsbreen area (e.g. Nesje et al. 1991). In front of present outlet glaciers
from Jostedalsbreen, Hardangerjokulen and Folgefonna, and glaciers in Jotunheimen,
sets of pre-“Little Ice Age” (LIA) terminal moraines can be morphostratigraphically
correlated with the Erdalen event. Lithostratigraphy in the basal part of a bedrock
basin in Jostedalen provides evidence for a two-phase Erdalen event associated with
two glacier readvances of Nigardsbreen (Dahl et al. 2002). Radiocarbon dates suggest
that the first event took place at approximately 10,000 cal. yr BP, while the second
occurred close to 9700 cal. yr BP.

High-resolution (0.5-1-cm intervals) LOI analyses of cores from pro-glacial and
non-glacial lakes revealed a specific pattern, characterised by a two-peaked reduction
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of LOI in the lower part of the cores (Nesje and Dahl 2001). In non-glacier-fed lakes,
LOI reductions may reflect a decline in lake productivity and hence a decrease in
summer temperature, whereas reductions in the organic content in proglacial lakes
mainly reflect increased glacier activity in the catchment. AMS C dates on bulk
fine detritus gyttja and terrestrial plant macrofossils in lake sediments and peat
sections suggest that this event, termed the Finse event (Dahl and Nesje 1994; 1996),
occurred between ~8500 and 8000 cal. yr BP. This event correlates with the “8200 BP
event” recorded in the Greenland ice cores (e.g. Alley et al. 1997), in European lake
sediments (Karlén 1976; 1988; Karlén et al. 1995; Grafenstein et al. 1998; Snowball
et al. 1999; Willemse and Térnquist 1999; Matthews et al. 2000; Nesje et al. 2000a;
2001) and in North Atlantic marine records (Bond et al. 1997; Klitgaard-Kristensen et
al. 1998). The Finse event or “8200 BP event” has been attributed to the breaching of
Laurentide ice sheet dams impounding glacial lakes Agassiz and Ojibway, which led
to perturbations of North Atlantic thermohaline circulation (Barber et al. 1999).

Our investigations indicate that most, if not all, glaciers in southern Norway may
have melted completely at least once during the early to mid Holocene (ca. 8000-
4000 cal. yr BP). Most glaciers seem to have started to reform/advance between
6000 and 4000 cal. yr BP. Most glaciers experienced their maximum post-Erdalen
event position during the LIA. However, the timing of the maximum LIA advance in
different parts of southern Norway varies considerably, ranging from the early 18th
century to the 1940s. Reconstructed millennial-scale Holocene glacier variations and
decadal-scale LIA glacier variations in southern Norway do not show a consistent
pattern. Therefore, regional differences between the glacier response are affected by
differences in the relative importance of summer temperature and winter precipitation
operating on different timescales (Winkler et al. 2003). Net mass balance for the
maritime glaciers of southern Norway is more influenced by the winter balance,
whereas the opposite holds for the more continental glaciers (e.g. Nesje et al. 1995;
2000).

4. Norwegian glaciers, modern climate, and the North
Atlantic Oscillation

The North Atlantic Oscillation (NAQO) is one of the major modes of climate
variability in the North Atlantic region (e.g. Hurrell 1995; Hurrell et al. 2003).
Atmospheric circulation during winter commonly displays a strong meridional
(north-south) pressure contrast, with low pressure (cyclone) centred close to Iceland
and high pressure (anticyclone) near the Azores. This pressure gradient drives mean
surface winds and mid-latitude winter storms from west to east across the North
Atlantic, bringing mild moist air to NW Europe. Interannual atmospheric climate
variability in NW Europe, especially over Great Britain and western Scandinavia has
mainly been attributed to the NAO, causing variations in winter weather over the NE
North Atlantic and the adjacent land areas. A comparison between NAO and winter
precipitation between AD 1864 and 1995 in western Norway shows that these are
strongly linked.
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Glacier variations are related to both changes in summer temperature and winter
precipitation. In Europe, a high correlation between decadal variations in the North
Atlantic Oscillation (NAO) and glacier mass balance has been demonstrated (Nesje et
al. 2000b; Reichert et al. 2001; Six et al. 2001), the dominant factor being the strong
relationship between winter precipitation and the NAO. The NAO winter index is
highly correlated with the winter mass balance from maritime glaciers in southern
Norway (e.g. Alfotbreen r = 0.71).

A positive NAO phase means enhanced winter precipitation for maritime glaciers
in Scandinavia and reduced winter precipitation for glaciers in the European Alps
(Reichert et al. 2001; Six et al. 2001). This internal climate system mechanism
explains the observed strong positive mass balance on maritime glaciers in western
Scandinavia, associated with NAO-related changes in precipitation patterns since
the 1970s, and partly explains the strong negative mass balance of glaciers in the
European Alps. However, in the European Alps, negative mass balance is also related
to increased summer temperatures. Some authors suggest that the recent trend in NAO
may potentially be related to global warming (e.g. Hurrell et al. 2003).

5. Reconstruction of Holocene variations in winter
precipitation

The equilibrium-line altitude (ELA) on a glacier is mainly controlled by
precipitation as snow during accumulation-season and summer temperature during
the ablation season. It has been demonstrated that there is a close exponential
relationship between mean ablation-season temperature t (1 May-30 September) and
winter accumulation A (1 October-30 April) at the ELA of modern Norwegian glaciers
(Liestel in Sissons 1979; Sutherland 1984), which is expressed by the regression
equation (Ballantyne 1989; for further details, see also Dahl and Nesje 1996; Nesje
and Dahl 2000):

A=0.915 " (r*=0.989, P<0.0001)
where A is in meters water equivalent and t is in °C.

Based on the regression equation above, present and past mean winter precipitation
(A) at the ELA of a steady state glacier can be quantified when mean ablation-season
temperature (t) is known (Dahl and Nesje 1996; Nesje and Dahl 2000). Variations
in winter precipitation at other elevations can be calculated by using a precipitation-
elevation gradient. In southern Norway this gradient has been calculated to ca. 8%
precipitation change per 100 m (Haakensen 1989; Dahl and Nesje 1992; Laumann
and Reeh 1993).

To reconstruct the variations in Holocene winter precipitation at Hardangerjokulen
and Jostedalsbreen, we used Holocene ELA fluctuations (adjusted for land uplift)
inferred from terrestrial and lacustrine sites, and Holocene summer (July)-temperature
variations at Finse, central southern Norway, reconstructed from chironomids in lake
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sediments (Velle 1998). The Holocene winter precipitation variations (percentage
variations) (Fig. 2) are calculated on the basis of the modern relationship between
ablation-season temperature and accumulation-season precipitation normals (1961-
90) at adjacent meteorological stations. The reconstructed winter precipitation curves
for the Hardangerjokulen and Jostedalsbreen areas show significant, millennial-scale
variations. The Holocene winter-precipitation curves may reflect fluctuations between
periods with prevailing mild and wet winter conditions (“positive NAO index weather
mode”) and periods with prevailing cold and dry winters (“negative NAO index
weather mode™), and thus indicate large-scale Holocene variability in the atmospheric
winter circulation over NW Europe.
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Figure 2. Reconstructed Holocene variations in winter precipitation at Hardangerjekulen and
Jostedalsbreen. The curve from Hardangerjokulen is modified from Dahl and Nesje (1996), whereas the
curve from Jostedalsbreen is adapted from Nesje et al. (2001).

6. Mapping of the modern theoretical equilibrium-line
altitude in areas not presently covered by glaciers

In an attempt to improve the palaeoclimatic inferences from reconstructions of
glacial ELA, we carried out a detailed study, which involved modeling, Geographical
Information Systems (GIS), and a digital elevation model. In contrast with previous
studies, ELA was modeled not only in relation to climate, but also topography and
landscape features. Based on the close exponential relationship between mean
ablation-season temperature and winter precipitation at the ELA of ten Norwegian
glaciers, three equations have been derived (Lie et al. 2003a,b). The first enables the
calculation of the minimum altitude of areas that are climatically suited for glacier
formation today, and is termed the altitude of instantaneous glacierization (AIG)
(Fig. 3). The second is based on the “principle of terrain adaptation”, enabling the
quantification of glacial build-up sensitivity (GBS) in an area. In other words, GBS
quantitatively estimates how susceptible an area is for glacier build-up taking into
consideration the local topographical features. The theoretical climatic temperature-
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precipitation ELA (“TP-ELA) in presently non-glaciated areas is calculated in the
third equation by combining GBS with terrain altitude. The “TP-ELA is thus used to
calculate the theoretical ELA in areas not presently covered by glaciers (Fig. 3).

Mass-balance records from four glaciers in maritime to continental climate
regimes were used to test the equations. The correlation between AIG and net balance
measurements (b ) is high (r = -0.80 to -0.84). Calculated AIGs correspond well with
observed ELAs at three glaciers but they deviate somewhat from observed ELAs on
Storbreen, perhaps due to leeward accumulation of windblown snow.

Lie et al. (2003a) demonstrated how regionally representative climatic ELAs can
be calculated for non-glaciated areas where instrumental records of ablation-season
temperature and winter precipitation are available. The three equations have been
implemented in a GIS. Using meteorological stations for the normal period 1961-
1990, the GIS is based on 122 temperature stations and 197 precipitation stations
recalculated to sea level. Interpolation of these data was carried out in the GIS using
an “inverse square interpolation routine” to fill each cell of a Digital Elevation Model
(resolution 5x5 minutes) with calculated climate data. The present glacier distribution
can be modeled in great detail, and a map showing the modern theoretical “TP-ELA in
both glacierized and non-glacierized areas has been constructed. Maps of the modern
theoretical ELA may, for example, be used to quantify how much the ELA must be
lowered in a region to start build-up of glaciers.
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Figure 3: Schematic examples showing the difference between the temperature-precipitation equilibrium-
line altitude (TP-ELA) on plateau glaciers and temperature-precipitation-wind equilibrium-line altitude
(TPW-ELA) on cirque glaciers. The altitude of instantaneous glacierization (AIG) is the climatically
calculated value of the observed TP-ELA. The glacial buildup sensitivity (GBS) is defined as the difference
between the altitude of a certain terrain and the altitude where conditions are favourable for glacier
formation, taking into account the “principle of terrain adaptation”. The climatic temperature-precipitation
equilibrium-line altitude (‘TP-ELA) defines the altitude where conditions are favourable for glacier
formation. Note how the GBS and “TP-ELA are conditioned by the terrain according to the “principle of
tetrain adaptation” (Dahl et al. 1997; Lie et al. 2003a, modified from Dahl and Nesje 1992).
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7. Future visions for mountain research in Norway

Our research on modern and past glacier variations on different time scales - decadal
to multi-millennial - in southern Norway has demonstrated that glacier variations
cannot be interpreted in the context of summer (ablation-season) temperature alone.
In maritime regions like western Norway, winter precipitation changes may be the
dominant climatic factor for observed glacier mass balance variations and changes in
frontal position. These results indicate that under future warming scenarios, increased
accumulation-season precipitation may, at least initially, compensate for higher
summer (ablation-season) temperatures and cause glacier readvance, in contrast to
other glaciated regions where glacier net mass balance is primarily controlled by
ablation-season temperature.

Future palaeoenvironmental studies in Norwegian mountain regions should
specifically address the following scientific questions:

1. Has the Holocene climatic variability in the Norwegian mountains stayed within
the range predicted by model scenarios of future climatic development? Is there
evidence to suggest that recent climate change is unprecedented in the context of
the Holocene?

2. Has the Holocene been subject to rapid, high-amplitude climatic and environmental
changes? Are there specific diagnostic features for these abrupt events? What are
their causes?

3. Are warm and cold periods over decadal to millennial time scales spatially
coherent across the S-N climate gradient in Norway?

4. Could climate variability have affected human activity and society in Norwegian
mountain regions during the Holocene?
The main objectives of future palacoenvironmental studies in Norwegian
mountains are to:

» reconstruct modes of Holocene environmental variability from different archives;

* reconstruct periodicity, amplitude and environmental effects of observed climate
variations;

» study the spatial coherency of warm and cold periods during the Holocene;

» study the nature and possible causes of periods of abrupt climate change identified
in the different proxy records;

» study whether there is evidence to suggest that recent climate change is
unprecedented in the context of the Holocene;

+ study possible effects of human impact;

» produce reliable, high-resolution reconstructions of environmental change for the
validation of coupled atmosphere-ice-ocean climate models.

8. References

Alley, R. B., Mayewski, P. A., Sowers, T., Stuiver, M., Taylor, K. C., and Clark, P. U. (1997). Holocene
climate instability: A prominent, widespread event 8200 yr ago. Geology 25, 483-486.



Holocene glacier fluctuations and winter precipitation variations 59

Ballantyne, C. K. (1989). The Loch Lomond readvance on the Island of Skye, Scotland: Glacier
reconstruction and palaeoclimatic implications. Journal of Quaternary Science 4, 95-108.

Barber, D. C., Dyke, A., Hillaire-Marcel, C., Jennings, A. E., Andrews, J. T., Kerwin, M. W., Bilodeau, G.,
McNeely, R., Southon, J., Morehead, M. D., and Gagnon, J.-M. (1999). Forcing of the cold event of
8,200 years ago by catastrophic drainage of Laurentide lakes. Nature 400, 344-348.

Bond, G., Showers, W., Chesby, M, Lotti, R., Almasi, P., deMenocal, P., Priore, P., Cullen, H., Hajadas,
L, and Bonani, G. (1997). A pervasive millennial-scale cycle in North Atlantic Holocene and glacial
climates. Science 278, 1257-1266.

Dahl, S. O., and Nesje, A. (1992). Paleoclimatic implications based on equilibrium-line altitude depressions
of reconstructed Younger Dryas and Holocene cirque glaciers in inner Nordfjord, western Norway.
Palaeogeography, Palaeoclimatology, Palaeoecology 94, 87-97.

Dahl, S. O., and Nesje, A. (1994). Holocene glacier fluctuations at Hardangerjokulen, central-southern
Norway: A high resolution composite chronology from lacustrine and terrestrial deposits. The
Holocene 4,269-277.

Dahl, S. O., and Nesje, A. (1996). A new approach to calculating Holocene winter precipitation by
combining glacier equilibrium-line altitudes and pine-tree limits: A case study from Hardangerjekulen,
central southern Norway. The Holocene 6, 381-398.

Dahl, S. O., Nesje, A., Lie, @., Fjordheim, K., and Matthews, J. A. (2002). Timing, equilibrium-line
altitudes and climatic implications of two early-Holocene glacier readvances during the Erdalen Event
at Jostedalsbreen, western Norway. The Holocene 12, 17-25.

Dahl, S. O., Nesje, A., and @vstedal, J. (1997). Cirque glaciers as morphological evidence for a thin
Younger Dryas ice sheet in east-central southern Norway. Boreas 26, 161-180.

Grafenstein, U. von, Erlenkeuser, H., Miiller, J., Jouzel, J., and Johnsen, S. (1998). The cold event 8200
years ago documented in oxygen isotope records of precipitation in Europe and Greenland. Climate
Dynamics 14, 73-81.

Haakensen, N. (1989). Akkumulasjon pa breene i Sgr-Norge vinteren 1988-89. Verer 13, 91-94.

Hurrell, J. W. (1995). Decadal trends in the North Atlantic Oscillation: Regional temperatures and
precipitation. Science 269, 676-679.

Hurrell, J. W., Kushnir, Y., Ottersen, G., and Visbeck, M. (2003). An overview of the North Atlantic
Oscillation. In “The North Atlantic Oscillation: Climatic significance and environmental impact.” (J.
W. Hurrell, Y. Kushnir, G. Ottersen, and M. Visbeck, Eds.), Geophysical Monograph 134, 1-35.

Karlén, W. (1976). Lacustrine sediments and tree-limit variations as indicators of Holocene climatic
fluctuations in Lapland: Northern Sweden. Geografiska Annaler 58A, 1-34.

Karlén, W. (1988). Scandinavian glacier and climatic fluctuations during the Holocene. Quaternary Science
Reviews 7, 199-209.

Karlén, W., Bodin, A., Kuylenstierna, J., and Nislund, J.-O. (1995). Climate of northern Sweden during the
Holocene. , Holocene Cycles: Climate, Sea Levels, and Sedimentation. Journal of Coastal Research
Special Issue 17, 49-54.

Klitgaard-Kristensen, D., Sejrup, H.-P., Haflidason, H., Johnsen, S., and Spurk, M. (1998). A regional
8200 cal. yr BP cooling event in northwest Europe, induced by final stages of the Laurentide ice-sheet
deglaciation? Journal of Quaternary Science 13, 165-169.

Laumann, T., and Reeh, N. (1993). Sensitivity to climate change of the mass balance of glaciers in southern
Norway. Journal of Glaciology 39, 656-665.

Lie, @., Dahl, S. O., and Nesje, A. (2003a). A theoretical approach to glacier equilibrium-line altitudes
using meteorological data and glacier mass-balance records from southern Norway. The Holocene 13,
365-372.

Lie, @., Dahl, S. O., and Nesje, A. (2003b). Theoretical equilibrium-line altitudes and glacier buildup
sensitivity in southern Norway based on meteorological data in a geographical information system.
The Holocene 13, 373-380.

Matthews, J. A., Dahl, S. O, Nesje, A., Berrisford, M., and Andersson, C. (2000). Holocene glacier
variations in central Jotunheimen, southern Norway based on distal glaciolacustrine sediment cores.
Quaternary Science Reviews 19, 1625-1647.

Nesje, A., and Dahl, S. O. (2000). “Glaciers and environmental change”. Arnold, London.

Nesje, A., and Dahl, S. O. (2001). The Greenland 8200 cal. yr BP event detected in loss-on-ignition profiles
in Norwegian lacustrine sediment sequences. Journal of Quaternary Science 16, 155-166.

Nesje, A., Johannessen, T., and Birks, H. J. B. (1995). Briksdalsbreen, western Norway: Climatic effects on



60 A. Nesje et al.

the terminal response of a temperate glacier between AD 1901 and 1994. The Holocene S, 343-347.

Nesje, A., Kvamme, M., Rye, N., and Lovlie, R. (1991). Holocene glacial and climate history of the
Jostedalsbreen region, western Norway; evidence from lake sediments and terrestrial deposits.
Quaternary Science Reviews 10, 87-114.

Nesje, A., Dahl, S. O., Andersson, C., and Matthews, J. A. (2000a). The lacustrine sedimentary sequence in
Sygneskardvatnet, western Norway: A continuous, high-resolution record of the Jostedalsbreen ice cap
during the Holocene. Quaternary Science Rewiews 19, 1047-1065.

Nesje, A., Lie, ., and Dahl, S. O. (2000b). Is the North Atlantic Oscillation reflected in Scandinavian
glacier mass balance records? Journal of Quaternary Science 15, 587-601.

Nesje, A., Matthews, J. A., Dahl, S. O., Berrisford, M. S., and Andersson, C. (2001). Holocene glacier
fluctuations of Flatebreen and winter precipitation changes in the Jostedalsbreen region, western
Norway, based on glaciolacustrine records. The Holocene 11, 267-280.

Paterson, W. S. B. (1994). “The physics of glaciers.” Elsevier Science, London.

Reichert, B. K., Bengtsson, L., and Oerlemans, J. (2001). Mid latitude forcing mechanisms for glacier mass
balance investigated using general circulation models. Journal of Climate 14, 3767-3784.

Sissons, J. B. (1979). Palacoclimatic inferences from former glaciers in Scotland and the Lake District.
Nature 278, 518-521.

Six, D., Reynaud, L., and Letréguilly, A. (2001). Bilans de masse des glaciers alpins et scandinaves, leurs
relations avec ’oscillation du climat de I’ Atlantique nord. Earth and Planetary Sciences 333, 693-
698.

Snowball, 1., Sandgren, P., and Petterson, G. (1999). The mineral magnetic properties of an annually
laminated Holocene lake sediment sequence in northern Sweden. The Holocene 9, 353-362.

Sutherland, D. G. (1984). Modern glacier characteristics as a basis for inferring former climates with
particular reference to the Loch Lomond Stadial. Quaternary Science Reviews 3, 291-309.

Velle, G. (1998). “A palaeoecological study of chironomids (Insecta: Diptera) with special reference to
climate.” Unpublishd thesis, Museum of Zoology, University of Bergen.

Willemse, N. W., and Térnquist, T. E. (1999). Holocene century-scale temperature variability from West
Greenland lake records. Geology 27, 580-584.

Winkler, S., Matthews, J. A., Shakesby, R. A., and Dresser, P. Q. (2003). Glacier variations in Breheimen,
southern Norway: Dating Little Ice Age moraine sequences at seven low-altitude glaciers. Journal of
Quaternary Science (in press).



Glacier and Climate Variability in the Mountains of
the Former Soviet Union during the last 1000 Years

Olga N. Solomina
Institute of Geography, Russian Academy of Sciences, 109017 Staromonetny-29, Moscow,

Russia
phone +7-095-939-01-21, fax +7-095959-00-33, e-mail solomina@gol.ru

Keywords:  Climate Change, Former Soviet Union, Glacier variations, Lichenometry, Little Ice Age
Tree-rings

1. Introduction

Pollen analysis, '*C and lichenometric dating of moraines, former elevations of
the upper tree limit, and dendroclimatological and limnological data are some of the
most relevant proxies for the reconstruction of climate variability and glacier behavior
during the last millennium. A considerable number of paleoclimate reconstructions
exist for the mountains of the Former Soviet Union. In this paper, we provide a
regional overview of these datasets. Only regions with chronologically controlled
and, preferably, high-resolution reconstructions will be considered here, namely,
the Khibiny, the Urals, the Cherskogo Range, the Putorana Plateau, the Birranga
Mountains, the Suntar-Khayata, the Kamchatka, the Caucasus, the Pamir-Alay,
the Tien Shan, and the Altay Mountains (Fig. 1). This paper is a brief summary of
the glacier and climate history of the last millennium and identifies achievements
as well as gaps in our knowledge of paleoclimate in these regions. Ultimately, the
identification of regional patterns of past climate changes will allow us to gain a better
understanding of the causes behind climate variability on inter-annual to centennial
timescales.
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2. The Khibiny Mountains

Radiocarbon-dated macrofossils of Pinus sylvestris indicate that forests grew
at least 100-140 m above the modern pine treeline in the Khibiny Mountains from
ca. AD 1000 to 1300 (Fig. 2a; Hiller et al. 2001). Based on pollen analyses, winter,
summer and mean annual temperatures at the turn of the first millennium were all
approximately 1°C higher than today, and annual precipitation exceeded modern values
by 50 mm (Klimanov 1989). Based on modern analogues, the warming must have
been substantial enough for glaciers to completely disappear. Buried soil horizons
that developed in snow avalanche debris between 1130+70 and 660450 '“C years BP
(twelve "C dates; Vaschalova 1987) indicate that avalanche activity was low between
ca. AD 800 and 1350 (see Fig. 2a). Polien results indicate that, during the subsequent
Little Ice Age (LIA) cooling (13"-19" century; Grove 1988), winter temperatures were
as much as 3°C cooler than today, and precipitation was a little less than today. Glaciers
re-appeared: fresh-looking presumably Little Ice Age moraines (undated), are found
in many cirques. Tree-ring chronologies, sensitive to May-July temperatures, show
that, during the LIA, conditions for pine growth were least favorable in the 1590s
and 1640s (Grippa 1999). Temperatures recorded at the Arkhangel’sk meteorological
station since AD 1813 correlate well with the shorter Apatity and Kola meteorological
observations in the Khibiny Mountains. Summer coolings in the region were observed
from the beginning of the 1830s to the middle of the 1840s and from the 1870s to
the 1900s. The timing of the earlier cooling agrees well with historical evidence that
some summits of the Khibiny Mountains were permanently snow-covered during the
1830s. The positive trend in annual temperature that began in the second decade of
the 20" century is mostly related to warmer winters. As response to this warming, the
glaciers retreated and most of them disappeared. Only four glaciers still existed in the
Khibiny Mountains in the middle of the 20" century.
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3. The Polar Urals

Radiocarbon and dendrochronological dating of subfossil wood allowed detailed
reconstructions of fluctuations in the upper tree limit over the last millennium (Fig. 2a;
Shiyatov 2003). From AD 850 to 1280, treeline increased to a position higher than at
any time during the last 1000 years. From AD 1280 to 1580, upper treeline retreated
from 340 m asl to 295 m asl. Between AD 1580 and 1710, treeline variations were
minor. The most significant treeline retreat (from 305 m asl to 270 m asl) occurred
around AD 1710 and treeline remained low until AD 1910. Since then treeline rose
by 20-40 m, whereas the June-July isotherm rose by 120-130 m in altitude. Shiyatov



64 O. N. Solomina

(2003) explains this discrepancy by the deficiency of seeds above the uppermost
locations of trees. In other words, the rise in treeline lags the recent increase in
temperature. Hence, reconstructed temperatures based on treeline variations in the
Polar Urals should be multiplied by a factor of 4. Although the temperature-sensitive
ring-width chronologies of larch (Fig. 2b; Briffa et al. 1995) show some agreement
with the treeline dynamics described above (Fig. 2a), some substantial details are
different. For instance, the warmest period prior to the 20" century, reconstructed
from larch ring widths and density, is substantially shorter, only lasting from the 13
to the 15%century. Also, the summer temperature decrease between the end of the
10" and the end of the 12" century, recorded by ring widths, is not evident from the
treeline dynamics. The disagreement between the two proxies may reflect the different
nature of the climatic signal recorded: in general, tree line dynamics better reflect
long-term changes, whereas ring width and density chronologies are more useful for
the reconstruction of decadal variations. Tree-ring records from the Polar Urals show
a LIA cooling between approximately the beginning of the 16™ and the end of the 19™
century, interrupted by somewhat warmer conditions in the 18" century.
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Figure 2b. General trends of (early) summer temperatures based on tree-ring reconstructions (see text for
references). Where no decadal variations are indicated in the original publications the chronologies were
smoothed manually.
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The Holocene moraines in the Polar Urals are poorly dated. One to three sets
of moraines are found up to 200 m below the present-day glacier fronts. Periods of
moraine stabilization have been dated by lichenometry to approximately the 13,
17" 18" and late 19 centuries, but these estimates are still tentative. The mass
balance of glaciers in the Polar Urals was reconstructed for the period 1818-1998 by
correlating measured mass balance of the IGAN Glacier with climate observations of
the Bol’shaya Khadata, Vorkuta, Ust’-Vorkuta and Syktyvkar meteorological stations
(Troitsky et al. 1966; Lebedeva, personal communication). In the 19" century, mass
balance was close to zero. By the end of the 19" century, it became negative, with
the exception of the 1880s, when glacier volumes increased. During the 20" century,
climate conditions were generally unfavorable for glaciers, especially during the
warming of the first half of the century. Troitsky (1966) estimated that the glaciers of
the Polar Urals have thinned by about 20-30 m in their accumulation areas and by 40-
50 m in the ablation areas from the 1880s to the 1960s. In many cirques, the glaciers
have disappeared completely. Data for more recent decades are sparse. Based on the
extent of modern warming, glacier degradation should have continued.

4. The Birranga Mountains (Taimyr Peninsula) and the
Putorana Plateau

This area is very poorly studied and moraines have not been dated. The decadal
temperature variations in Taymir (Fig. 2b; Naurzbaev et al. 2002) agree rather well
with those of the Polar Urals for the period from the second half of the 14" century
to the end of the chronology in 1996, but show opposing trends between the 10" and
the early 14" century. In general, the trees in this region were very sensitive to early
summer temperature, although this response has weakened since the 1960s. Future
research needs to address, which climatic mechanisms might lead to a shift from
synchronous to opposing temperature trends between these regions.

5. The Cherskogo Range

No moraines are dated in this region. A Larix gmelinii chronology, spanning from
AD 1545-1989 and based on 25 living trees, was established for the eastern periphery
of the Cherskogo Range (Earle et al. 1994). According to this reconstruction, the
coldest periods during the Little Ice Age interval were observed from 1571-1587,
1663-1681, 1721-1748, and 1902-1927, and warmer intervals date to 1612-1639,
1698-1720, 1790-1809, and 1866-1882. The record also shows a strong temperature
increase between 1942-1968.

6. The Suntar-Khayata

Wood macrofossils from 200-250 m above the modern treeline (420+50 '“C yr BP,
i.e. AD 1420-1640) and a buried soil horizon (660+90 *C yr BP, i.e. AD 1100-1470)
are evidence for former warmer conditions (Fig. 2a; Nekrasov et al. 1973). One larch
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chronology at the upper tree limit in the Suntar valley reveals a period of relatively
cold summers between at least AD 1550 and ca. 1900, which is interrupted by a short
interval of warmer summers centered around AD 1750 (Fig. 2b; Nekrasov et al. 1973).
Young unvegetated moraines near the modern glaciers most probably originate from
glacier advances triggered by LIA coolings. The tree-ring record also shows a strong
temperature increase in the first half of the 20" century.

7. Kamchatka

Tephrochronology, lichenometry and tree-ring analyses have been used to date
moraines of the Kamchatka glaciers. The most prominent advances of the last
millennium occurred in the late 15" to mid-16", the early to mid-17" and the late 19*
centuries (Solomina 1999). The ages of moraines in Kamchatka, although sparse, are
similar to those of the Brooks Range and the Gulf of Alaska.

Several larch ring-width chronologies, which reflect mostly early summer
temperature, were established for this region. According to these data, particularly
cold early summers during the LIA occurred in the 1640s-1650s, 1710s-1730s, 1760s-
1790s, 1810s, 1860s-1890s, and 1950s. Ice core records from the Ushkovsky Ice Cap
(Shiraiwa et al. 1999) provide very important paleoclimatic information concerning
conditions during the last few centuries. There is a good agreement between the
percentage of melt features in the Ushkovsky ice core and ring widths, especially in
the 18%-19 century.

The longest meteorological records in Kamchatka (Petropavlovsk-Kamchatsky,
measurements since 1891) show a slight positive trend in annual precipitation during
the 20" century, whereas there is no clear trend in summer temperature. However,
several summer warmings of decadal duration, combined with decreased solid
precipitation, resulted in a general regression of glaciers since the late 19" century.

8. Caucasus

Archeological data, a buried soil horizon (1280+£100 “C yr BP: AD 610-980), pollen
evidence, and absence of moraines (Fig. 2a) all indicate a relatively warm climate at the
end of the first and the beginning of the second millennium AD. Both pollen data and
lichenometrically dated moraines indicate a period of significant cooling thereafter. A
number of glacier advances occurred both on the northern and southern slopes of the
Central Caucasus in the 13, 14" 16", late 17", early and late 18", 19", and early 20*
century (Serebryanny et al. 1984). Most of the preserved moraines were deposited
within the last two centuries. Historical data, though rather sparse, yield evidence
of much larger glaciers than at present from the mid-19" to the earty 20" century, in
agreement with morainal evidence. The timing of glacier fluctuations in the Caucasus,
revealed by moraine dating, is similar to the Alps. Panov (1993) demonstrated that
summer temperature anomalies in the Caucasus were negative from 1890-1920 and
positive thereafter. The mass balance of Dzhankuat glacier was positive from 1877
to the 1920s, but mostly negative since then. On average, glaciers in the Caucasus
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have retreated by approximately 1000 m in length since the end of the 19" century,
and the altitudes of glacier fronts have risen by 200 m. Despite the great potential for
tree-ring research in this area, no comprehensive dendroclimatic reconstructions exist
so far. The longest available pine chronology, which reflects both temperature and
precipitation signals, shows a distinct growth depression between the end of the 18"
and the mid-19" century and an increase thereafter (Fig. 2b; Turmanina 1971).

9. The Pamir-Alay

Phenological and historical data point to reduced continentality centered on the
10™ century. The longest temperature-sensitive juniper chronology in the Zeravshanky
range (Mukhamedshin 1977) shows cooler conditions between at least the beginning
of the 11" and the end of the 13" century; a very prominent warming is registered in
the 14 century (Fig. 2b). This is in contrast to pollen data, which suggest a humidity
peak between the 13™and 14™ century, accompanied by a summer temperature
decrease (Abramova 1994). However, these differences between the records may
be related to the poor chronological control of the pollen data. According to tree-
ring data, conditions once again became cooler after ca. AD 1400. Several shorter
juniper ring-width chronologies, which correlate with June-July temperature, have
been developed in the Pamir-Alay Mountains in the 1970s and 1980s, but these must
be checked for potential missing rings. According to dendrochronological data, the
coldest periods in the Fanskye Gory occurred in the 12 to 13%, the 17%, the 19", and
the mid-20" centuries. In the Zeravshansky and Alaisky Ridges, climate was coldest
in the second half of the 16", the late 17" to early 18", the late 18" to early 19" and
the mid-19" centuries.

Glacial advances in the Alaisky Range have been tentatively dated by lichenometry
on the forefields of four glaciers to the 14" to 15%, the mid-17" to the late 18", the mid-
and early 19", and the early 20" centuries (Solomina 1999). There is no significant
warming trend during the last century in this region. An exception is the interval
between the 1930s and 1960s, which showed a warming for both summer and winter.
During the 1891-1900 interval, which was the coldest decade of the instrumental
period (measurements since the 1880s), glacier mass balance was positive and many
glaciers advanced. By the middle of the 20™ century, glacier length had decreased on
average by 500-1000 m and glacier front altitudes had risen by 100-200 m. During the
second half of the 20" century, this retreat continued.

10. Tien-Shan

Extensive and comprehensive archeological evidence and radiocarbon data
suggest that the level of Lake Issyk-Kul fell to about 5-7 m below its present level
from approximately the 9" to the 16" century. Pollen spectra and charcoal occurrence
also indicate greater warmth and aridity in the early second millennium. Glaciers were
as small as now or even smaller. Small peat bogs were forming on the outwash plains
near the glacier fronts or between end moraines. Two radiocarbon dates, 1020+70
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C yr BP (AD 880-1200) and 1030+35 BP "“C yr (AD 890-1160) (Fig. 2a), from the
bottom of two such peat bogs in the Western Tien Shan suggest that peat establishment
was approximately synchronous (Solomina 1999).

The majority of moraines in the Tien Shan date from the 17%-19" centuries, based
on lichenometry. Moraines deposited between the 13™ and 17" centuries, though not
so numerous, occur in all areas of Tien Shan, but they are represented only by ridge
fragments preserved in lateral moraines. Thus, from the 13"-16% century the glaciers
were smaller than from the 17%-19% century, but larger than in the 20" century.
The glacier advances in the 1850s, 1880s and 1900s-1910s are also documented
historically. The general temperature trend since 1882 is positive, and the temperature
increase is particularly pronounced after the 1970s. Also, the warming is much more
distinct in the foothills than in the high mountains. Glacier front altitudes are now
on average 150-200 m higher than during the LIA maximum, marked by prominent
terminal moraines.

Since the 1970s, a number of spruce and juniper chronologies have been established
for the Tien Shan. The ring widths of Picea schrenkiana, even at the upper tree limit,
depend mainly on the sum of October-May precipitation, reflecting the importance
of snow cover as a water source for spruce in this arid region. Juniper ring widths at
the upper tree limit correlate with summer or annual temperature. A comprehensive
temperature reconstruction for the Tien Shan and Karakorum Mountains, based on
juniper ring widths, was published recently (Fig. 2b; Esper et al. 2002) and reveals
clear centennial temperature trends during the last ca. 1300 years. Temperatures are
generally warmer between at least the end of the 8% to the end of the 11" century.
Cooler conditions occur between approximately the end of the 11" to the end of the
19" century, with the exception of a warm interval from the early 14" to early 15"
century. Also, the tree-ring record shows a distinct warming in the 20" century. These
conclusions fit with reconstructions of glacier variations, based on moraine dating.

11. Altay

Between the end of the first and the beginning of the second millennium AD,
warmer conditions are indicated by vegetation changes, decreased eolian activity,
lake regression and the decrease of river runoff (Ivanovsky et al. 1982; Butvilovsky
1993). A new millennium-long temperature reconstruction, based on larch tree-rings
(Ovchinnikov 2002), shows similar century-scale trends as in the Tien Shan (Fig. 2b).
The 14" and 20" centuries were the warmest of the whole period. The longest and
most pronounced June-July cooling occurred in the mid 19™ century.

Glacial evidence indicates the onset of cooler conditions after the early 15
century. Similar to many other areas considered here, the LIA moraine complexes
in the Altay Mountains often comprise the traces of many glacier advances. The LIA
moraine complex of Malii and Bol’shoy Aktru Glaciers contains wood remnants dated
by "“C to the mid-15" to early 17" century. The LIA moraine of the Bol’shoy Berelsky
Glacier consists of at least three fragments of stadial moraines deposited in the 1840s

and between 1915 and 1925, according to dendrochronology, and at approximately
520+80 “C yr BP (AD 1290-1520 or AD 1570-1630), based on a "“C date of buried
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wood (Mikhailov 1987). At Katunskiy Glacier, one of the moraines is dated to about
the 1830s, based on historical descriptions, and another one was deposited in the 17
century or earlier, based on tree-ring counts (Okishev 1982). Most of the moraines
dated by lichenometry were deposited during the 17"-early 20" century. Moraines of
the 15"-18" century are partially crosscut by those of later advances. The mass balance
of Malii Aktru glacier was reconstructed for 1838-1985 with the help of meteorological
observations from the Barnaul and Aktru meteorological stations (Narozhniy 1986).
The lowest ablation rates were estimated for 1838-1889; the highest rates occurred
between 1890 and 1936. The maximum mass accumulation between 1901 and 1914
led to a glacier advance from 1909-1914. Since the 20" century, temperatures have
been rising and glaciers have been retreating. From the mid-19" century to the 1960s-
1980s their length decreased on average by 500 m.

12. Conclusions and research needs

Tree-ring based reconstructions with annual resolution, covering the whole of the
last millennium, have been established for the Tien Shan, Altay, Taymir and Polar
Urals and provide the possibility of very precise inter-regional comparisons of annual
to decadal (early) summer temperature variations. These chronologies might also
be suitable for defining centennial trends, but the ring-width for all series must be
detrended using a uniform approach that preserves long-term fluctuations (e.g. Esper et
al. 2002). A millennium-long temperature sensitive reconstruction is being developed
in the Khibiny Mountains, but in many regions of the Former Soviet Union, such as
the Caucasus, the Pamir-Alay, most parts of East Siberia and the Far East, this is a
task for the future.

Unfortunately, thecomparisonbetweenindividualchronologiesisrathercomplicated
due to different approaches to index calculation and averaging, differences in the
definition of “anomalies,” variable reference periods etc. used by different authors.
Also, the chronologies have different degrees of replication, length, and sensitivity.
In many cases, data were not submitted to international tree-ring databases and are
not available in numerical format. Considerable effort is still necessary to build well-
replicated millennium-long regional chronologies and make these accessible to the
scientific community. This process will be critical for establishing regional patterns
of interannual to centennial-scale climate change and for linking these patterns to
different climate forcings.

Despite of all the problems mentioned, there are several climatic events of decadal
to centennial length that can be detected using available chronologies. Several tree-
ring records indicate cooler conditions from some time after AD 1400-1500 until the
19* century. Also, most chronologies register pronounced warming in the first half of
the 20", the mid 18" and the 14™ century.

The recent development of tree-ring studies in the mountains of the Former Soviet
Union (FSU) is far ahead of other proxies, such as moraine chronologies, ice-cores,
lake sediments or speleothems. Great potential exists to develop these methods and
improve chronologies in most of the areas mentioned, which will provide more
detailed paleoclimatological information.
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Lichenometric age determinations on moraines in the mountains of the FSU
are often of quite low accuracy. However, in the regions where they are available
(Tien Shan, Altay) they agree with decadal-scale summer temperature minima,
which demonstrates a certain potential of glacier variations as a climatic proxy.
The coincidence between glacier advances and a series of cold summers might be
explained by a combination of reduced ablation and increased proportion of solid
summer precipitation during cool episodes.

The data considered here (pollen, macrofossils, moraines, buried soils) can
contribute to discussions of the century-scale climate trends of the last millennium.
Based on these proxies, the period of approximately the 10%-12" century seems to be
in general warm in the Khibiny, Polar Urals, Tien Shan, Altai and Caucasus (Fig. 2a).
However, this assumption is mostly based on low-resolution data. Several tree-ring
chronologies do not show this warming, but instead show a cooling during at least
part of this interval. Moreover, in some regions of Central Asia and the Altay the most
prominent peak in ring width prior to the 20" century only occurred in the 14" century.
It is probably too early to discuss the potential climatic reasons for this dissimilarity,
which might be a simple result of the low number of tree ring chronologies that extend '
to the beginning of the millennium, or the poor chronological control of “event”
chronologies, such as buried soils, and moraines. It is clear that further investigations,
based on glacial chronology and high-resolution paleo-climate proxies, are necessary
in order to resolve the disagreement between proxies and to assess whether apparent
regional differences are real.

Glaciers probably advanced in the 13" century in the Caucasus and Tien Shan, but
the timing of this advance is not well constrained. The cooling in the 13"century (Fig.
2b) is most probably the climatic reason for this advance. The 14" century clearly
deserves more attention from paleoclimatologists in the future. According to tree-ring
reconstructions, climate at that time seems to be very warm in the Altay and in some
regions of Central Asia.

Glacier advances are recorded in the 15%-16" centuries in all regions for
which lichenometrically dated moraine chronologies are available. During the last
millennium, very prominent advances occurred in the 13" century in the Caucasus,
in the 17" and 19" centuries in the Caucasus, Tien Shan and Altay, and in the 19*
century in the Kamchatka. In the Tien Shan, Altay and Kamchatka, the periods of
main glacier expansion roughly coincide with the peaks of cooling recorded by
tree rings. However, the accuracy of moraine dating is often not high enough for
a precise comparison. Since the second half of the 19" century, glacier sizes have
been diminishing everywhere in the mountain ranges mentioned, indicating a general
warming over the entire region.
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1. Introduction

The regional distribution of precipitation in a mountain range like the European
Alps is a good indicator for continental-scale atmospheric circulation patterns. This is
particularly true when precipitation is primarily caused by the advection of air masses
to the Alps from the North Atlantic or the Mediterranean Sea, as is the case under cold
conditions. Alpine precipitation patterns during the Lateglacial period can hence be
interpreted in terms of past atmospheric circulation patterns in continental Europe.
In this paper, glacier-climate models are used for the reconstruction of Younger
Dryas precipitation patterns based on changes in equilibrium line altitudes of Alpine
glaciers. This type of research provides important information concerning the range
of past precipitation variability against which present climatic changes in the Alps can
be assessed. Also, unravelling the spatial patterns of Alpine precipitation allows us to
gain a better understanding of forcing mechanisms behind precipitation changes.

The ,,Alpine Lateglacial“ (ca. 19,000 — 11,500 cal BP) was characterised by a
rapid downwasting of the large piedmont and valley glacier systems, which was
interrupted by several successively smaller readvances associated with short cold
and/or more humid phases (,,Stadials*). The morainic systems associated with these
advances form the basis for the definition of a glacial event sequence (Maisch 1982).
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The Younger Dryas (YD) cold phase (Greenland Stadial 1, 12,650 — 11,500 cal. BP;
Bjorck et al. 1998) in the Alps is represented by the ,,Egesen Stadial®. In many valleys,
three distinct sets of YD moraines can be found (Egesen-I to Egesen-III), jointly
representing the last major cold event prior to the Holocene. Widespread rock glacier
development after the Egesen-I phase documents the existence of permafrost down to
altitudes of 2000 m asl and below (Sailer and Kerschner 2000). Surface exposure ages
of an Egesen-I moraine at Julier pass (Switzerland) show that the moraine stabilised a
few centuries after the onset of the Younger Dryas (Ivy-Ochs et al. 1996).

Lateglacial glaciers play an important role as a palaeoclimatic data source,
because glacier behaviour is directly controlled by climate on a time-scale on the
order of several decades to a few centuries. The spatial coverage of glacier data for
selected time-slices, such as the early Younger Dryas, is very dense in the Alps. The
data set for this study comprises 160 data points.

2. Theoretical framework

The accumulation area of a glacier is separated from the ablation area by the
equilibrium line (EL), where accumulation exactly equals ablation. The equilibrium
line altitude (ELA) of former glaciers can be determined from glacier maps, if
past glacier extents are sufficiently well documented. Under alpine conditions, the
accumulation area is usually twice as large as the ablation area, if the glacier is in
equilibrium (Gross et al. 1977). The ELA and the vertical shift of the ELA (AELA)
are used as principal input parameters for the reconstruction of paleoclimate with
glacier-climate models.

2.1 The glacial-meteorological approach

A vertical shift of the ELA is entirely caused by climatic factors, be it a change in
accumulation (c) or in ablation (a), or both. If one parameter (¢ or a) can be estimated
reasonably well, the other can be, at least in principle, calculated from AELA. The
perturbation analysis of the mass and energy balance equation by Kuhn (1981, 1989)
allows us to analyse the physical mechanisms controlling ELA fluctuations. This
approach is referred to as the ,,glacial-meteorological model* (GMM) below.

A change in accumulation (Ac) and/or ablation (Aa) causes a shift of the ELA
along the vertical gradients of accumulation (8c/0z) and ablation (0a/0z) until
balanced conditions are achieved again (1).

€ AELA = Aa +22AELA 6

Ac+ 1574 oz

Expressing ablation as the consequence of the energy supplied to the glacier
surface, equation (1) can be written as
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with T as the duration of the ablation period, Lm and Ls as the latent heat of fusion
and of sublimation, respectively, G as the global radiation, r as the albedo, A as the
atmospheric long wave radiation, a as the turbulent heat exchange coefficient, Ts as
the air temperature of the ablation period and S as the sublimation. All changes of
variables which are not incorporated in equation (2) are considered to be zero. As a
first approximation it is assumed that all vertical lapse rates are linear. Finally, the
change in precipitation can be calculated as Ap = Ac / 1.5 under the assumption that
accumulation on a glacier surface is 50% larger than precipitation due to wind drift
and avalanching (for details see Kuhn 1981, 1989; Kaser and Osmaston 2002).

2.2 Statistical models

Statistical models relate climatic parameters governing ablation with parameters
governing accumulation using regression techniques. This approach was used
for the first time by Ahlmann (1924) for glacierized basins in Norway. It shows
that precipitation at the ELA increases exponentially with increasing summer
temperatures. Since then, various authors derived equations with summer temperature
as a parameter for ablation and with precipitation-related data as a parameter for
accumulation. This works surprisingly well, since summer temperature seems to be a
good parameter for all processes causing ablation (Ohmura 2001).

Statistical models should use physically meaningful variables, but they are not
physical models. Therefore, they may only be used within the boundary conditions
of the dataset from which they were derived and require a careful climatological
calibration and adaptation of the input data. Input data, which are not compatible with
the model parameters, may cause considerable errors. Table 1 lists various statistical
models and the parameters used for their calculation.

In order to calculate precipitation changes for a time interval in the past (e.g.
early Younger Dryas), a reliable estimate of present-day precipitation in the currently
glacierized areas is necessary. Measuring precipitation in glacierized high mountain
regions is, however, extremely difficult and the spatial resolution of gridded
precipitation data (Frei and Schir 1998) is too coarse to be used as a reference.
Therefore, it is appropriate to determine present-day precipitation indirectly from
present-day ELAs using a glacier-climate model. Under Alpine conditions, the
normal period 1931-60 seems to be most useful as a reference period because it is
well documented and provides the climatic background for the glacier inventories in
the European Alps. Modem precipitation at the ELA can then be determined with the
glacier-climate models by Ohmura et al. (1992), Krenke (1975) or Khodakov (1975).
Wherever these models have been tested against measured Alpine data, the results fit
quite well. Results obtained from the Norwegian model and the relation by Shi et al.
(1992) are systematically too high in warmer areas of the Alps.

For the reconstruction of past precipitation, all models require external information
on temperature change from non-glacial proxy data. Glacial and non-glacial data
sources have to be synchronised, and temperature proxy data have to be available on
a time scale, which is roughly equivalent to the response time of glaciers (i.e. several
decades to a few centuries).
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Table 1: Statistical glacier-climate models (temperatures are in °C, accumulation / precipitation in
kg m?a).

c=75e%T-049 4 1173 (Ahlmann 1924)

c: Runoff from glacierized basins in Norway, Ts: standard mean summer temperature June-September,
vertical temperature lapse rate -0.7 K/100 m.

¢=a=0.96 (Ts + 10)*” (Khodakov 1975)

a: annual ablation, Ts: standard mean summer temperature (June-August), data from glacierized areas
in the Soviet Union.

c=a=(Ts +9.5)’ (Krenke 1975)

Same glacier data as Khodakov, Ts: mean temperatures from long temperature series (1881 — 1960)
in the Soviet Union, extrapolated to the ELA and reduced by 1 K to account for temperatures near the
glacier surface.

P(ELA) = 645 + 296 Ts + 9 Ts’ (Ohmura et al. 1992)

P(ELA): Precipitation at the ELA (winter mass balance + summer precipitation), Ts: mean summer
temperature (June-August) of the free atmosphere at the ELA, world-wide data set.

Pw =915 ¢3¥D (Norwegian Model; “Liestel-
equation”, e.g. Dahl and Nesje 1996)

Pw: winter precipitation at the ELA, T: summer temperature at the ELA (May-September), temperature
lapse rate -0.65 K /100 m, data from Norwegian glaciers by O. Liestal.

P(ELA) = 441 04225 (Shi et al. 1992)

P(ELA): annual precipitation at the ELA, T: summer temperature (not specified), data from glacierized
areas in West China (mainly Tibet).

3. Application: Alpine precipitation patterns during the
Younger Dryas

The early Younger Dryas in the Alps provides a good testing ground for the
determination of palaeoprecipitation with either statistical glacier-climate models or
the GMM. Glacier advances are well documented in the field (maximum advance of
the “Egesen Stadial”) and glacier topographies can be reliably plotted on topographic
maps. The modeling approach is outlined in Figure 1; more details can be found in
Kerschner et al. (2000).

The crucial first step in palaeoprecipitation reconstructions is the determination of
summer temperature depression (ATs) at decadal to century-scale resolution. In the
Alps, estimates for Younger Dryas ATs vary between about -1.5 and -7.5 K (Lotter et
al. 2000), depending on the proxy record used.
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Field data: moraines, absolute ages

{

Glacier topographies:
Lateglacial (e.g. Younger Dryas), 1850 (Little Ice Age)

Lateglacial ELA 1850 ELA, spatial average for
lateglacial glacier

ELA depression: Modern ELA:

AELA = ELA g - ELAy ELAq = ELAqa50 + 90 m

selection of parameter for summer
temperature depression ATs

Summer temperature at ELA[ G: ¢—— Present-day (1931-60) summer

Ts g = Tsm + AELA*STs/SZ + ATs temperature at ELAy, (Tsp) from
climatic data, calibration if necessary

!

Lateglacial precipitation at ELAm: Present-day precipitation at
statistical glacier-climate model, ELAm: statistical glacier-climate
vertical precipitation gradient model, climatic data

PLg = f(TsLg) - AELA*3p/Sz Pm = f (Tsm)

Precipitation change at ELAm:
Ap=PLg-Pnm [mm/ a]
Ap% = PG/ Pm  [%]

Figure I: Flow chart for the determination of precipitation change with glacier-climate models.

As upper timberline is largely dependent on summer temperature, timberline
fluctuations can be used to calculate ATs. However, timberline reconstructions for
the YD vary substantially across the Alps. If an average timberline depression on
the order of -500 m is assumed (Bortenschlager 1984; Burga and Perret 1998), ATs
during the early Younger Dryas was about -3.5 K, which is comparable to results from
Schwalb et al. (1994). Recent studies suggest a timberline depression on the order of
-800 m to -1000 m, corresponding to a ATs of -5.6 to -7 K (Tobolski and Ammann
2000; Wick 2000). Future research will have to resolve whether these differences are
associated with methodological differences in timberline reconstructions or regional
differences in the YD temperature decline across the Alps.

ELA depressions of Egesen-maximum glaciers close to the northern fringe of



78 H. Kerschner

the Austrian Alps are on the order of -500 m, whereas in the central Alps they are
on the order of -200 m relative to the ELA of 1850. Assuming a spatially constant
temperature depression and glaciers in equilibrium, the observed spatial variability
of ELA depression can be interpreted in terms of spatial differences in precipitation
change. With a ATs of -3.5 K, precipitation during the early Younger Dryas should
have been somewhat higher than today along the northern fringe of the Alps (+15%)
and considerably lower than today in the well-sheltered valleys of the interior (up to
-30%; Fig. 2). With an assumed ATs of -4.5 K, the respective values are £0% along the
northern fringe of the Alps and -50 to -60% in the interior. In any case, such a pattern
is typical for a more zonal westerly circulation under cold conditions, as simulated
for the YD interval by Atmospheric General Circulation Models (Renssen et al. 2001;
Renssen and Isarin 1998).

The Norwegian model indicates that winter precipitation was more reduced than
annual precipitation. This is reasonable, as winter precipitation under cold conditions
is generally very low. Assuming a NW — SE gradient of temperature change during
the YD, with a stronger temperature depression in the NW part of the Alps (Isarin and
Bohncke 1998), the contrast in precipitation change between the northern fringe of the
Alps and the more continental interior would have been less pronounced.

A summer temperature depression of -7.5 K (Lotter et al. 2000) requires full arid
conditions in the central Alps. Depending on the model used, precipitation would
have been reduced by 40 to 60% along the northern fringe of the Alps and by 75 to
almost 100 % in the valleys of the interior. In more than 75% of the cases, summer
temperatures at the ELA would have been negative, which is typical for glaciers in a
cold and arid environment. As other glaciological parameters like basal shear stresses
of early YD glaciers were rather similar to those of modern, well nourished glaciers
(Maisch and Haeberli 1982) in more humid climates, the assumption of a spatially
constant severe summer temperature depression requires further study.

Figure 2: Early Younger Dryas precipitation change in the Alps under the assumption of ATs = -3.5 K; data
from 160 Egesen-I glaciers.
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4. Some perspectives for future research

The reconstruction of precipitation change based on past ELA fluctuations can give

at least “semi-quantitative” information about an important factor of the hydrological
cycle during the Lateglacial. The spatial patterns of precipitation change can serve
as a test for the reliability of Atmospheric General Circulation Models. For future
research, a few points should be mentioned, which may serve as guidelines.

.

The simulation of mass balance gradients with the glacial-meteorological model,
which has shown promising results for modelling tropical glaciers (Kaser and
Osmaston 2002), should also be applicable to glaciers of the Alpine Lateglacial. It
could be used to test the influence of parameters such as a) shorter ablation periods
than today, b) the effects of more pronounced seasonal contrasts in temperature
and precipitation, c) a possible increase in sublimation from the glacier surface
and d) albedo changes.

The glacier bed topography of many Lateglacial glaciers is well known, which
allows a three-dimensional reconstruction of the glacier topography. This is an
important prerequisite for the application of more sophisticated glaciological
models, which are largely independent of climatic information from non-glacial
proxy-data. Ultimately, these approaches combine climate models, mass and
energy balance models and glacier flow models (e.g. Kull and Grosjean 2000). A
simplified approach was used by Kerschner et al. (1999) to reconstruct the climatic
conditions during the Gschnitz Stadial (ca. 16,000 cal B.P.).

There is still a substantial need for reliable data on summer temperature change in
the Alps during the Lateglacial on a timescale of about 100 to 300 years. A greater
spatial coverage of quantitative temperature reconstructions would also help to
address whether or not Lateglacial temperature changes were uniform across the
Alps. If reliable data on temperature change are available, the resulting maps of
precipitation change are probably of similar quality as present-day climatological
maps of the Alps.

Lateglacial glacier data, such as past ELAs, are presently available for wide areas
of the Alps in Western Austria and Switzerland. In these areas, we have a fairly
good overview of the distribution of Younger Dryas glaciers and also a reasonably
good idea about Pre-Belling Stadials (older than 14,700 cal BP). There are,
however, still significant gaps in our knowledge both in space and time. Data from
the Northern Alps and from areas south of the Alpine Main Ridge are still scarce
or more or less completely missing. These regions should be the focus of future
studies.

There is also an urgent need for more reliable absolute ages of the deposits left
behind by glacier advances. Modern dating methods (e.g. surface exposure dating
with cosmogenic radionuclides, analysis of proglacial lake sediments and U/Th
dating of carbonate sinters) should provide sufficient data to at least bracket
several periods of glacier advances. This should permit a more reliable correlation
between the glacial record from the Alps, proxy data from the circum-alpine
region and the large-scale climatic development, as recorded in ice-cores and
ocean sediment cores. There still remains much work to be done.
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1. Introduction

The South Asian Monsoon system is one of the most important and influential of
the Earth’s major climate systems. The people of the most heavily populated Asian
countries have adapted many aspects of their society to the subtleties of the monsoon
rains, and are thus highly susceptible to small changes in the timing and intensity of
monsoon precipitation. A monsoon failure can have disastrous effects, and flooding
related to extreme monsoon rains has proven to be one of the most deadly of natural
catastrophes (e.g. in Bangladesh, China, India and Nepal). These vulnerabilities are
likely to increase in the future with continued population growth, intensified land-
use and sea-level rise. Although there is a growing effort to improve seasonal to
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interannual monsoon prediction skills via new research, the largest threats to human
health and livelihood could come from unanticipated decade- and longer-scale
extremes in monsoon. A major goal of this paper is to summarize the state-of-the-art
regarding century to millennium-scales of monsoon variability, and to identify the
paleoenvironmental research that is most urgently needed in the Himalayan-Tibetan
Plateau if society is to be served effectively in the 21* century.

The Southwest (SW) Indian or Asian Monsoon is the dominant monsoon system
impacting the Himalayan-Tibetan Plateau region, as well as the heavily populated
countries that are downstream of this region and its headwaters. All of the monsoon
systems of Asia are powered to some extent by the largest high-elevation region of the
world (Fig. 1). The strength of the monsoons is a reflection of the pressure gradient
between the south Asian landmass and surrounding oceans. Because the land, and in
particular the kilometers-high Himalayan-Tibetan Platean, warms much more than
the surrounding oceans during late spring and summer, low pressure dominates the
warm seasons of the Himalayan-Tibetan Plateau region, with higher pressure off-
shore. This gradient drives the monsoon flow of moisture-laden air off the oceans and
up over land. Monsoon rainfall is concentrated by the orographic uplift of air masses
passing over the mountains of South Asia, but monsoon rainfall, particularly from the
SW Monsoon flowing north from the Indian Ocean, still extends its dominance deep
into the Tibetan Plateau. The kilometers-high Himalayan-Tibetan Plateau produces an
immense heat-low that serves to link the dynamics of the SW Monsoon to the other
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Figure 1: Shaded relief map of the Himalayan-Tibetan Plateau region showing boundaries of major
vegetation regions and the Tibetan Plateau. Also shown are both lakes (stars) and surface sediments
(circles) that have been sampled by our team over the last several years as part of a program to create a
network of lake sediment records that span the entire gradient of climate (e.g. temperature and rainfall) and
vegetation change across the region. Results from the samples shown on the map will be published soon,
and the next phase of fieldwork will extend westward from ca. 90°E, as well as northward from 30°N.
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monsoon systems of south and east Asia, as well as to impact climate variability far
from the monsoon regions themselves. For these reasons, the paleoclimatic study
of the Himalayan-Tibetan Plateau region, and the SW Monsoon in particular, is of
great importance in unraveling the full range of natural climate variability. Knowing
the past patterns and causes of climate variability can, in turn, be used to provide a
baseline against which present climate changes can be assessed, and future changes
anticipated.

2. The paleoenvironmental record

The SW Indian or Asian Monsoon may be the best studied in terms of paleoclimate,
but this wealth of research has also uncovered many important unknowns. The
purpose of this paper is to focus on the aspects of monsoon research that are relevant
to the people of the Himalayan-Tibetan Plateau region. Thus, although there has
been important work done on pre-Quaternary and glacial-age monsoon variations,
this paper focuses primarily on the Holocene period, which likely provides the most
relevant information for the prediction of future changes in monsoon dynamics.

Orbital-scale  paleoclimatology. Unraveling the role of astronomical
(Milankovitch) variations in pacing the SW Asian Monsoon on glacial-interglacial
time scales is a major success story of late-20™ century research on past climate
dynamics (COHMAP 1988). The glacial to interglacial increase in summertime
insolation, caused by variations in the earth’s orbit, was the primary driver of the
much stronger monsoons in the early to mid-Holocene (ca. 11500 to 4500 yr BP)
across most of eastern Africa, the Arabian Sea and southern Asia, as well as the
observed waning of the monsoon to the present day (Overpeck et al. 1996). This
change is reflected very well in the paleomonsoon records of the Himalayan-Tibetan
Plateau region (Gasse and van Campo 1994; Morrill et al. 2003). It is quite comforting
that we can now even simulate many aspects of the orbital-scale monsoonal response
to insolation (Kutzbach and Street-Perrott 1985; COHMAP 1988). Being able to
simulate aspects of climate system behavior means that we understand the underlying
processes and causes of this behavior.

The response of the SW Monsoon and rainfall over the Himalayan-Tibetan Plateau
region to Milankovitch forcing has not been entirely linear. Overpeck et al. (1996)
highlighted how the response of the SW Monsoon lagged insolation forcing over the
last deglaciation, and how this lag was likely a result of glacial boundary conditions
(i.e. low sea-surface temperatures and glacial ice sheets as far away as the North
Atlantic and Europe) retarding the ability of the Tibetan Plateau to warm in synch
with the gradual increase in summertime insolation resulting from subtle changes
in the earth’s orbit. Summer insolation increased steadily from the onset of the last
deglaciation to a peak around 12,000 years ago, but the monsoon stayed relatively
weak until after 11,500 years ago (all dates in this paper are in calendar time rather
than radiocarbon). Only after the demise of glacial-age conditions in and upwind of
the Himalayan-Tibetan Plateau was the monsoon able to take full advantage of the
insolation forcing that was significantly stronger than today (Overpeck et al. 1996;
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Morrill et al. 2003). The result was peak monsoon rainfall in the early Holocene.

Century-scale paleoclimatology. The story gets more complicated when century-
scale monsoon dynamics are considered. Given the dominant role of Milankovitch
forcing, particularly in the absence of glacial boundary conditions, it would be
expected that the SW Monsoon simply weakened gradually over the last 9500-8000
years as the summertime insolation gradually decreased by about 12% (Overpeck et
al. 1996). Although there has been a general weakening of the SW Monsoon over this
time, each year of research brings new hints that the change has not been gradual or
monotonic. Clearly, there is more going on with the SW Monsoon that needs to be
understood. It appears that the SW Monsoon also varies significantly on century time
scales, and that this scale of variability could be the most important to all those that
depend on SW Monsoon rains in one way or another.

The first systematic look at abrupt century-scale variability of the Asian Monsoon
since the last glacial period was carried out by Morrill et al. (2003; Fig. 2). In this
review of existing literature, it was discovered that the simple hypothesis of Overpeck
et al. — of a monsoon that weakened gradually and in synch with insolation over the
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Figure 2: Histograms (A and B) showing the number of abrupt changes in monsoon strength observed in
the Asian monsoon region for historical (A) and pre-historical (B) time periods (from Morrill et al. 2003).
Frequency-of-events for each bin is expressed as anomalies from expected number of events assuming a
random distribution of events through time as described in Morrill et al. (2003). Black (striped) shading
indicates bins with a positive anomaly that is statistically different from zero at the 95% (90%) confidence
level. Also shown (C) is a map of the entire Asian monsoon region indicating where abrupt events are
observed at ca. 4500 to 5000 years B.P. (“D” signifies abrupt drying, “M” moistening, and “C” cooling).
Note that the biggest hole in the map is the Himalayan-Tibetan Plateau region where a new network of lake
sediment sites is being established.
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last ca. 8000 years — must be modified to accommodate additional sources of monsoon
variability. In particular, there is evidence that the SW Monsoon weakened abruptly
at two times since the early Holocene peak monsoon period. A monsoon weakening
at about 4500 years ago appears to coincide with abrupt climate change in the Middle
East, North Africa, the North Atlantic and even as far away as the tropical Pacific
(Morrill et al. 2003). The cause of these changes is difficult to nail down, but Morrill et
al. favor the hypothesis that non-linear feedbacks in the North Atlantic and/or tropical
Pacific El Nifio-Southern Oscillation (ENSO) system may have played an important
role. A shift to more, or stronger, El Nifios could have shifted Pacific convection more
eastward, and in doing so, reduced the moisture available to the Asian Monsoons.
The presence of the ca. 4500 yr BP climate change in the Himalayan-Tibetan Plateau
monsoon region, a region generally outside the influence of North African climate
change, also casts some doubt on the dominance of non-linear land-atmosphere
interactions in North Africa (e.g. Claussen et al. 1999) as a major factor in causing
this increasingly well-known abrupt climate shift over Africa, Asia and beyond.

Morrill et al. (2003; Fig. 2) also reveal hints of an abrupt SW Monsoon weakening
at about A.D.1300, more or less coincident with the onset of the “Little Ice Age” in
the North Atlantic and European region, as well as an apparent change in climate
variability over parts of North America (e.g. Overpeck et al. 1997). Once again, this
abrupt shift in monsoon dynamics appears to coincide with abrupt climate change
in the North Atlantic and North Africa, leading Morrill et al. to speculate that the
ultimate cause of the sudden monsoon weakening was a shift in North Atlantic climate
that resulted in the advection (by the westerlies) of colder air downstream over
Eurasia, and also perhaps a longer snow season over the Himalayan-Tibetan Plateau
region. Colder, snowier conditions would delay the ability of the Plateau to warm
in the spring and summer, and thus delay and weaken the summer monsoon. This
snow-monsoon linkage has been hypothesized for some time, and the paleoclimatic
record of the Himalayan-Tibetan Plateau region suggests that it is important on all
time scales and for both glacial and non-glacial boundary conditions (Overpeck et al.
1996; Morrill et al. 2003).

Two new studies of SW Monsoon variation over the Arabian Sea have heightened
interest in century-scale variability of the Asian Monsoon, as well as increased the
importance of paleoclimatic work in the Himalayan-Tibetan Plateau region. In a
study of oceanographic change in the monsoon-sensitive Arabian Sea over the last
1000 years, Anderson et al. (2002) reveal that the SW Monsoon apparently intensified
dramatically since the middle of the “Little Ice Age” (ca. A.D. 1600), and in particular
over the last 150 years. Moreover, present-day monsoon strength appears to be the
strongest of the last 1000 years, an observation that led the authors to hypothesize
that the unprecedented 20% century warming of the Himalayan-Tibetan Plateau
region (Thompson et al. 2000; IPCC 2001) has led to an increasingly invigorated
SW Monsoon. However, as pointed out by Anderson et al. (2002), the 20" century
rainfall history of India does not reflect this increase, nor does a 1000-year ice-core
record from the 7200 m crest of the Himalaya (Thompson et al. 2000). This heightens
the possibility that continued global warming will instead increase rainfall mostly
over the Tibetan Plateau itself. This hypothesis needs testing, as does the possibility
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that warming-induced monsoon intensification could be partially countered by the
effects of abrupt future cooling in the North Atlantic (Gupta et al. 2003) on monsoon
dynamics.

The possible influence of the North Atlantic on century-scale monsoon variability
is the topic of a new paper by Gupta et al. (2003). In this work, the high-resolution
Arabian Sea record of monsoon variability is extended back through the Holocene
and reveals a clear pattern of abrupt centennial monsoon events superimposed on a
longer-term and more gradual orbitally-forced pattern of change. The most interesting
aspect of this work is that the abrupt monsoon events appear to correlate with a similar
series of abrupt cool episodes in the North Atlantic (Bond et al. 2001). This finding
needs further testing, but strengthens support for a hypothesized Atlantic-monsoon
linkage, and possibly for a hypothesized influence of the sun as the ultimate trigger
for the observed series of abrupt climate events as well (Black et al. 1999; Bond et al.
2001). Either way, further work in the Himalayan-Tibetan Plateau region is needed
to test these hypotheses, and to work out where the impacts are greatest when the
monsoon strengthens or weakens abruptly. In particular, we need to examine how well
the Bond/Gupta variations manifest themselves in the terrestrial heartland of the SW
Monsoon, and also how these hypothesized variations related to the widely observed
events at 4500 yr BP and AD 1300.

The link between the monsoon and North Atlantic variability highlights the
question of future monsoon behavior in the Himalayan/Tibetan Plateau region.
Simple radiative arguments suggest that the monsoon should strengthen as climate
warms, because the land should heat up faster than the surrounding ocean, increasing
the land-ocean contrast. Additional work on radiative aspects of this question have
included the influence of anthropogenic aerosols (dust and pollutive), which are
increasing and projected to continue increasing in this rapidly developing region.
Aerosols may weaken the monsoon due to radiative reflection, absorption, and indirect
effects on clouds, although their impact is not well simulated by existing models. If
the North Atlantic variability is indeed a significant influence on the monsoon, then an
additional factor - the behavior of the global thermohaline circulation - must be added
to the list of climate variables that need to be well simulated to predict future monsoon
variability. A projected weakening of the thermohaline circulation could counteract
some or all monsoon enhancement originating from greenhouse warming.

3. Future directions and interdisciplinary linkages

The case has never been stronger for paleoclimatic research in the Himalayan-
Tibetan Plateau region. Recent paleoclimatic work has found evidence of monsoon
behavior not seen in the instrumental record. Paleoclimatic work also lends some
support to solar forcing of the monsoon, as well as connections with climate variability
in the Atlantic and Pacific regions. More than ever, the Himalayan-Tibetan Plateau
region has been cast as an important focus of climate system research. Moreover,
since climate change in this region has, via the monsoons of Asia, the potential to
impact billions of people, there is an even greater imperative to study past changes in
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climate and related environmental systems in the Himalayan-Tibetan Plateau region.

Lastly, the most recent published work highlights that the SW Monsoon is currently

undergoing rapid change, perhaps in response to global warming (see previous

section). There is thus a special urgency to the study of this region.

Paleoclimate priorities. The primary goal has to be focused on understanding the
full range of possible monsoon behavior and how the monsoon of the Himalayan-
Tibetan Plateau region will likely change in the future. Ongoing work is focused
on replacing the extremely sparse array of poorly-dated records with a network of
well-dated high-resolution paleoclimatic records for the Himalayan-Tibetan Plateau
region (Fig. 2). Experience to date indicates that the most challenging aspect of
this work is accurate time control, particularly in the face of widespread, large “old
carbon” problems in the lake sediments of the region. This can be overcome by
AMS radiocarbon dating of terrestrial plant and animal macrofossils. The second
challenge is to build a “multi-proxy” context for reconstructing past climate
variability and change. Efforts underway focus on using a variety of approaches,
including palynological, sedimentological, geochemical (e.g. stable isotopes and
trace element analysis) and paleolimnological methods. The goal has to be to build on
the groundbreaking Tibetan Plateau work of Gasse and van Campo (1994) to produce
paleoenvironmental inferences based on multiple lines of evidence.

The key to success hinges on our ability to reconstruct the space-time patterns of
past change, answer specific questions and test specific hypotheses. Key questions
include:

e  What is the pattern of “warm climate” abrupt climate events in the Himalayan-
Tibetan Plateau region, and to what extent do paleoenvironmental records confirm
the existence of major events at ca. 4500 and 700 years ago (Morrill et al., 2003),
and/or a series of events that are coincident with those of the Arabian Sea and/or
the Atlantic (e.g. Gupta et al. 2003)? Could the major events at 4500 and 700 years
ago just be particularly pronounced events in a series of weaker centennial scale
events?

¢ Does the strengthening of the monsoon, observed in the Arabian Sea (Anderson
et al. 2002; Gupta et al. 2003), have its greatest rainfall effect inland of the
Himalayan crest, or is wind stress in the Arabian Sea decoupled from monsoon
rainfall over land on centennial time scales?

* How sensitive are surface air temperature and rainfall on the Tibetan Plateau to
changes in radiative forcing, such as those that occurred in the past (e.g. due to
Milankovitch forcing, possible solar forcing, and recent anthropogenic forcing
(Anderson et al. 2002; Gupta et al. 2003)), and what does this mean for the future
(i.e. with continued increases in anthropogenic trace-gases and aerosols)?

» To what extent might future abrupt cooling in the North Atlantic region, related
to a global warming-induced weakening of the Gulf Stream (IPCC 2001), reduce
monsoon rainfall in the Himalayan-Tibetan Plateau region?

We will address these questions using new, quantitative reconstructions of specific
climate variables that we derive through calibrated multi-proxy records from lakes
in the region. Through a focus on specific climate variables (e.g. summer surface air
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temperature, effective moisture) we expect to develop a more nuanced view of past
monsoon variability that will help us link reconstructed changes to specific forcings
and mechanisms. Efforts are already underway to use modern pollen samples from
hundreds of sites across the region (Fig. 1) to enable quantitative pollen-inferred
climate reconstructions. We are also working to generate independent paleoclimate
estimates using the geochemistry (e.g. stable isotopic and trace-elemental analyses of
fossil ostracod valves). The hope is that these efforts will enable independent estimates
of Tibetan Plateau climate sensitivity, both in terms of temperature and rainfall.

It should be emphasized that the most important interval of time for answering
the above questions is the Holocene. The main reasons for this is that the Holocene
includes a period of warmer summers, and also because it should be possible to
generate a network of well-dated Holocene-length records for the Himalayan-Tibetan
Plateau region. Well-dated glacial age records, to the extent they can be generated,
will help understand the dynamics of the glacial world, but will have less relevance
to monsoon dynamics during the present warm (generally ice free) period, and
hence to the people who live in the Himalayan-Tibetan Plateau region. It will also
be worthwhile to have one or more well-situated records that extend back at least
through the last interglacial (the last 130,000). Such records would be valuable for
estimating the sensitivity of the Himalayan-Tibetan Plateau region and monsoon
system to altered forcing. Since the Himalayan-Tibetan Plateau region was likely
warmer in summer during the last interglacial than today (e.g. Montoya et al. 2000),
it would be helpful to know exactly how much warmer, and also how much wetter.
Although this is not a precise analog for future climate, we can use the case of the last
interglacial monsoon to identify important processes and feedbacks that may operate
in a warmer-than-present scenario.

Interdisciplinary Linkages. The paleoclimatic study of the Himalayan-Tibetan
Plateau region also affords rich opportunities for investigating how climate variability
and change of the future may influence important aspects of life in the region. Our
team is interested in interactions between climate and vegetation, wildfire, hydrology,
surficial processes, natural hazards, limnology, and society. Moreover, the examination
of climate variability and change on the Himalayan-Tibetan Plateau will also facilitate
the testing of hypotheses that suggest this region has had significant impacts on the
global climate system. For example, hypothesized influences of Himalayan-Tibetan
Plateau climate on ENSO, North American precipitation, and the Australian Monsoon
(Morrill et al. 2003) should soon be readily testable.

The multi-proxy approach will allow the study of climate-induced vegetation
change, along with the role of vegetation disturbance by fire. For example, how
sensitive are the dominant Himalayan-Tibetan Plateau vegetation communities (Fig.
2) to shifts in both temperature and rainfall, and how fast can the vegetation of the
region respond to climate change? Simulating past vegetation responses to climate
change will be key to assessing models that can, in turn, be used to estimate how the
region’s vegetation, aquatic systems and ecosystems may change in the future. Are
there communities or species that may become extinct as the result of global warming?
Although paleoecological data are only part of the puzzle, they are a key part because
they facilitate the assessment of past vegetation responses to abrupt climate changes.
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In particular, paleoclimatic data can help to address what rates of climate change and
types of abrupt climate “surprises” may prove difficult for biodiversity conservation
efforts (Overpeck et al. 2002).

Climate variability (i.e. extremes) already poses one of the most costly natural
hazard risks in the Himalayan-Tibetan Plateau region, both in terms of lives and
property. Paleoclimatic work will make it easier to estimate the probability of drought
and flood extremes in the region, the latter of which can have their biggest societal
impacts hundreds of kilometers downstream from the Himalayan-Tibetan Plateau.
With the advent of anthropogenic global warming, glaciers throughout the world
are in steady retreat (Dyurgerov and Meier 2000; Haeberli, this volume), leaving
behind a growing number of moraine-dammed lakes. These lakes are susceptible
to catastrophic discharge events that can prove especially devastating to people
downstream. These events can be exacerbated by floods and mass-movement of
surficial material associated with intense convective rainfall. A valuable spin-off of
high-resolution paleomonsoon research is thus an improved understanding of the
climatic conditions (e.g. extreme runoff and flood events) that can trigger catastrophic
lake discharge. Moreover, comparison of moraine-dammed and nearby non-moraine-
dammed lakes will provide a better understanding of the sediment and environmental
variability associated with the two types of lakes. It should be possible to reconstruct
the histories of sediment mass movement into lakes due to a variety of processes such
as earthquakes, convective storms, and land use change.

In order for paleoenvironmental studies to be most effective, they need to be
coupled with research focused on environment-society interactions. In the Himalayan-
Tibetan Plateau region, this kind of work has taken two related forms. There is good
evidence that ancient societies such as the Indus Civilization thrived in part due to the
stronger monsoons of the middle Holocene, and there is good reason to suspect that
the collapse of this civilization downstream of the Himalayan-Tibetan Plateau region
was, at least in part, due to the weakening of the SW Monsoon, and associated rainfall
reductions, near 4500 years ago. The Himalayan-Tibetan Plateau region itself is full of
archeological evidence that needs to be put into a climate-society perspective. If this
can be accomplished, then it may be possible to gain new insights into how the current
people of the Himalayan-Tibetan Plateau region may be affected by future changes in
monsoon rainfall.

Of course, societies of today are uniquely different from those of the past, and
it will also be important to apply what we learn about SW Monsoon variability,
as well as likely future change, to reducing vulnerability of human systems to
climate extremes and change. This is a task that needs to be undertaken in a broad
interdisciplinary context, and it need not await complete understanding of the climate
dynamics. Indeed, it may be helpful to have “stakeholders” in the Himalayan-Tibetan
Plateau region help identify key research questions. The way to begin would be to
start breaking down interdisciplinary boundaries in much the same way similar efforts
began in other regions (e.g. the Climate Assessment for the Southwest program in the
United States, CLIMAS, 2002).
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1. Introduction

The Atacama Desert of the Central Andes (18°S to 28°S) has become a focal point
of environmental research in recent years. Indeed, this area is a key site in several
respects. It is located between the tropical and extratropical precipitation belts; the
vertical gradients of ecozones range from sea level at the Pacific Coast up to high
mountains that reach into the mid-troposphere at 6000 m elevation. The prominent
mountain chain of the Andes stretches N-S, perpendicular to the zonal westerly
airflow of the mid-latitudes, which creates distinct environmental gradients at meso-
and micro-scales. Due to their sensitive location at the juncture between tropical
and extratropical climate zones, paleoclimate records from this area may potentially
provide important insights into the dynamics of the large-scale atmospheric
circulation in the Central Andes in the past. This region therefore provides an ideal
natural laboratory for paleoclimatologists.

One of the geoecological key features of this high-mountain desert is the
extremely high sensitivity to changes in effective moisture (precipitation minus
evaporation). Even smallest changes in the moisture budget result in significant
and amplified responses of the mostly saline and shallow lakes, in modifications
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of geomorphological forms and processes (particularly in glacier variability), in
vegetation changes and in other variations in the bio-geochemical systems. Different
paleoclimate archives show evidence of abrupt, dramatic and high-amplitude moisture
changes in the Atacama Desert during the late Quaternary epoch, especially during
late-glacial and Holocene times (Betancourt et al. 2000; Baker et al. 2001; Grosjean et
al. 2001; 2003; Latorre et al. 2002; and references therein). It is worth noting that such
paleoenvironmental information from tropical-subtropical areas balances the view of
the “climatically stable Holocene” as is inferred from temperature-sensitive proxy-
data in high-latitude ice records (e.g. Blunier et al. 1995).

The highest mountains of this extreme desert range up to 6700 m and show a
unique geoecological feature, the lack of glaciers even in the continuous permafrost
belt above 5600 m. Glaciers in this extremely arid climate would not form and grow
even with colder temperatures. Instead, glacier inception and advances in this area are
almost exclusively triggered by increasing moisture (Kull and Grosjean 2000; Kull et
al. 2003). Thus, it is moisture and not primarily temperature that plays the key role
regarding environmental changes. This observation is critically important when the
paleoclimatic history of the Atacama Altiplano is compared with other areas in South
America or along the meridional Pole-Equator-Pole transect through the Americas
(PEP-1) (Bradbury et al. 2001; Clapperton and Seltzer 2001; Schotterer et al. 2003).

In recent years, scientific evidence has increased that modern groundwater
recharge in the extremely arid Atacama Desert is very limited and restricted to high
elevation areas above 3500 m (> 100 mm precipitation yr'), whereas no modern water
component was observed in the lower-elevation aquifers (< 20 mm precipitation yr')
(e.g. Fritz et al. 1979; Aravena 1995; Grosjean et al. 1995; Pourrut and Covarrubias
1995). There is increasing concern that large proportions of the current water
resources might have formed during past periods of humid conditions, when the
climate was very different from today, and that the water resources are renewed
slowly or are non-renewable today and thus might be the limiting factor for economic
growth in this region. Furthermore, the centers of water consumption (large cities
and mines) are mainly found in the coastal and mid-elevation areas below 2500 m,
whereas water resources are located in the high-elevation areas - a “classic” highland-
lowland interaction problem.

The aim of this article is to review late Quaternary climatic conditions in the
Atacama Desert and to discuss pluvial phases with regard to current water resources.
We focus on the area along the western Altiplano (above 2500 m) from 18°S to
28°S (Fig. 1). Beside glacial deposits, pollen profiles from wetlands, paleosols and
archaeological sites (Messerli et al. 1993; Nuifiez et al. 2002; Kull et al. 2003), plant
macrofossils in rodent middens (Betancourt et al. 2000; Latorre et al. 2002) and
sediments from closed-basin Altiplano lakes (Grosjean 1994; Grosjean et al. 1995;
2001; Geyh et al. 1999; Bobst et al. 2001) proved to be the most suitable paleoclimatic
archives to investigate short- and long-term moisture changes and climate variability
at decadal to millennial scale. We summarize the geological evidence for lake level
changes in the Atacama Altiplano during the pre-LGM humid phase between >35,000
and 23,000 “C yr B.P. (radiocarbon years before present) and the humid late-glacial/
early Holocene phase between ca. 13,000 and 8500 '“C yr B.P. These intervals may
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have been critical for regional groundwater formation in the Atacama Desert. The
mid-Holocene fully arid period between ca. 8500 and 3600/3000 '“C yr B.P. deserves
special attention, because short-term (several years to a few decades?) more humid
climates and low-frequency but intense storms led to occasional flooding of the plains
and this may provide an explanation for groundwater recharge during arid periods.
Finally, we place the long-term dynamics of water resources and vegetation within the
context of the current economic development, and conclude with some thoughts about
pressing research needs for the future.

W v\tl.'rl}w
winter -

.S‘.‘.lh.w ‘oposa —#

Pacific ®
ocean San MartinT "%
Ascofan — | 5
“HILE.] .

:, >
Salar de
Atgcama

4 -, ]

1 Tuyajto—
Antofagasta | ¢
Salar
Punta Negra — d
Aguas
‘alientes IV |
Salar y )’ 1
Pajonales="] | ¢
Balar ]
Pedernales—_ "

Tres Cruzes
Lag.Negro Francisco
100 km

67 W 1

Figure 1: Research area in the Central Andes with sites discussed in the text. The MET3 image of 08 APR
1995 shows the cloud-free (dark) buffer zone between the tropical and extratropical cloud and precipitation
belts. Black areas in the map represent lakes and salt lake surfaces; areas above 4000 m a.s.l. are shaded
in gray.
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2. The humid pre-LGM phase (c.f. “Minchin Phase”)

1C and U/Th (Uranium/Thorium) dates in five lake basins between 21°S and
26°S provide evidence of a humid pre-LGM paleolake phase in the Chilean part of
the Altiplano (Fig. 1). Salar Coposa (26,165 + 230 “C yr B.P,, carbonate fraction),
Salar Atacama (U/Th dated lake phases between 76,000 to 61,000 yr B.P., and
53,000 to 17,000 yr B.P.; Bobst et al. 2001), Salar Punta Negra (33,580 + 745 “C
yr B.P., carbonate fraction), Salar Pajonales (30,620 + 455 “C yr B.P., carbonate
fraction) and Salar Pedernales (29,730 + 1440 “C yr B.P., carbonate fraction) show
the presence of extended bioherms and stromatolite deposits (near-shore algal reefs)
along the shorelines of high paleolakes or along extended springs that show elevated
groundwater bodies in alluvial cones. This humid phase is also documented in other
parts of the Central Andes and South America and is roughly dated between >35,000
(possibly as old as >70,000 yr B.P.) and ca. 23,000 '*C yr B.P. (Clapperton 1993). The
detailed internal structure of this humid phase is poorly known. First data from Bolivia
and NW Argentina suggest that it consisted of several sub-phases (Baker et al. 2001;
Kunz 2001). Also the chrono-stratigraphic position is poorly constrained: nothing is
known about possible “C reservoir effects, and the finite '“C ages (around 35,000 *C
yr B.P.) might well be due to post-sedimentary re-crystallization of carbonates and
uptake of modern atmospheric C (<2 pmC). For details see Geyh et al. (1999). At
least in the Salar de Atacama, the contribution of tectonic subsidence to the local lake
transgression remains open, thus the purely paleoclimatic interpretation of the lake
level changes remains speculative to some extent.

Table 1 shows changes in lake levels and surface areas of the large and deep
paleolakes in the Atacama Altiplano and in the Atacama Graben to the west, where
river runoff drained large areas of the Andes. The Minchin paleolakes in the Chilean
Atacama Desert were most extended, suggesting that annual precipitation rates
exceeded the ca. 500 mm calculated for the late-glacial/early Holocene paleolakes
(Grosjean 1994). Precipitation in this area is <200 mm today. The thickness of the
open-water sedimentary facies in the Lago Pozuelos sediments (Kunz 2001) and the
thickness of the shoreline and paleo-spring deposits suggest that the lakes existed

Table 1: Surface area and lake level changes of selected modern lakes and “Tauca” and “Minchin”paleolakes
and wetlands in the Atacama Altiplano.

Site Basin  Modern Late-glacial/early Pre-LGM lakes
size lakes Holocene lakes/wetlands  and wetlands
Surface Surface Lake level Surface Lake level
[km?]  area [km®] area [km?]  [m] area [km?]  [m]
Salar Coposa 1115 04 124 +18 150 +33
Salar Ascotan 1536 13 301 30 n.d. n.d.
San Martin* 480 5 260 70 n.d. nd.
Salar Tuyajto 246 3 11 +20 16 +40
S. Pta Negra 4264 2 350 +30 473 +55
Aguas Cal. IV 726 1 31 +25 ? ?
S. Pajonales 2003 3 108 (7)) ca.3(? 205 +50
S. Pedernales 2543 9 n.d. n.d. >>426 +30

* open system
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for a long period of time (centuries to millennia), which suggests a significant and
long-term climate change. Although direct data are still missing for the Atacama
groundwater bodies, data from the eastern slope of the Andes (Chaco of Paraguay)
show that much of today’s groundwater resources formed during the humid Pre-LGM
phase (Geyh et al. 1996).

At the current stage of knowledge, nothing is known about possible reasons for the
changes in large-scale atmospheric circulation patterns that may be responsible for the
observed moisture changes.

3. The late-glacial/early Holocene humid phase (c.f. “Tauca
Phase” and “Coipasa Phase”)

The late-glacial/early Holocene humid phase, dated in the Chilean part of the
Atacama Altiplano between ca. 13,000 and 8500 “C yr B.P. (Geyh et al. 1999;
Betancourt et al. 2000; Grosjean et al. 2001) is well documented. Plant diversity and
primary production (Latorre et al. 2002) as well as animal diversity (Nuiiez et al.
2002) were highest during this period: today extinct deer and Pleistocene horse were
present at that time. Along the currently hyperarid desert margin between 2400 and
3100 m, Latorre et al. (2002) estimated the late-glacial primary production at 10-20
times higher than today. Vegetation cover was possibly between 50% and 80% in areas
where modern vegetation cover is <5%. The high-elevation lakes were much larger
than today and covered most of the salt flat surfaces that are currently exposed to the
atmosphere (Grosjean et al. 1995; 2001). Water balance and energy budget models of
lakes (Grosjean 1994), vegetation—climate models (Latorre et al. 2002) and glacier-
climate models (Kull and Grosjean 2000) suggest that annual precipitation rates
(mainly summer precipitation) increased by a factor of 3 to 5 compared to today. This
increase in effective humidity led to substantial changes of the land surface cover, the
surface albedo and the regional radiation budget. Open water surfaces accounted for
~8% of the total area during the Tauca phase as opposed to 0.9% in modern times. At
that time, approximately 5% of the land surface were covered by glaciers, whereas
glaciers do not exist today. Snow cover above 4000 m was 10% as opposed to 3% in
modern times (Kull and Grosjean 1998). Evidently, the late-glacial/early Holocene
water cycle was very different from today. Although the methodology is fraught with
many difficulties, isotope hydrological investigations in the Atacama area suggest that
this humid climate also accounted for much of the regional groundwater formation in
the Atacama Desert (Fritz et al. 1979; Aravena 1995; Grosjean et al. 1995).

Nuiiez et al. (2002) pointed out the close relationship between the fossil shorelines
of the paleolakes and the Early Archaic human settlement patterns and showed that
the presence of paleolakes was crucial during the initial phase of human colonization
in this area between ca. 11,000 and 8000 "*C yr B.P. (Fig. 2).

The increase in humidity is attributed to enhanced tropical summer precipitation
with continental, Atlantic moisture sources. Summer flowering plants dominated the
species spectrum as recorded in rodent middens (Latorre et al. 2002). Also the mass
balance gradients of the late-glacial glaciers in this area are typical for a summer
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rainfall regime (Kull and Grosjean 2000; contributions of winter June-September
precipitation <15% of the total annual precipitation between 18-22°S). These findings
are in line with the spatial pattern of equilibrium line elevations that clearly suggests
a late-glacial/early Holocene summer rainfall regime for the area north of 25°S. What
were the mechanisms and forcings? All attempts to explain the pluvial phases with
“Milankovich forcing” are highly inconsistent. Summer insolation was at a minimum
during late-glacial/early Holocene times (Latorre et al. 2002). Instead, our results
suggest that late Quaternary humidity changes on the Altiplano reflect a collective
response to i) environmental changes in the source area of the moisture (e.g. re-
expansion of the rain forest and increased release of latent heat over Amazonia and the
Chaco, warm sea surface temperatures in the E Pacific), and ii) large-scale circulation
patterns and wave structures in the upper troposphere (strength and position of the
Bolivian High, divergent flow stimulating convection over the Altiplano), or that they
even reflect a response to iii) intethemispherical teleconnections (Kull and Grosjean
1998).

Initial

Irrlg.nt_ut agriculture colotbation
ceramics Eanad
Domestication
of camelids
Late Middle Early
Archaic Archaic Archaic
LN B TR Human occupation
—————————p Pleistocene fauna
?  Paleosol formation
Freshwater plants
Saline water plants
Wetland vegetation
| Altiplano lake levels
High / | generalized
Low I | .
5 9 ) Number of middens
Atacama
l' ! | d = 2
00 % . P
! 1 Freshwater diatoms
L. Titicaca
| M i
0% Cal. kyr B.P.

0 5 10 15

Figure 2: Late-glacial, Holocene paleoclimatic synthesis for the Central Andes and major cultural epochs
(data from Baker et al. 2001; Grosjean et al. 2001; Latorre et al. 2002; Nunez et al. 2002).



Water resources in the arid desert of the Atacama mountains 99

4. The importance of storms during the arid Mid-Holocene

Paleoclimate archives that record low-frequency climate variability at millennial
scale (e.g. larger lakes, lakes fed by groundwater, soils, groundwater bodies) show that
climate conditions on the Altiplano were even drier than today between 8500 and ca.
3600/3000 “C yr B.P. (Abbott et al. 1997; Baker et al. 2001; Grosjean 2001; Grosjean
et al. 2001; Nuiiez et al. 2002). An exception is a century-scale humid phase centered
around 4200 “C yr B.P. (ca. 5000 to 5500 cal yr B.P., Baker et al. 2001; Bobst et al.
2001; Grosjean et al. 2001; Latorre et al. 2002). This “Mid-Holocene aridity” was also
found in the south-central Andes (e.g. Veit 1996; Jenny et al. 2002; Maldonado and
Villagran 2002). Our interpretation of millennial-scale mid-Holocene aridity in the
Atacama Desert appears to be in conflict with paleovegetation reconstructions based
on rodent middens (Latorre et al. 2002) that indicate the invasion of vegetation into
absolute desert during this interval. However, the two datasets can be accommodated
when the timescales they represent are taken into consideration. Middens can only
provide discontinuous records of vegetation history, and plant remains from these
archives may correspond to decadal or sub-decadal scale wet intervals in the generally
arid but highly variable climate of the mid-Holocene (Grosjean et al. 2003).

In light of this general prolonged arid period, Holocene groundwater recharge
during this interval, as reported by Aravena (1995), is difficult to explain. Evidence
from lake sediments in the Central and Southern Altiplano, and deposits of individual
debris flows (Grosjean et al. 1997) suggest that arid conditions were interrupted by
low-frequency storms and (sub)decadal-scale humid spells. This resulted in torrential
river run-off and floods, and may have been associated with discrete events of
groundwater formation in the adjacent depressions. In the Salar de Atacama, such
floods are recorded as fine-grained deposits embedded in windblown sand. Although
at a much smaller scale, a similar event was observed in March 1997.

The type of large-scale atmospheric circulation patterns that is responsible for
the observed aridity during the mid-Holocene is poorly understood. Both winter and
summer precipitation should be considered. Jenny et al. (2002) and Maldonado et al.
(2002), and references therein, observed a significant weakening of mid-Holocene
westerly winter precipitation in Central Chile. On the other hand, data from the eastern
Cordillera in Southern Bolivia and NW Argentina show that summer precipitation with
continental moisture sources also decreased significantly. Vuille (1999) and Garreaud
(1999) point to two very important modern mechanisms that govern deep convection
and thus precipitation over the Altiplano: the mixing ratio of the advected air masses
east of the Andes (threshold of 7 g m™) and the Southern Oscillation index. Both may
serve as a model to explain mid-Holocene aridity in the central Andes, and underscore
the importance of the source area of moisture (continental lowlands) and the
dynamics of the large-scale circulation pattern in the circum-Pacific area. Comparing
Australasian and South American paleodata, Shulmeister (1999) concluded a stronger
mid Holocene Walker Circulation (cold phase of the Southern Oscillation) that would
result in widespread aridity over the Western South-Central Andes at large.
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5. Water resources and economic development: Potential for
conflicts

What is the role of past climate changes and groundwater formation with regard
to the current economic development in this area? The Region de Antofagasta in
the core of this hyperarid area hosts unique mineral ore deposits. Exploitation of
copper, gold and lithium led to unprecedented economic development of this region
during the last decade. Between 1994 and 2000, 25% of all foreign investments in
Chile concentrated in this region. Currently, more than 7 billion US$ are invested in
new mining, transportation and energy infrastructure. In 1994, the Atacama Desert
generated 17% of the world’s copper production (43% of Chile’s, 4.5 mio t yr') and
accounted for 30% of total Chilean exports (Romero 2002). This development went
hand in hand with the political opening and the economic integration of Chile with
Argentina, South America and global markets. The “Peace and Friendship Treaty”
of 1984, restoration of democracy in Chile and Argentina, and the globalization
of markets led to an ambitious and visionary development plan, the “Corredores
Biocednicos” that connects the countries of southern South America with harbors
on the Pacific and Atlantic coasts, making their economies accessible to the Asian
and European markets. High capacity infrastructure (roads, rail tracks, gas and water
pipelines, power lines) was built to facilitate the exchange of goods and energy, and to
supply the urban and industrial centers, located in absolute desert, with food and water
(Romero 2002). Last but not least, tourism increased exponentially during the last
decade. The pristine spectacular desert environment, the archaic volcanic landscape,
the few wetlands, salt flats and lakes with amazing bird life and the blue sky create
impressive contrasts with the hostile desert and attract a growing number of domestic
and foreign tourists.

Thus, it is not surprising that the increasing water demand for industrial and
urban purposes led to severe conflicts with the protection of natural ecosystems
and traditional indigenous culture. The currently known surface and groundwater
resources of this area (126,000 km?, ca. three times the area of Switzerland) amount to
12,000 1 s*. In 1990, 7130 1 s were diverted for domestic use (19%), mining (39%)
and agriculture (42%). By 1996, the water consumption for mining had doubled, and
the total claims for water extraction rights amounted to 16,000 1 s, significantly
exceeding the available water resources (Mercurio 1997). Given the importance of
mining for the regional and the national economy, greatest pressure is put both on
the traditional irrigation agriculture that consumes a large proportion of the available
water with a very low economic revenue and on the ecosystems of the remaining
wetlands, salt pans and lakes. However, traditional agriculture is an integral part of the
several thousand year old cultural heritage and a key attraction for tourism. Wetlands
and lakes, which are focal points of any wild life present in this desert, are key areas
regarding biodiversity and endemism (Messerli et al. 1997; Arroyo et al. 1998), and
symbolize the unique natural heritage of this peculiar area, are also important tourist
attractions.

Romero (2002) shows an illustrative example for this conflict: The Aldabardn gold
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mine near Copiapo (28°S), run by the Canadian Cerro Casale Company, invested 1.4
billion US$ and created 4000 jobs for an expected period of 18 years. The required
freshwater is captured in the high Andean area near Piedra Pomez, which is the
hydrological recharge area for two National Parks (Nevado Tres Cruces and Laguna
del Negro Francisco) and the 11,700 ha of downstream grasslands that are traditionally
used by the indigenous communities of the “Kollas”. Jointly with other inhabitants
of the valley and the city of Copiapo and the industrial farmers who produce for
the US and European markets, they are concerned about water shortage and water
pollution that is likely to arise from upstream mining activities. We emphasize that
paleo-research has shown that most of the groundwater resources come from humid
phases (pre-LGM, late-glacial and early Holocene) in the past. These non-renewable
resources are maybe already brought close to their limits and the region is therefore
extremely vulnerable.

6. Outlook and research needs

In light of the conflict that results from limited water resources and increased
water needs in the Atacama region we identify two major research needs that are
of fundamental importance for sustainable development in this area. This research
requires contributions from bio-geophysical, technical, social, economic and political
sciences.

6.1 Water resources research

Knowledge about the long-term (late Quaternary) development, quantity, quality,
flowpaths and recharge rates of aquifers in the Atacama is very limited. Traditional
hydro-geological methods (e.g. pumping experiments, geological properties of the
aquifers) must be combined with isotope hydro-geochemical investigations and
research on Quaternary climate changes that provide insight into the origin, the age,
the recharge rate and thus the long-term dynamics of the water body. Unfortunately,
this type of research is very expensive. It is however indispensable if the available
water resources are to be assessed on a sound scientific basis. Given the ca. 20-year
investment horizon of a company, this knowledge is of strategic importance and thus
most likely available. However, it is kept strictly confidential and is not accessible to
regional governments, political decision makers, planners and scientists.

Alternative approaches for the use of renewable water resources in the Atacama
Desert have recently been tested. The potential of collecting water from coastal fog
in northern Chile has been demonstrated (e.g. Larrain et al. 2002). The site of Alto
Patache (21.5°S), for instance, collected 5400 mm of water m? in 1997. However,
the authors point out the large seasonal, inter-annual and spatial variability of fog and
comment that better knowledge of the interplay between sea surface temperatures
(SSTs), atmospheric circulation, topography of the coastal range and fog formation
would substantially improve the site selection and make water harvesting in this
region more efficient.
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A sound scientific basis and a spatially explicit knowledge about available
renewable and non-renewable water resources stands at the beginning of sustainable
water use and a long-term management plan.

6.2 Water management, long-term strategy for development and institutional
control

Assessment and management of water resources requires a catchment approach
that explicitly takes into account all the stakeholders with their respective
requirements both in terms of water quantity and quality. Special emphasis must be
put on downstream users. Such a catchment approach is of particular importance for
the remaining undisturbed wetlands and lakes, many of which are in protected areas.
However, the buffer zones (“water protection areas”) around these wetlands must be
large enough, variable in size and account for the hydro-geological conditions in the
upstream catchment. An efficient and independent monitoring system must ensure
and enforce that environmental impacts due to water extractions or diversions remain
within the accepted range outlined in the environmental impact study of a given
project.

Governments have to set up the legal frameworks to force or encourage (with
“market based instruments” or “command and control”) water users to implement
water saving strategies of highest technological standards (within the industrial
process, waste water treatment, recycling). These technologies exist in the mining
industry and have to be further developed to reduce substantially the freshwater
consumption. Reduction of water loss due to leaking pipelines (estimated to about
30%) and recycling of waste water (e.g. in agriculture) have a great potential to reduce
the environmental pressure on pristine water bodies. Research and development of
technological solutions to water wastage is a task both for governments and the
private sector.

Likely the most difficult task for governments and society is to develop a long-
term management and development plan that is socially, politically and economically
acceptable and balances the long-term needs (cultural and natural heritage) with the
short-term needs (private sector, mining), thus ensuring the viability of humans,
animals and plants in this desert environment. Developing a scientific basis and
appropriate decision making tools and proposing consistent and visionary solutions is
a truly interdisciplinary challenge for scientists.
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1. Introduction

Most mountain lakes and their catchments are, due to their remoteness, less
impacted by human actions than lakes in lowland regions. They are, therefore,
often considered pristine systems. Nevertheless, even remote, uninhabited areas are
polluted via atmospheric deposition of aerosols that transport acid rain, heavy metals,
organic compounds, and nutrients.

In mountain lake ecosystems, the ice-cover determines the duration of the open-
water season which in turn influences productivity, circulation regimes and hence
also the oxygen budget (e.g. Ohlendorf et al. 2000). Due to their special location in
sensitive climatic space, these mountain lakes provide not only means of assessing
the response rates of different biota to past global change, but also the possibility for
estimating leads and lags between different abiotic and biotic systems. Moreover,
proxies archived in the sedimentary record of mountain lakes are useful indicators
for reconstructing past environmental change and can provide an important baseline
against which the magnitude and rates of current changes can be assessed.

Currently, coordinated palaeolimnological investigations in the Alps are carried
out in several European research projects (e.g. CHILL-10’000, MOLAR, EMERGE;
see e.g. Korhola et al. 2000; Battarbee et al. 2002b) and are focussing on two major
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topics:

i. reconstruction of natural climate variability and its effects on mountain ecosystems
(see e.g. Leemann and Niessen 1994; Sommaruga-Wograth et al. 1997; Battarbee
et al. 2002a; Catalan et al. 2002);

ii. study of human impact on mountain lakes to assess pre-industrial background
values for nutrients and pollutants (e.g. MOLAR Group 1999; Fernandez et al.
2000) as well as catchment-lake interactions (e.g. Dapples et al. 2002; Lotter and
Birks 2003a).

In the following sections, aspects of these topics are illustrated using a selection of
examples that is biased by my own research.

2. Lake sediments as records of past environmental change
2.1 Multi-proxy climate reconstructions

Several organism-specific inference models (transfer functions) have been
developed recently. They allow quantitative reconstructions of temperature (Wunsam
et al. 1995; Lotter et al. 1997) or lake nutrient status (Wunsam and Schmidt 1995;
Lotter et al. 1998). Based on a close relationship between air and water temperature
(Livingstone and Lotter 1998; Livingstone et al. 1999), these transfer functions
model the empirical relationship between the abundance of aquatic organisms and the
prevailing air temperature during the open-water season (i.e. summer). Yet, inferences
of winter temperatures that would be important to trace changes in seasonality are not
possible. There are, however, attempts to assess the length of the winter season for
Alpine lakes by taking into account the duration of ice-cover (e.g. Livingstone 1997;
Lotter and Bigler 2000).

Currently, only a few studies have attempted quantitative Holocene climate
reconstructions in the Alps. Lotter et al. (2000a) inferred summer temperature
changes of 2-3°C at the transition from the late-glacial period to the Holocene, using
oxygen isotopes, pollen, and Cladocera at Gerzensee. Studying the chironomid
assemblages of Hinterburgsee, a small lake in the northern Swiss Prealps, Heiri et al.
(2003) observed six Holocene chironomid-inferred July air temperature fluctuations
(Fig. 1) on the order of 0.5-1°C. Heiri (2001) correlated them with fluctuations of tree-
pollen percentages at a site in the Central Alps, as well as with ice-rafted debris events
in the North Atlantic Ocean, thus showing that millennium-scale Holocene climatic
oscillations are recorded by independent biota in the Alps.

2.2 Human impact during the Holocene

The study of a 9000 year long, well radiocarbon dated record of environmental
dynamics in Ségistalsee (Lotter and Birks 2003b), a small lake at the present day
tree line in the northern Swiss Alps, showed major shifts in chironomid assemblages
(Heiri and Lotter 2003). These shifts are related to changes in the accumulation rates
of the three major chironomid taxa (Fig. 2) and are attributed to natural effects such as
shallowing of the lake by infilling of the lake basin throughout the millennia. During
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Figure 1: Holocene chironomid-inferred July air temperature reconstruction from Hinterburgsee (northern
Swiss Alps, Heiri et al. 2003) correlated with percentages of total tree pollen, Pinus cembra pollen from
Gouillé Rion (central Swiss Alps, Tinner and Ammann 2001), and ice rafted debris events in the North
Atlantic (Bond et al. 1997). After Heiri (2001).
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three distinct phases, head capsules of Procladius, Stictochironomus and Tanytarsus
lugens are scarce or even absent from the sediments (shaded areas in Fig. 2). All
three episodes coincide with phases of increased human activity in the catchment of
Ségistalsee (Wick et al. 2003) as evidenced by pollen of plants indicating pasturing
as well as by macroscopic charcoal remains (Fig. 2). The absence of chironomids
during these phases points to anoxic conditions in the bottom water of the lake
through enhanced nutrient loading of the lake due to the presence of humans and
their livestock in the catchment. The chironomid fauna reacted in the same way to
the intensive pasturing of the past 1500 years as it did to the first clear-cutting during
Bronze Age (ca. 3700 cal. yr BP: charcoal peak, see Fig. 2) and more moderate
pasturing during the Bronze, Iron, and Roman Ages. This suggests that Alpine lake
ecosystems are extremely sensitive to human activity in their catchment. Nonetheless,
the chironomid assemblages also show a considerable amount of resilience to human
disturbance, as the fauna reverted to the pre-impact stage after the first two periods
of human activity. However, even though pasturing has decreased in recent years, the
fauna has only partly recovered, which is most likely related to stocking of the lake
with fish.

2.3 Disentangling the influence of climate and man during the Little Ice Age

The most pronounced climatic oscillation in historical times in the Alps was most
probably the Little Ice Age. Instrumental records as well as documentary data allow
the assessment of leads and lags of ecosystem reaction to this climatic oscillation
(Lotter et al. 2000b). However, the climatic change associated with the Little Ice Age
also had a fundamental impact on human society in the Alps and on socio-economic
systems, leading, among other things, to changes in land-use. The interpretation of
changes observed in abiotic factors and biotic assemblages from lake sediments is,
therefore, often equivocal. Disentangling direct climate effects from indirect effects,
due to changes in catchment land-use, is of paramount importance when interpreting
palaeolimnological results (e.g. Lotter and Birks 1997).

In a high-resolution, multi-proxy study Hausmann et al. (2002) give an example of
how climatic oscillations influenced tree line ecosystems through changes in land-use
and pasturing patterns in the Alps during the Little Ice Age. They studied the annually
laminated sediments of Seebergsee, a small lake located at the present-day tree line,
in the northern Swiss Alps. The occurrence of high amounts of small centric diatoms
of the genus Stephanodiscus between the middle of the 14" and the late 17" century
point to a distinct period of hypertrophy (i.e. strong nutrient enrichment). Older and
younger diatom assemblages are dominated by Cyclotella species (Fig. 3), typical for
meso- to oligotrophic (i.e. intermediate to low nutrient levels) lakes at this elevation
in the Alps.

All biological proxies suggest increased pasturing since ca. AD 1345 (Fig. 3): the
beginning of the Stephanodiscus-dominated assemblages coincides with a threefold
increase of grazing-indicating pollen types, which is a reflection of a regional rather
than a local, catchment-related signal. However, the amount of coprophilous fun-
gal spores (fungi that live on faeces), as a proxy for local pasturing, also showed a
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synchronous threefold increase. The eutrophication (i.e. nutrient enrichment) of the
lake around AD 1345 occurred remarkably fast. The diatom-inferred total phospho-
rus concentration (DI-TP) increased in only eight years from 25 to 140 ugL™'. The
absence of dolomite during this hypertrophic phase is interpreted as anoxia-induced
lowering of the bottom-water pH and subsequent dissolution of carbonates in the
hypolimnion (Ohlendorf et al. 2000). According to the coprophilous fungal spore
data, grazing tentatively ended at ca. AD 1595. Interestingly, there seems to be a lag
of 35 years before the grazing indicator pollen and a lag of almost 90 years before the
DI-TP reached pre-eutrophication levels. Apparently, the lake needed about a century
to recover from its phosphorus load. In contrast, the delayed drop of DI-TP during
the second half of the 17" century took place very rapidly. Synchronously, late-wood
densities indicate a warming during the second half of the 17" century (Schweingru-
ber et al. 1988), which is likely to have triggered strong stratification of the water col-
umn and the establishment of meromixis in Seebergsee. As a consequence, nutrients
of the stratified bottom water (monimolimnion) were eventually no longer available
in the trophogenic zone where planktonic algae live.

To decide whether the diatom-inferred hypertrophy was induced by climate or by
land-use changes, the variance in the diatom assemblage data was analysed. Pollen
and fungal spore occurrences of plants indicative of pasturing were used to model past
land-use, whereas late-wood density data was used as a proxy for climate. Partitioning
of the variance of the diatom data showed that grazing indicator pollen and DI-TP
concentrations explain ten times more variance than the dendroclimatological data.
Nutrient enrichment in Seebergsee played thus an overriding role, whereas climate
had an indirect effect by allowing pasturing at higher elevations (Hausmann et al.
2002).

3. Future research

Several transfer functions that numerically model the relationship between
different groups of aquatic organisms and important physical and chemical
environmental factors, such as pH, temperature, or nutrients have been developed
for the Alps. However, these relationships are purely empirical and future research
should also focus on the study of the autecology of these aquatic organisms to
better understand and predict their response in connection with global change and
their potential as indicators of changing environments. Moreover, studies including
different independent biotic and abiotic proxies may also help to better reconstruct
past global change. When using biotic proxies one of the major challenges is to
detect environmental threshold values that lead to major changes in the assemblages.
Commonly, such major biotic compositional changes are observed in ecotonal
situations where small changes in the physical or chemical environment may already
trigger strong biotic responses. Yet, these ecotonal situations and the environmental
thresholds do not necessarily need to coincide for different organisms.

In the pre-alpine lowland, man has been an important factor in changing the
environment over the past seven millennia, whereas human impact has been delayed
at higher elevations. There is evidence for strong human impact in the Alps since at
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least the early Bronze Age, i.e. for the past 4000 years (e.g. Wick et al. 2003). This
has to be taken into consideration when interpreting sediment-derived proxies in
terms of climate change. Given the close interaction between vegetation, hydrology,
topography, soil, climate, and human activity and the link between catchment
processes and physical, chemical, and biological lake responses, the catchment area
of a mountain lake is an important and critical unit for study in both palaeoecological
and palaeolimnological investigations. Future palaeolimnological studies will on
the one hand focus on the reconstruction of regional or global signals. On the other
hand, the study of catchment-lake interactions will also be an important research
topic. PAGES initiatives such as LIMPACS (Human Impact on Lake Ecosystems;
www.geog.ucl.ac.uk/ecrc/limpacs) will most certainly have a strong impact in setting
the future research agenda for palaeolimnological studies of mountain lakes.
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1. Introduction

Remote mountain lakes, whether found at high altitudes or high latitudes, usually
appear to be in pristine condition. In particular, those lakes that are situated above or
beyond the tree-line are rarely disturbed by agricultural or forestry practices and few if
any people inhabit their catchments. However, recent research indicates that even the
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most remote lakes are impacted by atmospherically transported pollutants, and that
greenhouse-gas forced climate change is beginning to have a significant influence on
ecosystem functioning. UV-B radiation is also increasing and, in interaction with global
warming, may already be changing biogeochemical cycles in many mountain lakes
(Vinebrooke and Leavitt, this volume). All sites are subject to multiple stresses, and
studies of the ecological response of mountain lakes to such combined stress need to
consider interactions between all factors, both natural and anthropogenic. In this chapter,
we consider acid deposition, toxic substances and climate change as the three main
drivers of ecosystem change in high mountain lakes.

The data presented here are derived mainly from research conducted by a consortium of
research groups under the auspices of the EU-funded project “Measuring and modelling
the dynamic response of remote mountain lake ecosystems to environmental change”
(MOLAR) (Battarbee et al. 2001). To identify the impacts of atmospheric pollution and
climate change independently of other environmental stresses, mountain lakes situated
above the timberline were selected so that they could be arranged along environmental
gradients across Europe (Fig. 1). These gradients extend from high latitude (Arctic),
but relatively low altitude sites in Finland, to the Pyrenees, and from Atlantic Seaboard
locations in Scotland and Norway, through high sites in the Alps, to the Tatra Mountains
of central-eastern Europe. Although all sites are relatively small, oligotrophic (total
phosphorus < 10 ug ') headwater lakes produced by glacier erosion, they differ
considerably in their depth (2-73 m), in their pH (4.5 — 7.3) and in the length of winter
ice-cover (up to 8 months). Almost all have good, relatively organic (5-20%) sediment
records that allow the history of pollution and climate change to be recorded in situ.

Atthekey sitesinthe network, physical, chemical, biological and palaeolimnological
data have been collected since 1991, using standard techniques. Physical data include
meteorological data (based on automatic weather station measurements) and water
column temperature (from thermistor chains). Chemical data include precipitation
and lake water measurements, especially of major ions and pH (MOLAR Chemistry
Group 1999). Biological data include microbial populations (Straskrabova et al.
1999), epilithic diatoms (Cameron et al. 1999), macro-invertebrates (e.g. Raddum and
Fjeltheim 2002) and fish (Rognerud et al. 2002). Palaeolimnological data principally
include diatoms, cladocera, chironomids, fly ash particles, radionuclides, trace metals
and persistent organic pollutants (Lami et al. 2000; Battarbee 2002). Full details of
the specific methods used can be obtained from the MOLAR project manual (Wathne
and Hansen 1997).

2. Acid deposition in mountain lakes

The most severe stress on the ecology of mountain lakes is the deposition of
acidic sulphur and nitrogen compounds derived from emissions generated by fossil
fuel combustion. Sulphur emissions are mainly derived from coal and oil combustion in
power stations. Nitrogen emissions include both oxidised species (NO,), derived from
both power stations and vehicles, and reduced species (NH,), derived principally from
agricultural sources.
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Site AL:PE Site AL:PE kms :
Number Sites Number Sites — ék
1 Arresjoen 16 Etang d' Aubé .
2 Chibini 17 Lac Noir o
3 Chuna 18 Lac Blanc 3
4 Ovre Neadalsvatn 19 Jorisee x
5 Stavsvatn 20 Lago Paione Superiore X
6 Lille Hovvatn 21 Lago Paione Inferiore
1 Lochnagar 22 Lago di Latte 5
8 Loch nan Eun 23 Lago Lungo
9 Sandy Loch 24 Schwarzee ob Sdlden
10 Lough Maam 25 Gossenkdllesee
1 Lagoa Escura 26 Diugi Staw
12 Laguna Cimera 27 Zieloni Staw
13 La Caldera 28 Starolesnianske Pleso
14 Estany Redo 29 Terianske Pleso
15 Lago Aguilo 30 Zgornje Krisko Jezero
mg S/m2
0-100 ¥
100 - 500
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Figure 1: Location of MOLAR sites in the context of European sulphur deposition (1999) (S deposition =
mg S m?, from the EMEP Eulerian acid deposition model).

Evidence for the contamination of mountain lakes by these products can be
demonstrated from the high concentration of non-marine sulphate and nitrate in the water
column (Fig. 2) and the presence of fly ash particles, especially spheroidal carbonaceous
particles (SCP), in lake sediments. The spatial variation in the concentration of these
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substances (Fig. 1) is in good agreement with the distribution of industrial regions within
Europe, and the temporal variation in the concentration of SCPs measured in sediment
cores reflects the progressive industrialisation of Europe from the beginning of the 19*
century (Rose et al. 2003).

Whilst many mountain lakes in Europe remain un-acidified, either because they have
adequate natural alkalinity to neutralise the acidity or because they occur in regions of
low acid deposition, lakes with low natural alkalinity in high acid deposition regions have
been acidified. This is indicated most clearly by changes in the composition of diatom
assemblages preserved in recent lake sediments (Jones et al. 1993). The most severe
acidification has taken place in Central and Western Europe. In these regions, some lakes
lack zooplankton, and macro-invertebrate populations are impoverished. Some lakes
have lost species that are sensitive to acidification, such as Baetis rhodani (Raddum and
Fjellheim 2002). Also, fish populations, mainly brown trout (Salmo trutta) or arctic char
(Salvelinus alpinus), show signs of acid stress (Rosseland et al. 1999). Whereas sulphur
and nitrogen deposition together are responsible for surface water acidification, nitrogen
deposition additionally causes problems of eutrophication, especially in situations where
vegetation types are nitrogen-limited.

Following international agreements on the reduction of acidifying gases in Europe
(UNECE 1998), acid deposition in mountain regions has begun to decline and the pH
and alkalinity of some, but not all sites, have begun to recover (Mosello et al. 2002).
However, little biological recovery has so far been recognised. This is probably due
to time-lags in water chemistry responses (e.g. Kopacek et al. 2002) and problems of
species dispersal, re-colonisation and persistence.
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annual mean from 1993.
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3. Toxic substances in mountain lakes

In addition to acidity and fly ash contamination, mountain lakes are also contaminated
by toxic metals and organic compounds (see Rose et al., this volume). The increases that
have taken place over the last century or so can be clearly observed from analyses of
sediment cores (e.g. Yang et al. 2002). Changes in the concentration of trace metals, such
as Pb, Hg and Cd, and in polycyclic aromatic hydrocarbons (PAHs) correspond closely
to the patterns observed for SCPs, suggesting a common fossil-fuel combustion source
(Fernandez et al. 2002).

The trends for some of the pesticide residues, on the other hand, are independent,
and mainly post-date World War II. For some persistent organic pollutants (POPs),
there is evidence that concentrations increase with altitude as these substances become
progressively redistributed to colder and more remote regions by volatilisation and cold
trapping processes (Grimalt et al. 2001) and contaminate lakes that are distant from
production and use of the compounds. Some of the highest concentrations in both metals
and POPs are found in Svalbard, one of the most remote regions of the world, where
levels of Hg (Fig. 3), and a number of PCB congeners are double those at other sites as
a result of food chain biomagnification. Rognerud et al. (2002) have shown that these
higher values are the result of a progressive shift to cannibalism in the diet of arctic char
between the ages of 11 and 20 years (Fig. 3).
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4. Climate change impacts on mountain lakes

Most early studies of environmental change in mountain regions assumed that climate,
although variable, imposed a relatively constant influence on aquatic ecology. It is now
becoming clear, however, that this is not the case, and that climate change is exerting
an additional stress on lakes. The climatic impact on mountain lakes is driven mainly
through changes in temperature, precipitation and wind regimes that affect snow and
ice cover, catchment hydrology, and water column stratification and mixing. These,
in turn, control many chemical and biological processes, such as primary production,
nutrient cycling, hypolimnetic (bottom-water) O, consumption, alkalinity generation
and water column pH, and have a direct and strong influence on habitat characteristics
and distribution, and on biological life-cycles.

Instrumental temperature reconstructions for the last 200 years by Agusti-Panareda
and Thompson (2002) show that decadal-scale fluctuations in mean annual air
temperature with an amplitude of up to 2°C have taken place at mountain lake
sites and that the most intense warming has taken place over the last few decades.
These climate changes are sufficient to cause ecologically important changes in
lake-catchment behaviour, and palaeolimnological studies covering this time period
provide strong evidence for such changes, specifically through the controlling influence
of temperature on lake acidity and lake productivity. For acidity, Psenner and Schmidt
(1992) have shown from diatom analysis of recent sediments in the Tyrolean Alps that
inter-annual and decadal fluctuations in pH are closely related to changes in mean annual
air temperature (Fig. 4). Temperature plays an important role in driving the generation of
alkalinity in lakes and lake catchments, and for lakes of naturally low alkalinity relatively
small changes in alkalinity can lead to significant shifts in lake water pH that, in turn,
have a marked impact on the composition of diatom communities.

At other sites, recent warming appears to be having mainly an effect on primary
productivity. This can be seen from both changes in diatom plankton at sites in the
Pyrenees (Catalan et al. 2002a), Finland (Sorvari and Korhola, 1998), and Austria (Koinig
et al. 2002) and from recent increases in the amount of organic matter accumulating in
sediments (Battarbee et al. 2002). These changes can best be explained as a result of
changes in nutrient, especially phosphorus, loading through water temperature and water
column mixing that drives internal nutrient recycling. Alternatively, they may be the
result of a catchment change where an increase in the delivery of nutrients to the lake may
be caused by reduced snow cover, enhanced carbon turnover in soils, and increased soil
erosion related to changes in catchment hydrology (Catalan et al. 2002b). The specific
diatom responses observed may be a combination of increased nutrient availability
coupled to lengthening of the growing season and changes in water column stratification
and mixing that favour late summer and autumn blooming taxa.

5. Conclusions - Future work

Despite the success of recent studies, mountain lake ecosystems are still poorly
understood. High quality datasets (e.g. diatoms, zooplankton, water chemistry) are
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available for only a few sites, as the physical nature of the high mountain environment
presents difficulties for field sampling, surveys and experimental work. Nevertheless,
recent research has shown that few if any mountain lakes are pristine, almost all are
contaminated in some way by atmospherically transported pollutants, and in some cases
the level of contamination is sufficiently high to have caused significant ecological
change. Whilst a degree of recovery from acidification might be expected in the future,
there are remaining threats from toxic metals and organic compounds, and some of these
threats may become greater if climate change causes an acceleration in the transfer of
organochlorine compounds to cold regions (see Rose et al., this volume).
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Figure 4: Relationship between Swiss and Austrian temperature curves (a) and pH inferred from diatom
assemblages (b) in the sediments of Rassas and Portles See (Tyrolean Alps). Swiss temperatures are
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stations) are the running averages (n = 9) of the deviation from the mean of the years 1951-1980. pH is
reconstructed by weighted averaging (adapted from Psenner and Schmidt 1992).
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Understanding how climate change influences mountain lakes both directly and
indirectly, by modifying catchment processes and the behaviour of pollutants, is
central to future research. Emphasis needs to be placed on the interaction between
acidity and climate change in different climate systems, on the transport of metals and
organic compounds to lake catchments and their uptake in the lake food chain, and
on the impact of climate change on biogeochemical processes that control alkalinity
generation and nutrient dynamics in the lake-catchment system. Models that simulate
both hydrochemical processes and biological responses need to be developed further,
and, given the complexity of the potential interactions between processes, it is essential
to maintain a high quality monitoring network to enable models to be tested and to serve
as an early warning system for future change.

Many of these ideas are currently being developed under the auspices of EU

research programmes such as EMERGE (http://www.mountain-lakes.org) and will
also be the focus of future national and international projects. Understanding the
global distribution of pollutants and their impacts on mountain environments needs
to be the long-term objective of such research.
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1. Introduction

Many anthropogenic pollutants emitted to the atmosphere can be transported
over large distances and affect ecosystems and human health thousands of
kilometres from their source. In recent years, concern has grown over the increased
contamination of remote areas, particularly the Arctic and mountain regions, and the
unprecedented levels of pollutants observed in areas previously considered to be
pristine. Atmospheric transport is one of the most efficient and rapid means by which
toxic pollutants, including trace metals and persistent organic pollutants (POPs), can
be transferred to remote areas. Understanding the pathways and mechanisms from
source to sink is thus vitally important. Atmospheric transport models predict that
sources of pollutants to remote areas are widespread and diverse, such that there are
contributions from “local” and regional sources, as well as transboundary and even
global inputs (e.g. Hanisch 1998).

Remote mountain lakes are known to be excellent indicators of atmospheric
pollution and its environmental effects. Sensitive geologies, sparse soils and extreme
meteorology conspire to produce fragile ecosystems, frequently isolated from
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direct contamination. The additional stress of atmospheric pollutant inputs to these
systems often results in detectable physico-chemical and/or biological change and
mountain lakes can therefore provide “early warning” indicators for impacts in less
sensitive areas. As the sediments of these lakes accumulate, they store a record of
environmental conditions within the lake ecosystem and of contaminants deposited
from the atmosphere, whilst biota within the lake store chemical compounds with a
high affinity for organic matter and those with a capacity to bioaccumulate through the
food chain. Consequently, in the absence of reliable direct measurements in remote
areas, these two environmental compartments can be used to provide a natural record
of atmospherically deposited pollutants and, in the case of sediments, provide one of
the few ways by which temporal trends in this deposition can be determined.

For many pollutant species, the affinity for organic matter and accumulation
within lake sediments raises concentrations to more easily measurable levels, whilst
fine slicing techniques and the use of radionuclide chronologies (e.g. 2'°Pb, ’Cs,
21Am) frequently allow a sediment resolution on an annual to sub-decadal scale.
The sediment record therefore provides an historical context for contemporary
measurements by allowing identification of the direction and rate of change in both
pollutant input and any resulting biological response.

2. The historical record

Over the last decade, sediments of remote mountain lakes have been used to
study both the spatial and temporal distributions of a range of pollutants, for example
POPs (e.g. Fernandez et al. 2000; 2002; Grimalt et al. 2001), metals (Rognerud et
al. 1998; Yang et al. 2002) and spheroidal carbonaceous particles (SCPs) (Rose
et al. 1999; 2002). SCPs are a component of fly-ash, only produced by the high-
temperature combustion of fossil fuels, and whilst not directly harmful themselves,
do provide unambiguous evidence for contamination from these sources (Rose
2001). In sediments, they have the potential to act as surrogates for other, more toxic
pollutants.

The historical record of many trace metals, as evidenced by the sediments of
remote mountain lakes, shows that contamination to levels above a “pre-industrial”
background, as a result of atmospheric deposition, begins at the start of the 19" century,
although elevated levels have also been associated with Roman and Medieval periods
(Renberg et al. 2001). Having no natural background, the record of SCPs began in the
mid-19* century with the onset of industrial combustion of coal. The simultaneous
start of this record with a decrease in reconstructed pH of lake water was used as
evidence for atmospheric deposition being the source of surface water acidification
in the debate of the 1980s (e.g. Battarbee 1990). The SCP sediment record has been
shown to be reliable and replicable across Europe and hence, characteristic features,
once dated with an independent technique (e.g. varves, radionuclides), can be readily
used as time markers in the lake sediment record. Further, the SCP record is well
correlated with those of pollutants from similar sources, e.g. polycyclic aromatic
hydrocarbons (PAH) (Fernandez et al. 2002), anthropogenic Hg and Pb (Yang et al.



Trace metals, fly-ash particles and persistent organic pollutants 125

2002) and other trace metals, such as Zn, Cu and Cd (Fig. 1). PAHs produced from
the natural combustion of organic material (e.g. from forest fires) show a full record
in the sediment, whilst those produced from industrial combustion show elevated
levels above a pre-industrial “background” since the beginning of the 20" century.
In contrast, other POPs, such as the organochlorine compounds, exhibit different
temporal patterns since they were first used at a later date, e.g. the 1940s or 1950s in
the case of DDTs and polychlorobiphenyls (PCBs), respectively.

After a period of increasing pollutant concentrations in sediments, reflecting the
increase in emissions from extensive industrial growth and energy demand across
Europe from the mid-19" century to the mid to late 20™ century, the emissions of
particulates and some metals have in recent decades become subject to legislation and
control. Furthermore, in the 1980s, the production of PCBs was banned and the use of
DDT severely restricted. As a consequence, the sediment records of these pollutants
show a decline in the uppermost levels of many remote mountain lakes.

However, a more detailed study of trace metals at Lochnagar, a remote lake in
Scotland, shows that when full sediment basin fluxes are considered the expected
decline in trace metal inputs are not observed. In common with many sites, the
sediment trace metal record shows elevated levels starting in the 1860s but despite
reductions of more than 70% in the atmospheric deposition of both Hg and Pb across
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Figure I: Sediment core profiles for a range of pollutant fluxes from Estany Redd, a Pyrenean mountain lake
(42° 38°N; 0°46’E; 2240 m a.s.l.). S-PAH refers to polycyclic aromatic sulphur heterocycles. Like PAHs,
these are produced from combustion sources, but principally those with a significant sulphur content.
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the UK since the 1970s (Baker 2001), full basin sediment fluxes for these metals
show no decline in recent years. Yang et al. (2002) estimated that approximately 90%
of total anthropogenic Hg and 86% of total anthropogenic Pb, stored in the system,
are retained in the upper levels of the catchment peats (a similar proportion (71%)
is observed for SCPs; Rose et al. 2002), and it is the increased input from these
catchment sources that may be responsible for negating any improvement resulting
from reductions in atmospheric input at this site. Several hypotheses have been put
forward to explain the recent lack of decline in sediment metal flux. First, this may
be due to a time lag between the retention and release of metals from catchment soils
(Schindler et al. 1995). Second, increasing rainfall over recent decades may be causing
enhanced erosion of contaminated soils. Third, warmer summers may be increasing
decomposition of soil organic matter that is subsequently leached as dissolved organic
carbon (DOC), with bound metals. Fourth, climate warming has resulted in longer
ice-free periods, allowing more time for algae to scavenge metals from the open-water
column, hence increasing the metal flux to the sediment.

Further work is required to determine the relative roles of these various hypotheses
and how widespread this problem could be in remote lakes. Certainly, the DOC levels
in Lochnagar waters have, in common with many UK upland waters, increased in
recent years (Freeman et al. 2001), and positive correlations for both Hg and methyl
Hg (a highly toxic form which is efficiently bioaccumulated) with DOC have been
observed in high altitude lakes in the United States (Krabbenhoft et al. 2002). If
these climate-related hypotheses are correct, then there are significant implications
for continued, or even increased, trace metal inputs to mountain lakes as a result of
predicted climate change, despite ongoing emissions reductions. Although there have
been no direct measurements of this effect for POPs, their affinity for DOC (Gao et
al. 1998; Winch et al. 2002) would suggest that similar increases in catchment inputs
are likely to have occurred.

3. The spatial dimension

Whilst the sediment record of a single lake provides considerable information on
the sources of contamination and their temporal trends, comparisons of contamination
levels within or between regions provide data on pathways and transport of pollutants
to remote areas. For most trace metals, concentrations, fluxes or inventories (a
measure of the full anthropogenic impact through time) tend to decline away from
source regions so that, in remote mountain areas, identification of contamination over
and above natural levels becomes increasingly difficult (e.g. Rognerud et al. 1998;
Boyle et al. 2003). The same distribution trend is true for SCPs, although the lack of
natural background allows an easier identification of contamination in remote areas.
The spatial distribution of SCP inventories from remote mountain lakes in Europe
shows a latitudinal pattern (EU funded AL:PE project; Rose et al. 1999) with highest
levels at 50 - 55°N. SCP inventories decline to both north and south, thereby showing
a similar spatial distribution to the major European industrial centres. However, at no
sites were SCPs absent, and hence a measurable level of atmospheric contamination
was detectable even in the most remote areas.
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The patterns for POPs and the volatile trace metal, Hg, are more complicated.
Atmospheric transport via global distillation (Wania and Mackay 1996) provides a
mechanism for the preferential movement and deposition of more volatile organic
compounds to higher latitudes. In this process, volatile compounds are preferentially
released to the atmosphere in warmer, lower latitude regions and transported
northwards where, in cooler climates, they condense again. Repetition of this process
results in the distillation of organic compounds by latitude with the more volatile
compounds elevated in higher latitude, cooler regions whilst less volatile compounds
preferentially remain in warmer, lower latitude areas. A similar phenomenon has
also been reported for the transport of volatile compounds to higher altitude sites
in temperate areas of Europe (EU funded MOLAR project; Grimalt et al. 2001).
The relationship between altitude and concentrations of selected organochlorine
compounds in fish in European mountain lakes is shown in Figure 2. These fish
concentration data suggest that the less volatile compounds (e.g. 4,4’-DDE; PCB-
101; PCB-153) are retained to a major extent in higher altitude sites, reflecting a lower
annual average air temperature, whereas the more volatile compounds (e.g. PCB-28)
appear to show no trend with altitude. Sedimentary inventories show a similar pattern.
However, measurements of organochlorines in atmospheric deposition indicate that
all compounds are introduced to higher altitude areas independent of their volatility.
Therefore, the lack of correlation between the concentrations of the more volatile
compounds in fish and sediment and altitude is most probably due to the loss of
these compounds to the atmosphere during warm periods reducing the fraction
retained in lakes. This difference between lake retention of low- and high-volatility
organochlorine compounds has been termed “selective trapping” (Grimalt et al. 2001).
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Figure 2: Concentrations of selected organochlorine compounds in fish (ng g' wet weight) vs. lake
altitude.
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Comparison of the relative composition of PCB congeners in atmospheric deposition,
lake water, sediment and fish from three lakes situated in different mountain areas
of Europe, Estany Red6 (Spanish Pyrenees), Gossenkollesee (Austrian Alps) and
@vre Neddalsvatn (mid-Norway), confirms this effect. Thus, sediments and fish are
significantly enriched in the less volatile congeners than atmospheric deposition and
water. The difference is most pronounced for Gossenkoéllesee, the lake with the lowest
annual average air temperature.

Evidence for inter-continental or trans-oceanic transport of POPs has also been
recorded in European mountain lake sediments. Rose et al. (2001) showed that the
concentration profile of toxaphene in Lochnagar comprised a bi-modal distribution
with maxima in the mid-1970s and early 1990s. The earlier toxaphene peak showed
agreement with the U.S. source curve and, therefore, was thought to correspond to
modelled global patterns, whilst the later peak was thought to correspond to long-range
transport from eastern and southern Europe, or from still lower latitudes. Although
no toxaphene was ever produced or used in the UK, the concentrations determined
for this remote mountain lake equate to those observed in the Great Lakes where
there have been additional riverine inputs. These high toxaphene concentrations, in a
mountain lake far removed from any source areas, raise concerns over the effects of
this pesticide at European sites closer to sources, for example in southern and eastern
Europe.

4. Pollutants in biota: Concentrations and role in monitoring

The sediments of mountain lakes provide a valuable tool in detecting spatial
and temporal changes across a region, but pollutant measurements must be related
to biological impact and many mountain lake species, already living in cold, often
nutrient-poor waters are sensitive to the further stress caused by atmospheric pollutant
deposition. Monitoring changes in mountain lake biota, either directly by sampling
and analysis of the organisms, or indirectly by observing changes in, for example,
species composition, can also provide evidence for the levels of impact in these
systems.

Contamination of fish with PAHs, organochlorine compounds and Hg has been
determined in remote European mountain lakes (EU funded MOLAR and EMERGE
projects; e.g. Grimalt et al. 2001; Rognerud et al. 2002). Organochlorine compound
concentrations in fish are normally in the order of 10-100 ng g' and are dependent on
the age of the fish and the altitude of the lake. In general, both increasing age of the
fish and lower annual average air temperatures are reflected in higher organochlorine
concentrations. For Hg, low sediment Hg fluxes, low net production of methyl-Hg
and short food chains explain low Hg concentrations in invertebrate-feeding fish
(Rognerud et al. 2002), whilst the highest Hg, PCB and DDE concentrations are
observed at sites where the fish are piscivorous. Thus, in the oldest fish on Svalbard,
Hg exceeds guideline concentrations for human consumption. The high levels in this
remote Arctic lake are therefore due to biomagnification, emphasising the need to
examine not only the contaminant concentration, but also the ecological context,
in this case the trophic level of the measured fish. The trophic level of biota can be
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determined using 8'°N measurements (Rognerud et al. 2002). Similar biomagnification
would be expected for piscivorous fish in temperate mountain lakes.

Studies of the impacts of atmospheric contaminants on other terrestrial and aquatic
flora and fauna in catchments and water bodies of remote mountain lakes are few.
One study of trace metal levels in a number of ecosystem compartments has been
undertaken at Lochnagar, Scotland, where Hg, Cd, Pb, Cu, Ni and Zn have been
measured in annual samples of catchment plants and mosses, aquatic macrophytes,
epilithic algae, zooplankton and macro-invertebrates. In addition, fortnightly
measurements of trace metals in atmospheric deposition and lake water and annual
sediment trap samples (Rose and Yang 2002) have been determined, and recently a
one-off fish survey (EU funded EMERGE project; B. O. Rosseland, pers. comm.)
has been carried out. Annual trends in terrestrial moss species (Pleurozium schreberi
and Hylocomium splendens) have been found to agree well with annual atmospheric
deposition fluxes and similar trends have been observed for Pb.

Observed Hg concentrations for various compartments in Lochnagar are given in
Table 1. These clearly show the enhanced accumulation in biotic components with
respect to lake water and emphasise the role that biota can play in the monitoring of
trace pollutants in remote mountain lakes. Monitoring of contaminants in remote lakes
using biota has significant advantages over “direct” measurements of lake waters or
atmospheric deposition. First, as mentioned above, the affinity of organic matter for
trace metals and POPs, via bioaccumulation, elevates concentrations to more easily
measurable levels. Second, short-term fluctuations are “smoothed” over months or
years, whereas a single water sample may be representative of only hours or days.
Third, there is the practical consideration of obtaining representative data from a
single visit to sites which are remote and, especially in winter, inaccessible.

Sediment traps have been used as an additional tool to monitor trends in trace
metals and SCPs in upland lakes in the UK since 1990. Monitoring using sediment
traps in remote lakes has the same advantages as those of monitoring using biota, but
they also have three additional advantages. First, they can be deployed in any lake as
their use is not dependent on the presence of a particular species at study sites. Second,
deployment and retrieval dates, and hence the period covered by the sample, are
precisely known, and third, sediments are not subject to biomagnification and hence
measurements of trophic level are not required. At the 2002 UNECE ICP workshop
“Heavy metals (Pb, Cd and Hg) in surface waters: Monitoring and biological impact”
held in Lillehammer, a range of biotic monitoring tools from fish and invertebrates to
mosses were recommended to cover different time periods. Sediment traps were also
included in these recommendations (Skjelkvéle and Ulstein 2002), as were sediment
cores to provide a historical perspective to contemporary monitoring.

Table 1: Typical Hg values in ecological compartments of Lochnagar, Scotland 2000-2001.

Lake water Epilithic Aquatic Macro- Zooplankton Brown trout
algae macrophytes  invertebrates

10-20ng/l  15-20ng/g 30-60ng/g  50-60ng/g 150-250ng/g 50 -220ng/g
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5. Future challenges

In many industrial areas the emission of trace pollutants to the atmosphere has
declined over recent decades as a result of implemented legislation. At the start of the
21% century, the greatest threat to mountain lake biota from atmospherically deposited
pollutants results from the current and future effects of climate change. We have
already described how climate change may enhance the input of previously deposited
trace metals and POPs to remote lakes, but climate warming may further exacerbate
inputs of POPs to high-latitude and high-altitude lakes as a consequence of an increase
in global distillation of volatile species from temperate and tropical regions. Higher
temperatures will result in wider distributions of both volatile and semi-volatile
species, resulting in contamination of remote areas from broader source regions. In
short, more pollutants will be able to travel over longer distances, and protection of
the most remote and sensitive ecosystems will therefore require international, if not
global, implementation of policy.

Most studies involving atmospherically-derived pollutants in remote mountain
lakes have tended to focus on the distribution of single pollutant species or classes,
and it is only recently that direct comparisons between multiple pollutants have been
undertaken (e.g. Fernandez et al. 2002). However, whilst it is most important that
contamination levels are related to impacts on biota, critical loads and thresholds
for many pollutants are only now being developed and many have still not been
determined for aquatic species. Further, these thresholds are being developed for single
pollutants with little attention paid to the synergistic effects of multiple pollutants
or indeed, other environmental changes such as climate, elevated UV-radiation or
eutrophication (e.g. Vinebrooke and Leavitt this volume). One of the main challenges
for pollutant studies in remote mountain lakes is therefore to more fully examine the
impact that long-term exposure to ambient levels of multiple pollutants have on a
range of aquatic organisms at different trophic levels. Preliminary data from studies
in the UK have shown that sediments in many areas, including upland and mountain
sites, may already be toxic to sediment- and water-dwelling invertebrate organisms
(B. Rippey pers. comm.), and this is likely due to a combination of pollutants at “low”
concentrations. Directly affected species are near the bottom of the aquatic food chain
and, whilst it is known that there is a toxic effect to these organisms, it is currently
uncertain how these effects may biomagnify to top predators.

One certainty for the 21* century is that new organic compounds will be developed
for industrial or agricultural processes or to replace those that are no longer effective
or banned. These new compounds will, either deliberately or accidentally, be emitted
to the environment and many will have a detrimental impact. Vigilance for the impacts
of new compounds, or the enhanced role of established ones, is therefore required and
the role of mountain lake ecosystems as “early warning” indicators will be important
in their detection. To this end, there is a need for ongoing monitoring and assessment
of all contaminant classes within a range of ecosystem compartments in both remote
mountain lakes and their catchments.
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1. Introduction

The steep environmental gradients of mountain ecosystems over short distances
reflect large gradients of several climatic parameters and hence provide excellent
possibilities for ecological research on the effects of environmental change. To gain
a better understanding of the dynamics of abiotic and biotic parameters of mountain
ecosystems, long-term records are required since permanent plots in mountain
regions cover in the best case about 50 — 70 years. In order to extend investigations
of ecological dynamics beyond these temporal limitations of permanent plots,
paleoecological approaches can be used if the sampling resolution can be adapted to
ecological research questions, e.g. a sample every 10 years. Paleoecological studies
in mountain ecosystems can provide new ecological insights through the combination
of different spatial and temporal scales. If we thus improve our understanding of
processes across both steep environmental gradients and different time scales, we may
be able to better estimate ecosystem responses to current and future environmental
change (Ammann et al. 1993; Lotter et al. 1997).

The complexity of ecological interactions in mountain regions forces us to
concentrate on a number of sub-systems — without losing sight of the wider context.
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Here, we summarize a few case studies on the effects of Holocene climate change and
disturbance on the vegetation of the Western Alps. To categorize the main response
modes of vegetation to climatic change and disturbance in the Alps we use three
classes of ecological behaviour: “resilience”, “adjustment”, and “vulnerability”.
We assume a resilient (or elastic) behaviour if vegetation is able to recover to
its former state, regaining important ecosystem characteristics, such as floristic
composition, biodiversity, species abundances, and biomass (e.g. Kiittel 1990; Aber
and Melillo 1991). Conversely, vegetation displacements may occur in response to
climatic change and/or disturbance. In some cases, this may culminate in irreversible
large-scale processes such as species and/or community extinctions. Such drastic
developments indicate high ecosystem vulnerability (or inelasticity or instability,
for detailed definitions see Kiittel 1990; Aber and Melillo 1991) to climatic change
and/or disturbance. In this sense, the “vulnerability” (or instability) of an ecosystem
is expressed by the degree of failure to recover to the original state before disturbance
and/or climatic change. Between these two extremes (resilience vs. vulnerability),
ecosystem adjustments to climatic change and/or disturbance may occur, including the
appearance of new and/or the disappearance of old species. The term “adjustment” is
hence used to indicate the response of vegetational communities, which adapted to new
environmental conditions without loosing their main character. For forest ecosystems,
we assume vegetational adjustments (rather than vulnerability) if the dominant (or
co-dominant) tree species are not outnumbered or replaced by formerly unimportant
plant species or new invaders. Adaptation as a genetic process is not discussed here
and will require additional phylogeographical studies (that incorporate the analysis of
ancient DNA) in order to fully understand the distributions of ecotypes.

2. Recent results
2.1 Bioclimatic limits of species distributions

Environmental requirements of species (e.g. as input for ecological models) are
usually derived from today’s presence or absence in e.g. climatic space, rather than
from experiments. However, this “biogeographical” approach may be distorted by
prehistoric and historic human impact, which may result in a biased view of the
potential range of a species. In the past, some species may have benefited from natural
environments that did not persist until today. These no-analogue environmental
conditions may be used to provide additional information about the behaviour
of species under changing and extreme climatic conditions. According to recent
quantitative studies on chironomid assemblages (Heiri 2001), the Holocene climatic
optimum in the Alps was reached at around 6500 cal. yr BP (calendar years before
present, i.e. 1950 AD), when temperatures were about 1.3-1.5°C warmer than today.
These results are supported by alpine timberline studies (e.g. Tinner et al. 1996; Tinner
and Theurillat, in press), and it is assumed that overall climatic conditions in the Alps
at this time were moderately more continental than today (Tinner and Ammann
2001). If paleoecological sites are arranged according to their altitude, it is possible
to reconstruct past forest-vegetation belts in order to assess the ecological potential
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of today’s species under warmer (and moderately more continental) conditions, when
human impact was still small. The reconstructed vegetation distribution in the Alps
at ca. 6500 cal. yr BP (Fig. 1a) is strikingly different from today and challenges some
of the ecological “beliefs” that have been derived from present distributions. For
example, recent paleoecological studies show that Abies alba (white fir, the tallest tree
of Europe at ~70 m height) was able to co-dominate stands situated between 200 m in
the southern Alps (e.g. Wick Olatunbosi 1996; Tinner et al. 1999) and 1900 m in the
northern Alps (Wick et al., in press) under reconstructed July temperatures between
~24° and 10° C, respectively. In contrast, reliance on today’s observations implies that
the species is competitive only at sites with July means of ~18°-13° C (e.g. Ellenberg
1996). The paleoecological results suggest that today’s constricted geographical range
is largely determined by disturbance (especially by fire, Tinner et al. 1999; Wick et al.
in press). Dynamic vegetation models (Keller et al. 2002) provide the first quantitative
evidence in support of the paleoecological conclusions.

2.2 Response modes of Alpine ecosystems to environmental changes

Plant species interact with other organisms and with abiotic factors, so that the
response of vegetation to climatic change and/or disturbances depends not only on
the environmental requirements of the species, but also on interspecific competition
and interference. Depending on the species involved and the agents forcing the
environmental change or disturbance (magnitude, severity, frequency), forest
ecosystems may respond with “resilience”, “adjustment”, or “vulnerability”. New
paleoecological results suggest that many vegetation types in the Alps responded
with displacement (vulnerability) or adjustment during the past 6500 cal. yr (Fig. 1),
whereas only a few showed resilient behaviour on such long time scales.

2.2.1 Resilient behaviour of ecosystems

Detailed macrofossil analyses near timberline (Lang and Tobolski 1985; Tinner
et al. 1996; Kaltenrieder 1999) confirmed the pollen-based view that the subalpine
Larix decidua-Pinus cembra belt in the central Alps is one of the most resilient
ecosystem types in the Alps (Welten 1982). This forest type first appeared more than
10,000 years ago, and, despite repeated, strong climatic changes and anthropogenic
disturbances, the original vegetational character has been preserved until today.
This is striking, because most of today’s Larix decidua-Pinus cembra communities
are in pronounced ecotonal situations, which should result in higher sensitivities to
disturbances and climatic change. However, modelling studies (Bugmann and Pfister
2000) generated vegetational patterns largely comparable to those observed during
the Holocene. In the models, Larix decidua and Pinus cembra stands were able to
regain their former timberline positions within 200 yr after climatic cooling during the
Little Ice Age. In the simulations, Larix decidua and Pinus cembra did not respond
linearly to temperature changes. Instead, forest disruptions and subsequent recoveries
were determined by rare but extreme climatic events.

In the valley bottoms of the Central Alps, ~1000-1500 m below the Larix-Pinus
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a) Vegetation belts at ca. 6500 cal. yr BP (4550 BC), 1.2-1.6 ° C warmer than today
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Figure 1: Altitudinal transect through the western Alps: a) Important forest trees at around 6500 cal. yr BP,
when summer climate was about 1.5 ° C warmer than today. Less important tree species are in brackets;
b) Modemn forest distribution in regard to forest changes during the past 6500 yr. The summary pollen
diagrams illustrate three modes of forest response to climate change and fire disturbance during the past
6500 yr: vegetational adjustments (Lobsigensee), resilience (Mont d’Orge), and vulnerability/displacement
(Origlio). A = Adjustments, D = community displacements as a result of high vulnerability (gray shading),
Res. = Resilient behaviour. The distinct change at ca. 2500 cal. yr BP at Mont d’Orge is explainable by
a decrease in forested area, however the composition and structure of remaining forests hardly changed.
Dominant present-day tree species are in brackets. Taxa and vegetation abbreviations: AB = Abies alba, BE
= Betula, CA = Castanea sativa, CE = Pinus cembra, FR = Fraxinus excelsior, LA = Larix, Me = Meadows,
PE = Picea abies, Pl = Pinus sylvestris, QU = Quercus, T = Tilia, UL = Ulmus. Abbreviations of study
sites: AL = Aletschwald (Welten 1982), AN = Annone (Wick Olatunbosi 1996), AS = Aegelsee (Wegmiiller
and Lotter 1990), BA = Bachalpsee (Wick et al. unpubl.), BI = Bitsch (Welten 1982), BS = Bohnigsee
(Markgraf 1969), BU = Untere Bunschleralp (Welten 1982), GA = Gondo-Alpjen (Welten 1982), GE =
Greicheralp (Welten 1982), GL = Gouillé Loéré (Tinner and Theurillat, in press), GM =Génsemoos (Welten
1982), GO = Gola di Lago (Zoller and Kleiber 1971), GR = Grichensee (Welten 1982), MT = Montana
(Welten 1982), HB = Hohenbiel (Kiittel 1990), LB = Lago Basso (Wick 1994), LE = Lengi Egga (Tinner
and Theurillat, in press), LG = Lago Grande (Wick 1994), LS = Lobsigensee {Ammann et al. 1986), MO
= Mont d’Orge (Welten 1982), MU = Muzzano (Gobet et al. 2000), OR = Origlio (Tinner et al. 1999), R1
= Gouillé Rion (Tinner et al. 1996), SA = Sigistalsee (Wick et al. in press), SD= Lac de Seedorf (Richoz
1998), SI = Simplon (Lang and Tobolski 1985), SU = Suossa (Zoller and Kleiber 1971), ZE = Zeneggen
(Welten 1982). The latitudinal position is only approximate. Three sites in the southern Alps (open circles)
are not part of the north-south transect. These locations are shown according to their position within the
different eco-regions.

cembra belt, Quercus-Pinus sylvestris forests also resisted combined climatic
variation and human disturbance over thousands of years (Fig. 1). If compared to the
rest of the Alps, these inner-Alpine longitudinal valleys encompass only minor areas,
but their position and environmental history is special: Due to orographic effects, the
modern and early Holocene climatic conditions are less different than those observed
in regions north and south of the Alps (Welten 1982; Tinner and Ammann 2001),
and no indications for any substantial Holocene shifts to more oceanic conditions
are apparent (e.g. precipitation increase), which contrasts with reconstructions for the
northern and southern Alps (Tinner et al. 1999; Tinner and Lotter 2001). Relatively
constant climatic regimes probably endorsed vegetation resilience, but other factors
such as species-related human assistance (e.g. differential anthropogenic use of tree
species) and adjustment to disturbance must be taken into account. Similarly, in the
southern Alps the resilient behaviour of Picea abies after 6500 cal. yr BP (the species
expanded at around 9000 cal. yr BP) may have been in part favoured by a persistent
trend to more oceanic conditions during the past 9100 cal. yr. Ravazzi’s (2002) recent
summary of the history of Picea abies in southern Europe shows that in the millennia
before 6000 cal. yr BP, the species expanded rapidly in the upper forest belts of the
Alps (~ 1500-2300 m a.s.l.), where it was not subject to competition with other trees
(e.g. Abies alba).

2.2.2 Invasions and ecosystem adjustments to climatic change and disturbance

The topic of species invasion is attracting much attention and debate in modern
ecological studies. However, for long-lived taxa, such as trees, the behaviour of
invasive species is especially difficult to assess. Paleoecology offers some tools to
study two processes involved in invasion, i.e. migration and population expansion
(Bennett 1983). In addition, it also allows the study of the responses of the invaded
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communities at the level of individual taxa. For instance, in the Alps, many tree
species expanded rapidly in response to abrupt warming at 14700-14500 cal. yr BP
(e.g. Pinus sylvestris, Picea abies, Ammann et al. 1994; Ravazzi 2002) or at 11500
cal. yr BP (e.g. Quercus, Ulmus, Fraxinus excelsior, and Acer in the southern Alps;
Tinner et al. 1999). Other species (e.g. Abies alba and Fagus sylvatica in the northern
Alps) expanded in response to climate cooling and probably precipitation increase
around 8200 cal. yr BP (Tinner and Lotter 2001). The invasion by Fagus started
immediately after climatic change (0-20 yr, Tinner and Lotter 2001). This implies
that the species was already locally present before climatic change, despite very few
and discontinuous pollen findings. The presence of such isolated individuals or small
stands is very difficult to detect in pollen records. For example, Welten (1944) showed
that the presence of ~ 70 trees of a particular species in a forested lake catchment
with a radius of 2300 m may result in the detection of one grain for every 10,000
pollen grains counted (i.e. one grain in every 10" sample in pollen sums of 1000,
approximately corresponding to the situation for Fagus before 8200 cal. yr BP).
Consequently, he criticised the use of threshold pollen values (e.g. 2 % isopollen lines)
for determining the local presence. More recent studies show that this old controversy
is still topical. Based on a threshold value of 5 %, the immigration of Fagus has been
dated to 7000 to 6000 cal. yr BP for the Swiss Plateau, showing a delay of > 500 yr
from east to west (e.g. Burga and Perret 1998) and thus a delayed response to climate
change due to migrational lags. However, on the basis of different criteria, such as the
beginning of the Fagus pollen increase in high-resolution studies, the expansion is
dated to 8175445 cal. yr BP, i.e. 1000-2000 yr earlier and immediately following the
climate change at 8200 cal yr BP (Tinner and Lotter 2001). Furthermore, according
to Tinner and Lotter (2001), the population expansions on the Swiss Plateau occurred
without any major migrational delay. The natural population expansion process of
Fagus into the mixed deciduous forests of the northern Alpine forelands 8200 yr ago
may illustrate how rapidly forested ecosystems can change in response to new climatic
conditions. However, none of the tree taxa that were present before the invasion were
permanently displaced, although the abundance of previously important tree species
(Tilia, Ulmus, Quercus, Corylus) was reduced considerably. 6500 years ago, the
expansion of Fagus sylvatica culminated in the dominance of the species, suggesting
that the adjustment process gradually evolved into a displacement of the original
communities (before 6500 cal. yr BP, Tilia and Ulmus were co-dominant for millennia;
Ammann 1986; 1988). With increasing anthropogenic disturbance (especially fire;
Clark et al. 1989; Haas 1996; Richoz 1998), important tree species were completely
suppressed in the deciduous forests (e.g. Tilia, Ulmus, see Fig. 1b around 5000 cal. yr
BP), whereas Fagus remained stable or even expanded in phases of reduced human
impact (Ammann 1986; 1988). Similarly, Quercus was able to hold its ground.
Taken together, the paleoecological results suggest that climatic changes during
the Holocene were the main determinants for the establishment of new species in the
forelands of the northern Alps (e.g. Fagus and Abies). Conversely, human impact (fire
and wood cutting) possibly caused forest-diversity reductions, but a strong overall
increase in biodiversity through the expansion of native and introduced crops and
weeds in new habitats (e.g. arable farmlands, heathlands, shrublands, pastures). In the



Long-term responses of mountain ecosystems 139

southern Alps, the situation was even more extreme: climatic changes at 11500 and
9200 cal. yr BP allowed the establishment of species-rich forest types (Tinner et al.
1999). However, anthropogenic influence after 4000 cal yr BP resulted in strong forest
impoverishment and enduring displacement.

2.2.3 Vulnerability and irreversible processes

Paleobotanical data suggest that in the Alps several tree species as well as forest
communities were displaced during the past 6500 yr (compare Fig. 1a and b). Studies
from the southern Alps (Tinner et al. 1999) and the northern Alps (Wick et al., in
press) provide new insights into the mechanisms of local and regional extinctions. As
shown by time-series analyses of charcoal and pollen results, fire was responsible for
the regional extinction of Abies alba in the lower montane belt of the southern Alps,
where today the species is missing at altitudes between 200 and 800m a.s.l. Together
with Abies alba, other tree taxa were heavily reduced or suffered local extinction
(e.g. Tilia, Ulmus, Fraxinus excelsior, Acer, Hedera). The area impacted by these
displacements encompasses about 17,000 km? (Tinner et al. 2000). However, more
important than the area losses is the fact that these mixed thermophilous communities
were unique for Europe. Today, related vegetation types occur only in the climatically
similar Caucasus region, where some of the component species are different (e.g.
Abies nordmanniana; see Tinner et al. 1999). Such forest impoverishment processes
after fire have been widely observed for other regions of the world (Caldararo 2002).
In the Alps, responsible factors were inherent in the species’ traits. For example, in the
case of Abies alba, the vulnerability to fire is primarily caused by the absence of an
effective resprouting capacity and the short-lived seed bank. The resulting vegetation
of the southern Alps was profoundly different, since the only tree taxa to survive
increased fire pressure were Quercus and Alnus. It is likely that this fire-adapted but
impoverished forest vegetation was vulnerable to the anthropogenically-favoured
invasion by Castanea sativa, as suggested by its amazingly rapid and successful
expansion 1800 years ago (Fig. 1b). On the basis of the paleoecological results, it
has also been hypothesised (Carraro et al. 1999) that the current situation, with vastly
reduced abundances of evergreen species (mainly Abies alba, but also llex aquifolium
and Hedera helix) facilitates the continuing invasion by exotic and native evergreen
species (e.g. palms, evergreen oaks, spice laurel; see also Klotzli et al. 1996).

In the northern Alps, the tree species forming the timberline is Picea abies.
Above these spruce forests, a few relict stands of Pinus cembra have survived only
in remote areas. A recent paleoecological study shows that Pinus cembra and Abies
alba were displaced from timberline by human deforestation activities (through fire)
and possibly by a climatic change to more oceanic conditions at around 3700 cal yr
BP (Wick et al., in press). Kiittel (1990) attributed the reduction in Pinus cembra and
Larix forest stands north of the Alps to climatic cooling at around 5200 and 3500 cal.
yr BP. However, isolated patches of Pinus cembra forests in the northern Alps (e.g.
near Frutigen, Swiss Alps, at 2000 m a.s.l.) occur on landslide boulder fields and these
show that the species is still able to form considerable stands above the Picea abies
belt, particularly where accessibility is poor. The presence of these stands favours the
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interpretation that human impact was also important for the enduring reduction in
Pinus cembra forests.

2.2.4 Summary

On the basis of these few examples, it is difficult to conclusively answer the
question whether some communities are more vulnerable than others to climatic
change and human impact. In the Alps, most disturbances since ca. 6000 cal. yr
BP were of human origin, and there are clues that fire was the decisive tool. In this
context, it is intriguing that the most vulnerable species was Abies alba. Among all
tree species, it had the largest area losses in the western Alps during the past 6500
years. The species is very fire-sensitive (Tinner et al. 2000) and subject to intensive
browsing during winter. It was also the most highly prized timber for construction
(Kiister 1994). However, other fire-sensitive taxa (e.g. Tilia, Ulmus, Fraxinus) were
also heavily reduced, causing the displacement of entire communities. Conversely,
the most resilient communities were situated in the longitudinal inner-Alpine valleys
(Pinus sylvestris-Quercus-Betula forests, Pinus cembra-Larix-Betula forests).
Because of the dry climatic regime, these continental communities are naturally
more fire-prone than their oceanic counterparts north and south of the Alps. Some
of the dominant taxa (e.g. Pinus sylvestris and Quercus) have evolved strategies for
surviving fire injuries. Thus, in addition to the persistence of a continental climate in
the inner valleys of the Alps (Tinner and Ammann 2001), the resilience to burning
could have contributed to maintain these communities for thousands of years.

3. Priorities for the future

At 6500 yr ago the climate in the European Alps was probably 1.5°C warmer
than today, and at most sites, the vegetation was rather different from modern plant
communities. Most of the differences are better explained by anthropogenic influence
during various intervals than by climatic change. Human activities generated low-
competition niches in vegetation. Due to such niches, it seems that the modern
vegetation in the Alps is partly in disequilibrium with climate. At the same time,
marked societal and land-use changes occurred during the last 50 years, so that
forest vegetation is no longer in equilibrium with human activities (e.g. Conedera
et al. 1996). Thus, even under constant climatic conditions, large-scale replacement
processes would probably occur during the next decades.

The late-glacial and Holocene records (e.g. Ammann et al. 2000; Tinner and
Lotter 2001) suggest that large-scale vegetation changes in the Alps occurred
when temperature variations exceeded 1.5-2°C. Temperature changes were often
accompanied by precipitation variations and by strong and abrupt responses of
vegetation. It is hence likely that, if the forecasted temperature increase should
exceed 2-3°C, vegetation will respond rapidly, i.e. within a few decades. The modern
situation, with vegetation neither in equilibrium with climate nor with human
land-use, may amplify and complicate the compositional and structural adjustment
processes to future climate change. To better address this issue, we need additional
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efforts in paleoecology and related fields, including the following:

1)

2)

3)

4)

5)

6)

7)

To avoid circular arguments, we need more independent (if possible non-biotic)
records of climatic change (e.g. oxygen isotopes). Such investigations should
feature a high resolution (5-20 yr per sample) in order to be used for comparison
with vegetational and ecological proxies. Some of the new results discussed in our
contribution are based on such a procedure (e.g. invasion and expansion of Fagus
into the forelands of the Northern Alps).

The existing pollen information should be complemented by other biotic proxies
(e.g. macrofossils, chironomids, diatoms, and ostracods). Such refinements
are indispensable for understanding different aspects of long-term ecological
processes. The timberline studies discussed above are an example for such a multi-
proxy approach (pollen, macrofossils, chironomids).

The prominent role of fire in vegetation history and ecology in the Alps has long
been neglected by paleoecologists and ecologists. The omission of this important
disturbance agent could lead to serious errors in the assessment of vegetation
records. For our understanding of ecological processes, but also for conservation
and management of endangered vegetation types and species we need more
studies of fire ecology and the role of fire in paleoecology.

Currently, there are just a few high-resolution studies (5-20 yr/sample) for the
Holocene and the late-glacial period in the Alps. Such records are indispensable
for addressing ecological questions such as succession and vegetation dynamics
on longer time scales.

Generalization should be used with caution in paleoecology and ecology. For
instance, pollen threshold values may be useful to trace population expansions,
but not necessarily the arrival or presence of the species. In ecology, the neglect
of long-term forest-dynamics may lead to wrong assumptions, such as the
identification of highly anthropogenically transformed communities as natural
stands (see discussion in Gobet et al. 2000).

More comparative studies that involve both paleoecology and vegetation
modelling could provide new insights into the mechanisms of complex ecological
processes, such as invasions and displacements. Considering the high relevance
of human impact for explaining today’s vegetation distribution in the Alps, the
models should include important (anthropogenic) disturbance factors such as fire.
It is most likely that factors related to land-use (browsing, wildfire, wood cutting
for energy and construction purposes) will largely determine the development of
future forests in the Alps.

New national parks are planned for the Alps. Conservation in these parks should
be based on paleoecological and ecological research. In anthropogenically altered
ecosystems, such as the Alps, one major contribution of paleoecology is the
assessment of human impact on vegetation since prehistoric times. Paleoecology
can help to assess the potential natural vegetation of a region and help to identify
vegetation types that are dependent on land use. In protected habitats such as
national parks, the exclusion of fire, wood cutting and browsing would probably
allow, at least at some sites in the Alps, the reestablishment of vegetation types
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similar to those at around 6500 cal yr BP. But as shown by the example of the
inner-Alpine valleys, an exclusion of fire may not be advisable in every case. For
instance in the fire-prone Pinus belts, the suppression of fire could be problematic
(increased fuel loading associated with higher risk of intense fires) and possibly
induce a change in forest type (e.g. through an expansion of more fire-sensitive
species).
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1. Introduction

Treeline and high elevation sites in the central and southern Chilean Andes
(32°39’ to 55°S) have shown to be an excellent source of paleoenvironmental records
because their physical and biological systems are highly sensitive to climatic and
environmental variations. In addition, most of these sites have been less disturbed by
logging and other human induced disturbances, which enhances the climatic signals
present in the proxy records (Luckman 1990; Villalba et al. 1997).

Current studies on tree-ring, glacier and documentary records in the Chilean
Andes have led to important progress in the understanding of climate fluctuations in
the last 1000 years against which current changes can be assessed. The integration of
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these proxies provides an opportunity to study climatic signals across a wide range of
spatial and temporal scales. In this contribution, we discuss the state of the art in the
reconstruction of climate variability from tree-rings and other proxy records in three
main regions along the Chilean Andes: the Central Andes (32°40°-39°S), Northern
Patagonia (39°-48°S) and Southern Patagonia (48°-55°S). We also discuss future
needs and challenges for global change research in the Chilean mountain ranges.

2. Research in Chilean mountain environments:
Progress and gaps

Tree-ring studies at high elevation sites have produced a network of tree-ring
chronologies, covering a 2530 km latitudinal gradient in the Chilean Andes (Fig. 1).
This research has rendered important progress in the understanding of climate and
environmental fluctuations on inter-annual to century timescales and of the potential
mechanisms behind this variability.

5 720 68° 64
- A
. “
NP
3ge - 50
40° 40°
45¢ 450
50 L g 50
£ \
I
P
Ty
%
55 ~A 55/
4 =,
76 72° 68° 64

Figure I: Map showing the latitudinal distribution of tree-ring chronologies for different native species.
AC: Austrocedrus chilensis; NP: Nothofagus pumilio; FC: Fitzroya cupressoides, PU: Pilgerodendron
uvifera. The numbers in brackets indicate the number of existing chronologies for each species in Chile.
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2.1 Central Andes (32°40°- 39°S)

This region has a climate of Mediterranean type. Rain and snow are concentrated
in fall and winter, when over 75% of the annual precipitation occurs, with a north to
south increase in rainfall. There is also an important west-east moisture gradient, with
a distinct rainshadow effect east of the highest Andean peaks. Interannual climate
variability is mainly driven by El Nifio-Southern Oscillation (ENSO) events and the
changes in the intensity and latitudinal position of the Southeast Pacific anticyclone
(Miller 1976).

In the northernmost portion of the Central Chilean Andes (32°40°-35°40’S), the
long-lived conifer Austrocedrus chilensis has been used for dendroclimatic studies.
These moisture-limited sites yielded a precipitation reconstruction for the last 1000
years. Austrocedrus growth is positively related to winter precipitation, and one of the
main features of the reconstruction are two long periods of droughts, one between AD
1270-1450, and the other between AD 1600-1650 (LaMarche et al. 1979; Boninsegna
1988). Instrumental precipitation records between 33° and 36° S show no increasing or
decreasing trend in precipitation (Pezoa 2003) for the 1931-2001 period. Interannual
precipitation variability is high with a variation coefficient ranging between 41% and
43% for most stations (Pezoa 2003). Although temperature reconstructions from tree-
rings have not been developed for this region, instrumental records between 33° and
36° S show a steady increase in mean annual temperatures for the period 1965-2001
(Pezoa 2003).

Dendroclimatic research has also been conducted in the northernmost portion
of the deciduous Nothofagus pumilio forests at upper treeline and high elevation
sites (1500-1720 m asl), ranging from 35°37 to 37°30° S. Here, eight tree-ring
chronologies have been developed. Results indicate a positive correlation of tree-
ring width with late-spring and early-summer precipitation and a negative correlation
with temperature (Lara et al. 2001). In this region, high temperatures in spring and
summer, which enhance evapotranspiration and decrease water availability, appear to
reduce radial growth. In contrast, at wetter high elevation sites located further south
(38°37’ S), radial growth is negatively correlated with late-spring and early-summer
precipitation. From this set of chronologies, a reconstruction of November-December
precipitation, accounting for 37% of the instrumentally recorded precipitation
variance, was produced (Fig. 2a). This reconstruction shows that the twentieth century
has the most extreme intervals of both summer drought and wetness since 1837, and
that the driest and wettest 25-year periods are 1890-1914 and 1917-1941, respectively
(Fig. 2a; Lara et al. 2001).

Progress has also been made in the inventory of glaciers and the analysis of their
fluctuations in relation to regional climate change (Rivera et al. 2000). Studies based
on the interpretation of aerial photographs show a general glacier retreat in the Central
Andes (Rivera et al. 2000). A local study at Los Cipreses Glacier (34° 33’) based
on historical documents, sketches and maps shows an average retreat of 10 m/year
between 1858-1888, which increases to 30 m/year for 1888-1968 (Le Quesne and
Acuiia 2003).

Despite the progress in tree-ring studies, there is an important geographic gap in
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the area north of the Central Andes, ranging from 17°40° to 32°40° S. This gap includes
the Chilean Altiplano, from 19° to 22° S (the high Andean plateau shared between
Peri, Bolivia, Argentina, and Chile), and the region located between 22° and 32°
40’ S. Filling this gap is a priority, and currently we are working on the development
of tree-ring chronologies of Polylepis tarapacana, collected from 20 sites located at
4151-4781 m asl, along its entire latitudinal range in Chile (17°40°-21°20"). Research
in the adjacent Bolivian and Argentinean Altiplano has rendered four chronologies,
the longest starting in AD 1297 (Argollo et al. 2003). The chronologies located
between 18° and 22° S show a strong positive correlation with summer precipitation
(Soliz et al. 2003; Argollo et al. in preparation). Further south, between 21° and
33° S, the potential for dendroclimatological studies of Prosopis spp. and other
species growing in scattered populations through a vast desert region should be
investigated to fill the remaining gap spanning 1400 km between the Polylepis and the
Austrocedrus populations in Chile. Sample collection of Prosopis chilensis at various
sites in northern Chile started in 2003. A tree-ring chronology of Prosopis ferox has
been developed in northwestern Argentina, indicating high dendroclimatic potential
for this species distributed between 20° and 25° S in Bolivia and Argentina, reaching
240-280 km west of the border with Chile (Morales et al. 2001). This chronology,
developed for a site at 3500 m asl, has a positive correlation with precipitation and a
negative correlation with temperature, interpreted as a positive response to soil water
availability.
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Figure 2: A) Tree-ring based reconstruction of November-December precipitation for the Central Andes
of Chile (35°-39°S) from 1837 to 1995. A trend line drawn to emphasize the low-frequency variation was
obtained using a cubic spline (Cook and Peters 1981). B) Tree-ring based reconstruction of minimum
annual temperature for Chilean Southern Patagonia from 1829 to 1996. A trend line drawn to emphasize the
low-frequency variation was obtained using an exponential filter (Essenwanger 1986).
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2.2 Northern Patagonia (39°-48° S)

South of 39°S, strong westerlies are remarkably persistent throughout the year,
occurring at least 75% of the time along the entire coast. Temperature patterns are
strongly influenced by latitude and elevation. The increasing influence of the westerlies
is reflected in more abundant rainfall and a reduced summer season towards the south.
Precipitation over the Andes increases with elevation, reaching a maximum close to
the crest of the range. Precipitation is closely related to the north-south seasonal shifts
of the Southeastern Pacific anticyclone. In northern Patagonia, warm El Nifio events
are generally associated with cooler/wetter winter-springs and warmer/drier summers,
whereas most La Nifia events correspond to warmer/drier winter-springs and cooler/
wetter summers (Villalba et al. 2003).

Dendroclimatological research has been quite extensive in this region, using
Fitzroya cupressoides and Nothofagus pumilio, and to a lesser extent Pilgerodendron
uvifera. These studies have produced a network of 23 tree-ring chronologies for
Fitzroya (40°10° to 43°30° §), both in Chile and Argentina, 19 of which are >1000-
year long (Lara et al. 2000), and recently a 5666-year long chronology has been
generated (Wolodarsky-Franke 2002). Based on the significant negative correlation
between Fitzroya tree-ring widths and previous summer (December to March)
mean temperatures, a 3622-year temperature reconstruction was developed (Lara
and Villalba 1993). The longest period of slow growth, and therefore above-mean
reconstructed temperatures, in this chronology was from 80 BC to AD 160. Current
research is analyzing this period in more detail, using tree-ring records from other
sites, as well as lake sediments and pollen records for a multi-proxy approach.

Growth patterns and climatic response of Pilgerodendron uvifera, reconstructed
from a network of nine chronologies situated between 39°36° and 49°15° S, have been
studied (Szeics et al. 2000). Sites located in the southern portion of this range show
a strong negative response to summer temperatures. Conversely, a positive response
to summer and annual temperatures is reported for two sites at or near treeline in the
Coastal Archipelagoes (46°10°, 700 m asl). A marked increase in tree-growth since the
mid-20" century, attributed to an increase in mean annual temperature in this period,
is reported (Szeics et al. 2000). However, none of the other Pilgerodendron sites show
evidence of a warming trend during the 20" century, following a similar pattern as the
one described for the 3,622-year temperature reconstruction from Fitzroya tree-rings
(Lara and Villalba 1993).

Recent studies of instrumental records in the Southern Andes of Argentina and
Chile report a negative trend in mean annual temperature with a marked cooling
period from 1950 to 1975 in the region between 37° and 43° S (Rosenbliith et al.
1997; Pezoa 2003; Villalba et al. 2003). This is described as one of the main regional
patterns in the Southern Andes from 37°-56° S (Villalba et al. 2003). The second
dominant pattern, which followed this cooling trend, is a pronounced and widespread
increase of temperatures starting in 1976 in both the Chilean and Argentinean North
Patagonian Andes (Villalba et al. 2003).

Temperature reconstructions from composite tree-ring chronologies across
Northern and Southern Patagonia in both Chile and Argentina, using standardization
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methods to preserve low-frequency (decadal to centennial) variations have been
recently accomplished (Villalba et al. 2003). This study indicates that temperatures
during the 20* century have been anomalously warm across northern and southern
Patagonia in both Argentina and Chile (37°-55° S), compared to the reconstructed
temperatures for the past 360 years (Villalba et al. 2003). These reconstructions show
a well-defined cold period from 1640-1850, which is roughly synchronous with the
“Little Ice Age” in both Hemispheres (Villalba et al. 2003). The warming trend during
the 20" century is distinguishable, despite the cooling trend from 1950-1975, observed
between 37°-43° S. The increase in temperature since 1976 is most evident in summer
and may be associated with a shift in the Pacific Decadal Oscillation (PDO) at that
time (Graham 1994). Sea Surface Temperature (SST) anomalies associated with this
decadal mode reached into mid-latitudes in both hemispheres. Long-term dominant
modes of atmospheric circulation in the Southern Hemisphere are connected to global
changes in SST (Mo 2000). The 20" century increase in temperatures for the Southern
Andes is the local atmospheric response to large-scale ocean-atmosphere changes
(Villalba et al. 2003).

Most glaciers are retreating in Northern Patagonia and the reduction of ice-masses
that have accumulated over preceding centuries has continued (or accelerated) to the
present. Studies based on the interpretation of air photos and satellite images indicate
that land-based glaciers and most calving glaciers in the Northern and Southern
Patagonian Icefields have retreated since 1945, in some cases at an increasing rate
(Naruse and Aniya 1992; Cassasa et al. 2002; Rivera et al. 2000; 2002).

Climatic reconstructions using historical records are in progress for the area
located between 39° to 41° S. These records include documents, maps and sketches
prepared by travelers and surveyors. Data are more abundant after 1850 and the first
photographs were taken in 1901. These records also show a steady and distinct glacier
retreat through present. A general glacial retreat in Northern Chilean Patagonia is
probably the result not only of increased temperatures since 1850, but also of a
regional decrease in precipitation registered at least since 1931 (Rosenbliith et al.
1995). The steady precipitation decrease in the 1931-2001 period, recorded at most
of the weather stations between 37° and 45° S, is the dominant regional precipitation
pattern (Pezoa 2003).

2.3 Southern Patagonia (48° to 55° S)

The climate of southern Chilean Patagonia is characterized by a dramatic decrease
in precipitation and humidity from west to east. In southernmost Patagonia, this
gradient shifts from a west to east orientation to a south-west to north-east pattern,
following the dominant position of the Andean range (Aravena et al. 2002). Annual
rainfall ranges from 8000 mm in the western archipelagoes to 250 mm and less on
the plateau east of the Andes. Precipitation is mainly affected by the influence of the
strong and persistent westerly winds, which dominate the whole region throughout
the year, and there is almost no seasonality in precipitation distribution (Carrasco et
al. 1998).

Nothofagus pumilio tree-ring growth studied at 21 high elevation and upper
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treeline sites (500-980 m asl) in southern Chilean Patagonia shows a significant
positive correlation with summer temperature (December-January) of the current
growing season at most sites (Aravena et al. 2002). Some sites show a significant
positive correlation between tree growth and fall-early winter temperature of the
previous season. In addition to this temperature response, most chronologies located
towards the southern limit of N. pumilio on Navarino Island (55° S) have a negative
correlation with precipitation (Aravena et al. 2002). Tree-growth may be negatively
affected by more extended snowfall seasons and snow accumulation through the
spring, associated with higher precipitation years at these relatively cooler and wetter
southern sites. This effect has also been described for the Argentinean portion of
Northern Patagonia at 41° S (Villalba et al. 1997).

The significant correlation between N. pumilio tree-ring widths and temperature
allowed the reconstruction of minimum annual temperature fluctuations since 1829
(Fig. 2b; Aravena et al. 2002). During most of the 19" century, minimum annual
temperatures remained below average and increased to values fluctuating around the
mean during the period 1900-1960, followed by a clear trend towards above-average
values after 1963 (Fig. 2b). This warming trend since 1963 coincides with the patterns
described from instrumental records for the extreme south of South America (45°-
55° S), but contrasts with the cooling trend between 1950 and 1975 for Northern
Patagonia (37°-43° S), described above (Rosenbliith et al. 1997; Villalba et al. 2003).
Precipitation patterns from the only two available weather stations in Southern
Chilean Patagonia show a steep increase since 1983 for Faro Evangelistas, located
at 52°24° S at the western fringe of the Archipelagoes, and a slighter increase for
Punta Arenas (53° S) between 1983 and 2001, following two decades of below-mean
precipitation (Carrasco et al. 2002; Pezoa 2003). This recent precipitation increase is
in contrast to the dominant pattern described for Northern Patagonia.

Glaciers in the Southern Patagonian Icefield show a substantial and rapid retreat,
following the pattern described for the Central and North Patagonian Andes (Naruse
and Aniya 1992; Cassasa et al 2002; Rivera et al. 2002). Pio XI Glacier is an exception
to this general trend, showing a distinct advance due to local ice dynamic factors
(Rivera et al. 1997). Current estimates indicate that the general retreat observed in the
Southern Patagonian Icefield accounts for 6% of the global sea level rise (1-2 mm/
year during the last 100 years; Rivera et al. 2002).

Historical documents for the Magellan region (50°-56° S) date to the time of its
discovery by Europeans in 1520 and historical sources exist since then (Prieto and
Herrera 1998). These data indicate a cold period between 1520 and 1670, synchronous
with a cold interval identified by tree ring records (Villalba 1994). Photographs taken
by Agostini (mainly in Southern Patagonia in 1923, 1945, 1949 and 1955) show a
general retreat of glaciers during the 20" century (Solari et al. 2003).

3. Future needs and challenges for global change research in
the Chilean mountain ranges

Research in the Chilean Andes (latitudes 32°40°-55° S), using tree-rings and
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other climate proxy records, has demonstrated a high potential for understanding the
environmental and climate variability of the last millennia in this region. Instrumental
records, as well as proxy-records from tree-rings, glaciers and historical documents,
show a consistent increase in temperature during the 20™ century, compared to the
previous 360 years. This warming trend documented for the Chilean and Argentinean
Andes (37°-55° S) is a response to large-scale ocean-atmosphere changes expressed
in increasing Sea Surface Temperature (SST) of the Southern Pacific and Atlantic
Oceans (Villalba et al. 2003; Villalba et al., this volume). Further research on the
relationships between SST and atmospheric temperatures over southern South
America will improve our knowledge of global change mechanisms and responses
in this region.

A warming trend in the Central Andes since 1858 is evident from glacier records
and is a dominant pattern at least since 1965 based on instrumental records located
between 33° and 36° S. This 20" century warming trend is also clear in Southern
Patagonia, as indicated by tree-ring, glacier and instrumental records. Conversely,
in Northern Patagonia a cool period between 1950 and 1975 is a dominant feature,
and some tree-ring records do not show a temperature increase in recent decades.
Nevertheless, glaciers show a strong retreat in Northern Patagonia during the
20™ century. Glacier records give a good estimate of overall temperature and/or
precipitation changes from one century to the next (Luckman and Villalba 2001).
In contrast, tree-rings generally show a relatively strong inter-annual climatic
signal, as well as a decadal or centennial signal of variable strength, depending on
species, site, length of the individual tree-ring series and standardization methods
(Briffa et al. 1996). These ditferences between climatic responses probably explain
the discrepancies between the glacier records and some of the tree-ring records in
Northern Patagonia. In Southern Patagonia, the scarcity of instrumental records
between 46° to 55° S, in a vast and climatically highly variable area, is a limitation for
understanding temperature and precipitation patterns.

Future research should address these and other limitations to improve our
knowledge of the long-term spatial and temporal patterns of climatic variability on both
the western and the eastern slopes of the Andes. A main objective of future research
in mountain areas in Chile should be to continue the development of millennial
tree-ring chronologies of long-lived native species, such as Firzroya cupressoides,
Austrocedrus chilensis, Pilgerodendron uvifera, and Araucaria araucana, to detect
decadal to centennial signals in climatic variations and to distinguish between natural
and human-induced climatic changes. Since Pilgerodendron uvifera is the only
conifer growing between 43°30” and 54° S, which shows both a temperature and
precipitation signal, future research on this species seems promising. Streamflow
reconstructions in Northern Patagonia using Pilgerodendron tree-rings are in progress
(Urrutia et al. 2003). These types of studies are needed for a better understanding of
the hydrological response to the observed precipitation decrease in Northern Patagonia
and the widespread temperature increase throughout the Andes. Reconstructing long-
term streamflow as a basis for predicting future trends and their possible economic
impacts should receive high priority, since water availability is a key factor for future
development throughout the Andes. Hydroelectricity, fish farms, sports fishing and
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tourism are major economic activities, which strongly depend on water availability
(Urrutia et al. 2003).

The development of tree-ring chronologies for the Northern Chilean Andes
(17°40°-32°40), which has already been started for Polylepis tarapacana and
Prosopis chilensis, should include new species and sites and must also be regarded as
a high research priority. These studies will document precipitation patterns in this vast
subtropical area, providing critical information for a better understanding of ENSO,
the influence of the Easterlies, and changes in SST of the Atlantic Ocean.

Since fire is one of the main disturbances throughout the Chilean Andes, research
on the links between fire regimes and inter-annual and decadal scale climate variability
should be stressed, enhancing and broadening the studies already completed or in
progress in Austrocedrus, Fitzroya and Araucaria forests (Lara et al. 1999; 2003;
Gonzélez 2002; Aravena et al. 2003). A network of fire histories would provide
a better understanding of the effects of climate variability and seasonality on fire
regimes in different ecosystems along the major environmental gradients. The study
of the climatic and ecological effects of volcanism reconstructed from tree-rings is
also a relevant topic. Research on the increase in interannual climate variability and its
influence on forest dynamics (e.g. tree mortality, seedling establishment, fires ignited
by increased lightning occurrence) should be developed in Chile, complementing
research in Northern Argentinean Patagonia in Austrocedrus and Nothofagus dombeyi
habitats (Villalba et al., this volume).

Studies on the integration of tree-ring and stratigraphic records (pollen, charcoal
and tephras from lake sediments and peat bogs) to decipher the patterns, rates and
directions of changes in vegetation, climate and fire regimes since the Last Glacial
Maximum (c. 17,000 years B.P.) have started. A recent study integrates high-resolution
pollen and charcoal records from small lakes with Pilgerodendron tree-rings in
the Chonos Archipelago (44°20” S, Szeicz et al. 2003). This reconstruction of the
impacts of climate change and fire on vegetation shows promising results. Research
using Fitzroya tree-rings from sub-fossil wood yielded a floating chronology that
was radiocarbon dated to 50,000 '*C yr B.P. (Roig et al. 2000), indicating a potential
for the integration of records into the Pleistocene. Multi-proxy approaches require
a considerable amount of effort, collaboration and funding, but provide a unique
opportunity to improve the understanding of the long-term spatial and temporal
patterns of climate, fire and volcanism, and therefore should be given a high priority.

Collaboration between researchers along the South American Andes, including
Perti, Bolivia, Argentina, and Chile, as well as training of young scholars, is crucial
to make effective progress in the study of climate change in the region. An ongoing
collaborative research initiative on climate variability in the Americas from treeline
environments (CRNO3 project of the Inter American Institute for Global Change
Research, IAI) is making a significant contribution to our understanding of large-
scale climate change mechanisms along a transect spanning from Alaska to Tierra del
Fuego. Such initiatives should be broadened in geographic range and their long-term
continuation should be assured. High quality datasets from paleo-climate records
covering a wide geographic area in the Americas, developed through a focused and
effective collaboration, can be used to validate Global Climate Models (GCMs). Such
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studies have the potential to achieve major breakthroughs in the improvement of the
resolution and quality of GCMs, as well as in the understanding of global change
patterns and mechanisms. The improved predictive capacity of climate models
is relevant to the planning of natural resource management as well as for policy
making.
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1. State of mountain research in the Southern Andes of
Argentina

Long-term trends of temperature variations across the Southern Andes (37-55°S)
have been recently examined using a combination of instrumental and proxy records.
Tree-ring based reconstructions indicate that the annual temperatures during the 20™
century have been anomalously warm across the Southern Andes in the context of
the past four centuries. The mean annual temperatures for northern and southern
Patagonia during the interval 1900-1990 are 0.53°C and 0.86°C above the AD 1640-
1899 means, respectively. Increased temperatures are seriously impacting the physical
and biological systems across the Southern Andes.

Non-forested glacial deposits around most Patagonian glaciers provide evidence
of glacier retreat since the late Neoglacial advance dated between AD 1520 and 1850,
approximately. The reduction of ice masses accumulated over preceding centuries
has continued and accelerated to the present. Indeed, all land based glaciers and
most calving glaciers in northern and southern Patagonia are presently retreating
and thinning at a fast rate. The reconstructed temperature records suggest that the
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generalized glacier retreat is largely due to the temperature increase during the 20™
century across the southern Andes.

Events of episodic tree mortality have been recognized during the 20" century
for Austrocedrus chilensis growing along the xeric forest-steppe border in northern
Patagonia. These regional events of mortality are associated with extreme dry-
warm climatic conditions during single summers, or more commonly during two
consecutive summers in the 20" century. More recently, the enhancement of warm-
dry conditions, resulting from the 1997-98 El Nifio-Southern Oscillation event,
caused the extensive mortality of Nothofagus dombeyi, a tree species growing in
mesic forests of northern Patagonia. On the other hand, climatic fluctuations on
decadal time scale appear to influence tree establishment and long-term changes in
fire regime. In particular, warmer temperatures in the northern Patagonian Andes
since the mid 1970s, due to changes in the Pacific Decadal Oscillation (PDO) modes,
have increased the occurrence of lightning-induced fires. It is crucial to understand
the effects of recent climate variations on both physical and biological systems to
properly predict ecosystem responses to future climatic changes.

2. Temperature changes of the past four centuries across the
Southern Andes

The Southern Andes spread over a wide latitudinal range (37-56°S) on the western
side of southern South America, encompassing a wide variety of climate regimes
from the Mediterranean type with a dry summer in the north to an all year rainy
type in the south (Miller 1976). This chain of mountains is an excellent source of
paleoenvironmental records because its physical and biological systems are highly
sensitive to climatic variation, and they provide complementary records across a
range of spatial and temporal resolutions. A network of more than 100 chronologies
from Nothofagus pumilio at alpine treeline has recently been developed across the
Southern Andes of Argentina and Chile (Lara et al. 2001; Aravena et al. 2002; Villalba
et al. 2003). With this increasing number of tree-ring collections from temperature-
sensitive sites, the use of a spatial approach to reconstruct the large-scale temperature
patterns across 2000-km in the southern Andes now appears to be feasible.

Based on a 60-year interval (1930-1990), the dominant patterns of temperature
variations were derived from the instrumental records available in the Southern
Andes. Two dominant patterns of temperature variations emerge from a principal
component analysis of the meteorological records (Villalba et al. 2003). The first
pattern, which is associated with the stations in the northern sector of the southern
Andes (Temuco, Valdivia and Puerto Montt), is characterized by a cooling trend from
the 1930-1940s to the mid 1970s followed by temperature increases during the 1980s
and 1990s. The second pattern represents the temperature changes observed in the
southern stations, such as Punta Arenas, Rio Gallegos and Ushuaia. At the southern tip
of South America, a slight cooling, recorded between 1930 and 1950, was followed by
steadily increasing temperatures during the past four decades (Rosenbliith et al. 1995;
Villalba et al. 2003).
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Tree-ring based reconstructions of the two dominant patterns of annual
temperature have been developed using standard dendroclimatological methods
(Fritts 1976). Temperature reconstructions, which cover the interval AD 1640-1990,
explain 55% and 44% of the total variance in the northern and southern temperature
patterns, respectively. Co-spectral analyses between actual and reconstructed data
indicate that the reconstructions reproduce the low frequency components present in
the instrumental records with a high degree of fidelity. Both reconstructions show that
temperatures during the 20" century have been anomalously warm in the context of
the past four centuries (Fig. 1). The mean annual temperatures for the northern and
southern sectors during the interval 1900-1990 are 0.53°C and 0.86°C above the AD
1640-1899 means, respectively.
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Figure I: Glacier and tree-ring evidence for temperature changes across the Southern Andes of Argentina
during the past four centuries: a) Ice front positions (relative to the glacier terminus in summer of 1986)
of Frias Glacier reconstructed from a combination of historical records, aerial photographs and tree-ring
records. Fluctuations in ice front positions were measured during the period 1975-1986; b) and ¢) Annual
temperature reconstructions for the northern and southern Patagonian Andes, respectively. To emphasize
low frequency variations, the data series (annual values) were smoothed with a cubic spline of 25 years (blue
line). The actual values (red) have been superimposed in the most recent portion of the reconstructions.
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Spatial correlations between the reconstructions and annual variations in sea-
surface temperature (SST) in the South Atlantic and Pacific indicate that the dominant
patterns of temperature variations across Patagonia are related to large-scale SST
patterns (Villalba et al. 2003). Temperatures in northern Patagonia are significantly
correlated with SST over the Pacific from the date line to the subtropical coast (40°S)
of South America. This spatial pattern of correlation resembles the South Pacific
counterpart of the “Pacific Interdecadal” mode of SST recently identified by Enfield
and Mestas-Nuifiez (2000). In contrast, temperature variations in the southern sector
of the Andes are related to SST over both the South Atlantic and South Pacific.
The associated SST spatial pattern resembles the “Global Warming” mode of SST
variability, characterized by a steady warming across the South Atlantic and at higher
latitudes in the Southern Hemisphere (Enfield and Mestas-Nufiez 2000). A rotated
empirical orthogonal function analysis on SST across the South Pacific and South
Atlantic Oceans shows that four discrete modes of SST variability explain a third of
the total variance in temperature fluctuations across the Southern Andes (Villalba et
al. 2003).

3. Impacts of climate changes on Patagonian glaciers

In general, glacier retreat has been observed in the 20" century across the Southern
Andes in response to the documented climatic changes. Eight ice-covered areas have
been selected to reconstruct past positions and to monitor the present dynamics of
glaciers in the Argentinean Patagonian Andes (a similar strategy for the study of glacier
variations on the Chilean side of the Southern Andes is conducted by Lara et al., this
book). Four glaciated areas (Lanin, Tronador, Esperanza and Tunel) are located in the
northern Patagonia Andes (39-43°S). The remaining glaciers (San Lorenzo, Narvaez,
Piedras Blancas and Ameghino) are located between 47° and 50°S.

Frias Glacier, the northernmost ice body in the Argentinean portion of Mount
Tronador (41°S), reached its maximum extent during the Last Neoglacial Event
around AD 1640-1660 (Fig. 1). Since that time, the glacier retreated at an average rate
of 2.5 m yr' from AD 1650 to 1850. Mean retreat rates increased after 1850, reaching
more than 7 m yr! between AD 1850 and 1900, 10 m yr' between 1910 and 1940, and
36 m yr! for the interval 1976-1986, when annual measurements of front ice positions
were conducted (Villalba et al. 1990). Loss of glacier volume was slow during the 17
and 18" century, more continuous from the mid-19™ century to the mid-1970s, and
followed by a rapid loss and further acceleration during the past three decades. This
is consistent with the reconstructions of temperature for northern Patagonia showing
cold conditions from AD 1640 to 1850, followed by a warming trend from the 1850s
to 1920s, a period of moderate cooling between the 1940s and 1970, and a return to
warmer conditions after the mid-1970s (Fig. 1).

Information on glacial history during the past 1000 years for the southern sector
of the Southern Andes is still inadequate to properly reconstruct the full temporal
sequences of events related to the latest Neoglacial event. Ring counts from trees
growing on the moraines indicate that the most external moraine associated with the
last Neoglacial event was formed before AD 1700. Our temperature reconstruction
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for the southern sector of the Southern Andes shows several cold intervals between
AD 1640 and1850 (Fig. 1). The persistence of cold conditions during this long-term
interval in combination with the severe cold peaks centered on AD 1820 and 1850
may be responsible for the formation of a second massive moraine, a common feature
to most glaciers between 47 and 50°S. Consequently, the glacier expansions in the
southern sector during the latest Neoglacial might have consisted of two major events,
one before AD 1700 and a second during the 19" century. In contrast to the glaciers
at lower latitudes in Patagonia, the 19™ century advance in the southern sector was
similar in magnitude to the first glacial event of the latest Neoglacial (Masiokas et
al. 2001). Ice retreat rates substantially increased in both regions due to increasing
temperatures during the 20" century (Fig. 1). However, the glacier retreat must also
have been affected by the documented regional decrease in precipitation along the
Pacific coast of southern South America (Rosenbliith et al. 1995).

The rise in air temperature, suggested by the retreat of temperature-sensitive
glaciers along Patagonia, is somewhat greater than the global average temperature
rise derived primarily from instrumental records at lower elevations. The present
glacier shrinkage is a general phenomenon across the southern Andes (except for a
few calving glaciers) and the recession of glaciers has taken place in several stages
during the past four centuries with increasing intensity since the mid-1970s. This
higher rate of retreat since the mid-1970s corresponds with a shift in the PDO, which
has been reported in several recent publications (Ebbesmeyer et al. 1991; Graham
1994; Villalba et al. 2001). Changes in glacier sizes and regional temperatures during
the 20™ century across the Southern Andes appear to be unprecedented in the context
of the past 400 years. The increasing rate of glacier retreat in the past decades bears
examination because it may provide insights into the relationships between climate
and glaciers in the near future.

4. Impacts of climate changes on Patagonian forests

Climate variability is a major influence on forest dynamics both indirectly through
effects on climatically related disturbances, such as insect outbreaks and fires, and
directly through influences on tree establishment and mortality (Archer 1994).
Evidence from dendroecological studies in northern Patagonia suggests that climate
change during most of the 20" century has already been affecting the structure and
dynamics of native forests. Moreover, climate conditions at different temporal scales
strongly affect fire occurrence in northern Patagonia through the alteration of ignition
opportunities and fuel production.

Austrocedrus chilensis establishment at the forest-steppe ecotone in northern
Patagonia appears to be episodic in relation to decade-scale climatic variations.
Following the warm-dry interval from 1956 to 1962, the climatic pattern changed
drastically. Relatively cold and wet conditions started in 1963 and prevailed until
the mid-1970s (Fig. 1). A regional age structure analysis along 400 km in the eastern
foothills of the Andes shows widespread Austrocedrus establishment during this
interval. Peaks of tree recruitment coincide with significantly cooler and wetter
summers in 1964-66 and 1973-75. With the exception of the summer of 1984, warm-
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dry summers prevailed throughout the 1980s. The abrupt decrease in tree establishment
since 1978 and the near absence of trees dating from the 1980s coincides with this
decade-scale change towards a warmer and drier climate in northern Patagonia
(Villalba and Veblen 1997).

Interannual variability of climate and the occurrence of extreme events can also
have strong effects on the structure and function of forests. Dendrochronological
methods were used to date the outermost ring on dead standing and fallen trees
to estimate the dates of tree death at nine stands of Austrocedrus chilensis along
the forest-steppe border (37-43°S). Episodes of exceptionally high tree mortality
coincide with exceptionally dry springs and summers during the 1910s, 1942-43,
and the 1950s. Droughts and associated mortality events of Austrocedrus chilensis
during the 20" century were found to be strongly related to above-average sea level
pressure off the coast of Chile at the same latitudes. Temperature and precipitation in
northern Patagonia are strongly influenced by the intensity and latitudinal position of
the southeastern Pacific anticyclone, which, in turn, is greatly affected by the Southern
Oscillation events (Villalba and Veblen 1998).

In response to the climatic anomalies imposed by the severe 1997-98 El Nifio-
Southern Oscillation (ENSO) event, intense droughts occurred in the austral summers
1997/98 and particularly 1998/99. These events caused extensive mortality and
dieback in the mesic Nothofagus dombeyi forests in the eastern part of its distribution
in northern Patagonia (Fig. 2). An evaluation of the regional impact of this drought
indicates that 41.8% of the pure Nothofagus or mixed Nothofagus-Austrocedrus
forests located in the Nahuel Huapi National Park were damaged by this extreme
climatic event (Bran et al. 2001). These mortality events in northern Patagonia show
that forest composition can be strongly affected not only by long-term (decade-scale
or larger) fluctuations in climate, but also by interannual climate variability. Tree-
demography processes appear to respond differentially to high- versus low-frequency
variations in climate. In the Austrocedrus chilensis and Nothofagus dombeyi forests on
the eastern slopes of the Andes, seasonal- to annual-scale droughts increase mortality
rates, but decade-scale cool-wet spells are required for widespread increases in tree
establishment.

Climate variations at different temporal scales also affect disturbance regimes
differentially. Conditions affecting fire, such as ignition opportunities and fuel
desiccation, are strongly associated with year-to-year climate variations in northern
Patagonia (Kitzberger et al. 1997; Veblen et al. 1999). Years of extreme fire occurrence
are associated both with dry winter-springs and with warm summers related to the
cold and warm phase of the Southern Oscillation, respectively (Kitzberger and Veblen
1997). Years in which the southeast Pacific anticyclone is intense and located farther
south than normal are years of enhanced fires.

Both the number of lightning ignitions and the area burned increase exponentially
with summer temperature. Years in which lightning-ignited fires occur in northern
Patagonia are associated with above-average sea level pressure at mid to high
latitudes (45-55°S) east of southern South America during summer. During summers
of anomalously high pressure over the Atlantic Ocean, the Atlantic portion of
the subtropical high-pressure belt is located farther south, which allows Atlantic
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Figure 2. Large-scale mortality event in the old-growth forests of Nothofagus dombeyi in northern
Patagonia caused by the severe droughts in the summers of 97/98 and 98/99. Summer (January to March)
temperature and precipitation variations for the interval 1984-2001 are shown in the upper right-hand
corner. Climate data were provided by INTA, Bariloche, Argentina.

subtropical air to flow southwestwards into Northern Patagonia (van Loon et al.
1993). These moist, warm air masses spawn thunderstorms and lightning through
convective uplift over the heated Patagonian plains or by advective or orographic
uplift when they reach cooler air in the Andean foothills (Komarek 1966).

At a decade-scale, the frequency of lightning ignitions closely track changes in
summer temperature (Fig. 3). Mean summer temperatures in northern Patagonia
increased after the mid-1970s by ca. 1°C when compared to the previous 1938-1976
period (P < 0.01). This warming trend has been accompanied by a three-fold increase
in the rate of lightning ignitions (from 0.6 ignitions/year to 1.95 ignitions/year; P <
0.02). Recent warming trends observed in the South Atlantic and South Pacific Oceans
may be influencing long-term changes in fire ignitions in northern Patagonia.

5. Final remarks

The temperature reconstructions for northern and southern Patagonia show
substantial inter-centennial changes and point out how unusual climate conditions
during the 20" century have been in the context of the past 400 years. Warmer
conditions during the 1930-1940s and after the mid-1970s across the northern sector
of the Southern Andes were unprecedented in the 360-year reconstruction (Fig. 1).
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Similarly, temperatures in the southern sector since the mid-1970s have reached
unparalleled levels in the past 360 years. Recent surveys of past environmental
changes indicate that the anomalous climate of the past century has affected both the
biotic and abiotic components of the landscape in the Southern Andes. Due to the
steeper precipitation and temperature gradients imposed by the local mountains, the
physical and biological systems in the Southern Andes are particularly sensitive to
relatively minor changes in climate.

Loss of glacier volume in the Southern Andes started in the middle of the 17%
century and continued in several stages of increasing rates during the 20" century,
particularly in the past decades. Melting of ground ice has markedly accelerated
since the mid-1970s, concurrent with large-scale atmospheric changes related to the
Pacific Decadal Oscillation. It is clear, however, that carefully measured glacier data
are extremely limited in the Southern Andes. Existing records need to be expanded
both temporally and spatially to better understand the relationships between glacier
fluctuations and regional climatic forcings.

Our dendroecological analyses suggest that some tree species are already
responding to the anomalous climate during the 20" century. Increased numbers of
mortality events and lightning-ignited fires are the responses to warmer summers,
consistent with the persistence of atmospheric circulation modes that might have been
unusual in the previous three centuries. It is in the context of global warming that
the science community is challenged to bridge the traditional local spatial scale of
ecology and geomorphology to the regional scale of climatology by linking ecosystem
responses to variations in the large-scale synoptic forcings of regional climate. For
reaching such a goal, several tasks need to be accomplished in the Southern Andes.
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Figure 3: Lightning-ignited fires (vertical bars) reported in Lanin, Nahuel Huapi, Lago Puelo and
Los Alerces National Parks between 1945-2002 (Bruno and Martin 1982; Administraciéon de Parques
Nacionales, unpubl. data) and mean summer (December to March) temperatures (red line), based on
Bariloche Airport weather station. To emphasize decade-scale variations in temperature and lightning
ignition, both series were smoothed with a 15-year cubic spline. Horizontal lines are long-term mean
summer temperatures for the 1938-1976 and 1977-1999 periods.
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Time series of environmental processes in the Southern Andes are short,
fragmentary, and suffer from serious drawbacks, due to undocumented changes in
instrumentation and station locations. A substantial commitment should be made to
rescue, maintain and expand current meteorological and hydrological data collections.
It is strongly advised to establish high-resolution maps of climatic, hydrologic,
topographic, vegetation and soil property attributes for the Southern Andes. Free
and open access to the Andean data sets is essential to future progress. Coordination
between local and international research programs is also critical.

There are numerous gaps in our current understanding of basic environmental
principles and processes in the Southern Andes. Interdisciplinary studies linking
current and paleoenvironmental changes should be fostered to assemble a more
complete understanding of the Andes system and its future response to Global Change.
Investments in long-term, process-based environmental studies should be encouraged.
In addition, we need to address the role of humans in driving or triggering past and
future environmental changes in the Southern Andes, and reach a comprehensive
understanding of the impact of climate variations on local and regional human
activities. The studies reviewed in this paper represent the first attempts to link local-
scale physical and biological processes in the Southern Andes with current variations
in large-scale atmospheric conditions. New research devoted to establishing linkages
between climate variations, physical-biological systems, and human activities in the
Southern Andes is strongly advised.
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Part II: Cryospheric changes

Mountain glaciers, snow cover and permafrost may be the best icons for global
climate change. They are exquisitely emblematic of the balance between heat and cold
on the planet. Glaciers and snow are crucial water reservoirs throughout the world,
damping the variation in water supply over the course of a year. Snow and ice are
not however always boons. The annual cycles of freezing and thawing, of deposition
and ablation create local hazards while the on-going loss of glacial ice contributes
significantly to rising sea levels. Glaciers, snow cover and permafrost mediate many
of our concerns arising from climate change.

In the first contribution, Haeberli presents a broad overview of glacial monitoring
throughout the world He explains the necessity of a tiered observing system based on
focused energy and mass balance measurements within a broader context of glacial
size and even presence/disappearance data. He notes data gaps in both the Andes and
the Himalayas but holds out hope in the form of more complete data from remote
sensing.

The increasing loss of glacial mass worldwide leads Dyurgenov to highlight the
potential extinction of mountain glaciers. These losses account for an important
fraction of the rise in mean sea level. Advances in technology offer some hope that
important data on large and poorly sampled glaciers might still be gathered in these
times of shrinking budgets.

The next three papers focus on tropical glaciers. Kaser et al. remind us that a
glacier is a completely physical system, the mass of which is an immediate result
of energy exchange and mass inputs. While in the mid-latitudes, temperature tends
to dominate the mass balance equation, in tropical regions other meteorological
variables such as humidity, cloudiness and precipitation are equally important. Their
observations regarding Kilimanjaro, an important media story, are very thought
provoking. Francou et al. focus on glaciers in the tropical Andes. Here they find that
the ongoing loss of glacial mass is explained largely through changes occurring in
the wet season, particularly as those seasons are themselves changed by ENSO. Mark
and Seltzer examine the historical records and the likely impacts of glacial recession
in the Peruvian Andes. They emphasize changes associated with lower precipitation
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and higher influx of radiation. And while high rates of recession have occurred in the
past, the present rates will have significant hydrologic impacts on drier western slope
economies.

The next two papers examine how climate change may affect the hazards in
mountain areas mediated by permafrost, snow and glaciers. Harris focuses on
permafrost and notes that even slight warming can lead to very large changes in the
extent of frozen soil and rock with considerable increases in the risk of slope failure.
Kadiib et al. ook at a wider range of potential hazards, including glacial lake outbursts,
floods, glacial surges and slope failures, as well as yet more destructive combinations
of events. Both papers recommend broad geographic assessment of hazards with
spatial modeling in GIS coupled with more detailed site specific analysis or laboratory
experiments.

Martin and Etchevers estimate the impacts of climate change on snow cover in
the French Alps. Climate change could lead to a considerable shortening of the period
of snow cover, with great impacts on the skiing industry as well as on timing and
amount of water in major Alpine rivers. Impacts on avalanche hazard are much harder
to predict as these are associated with extreme weather events, which are difficult to
predict in climate change scenarios.

Finally Hock et al. examine how climate change will drive discharge from
mountain glaciers. They emphasize that discharge responds at a variety of time scales
related to both energy balances and extents of glaciation in the watershed. While
the physics of melting have been studied extensively, much less is known about the
routing of melt water through the glacier, key to understanding discharge at shorter
diurnal and seasonal time frames.
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1. Introduction

Fluctuations of glaciers and ice caps in cold mountain areas have been
systematically observed for more than a century in various parts of the world and are
considered to be highly reliable indications of worldwide warming trends (cf. Fig.
2.39a in IPCC 2001). Mountain glaciers and ice caps are, therefore, key variables
for early-detection strategies in global climate-related observations. Advanced
monitoring strategies integrate detailed observations of mass and energy balance at
selected reference glaciers with more widely distributed determinations of changes in
area, volume and length; repeated compilation of glacier inventories enables global
representativity to be reached (IAHS(ICSI)/UNEP/UNESCO 1989; 1998; 2001; cf.
Haeberli et al. 2000; 2002).

Long-term mass balance measurements (Fig. 1) provide direct (undelayed)
signals of climate change and constitute the basis for developing coupled energy-
balance/flow models for sensitivity studies. These investigations explore complex
feed-back effects (albedo, surface altitude, dynamic response) and can be used in
conjunction with coupled ocean-atmosphere general circulation models (e.g. model
validation, hydrological impacts at regional and global scales; cf. Beniston et al.
1997). They combine direct glaciological and geodetic/photogrammetric methods
in order to determine changes in volume/mass of entire glaciers (repeated mapping)
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with high spatio-temporal resolution (annual measurements at stakes and pits). Laser
altimetry combined with a kinematic Global Positioning System (GPS) is applied for
monitoring thickness and volume changes of very large glaciers which are the main
meltwater contributors to ongoing sea-level rise (Arendt et al. 2002).
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Figure I: Annual (left) and cumulative (right) glacier mass balances as collected by the World Glacier
Monitoring Service.

Change in glacier length (Fig. 2) is a strongly enhanced and easily measured but
indirect, filtered and delayed signal of climate change (Oerlemans 2001). It represents
an intuitively understood and most easily observed phenomenon to illustrate the
reality and impacts of climate change. Work on glacier recession has considerable
potential to support or qualify the instrumental record of temperature change and
to cast further light on regional or worldwide temperature changes before the
instrumental era. Studies of past fluctuations in glacier length are particularly useful
for the reconstruction of late Quaternary climate variability (Haeberli et al. 1999).
Some records are from more remote areas where there are few, if any, meteorological
observations and, on average, glaciers exist at significantly higher altitudes than
meteorological stations, which may be very useful in increasing our understanding of
the differences in temperature change at different levels of the atmosphere.

Modern glacier inventories are compiled by using a combination of remote sensing
and GIS technologies. Surveys take place at time intervals of a few decades — the
characteristic dynamic response time of medium-sized mountain glaciers. Length and
area changes can be measured for a great number of ice bodies. Area changes mainly
enter calculations of glacier contributions to sea-level rise and of regional hydrological
impacts (cf. Meier and Bahr 1996). In contrast, cumulative length changes not only
influence landscape evolution and natural hazards (especially from ice- and moraine-
dammed lakes) but can also be converted to average mass balance over decadal time
intervals and, thus, help to establish the representativity of the few direct mass balance
observations (Haeberli and Hélzle 1995; Holzle et al. 2003).

In addition to being excellent indicators of climate change, glaciers and ice caps
are observed in connection with climate and earth-system modelling, water resource
management, sea-level observations (large glaciers are expected to contribute



Mountain glaciers in global climate-related observing systems 171

substantially to sea level rise over the next century; Dyurgerov and Meier 1997,

Dyurgerov, this volume), natural hazard assessments and community planning with
respect to tourism and recreation.
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Figure 2: Cumulative length changes of sclected glaciers worldwide. Compiled by H. Oerlemans from
WGMS data with some additions.

2. Global observation network of glaciers

Records of glacier mass balance and of changes in glacier length, as well as a
worldwide but rather preliminary glacier inventory, have been compiled by the World
Glacier Monitoring Service (WGMS) in Zurich, Switzerland (http://www.geounizh.ch/
wgms/index1.htm). This organization coordinates worldwide glacier monitoring,
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annually reports mass balance data for about 50 glaciers and publishes comprehensive
information about length, area and volume changes of roughly 500 glaciers every
5 years. The WGMS mandate is to continuously upgrade, collect and periodically
publish glacier inventory and fluctuation data, as well as to include satellite
observations of remote glaciers and to assess ongoing changes. The WGMS
maintains data exchange with the International Council of Scientific Unions (ICSU)
World Data Center A (WDC-A) for Glaciology (http://nsidc.org/NOAA/index.html).

The Terrestrial Observation Panel for Climate (TOPC) now created a glacier
observation network (Haeberli et al. 2000) to meet the needs of the Global Terrestrial
Observing System (GTOS) and the Global Climate Observing System (GCOS). This
network was developed by matching the observing system of WGMS sites with the
concept of a Global Hierarchical Observing Strategy (GHOST). This integrated
approach adopts a tier system which links investigations across a range of scales.
Observationsinclude detailed process studies atone extreme and global satellite imagery
at pixel resolution at the other. The following elements are part of this tiered approach:

* extensive and process-oriented glacier mass balance and flow studies within
the major climatic zones for calibrating numerical models (there are about 10
glaciers with intensive research and observation activities that represent such sites
- Storglacidren in northern Sweden is an example, see Hock et al., this volume);

* regional glacier mass changes within major mountain systems, observed with a
limited number of strategically selected index stakes combined with precision
mapping at about decadal intervals (on about 50 glaciers annual mass balance
studies reflect regional patterns of glacier mass changes. However, spatial
coverage still shows gaps in some of the major mountain systems such as, for
instance, the Himalayas, the New Zealand Alps or Patagionia);

» long-term observations of glacier length changes (a minimum of about 10 sites
within each major mountain range should be selected to represent different glacier
sizes and dynamic responses). The representativity of glaciers is assessed by
intercomparison of geometrically comparable glaciers. Investigations include the
dynamic fitting of glacier flow models to long time series of measured cumulative
length change (Oerlemans et al. 1998), and mass-change reconstructions using
concepts of mass conservation (Hélzle et al. 2003);

+ glacier inventories repeated at time intervals of a few decades by using satellite
remote sensing (continuous upgrading and analyses of existing and newly
available data, modelling of data following the scheme developed by Haeberli and
Holzle 1995).

A number of additional glaciers are planned to be selected for mass balance
measurements. A resolution of 0.01 to 0.1 m is required for assessing mass change,
of 1 to 10 m for length change and of 10-100 m for model validation with inventory
parameters. The time resolution for measurements is 1 year for mass balance, 1 to 10
years for length changes and a few decades for inventories. The recently launched
US Geological Survey-led ASTER/GLIMS project (Advanced Spaceborne Thermal
Emission and Reflection Radiometer/Global Land Ice Measurements from Space)
attempts to compile a worldwide glacier inventory for the time slice around the year
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2000. Corresponding pilot studies are well underway (Kieffer et al. 2000; Kiéb et al.
2002; Paul et al. 2002).

3. The response of glaciers to climate change

The global retreat of mountain glaciers during the 20" century is striking. Trends
in long time series of cumulative glacier-length and volume changes represent
convincing evidence of fast climatic change at a global scale.

Since 1990, the Intergovernmental Panel on Climate Change (IPCC) has
documented such changes as evidence of the existence of global warming,
independent of the various surface temperature datasets. This is considered valid
because a worldwide retreat is unlikely to be related to a reduction in global mountain
precipitation.

Characteristic average rates of glacier thinning are a few decimeters per year for
temperate glaciers in humid climates and centimeters to a decimeter per year for
glaciers in continental climates with firn areas below melting temperature.

The total retreat of glacier termini is commonly measured in kilometers for larger
glaciers and in hundreds of meters for small ones. The apparent homogeneity of the
signal at the secular time scale, however, contrasts with great variability at local/
regional scales and over shorter time periods of years to decades. Intermittent periods
of mass gain and glacier advance during the second half of the 20™ century have been
reported from various mountain chains, especially in areas of abundant precipitation,
such as southern Alaska, Norway and New Zealand.

Analyses of repeated glacier inventory data show that the European Alps, for
instance, have lost 30 to 40% in glacierized surface area and around 50% in ice
volume between about 1850 and 1970 (Haeberli and Holzle 1995). A further 25% of
the remaining volume is estimated to have been lost since then. The recent emergence
of a stone-age man from cold ice on a high-altitude ridge of the Oetztal Alps is a
striking illustration of the fact that the extent of Alpine ice is probably less today than
during the past 5000 years (Haeberli et al. 1999).

Air temperature and, to a lesser degree, precipitation are considered to be the most
important factors reflected in glacier changes. Detailed data interpretation, however, is
not straightforward and must be assisted by numerical modelling of physical aspects
to take into account site-specific processes

Cumulative mass balances reflect not only regional climatic variability but
also marked differences in the sensitivity of the observed glaciers. Sensitivities of
temperate glaciers in maritime climates are generally up to an order of magnitude
higher than the sensitivity of polythermal to cold glaciers in arid mountains. Spatial
correlations of mass-balance values typically have a critical range of about 500 km
and tend to markedly increase with growing length of the considered time interval
(Letréguilly and Reynaud 1990; Cogley and Adams 1998). Decadal to secular
trends are comparable beyond the scale of individual mountains. Besides individual
hypsometric effects, continentality of the climate appears to be the main factor
influencing long-term trends worldwide.
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The frequency and scale of glacier response to climate fluctuations depends on
glacier size (Oerlemans 2001). Small cirque glaciers and glacierets provide annual
signals wheras the tongue reaction of medium-sized and long valley glaciers undergoes
decadal to secular smoothing. Varying and predominantly slope-dependent dynamic
response times of individual glaciers must be considered in analyses of glacier retreat
as compared to instrumental proxy temperature records. Glacier advance and retreat
may, in fact, lag climatic changes to varying degrees. Surging, heavily debris-covered
and calving glaciers have strong non-climatic driving mechanisms.

4. Future perspectives

Most major mountain ranges of the world are represented in studies of glaciers
and ice caps. A key priority is to continue long-term mass balance observations and
expand these into additional regions, such as Patagonia, the Andes (Kaser et al., Mark
and Seltzer, Francou et al., all this volume) and the mountains of New Zealand. More
numerous observations of glacier area, thickness and length changes by application
of remote sensing technologies (laser altimetry, aerial photography, high-resolution
satellite, visible and infrared imagery from systems such as ASTER and Landsat)
must be coordinated with the in situ measurements traditionally collected by the
WGMS.

Numerical modelling studies (Oerlemans et al. 1998) confirm that many, if
not most, glaciers of the presently existing worldwide mass balance network
could disappear within decades if warming trends continue or even accelerate. An
appropriate strategy for dealing with this problem will have to be developed.

Considering the potential impact on sea-level rise, the effects of (a) firn warming
in presently cold subarctic and high-mountain accumulation areas, (b) possible
runaway trends of mass balance/altitude feed-backs on large/flat glaciers with long
dynamic response times, and (c) large ice volumes below sea level in the case of many
important meltwater producers in maritime environments must be considered.

Most importantly, worldwide glacier monitoring must receive adequate funding
and a new enlarged and internationally organized leading structure in view of the
increasing public interest and new data formats. The opportunity provided by the
current ASTER/GLIMS project should be used to further develop links with the
remote sensing community.
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1. Why do we need to study glaciers?

Mountain glaciers are a product of climate and are important environmental
components of local, regional and global water cycles. Glaciers are sources of
beauty in the mountain landscapes and, in many cases, have been among the primary
agents responsible for forming these landscapes. Glacier mass balance data have
received increasing attention in recent years because of their usefulness in detecting
climate change and explaining rising sea level (Meier 1984; Church et al. 2001).
Understanding changes in glacier volume is important for regional water supply
and power generation. In addition, observations made by the scientific community,
tourists and climbers have shown that alpine glaciers are disappearing from mountain
ranges around the globe. These changes have profound implications for sources of
fresh-water on land, cause sea-level rise and make mountains less attractive, and more
difficult and less appealing to climb (Bowen 2001; Meier and Wahr 2002; Meier et
al. 2003).

Ironically, the resurgence of interest in mountain glaciers coincides with declining
funds for programs to monitor glacier mass balance. Many glaciological stations,
with observational records of 20 years and longer, were closed in the former Soviet
Union during the 1980-1990s, ¢.g. Fedchenko and Abramov Glaciers in the Pamir,
Shumskiy Glacier in Dzhungaria, Golubina Glacier in the Tien Shan, Obrucheva and
IGAN glaciers in the Polar Ural, and Vavilova Ice Cap in Severnaya Zemlya. Several
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glaciological stations were also closed in the U.S.A. (e.g. Blue Glacier in the Olympic
Mountains), in Canada (e.g. Sentinel Glacier in the Rocky Mountains), and in East
Africa (e.g. Lewis Glacier, Kenya). Despite the importance of glacier studies, funds for
glacier monitoring by labor-intensive routine methods are declining. This necessitates
the incorporation of new technologies, such as air- and space-born laser altimetry and
remote sensing, to monitor changes of large glaciers and glacier systems.

2. The long-term changes

The major and worldwide retreat of mountain glaciers started at the end of the Little
Ice Age (LIA), in approximately the mid-19" century. Table 1 provides a summary of
data relating to changes in glacier area and volume of selected mountain regions, from
the tropics to the high latitudes. Some data sets cover the period from the end of the
LIA (ca. AD 1850) until the middle or end of the 20" century. Other data sets show the
changes from about the middle to the end of the 20" century. Both periods reveal that
glacier wastage has been pervasive and global in scale. Glaciers in regions with more
maritime climate conditions have generally experienced larger wastage (e.g. Alps)
than the drier and colder regions (e.g. Altai and high Arctic). Also, glacier wastage
increased distinctly since the mid-1950s, specifically in the tropics, in the Alps, and in
all mountain regions of North America. Since the late-1970s, this acceleration appears
to be in tune with global temperature trends. Exceptionally strong wastage has been
observed in Alaska (Arendt et al. 2002) and in some regions of Central Asia (Pamir,
Tien Shan, and Dzhungaria). In Alaska, the wastage of glaciers can be attributed to
the increase in both annual and summer air temperatures in this region of the Northern
Hemisphere. In the north-western parts of Central Asia, where glacier mass balance
observations were carried out over the last decades, glacier wastage may be explained
by a simultaneous increase in summer air temperature and decrease in summer

Table 1. Long-term changes in area and volume of glaciers in selected mountain regions.

Region Time period Loss of area Loss of vol. References

% % (km®)
Tropics
Mount Kenya 1850-1993 -74 Kaser et al. 2002
Rwenzory 1906-1990 -74 Kaser et al. 2002
Irian Jaya ca. 1850-1990 -93 Kaser et al. 2002
Cordillera Real (Bolivia) 1920-1970 -12 Kaser et al. 2002
Pico Bolivar (Venezuela) 1910-1972 -80 Kaser et al. 2002
European Alps ca. 1850-1994 -35 -50 Meier et al. 2003
Caucasus 1894-1970 -29 -50 Meier et al. 2003
Elbrus (Central Caucasus) 1887-1997 -14 Zolotarev et al. 2002
Spitzbergen ca. 1850-1973 -6 -13 Meier et al. 2003
New Zealand ca. 1850-1990 -26 Chin 1996
Tien Shan 1955-1995 -15 -22 Meier et al. 2003
Zailisky Alatau (W. Tien Shan) 1955-1990 -29 -32 Vilesov et al. 2001
Akshirak (InternalTien Shan) 1943-2001 -26 Khromova et al. 2002
Gissar-Alai (Pamirs) 1957-1980 -16 Shetinnikov 1998
Malaspina Glacier, Alaska ca. 1974-1995  -1.5 -1.9 Meier et al. 2003

Southern Patagonia Icefield  1945-1986 (-200 km*) Anya et al. 1997




Mountain glaciers are at risk of extinction 179

precipitation (Khromova et al. 2002). The decrease in summer snowfall is crucial for
glacier regimes in this region, as summer precipitation (June-September) constitutes

more than 50% of their annual accumulation (Ageta and Higuchi 1984; Dyurgerov et
al. 1995).

3. Most recent variability and change

Since the 1960s, data on glacier volume changes have become available with annual
resolution (Cogley 2002; Dyurgerov 2002). These data have been used to analyze
year-to-year fluctuations and trends (Dyurgerov 2002; Meier and Wahr 2002). The
results of this analysis confirm, in general, that the global glacier wastage that started
after the LIA continued until the end of the 20™ century. In addition to these changes,
a close relationship between the magnitude of both long-term trends in glacier volume
and interannual fluctuations in mass balance has been identified. In some regions,
large long-term changes in glacier volume correspond to large interannual fluctuations
in mass balance (Fig. 1). This pattern is, for example, characteristic for the Rocky
Mountains, southwestern Alaska, and the northwestern parts of Central Asia. In other
regions (e.g. Altai and Canadian Archipelago, Axel Heiberg Island), small interannual
fluctuations in mass balance correspond with small long-term changes in glacier
volume. These differences in spatial and temporal mass balance patterns have been
related to fluctuations and changes in regional climate (Hodge et al.1998; McCabe et
al. 1999). However, mass balance patterns at the scale of continents and hemispheres
have not yet been properly modeled and are still poorly understood. For example,
studies on the teleconnections between mass balances of distant glaciers, such as
in Central Asia and Canada, have only recently been initiated (McCabe et al. 1999;
Meier et al. 2003). In general, the colder and drier regions show smaller interannual
fluctuations in mass balance and less pronounced long-term trends. This pattern is
most distinct in the Canadian Arctic and in the Dry Valley, West Antarctica.

We have also learned from high-resolution data analysis that the changes in
glacier volume have occurred in several distinct shifts, or abrupt changes. The first
shift in volume change was observed in the mid-1970s (McCabe and Fountain 1995;
Cao 1998). At the end of the 1980s, rates of ice wastage had further accelerated and
enveloped additional regions, such as Alaska, the Rocky Mountains, and the Caucasus
(Dyurgerov and Meier 2000). Glaciers in the tropics appear to be in danger of complete
extinction (Kaser and Ostmaston 2002); several decades would be enough for their
complete disappearance from some mountain ranges (Thompson et al. 2003). Large
glaciers in Alaska, despite their dramatic wastage observed over the last decades
(Arendt et al. 2002), are likely to survive over hundreds of years.

4. Global consequences

Ice melt is an important component of relative sea-level rise (RSL). If current rates
of RSL were to last for decades or hundreds of years, the socioeconomic effects and
environmental consequences would be dramatic (Warrick et al.1995; Trenberth 1999).
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Figure I: a) - c¢) The amplitude of year-to-year mass balance fluctuations of glaciers is largest in the most
humid regions, such as the NW USA, Scandinavia, the Alps, and Kamchatka, and decreases in the regions
with lower annual precipitation, such as the Caucasus, the Altai, the Central Asia ranges and Axel Heiberg
Island in the Canadian Arctic; d) Long-term trends in glacier volume changes (cumulative mass balance)
correspond, in general, with the magnitude of interannual variability in mass balance; lower interannual
variability corresponds to smaller long-term changes.
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The estimate of RSL, provided by the 2001 Intergovernmental Panel of Climate
Change (IPCC), ranges from 1.0 to 2.0 mm/yr with a central value of 1.5 mm/yr
(Church et al. 2001). This increase is partly caused by negative glacier mass balances
of mountain glaciers (Meier 1984; Warrick et al. 1995). The globally averaged mass
balance can be converted into units of sea-level change (361 km® of water equivalent
increase sea-level by 1 mm). There are many problems in converting mass balances
of individual glaciers to RSL (Warrick et al. 1995). An updated global compilation of
continuous mass balance time series was recently assembled by Dyurgerov (2002) and
this is one of the necessary steps for making such calculations. Based on the analysis
of this comprehensive data set, area-weighted average annual mass balance changed
from -82 mm/yr (-56 km?/yr) during the period 1961-1976, to -125 mm/yr (-85 km?/
yr) during the 1977-87 period and to -217 mm/yr (-147 km*/yr) during the 1988-
98 period. These mass balance changes result in RSL of 0.15+0.05 mm/yr (10%),
0.2440.05 mm/yr (16%) and 0.41+0.12 mm/yr (27%) for these three periods. Thus,
the contribution of mountain and subpolar glaciers to RSL has been accelerating. For
the entire period 1961-1998, glaciers contributed about 10 mm, 20% of the observed
RSL. These estimates were used in IPCC-95 and IPCC-2001, but our and IPCC’s
predictions for future glacier contribution to sea-level change are different.

5. Can mass balance observations be used to predict RSL?

In this paper, an attempt has been made to use observed mass balance time series
to predict glacier volume losses and estimate the effects of glacier wastage on RSL
at the end of the 21* century. Extrapolations beyond the range of observational data
are based on best-fit polynomial curves (Fig. 2). In our opinion, such extrapolations
should not be derived from the entire time series (1961-1998), because of an abrupt
shift in mass balance at the end of the 1980s. Due to this shift, the time series can no
longer be considered homogeneous. We therefore split the time series into two periods
(1961-87 and 1988-98) to derive extrapolations (Fig. 2). Global mass balance for the
time period after 1998 could not be estimated, because the World Glacier Monitoring
Service (WGMS) has not yet completed data processing for this time interval.

It needs to be emphasized that the calculation of the expected glacier contribution
to RSL for the year 2100 is not a forecast but a possible scenario. This scenario has to
be constantly adjusted, using the results of new measurements. Thus, the continuous
and standardized observations on mass balance, established in the mid-20" century,
are important for monitoring and forecasting of glacier contributions to RSL.

Arrows in Figure 2 show how our estimates of glacier contribution to RSL until
the year 2100 compare to those predicted by IPCC-95 (Warrick et al. 1996) and
[PCC-2001 (Church et al. 2001). The extrapolated trend from 1961 to 1988 shows
substantially lower values compared to those predicted by 1S92 Scenario (IPCC-95),
but it falls within the middle of the range of the IPCC-2001 prediction. However,
when extrapolations are based on the more recent trend between 1988-98, expected
glacier contribution to the RSL may be substantially larger than the upper value
predicted by IPCC-2001 (Church et al. 2001). The difference between the IPCC-2001
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prediction and the estimates presented in this paper can be explained by the fact that
the IPCC predictions are based on climate modeling (see [PCC-2001), whereas our
estimates are based on observational data.

Every additional year of observational data will refine the forecast. Thus, it is
important to process and disseminate observational data in a timely manner. The
results of observations from 1998 until 2002, which up to now are only partly
available, may change the calculations presented here substantially.
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Figure 2: Expected trends in glacier contribution to sea level rise, calculated by statistical extrapolation of
the time series 1961-87 (line with crosses) and 1988-98 (open circles) to the year 2100. Open arrow shows
the projected glacier contribution based on the IS92 Scenario (IPCC-1995); solid arrow shows the range of
glacier contribution to relative sea-level rise (RSL) projected by IPCC-2001.

6. A priority for the future

Widely applied new methods of remotely assessing glacier volume changes, such
as laser altimeter photogrammetry (Echelmeyer et al. 1996) and global positioning
systems provide new opportunities for evaluating glaciers that are too difficult to
measure directly, either because of their large size and/or the difficult terrain. It is
important to test these methods against traditional approaches on benchmark glaciers
where long-term mass balance time series exist.

In particular, it is crucial to continue long-term glacier mass balance programs.
The value of this data increases proportionally to the length of the record. Long-term
records are needed to understand the response of glaciers to climatic variations and
the subsequent effects on natural hazards, runoff, and sea level change. Without the
commitment of the many field scientists who maintained these programs through
financially difficult times, many of our current insights would not be possible. We
can only hope that the mass balance programs are continued and expanded into the
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future, thereby allowing us to gain new insights that we cannot yet foresee (Fountain
et al. 1999).

Our present knowledge of glacier regimes is biased towards small- and mid-sized
glaciers. It has been shown that these glaciers are disappearing at an accelerating rate.
Estimates of the global contribution of glaciers to sea level rise are traditionally based
on labor-intensive mass-balance measurements on the surface of relatively small
glaciers. In contrast, large glaciers in Central Asia, Alaska, the Patagonian Ice Fields
and the Arctic Archipelagos that would be of particular importance in understanding
RSL are poorly sampled. The launch of two new environmental satellites (Landsat-
7 and Terra) by NASA in 1999 marks a leap in the capabilities of mapping and
measuring large glaciers in these regions. These data need to be managed with
Geographic Information Systems (GIS) and supported by strong field-based programs
for the validation of satellite measurements. Remotely sensed, field-validated studies
will be the state of the art in glaciology in the future. Studies of this nature will require
even closer cooperation within the international community than has been the case
in the past. It seems that the NASA program “Global Land Ice Measurements from
Space” (GLIMS) is the ideal platform for the establishment of such an international
glaciological consortium.
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1. Introduction

Greenhouse gases in the atmosphere trap energy and, if their concentrations
increase, e.g. from anthropogenic sources, the aggregate energy of the earth
system increases as well. As a consequence, intensities of fluid dynamic processes
(atmosphere and oceans), phase changing processes, biochemical processes, and the
thermal status of the system will change in a complex and highly interactive manner.
Manifold changes in local, regional and global climate are therefore to be expected,
but are anything but easy to detect because: Firstly, climate itself is characterised
by multi-scale dynamic variability of interacting processes and states. Thus, trends,
fluctuations or changes can only be analysed for selected parameters and must be
extracted from noise. Secondly, instrumental records, which concentrate on isolated
parameters, are limited in time, and proxy-indicators, although covering longer time
scales, show complex dependencies on climate, which can be difficult to interpret
unequivocally. This paper emphasizes the role of low-latitude glaciers as i) climate
proxies and ii) climate-dependent freshwater sources.

Among climate proxies, glaciers play an exceptional role. They exclusively follow
physical laws in their response to climate and its fluctuations, and these laws are the
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same, independent of where the glaciers are located. The gain and loss of ice masses,
the so-called mass balance, is the immediate result of weather conditions. In practice,
the physical processes governing the mass balance of glaciers must be linked to
climate variables by parameterisation. One of these variables is air temperature, which
has the highest correlation with glacier fluctuations in the mid and high latitudes.
This correlation is so strong, that simple, black box statistical models, which include
ablation period temperature and winter precipitation, produce highly satisfactory
simulations of glacier mass balances (e.g. Braithwaite and Zhang 2000; Oerlemans
2001). Without doubt, changes in air temperature can also be expected to have a
distinct impact on fluctuations of low latitude glaciers. However, since seasonality
in low-latitude climate is solely a function of the annual cycle of air humidity and
thermal seasons are absent, low-latitude glaciers are particularly sensitive to a broad
spectrum of climate variables, not merely air temperature. In order to examine the
relationship between mass balance and different climate parameters on low-latitude
glaciers, we first outline the general features of glacier mass balance (section 2)
and low latitude climate (section 3), then present three examples where observed
differential glacier retreats indicate an impact of changing humidity (section 4), and,
based on these observations, propose a concept for an analytical model (section 5).
Lastly, we discuss the characteristics of low-latitude glacier runoff and its importance
for water supply (section 6) and address future research perspectives (section 7).

e,

2. Glacier mass balance

The mass balance of a glacier is the immediate result of weather conditions and,
in the long term, of climate. Changes in mass balance, in turn, directly impact glacier
runoff. On the income side, the mass balance of a glacier is due to the accumulation of
solid precipitation, whereas the expenditure side depends on the availability of energy
for ablation. Ablation can be due to fusion and/or sublimation. The energy balance
equation at a melting glacier surface can be defined as

SW (I-a) + LW, + LW, +H+C+L S+L M=0 1)

where SW_ is the incoming short-wave radiation, o the short-wave albedo of
the surface, LW, the atmospheric long-wave emission toward the ground, LW the
emission from the glacier surface, H the sensible heat flux, and C the conductive heat
flow in the subsurface. L S and L, M are the mass consuming terms of equation 1,
where L_and L_ are the latent heat of sublimation and melting, and S and M are the
rates of sublimation and melt, respectively. Conventionally, energy fluxes towards the
surface are assumed to be positive. Most of the energy budget terms are closely linked
to air temperature and/or air humidity. Air temperature controls most of the energy
fluxes and is, in turn, primarily determined by the energy budget of the surrounding
surfaces (Ohmura 2001). However, air humidity and atmospheric moisture content
also exert a great influence on the energy budget terms:
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* The incoming short-wave radiation, SW, , is markedly controlled by cloud cover.
¢ The reflectivity (albedo, a) of the surface strongly depends on snow cover.
* The albedo is higher on a sublimating surface than on a melting surface.

e Under constant temperature conditions, the incoming long-wave radiation, LW, ,
emitted from the atmosphere, increases with atmospheric moisture content.

* The latent heat flux of sublimation, L_S, depends on the vapour pressure gradient
between the glacier surface and the air. Sublimation either consumes a surplus of
energy or takes it from the uppermost snow or ice layers (C) by cooling the glacier
surface. If a surplus of energy is consumed by sublimation, this energy is no
longer available for melting. If, however, humid conditions reduce sublimation, an
energy surplus becomes available for melting, which is eight times more effective
at removing ice than sublimation.

e If sublimation cools the surface, long-wave emission, LW , from the glacier
surface is reduced.

These energy fluxes are of particular concern when considering the response of
glaciers to climate factors other than air temperature. Note that, contrary to changes in
air temperature, a given change in air humidity can cause glacier responses of different
signs. The ultimate response of a glacier to a change in air humidity is closely linked
to the initial glacier-climate conditions.

3. Low-latitude climate characteristics

Compared to the mid and high latitudes, the low-latitude atmosphere is characterized
by a pronounced thermal homogeneity where frontal activities are practically absent
and daily temperature variations are by far higher than annual variations. Two
principle features of global zonal circulation, the Inter-Tropical Convergence, ITC,
and the trade winds, characterise three different climate regimes. Whereas the ITC
is part of a wet climate, trade winds are connected with particularly dry conditions.
The respective climate zones are known as the tropics and the subtropics. The annual
cycle of solar radiation leads to an oscillation in the dynamic atmospheric circulation
patterns, leaving only the inner tropics with continuously wet conditions. The outer
tropics can be treated as an intermediate zone between the tropics and the subtropics;
during the wet season, they have tropical conditions (wet), during the dry season,
subtropical conditions (dry) (Kaser 2001). Most of the low-latitude glaciers are found
in the outer tropical regime, mainly because of the meridional lengthening of the
austral summer ITC over South America (Kaser and Osmaston 2002).

In essence, low latitude seasonality is clearly related to hygric cycles whereas
thermal characteristics are highly homogeneous and annual temperature variations
small (Kaser and Osmaston 2002). Thus, ablation on low-latitude glaciers occurs all
year round whereas accumulation prevails during the wet season. Beyond this, the
above mentioned peculiarities of humidity-driven mass balance processes do not only
appear from time to time and scattered over the ablation season, as for example in the
Alps, but characterise entire seasons. During wet seasons, SW__is usually reduced by
more or less persistent cloud cover and a can be high due to snow cover. On the other
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hand, LW_ almost balances LW _, (Francou et al. 2003), sublimation is suppressed, and,
as a consequence, melting is highly effective. This and the occurrence of precipitation
induce a pronounced mass turnover during the wet season. During the dry season, the
long-wave balance is negative and, additionally, sublimation consumes most of the
available energy, which reduces ablation markedly (Wagnon et al. 1999a,b; 2001).
The dry season is thus characterised by a strongly reduced mass turnover. Due to these
processes, air humidity, atmospheric moisture content, and the length of the respective
seasons dominate the mass balance characteristics of a low-latitude glacier (Kaser
2001; Francou et al. 2003).

A highly mass consuming scenario can be imagined as follows: if, after a dry
season, the onset of the wet season occurs rather gradually, air humidity may rise,
quickly turning sublimation into melt. Also, the atmospheric emissivity may increase
and ablation will become considerably higher. At the same time, the reduction of SW,,
due to increasing cloud cover, is comparatively small. The extreme ablation rates will
therefore only be stopped by precipitation and consequent albedo increase. Hence,
the immediate occurrence of precipitation at the beginning of the wet period can be
crucial for the positive mass balance of a low latitude glacier (Francou et al. 2003).
In another scenario, minor hygric changes can have a highly mass conserving effect:
Precipitation from isolated storms during the dry season can increase albedo for
weeks or even months, thereby decreasing ablation rates on the glacier. The frequency
of such events can have a marked impact on glaciers.

4. Interpretation of differential glacier retreat: Three examples
from the tropics

4.1 Peruvian Cordillera Blanca (Kaser and Georges 1997)

The Peruvian Cordillera Blanca stretches 180 km from 8°30” to 10°S, reaches 6000
m asl at several summits, and is a massive barrier against persistent lower-troposphere
easterlies, causing wetter conditions on the Amazon side and drier conditions on the
Pacific side. The climate is typical for the outer tropics; the wet seasons (October
- April) bring 70-80 % of the annual precipitation. In the far north, the Santa Cruz
- Pucahirca group shows the largest east-west extension within the Cordillera Blanca.
There, a significant retreat of glaciers between two quasi-stationary positions around
1930 and 1950 was reconstructed from air photographs.

The derived equilibrium line altitudes (ELAs), as well as their shift AELA .
10s0» Show marked spatial differences among the six glacier areas analysed, with a
regional gradient from low values in the east to high values in the west. In the drier
westernmost mountains, smaller scale patterns are superimposed on this east-west
gradient, with high values of ELAs and AELAs . .. on the slopes exposed to the
morning sun. The observed spatial patterns of ELAs can best be explained in terms of
humidity: i) Conditions are wetter on the windward Amazon side than on the Pacific
side of the Andean chain, causing the east-west trend, and ii) in the drier western
mountains, the diurnal cycle of convective clouds leads to shading of the western
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slopes during the afternoon, causing a local decrease in effective solar radiation.
The differential AELAs .. cannot be explained by differences in air temperature
changes which are unlikely to be very variable across a few tens of kilometers.
However, temperature changes may have played a secondary role. The maximum
temperature contribution to ELA changes can be determined by assessing AELA .
1050 Of the wet eastern glaciers, which are minimally affected by changes in humidity.
The combined effects of a differential decrease in precipitation and a differential
increase in effective solar radiation are likely the primary drivers behind the observed
spatial differences in AELAs ... ... ELA changes are probably associated with a
decrease in moisture advection from the Amazon basin, which would have affected
humidity-related processes along the east-west gradient and would have weakened the
diurnal convective cloud cycle.

We used a glacier-climate model (Kuhn 1980) to estimate which combination
of climate variables could have caused the observed AELAs . ... Based on the
assumption that AELAs . .. of the wet eastern glaciers provide a maximum
estimate of the temperature contribution to EL.A changes in the Cordillera Blanca (see
above), we calculated a temperature increase of 0.12°C. This temperature change can
only explain 33 % of the largest observed ELA rise in the western mountains. The
remaining change in ELA was estimated to be caused by a combination of a2.7% (0.4
MJ m?d") increase in SW, (/-a), and a 13 % (155 mm a') decrease in accumulation.
Potential changes in sublimation were not calculated but probably played a significant
role as well.

4.2 Rwenzori Mountains, Uganda/Congo (Moélg et al. 2003a)

In the Rwenzori Mountains, Uganda/Congo, glacier retreat throughout the 20"
century also shows a striking spatial variability. Spatially differential glacier retreat
between 1906 and 1955, as well as between 1955 and 1990, can be observed across
all altitude ranges up to the crests. This spatial pattern rules out temperature increases
as the primary driver for the same reasons as discussed for the 1930-1950 glacier
retreat in the Cordillera Blanca. Small-scale variability in glacier retreat can only be
due to changes in a limited number of mass balance terms, all of which are related to
atmospheric moisture content. A closer examination of glacial and climatic evidence
leads to the following hypothesis: owing to a drier atmosphere since the end of the 19*
century (Kruss 1983, 1984; Hastenrath 1984, 2001; Nicholson et al. 2000; Nicholson
and Yin 2001), both accumulation and convective cloud activity have decreased
in East Africa. Consequently, increased incoming short-wave radiation, especially
during the morning hours, induced differentially increased ablation on slopes exposed
to the morning sun that could not be compensated for by mass advection. The results
obtained from a combined radiation-terrain model, run for both a wetter and drier
climate scenario, confirm this hypothesis. Model simulations closely reproduce
observed spatial patterns of AELAs . .. with strong local losses in glacier surface
area where incoming short-wave radiation is high.
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4.3 Kilimanjaro, Tanzania/Kenya (Kaser et al. in press, Molg et al. 2003b)

The summit glaciers on Kilimanjaro, Tanzania/Kenya, are located between 5,800
and 5,900 m asl and are characterised by vertical ice cliffs along the glacier margins,
sharp-edged morphology, and penitentes. From a physical viewpoint, all these ice
features indicate that net short-wave radiation SW,_ (1- o) and latent heat flux LS
provide most of the energy for ablation (e.g. Kraus 1972). Ablation from positive air
temperature (affected by sensible heat flux, H, and incoming long-wave radiation,
LW, ) is likely absent, which is supported by measured air temperature on the
summit’s Northern Icefield (climate station operated by University of Massachusetts,
Department of Geosciences), which never exceeded — 1.6°C since the year 2000. An
additional indication is the presence of permafrost at 4,700 m, lower than the tongue
of the lowest-reaching slope glacier. The pronounced east-west orientation of the
summit ice bodies, and the primary north or south orientation of the fast retreating ice
walls both point to solar radiation as the main factor in maintaining glacier recession
on the summit. In contrast to the stagnant summit glaciers, the convex-shaped
slope glaciers still show dynamics but have retreated far above the altitude of their
thermal readiness. The combined evidence from summit and slope glaciers strongly
supports that modern glacier recession on Kilimanjaro, which began around 1880
(Hastenrath 1984), is governed by atmospheric conditions that have been much drier
than previously when glaciers experienced growth. This is consistent with glacier
retreat on the two other glaciated massifs in East Africa, Rwenzori and Mount Kenya,
which are both strongly affected by drier climate since the end of the 19 century
(Kruss and Hastenrath 1987; Molg et al. 2003b). Decreased atmospheric moisture
since this time interval is indicated by climatic proxy data, such as historical accounts
of lake levels, water balance models of lakes, paleolimnological data and wind and
current observations in the Indian Ocean, which strongly impact East African rainfall
(Hastenrath 1984, 2001; Verschuren et al. 2000; Nicholson and Yin 2001).

To evaluate the role of solar radiation in maintaining the rapid retreat of vertical
ice walls on the summit glaciers of Kilimanjaro, we applied an ice-radiation geometry
model to an idealized representation of the 1880 ice cap. Simulation results confirm
that solar radiation is the primary climatic driver behind the retreat of the summit ice
walls under drier climate conditions since ca. 1880 (Molg et al. 2003b).

5. An analytical model approach for investigating low-
latitude climate-glacier relations

In the mid latitudes, temperature, moisture advection, and air humidity are
strongly connected to high-frequency frontal activities. In contrast, in the low
latitudes, temperature is quite constant throughout the year and moisture advection, as
well as air humidity, is linked to persistent features of atmospheric circulation. Hence,
low-latitude glacier history offers a promising view into the history of long-distance
advection and convective transport of moisture, and provides information concerning
past atmosphere and ocean dynamics and evaporation conditions on a regional to
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global scale. This is impressively shown by an analysis of glaciological data from the
Central Andes (29°S-30°S), at the boundary between the extratropical westerlies and
tropical circulation patterns (Kull and Grosjean 2000). Changes in past glacier extent
in this region appear to have been strongly linked to changes in precipitation patterns
on millennial timescales. More recently, Francou et al. (2003) have successfully
correlated a 10-year measured glacier mass balance series from Glaciar Chacaltaya,
Cordillera Real, Bolivia, with atmospheric circulation characteristics derived from
reanalysed atmospheric data.

Recently, a process-based glacier model was developed, which incorporates
the unique aspects of low-latitude climate-glacier interactions as a function of the
different mass and energy balance processes (Kaser 2001). The model calculates one
of the most characterising features of glacier-climate relations, the vertical profile of
the glacier mass balance, VBP, for both wet and dry conditions in the low latitudes.
The key terms in the model are i) the duration of the ablation period, which usually
lasts all year in the low latitudes, and ii) a parameter describing the contribution of
melting and sublimation to ablation under a given availability of energy. Under dry
climate conditions, energy is assigned preferably to sublimation, under wet conditions
to melting. The VBPs for the mid latitudes, the wet tropics, and the dry subtropics,
as calculated by the model, are shown in Figure 1. Modelled VBPs of the dry and
wet season in the outer tropics correspond closely with those measured on Glaciar
Uruashraju in the Cordillera Blanca (Kaser 2001). The differences between the dry
and the wet VBP are striking and clearly indicate how changes in the intensity and
duration of seasons affect the state of a glacier. Mass turnover is extremely reduced
under dry conditions and the vertical balance gradients are weak. Thus, small changes
in mass balance have marked effects on the ELA and thus on the extent of the glacier.
The wet VBP is characterized by a strong balance gradient on the tongue but a weak
one in the accumulation area. Consequently, tongues are shorter than on mid latitude
or dry glaciers.

N 0°C /

- b o+

Figure I: Vertical profiles of specific mass balance on glaciers, as modeled for different climate regimes
(after Kaser 2001). z indicates the elevation and b the specific mass balance in kg m?; positive mass balance
(+) and negative mass balance (-). The inclination of the profiles indicates the mass turnover of a glacier
where steep profiles (Subtropics/tropical dry seasons) represent weak mass turn over. Note that a mean
annual profile from the outer tropics, averaged over a wet and a dry season, may look similar to the mid
latitude one. However, despite this similarity, sensitivities to different climate variables are different.
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In addition to sensitivity studies for testing the potential impact of different climate
variables on glacier mass balance, the model can also be used to investigate the impact
of seasonality on mass balance from a process-based point of view. Seasonality
characteristics do not only vary spatially related to the location of atmospheric
circulation features, but may also change with time, because circulation features
change. Hence, process-based glacier-climate studies in the low latitudes promise
interesting reconstructions of global climate history, including changes of the thermal
status of the earth system as well as dynamic and phase-changing (e.g. condensation,
evaporation) processes. First preliminary model applications for tropical glaciers
show promising results and open up new perspectives for both sensitivity analyses
and the reconstruction of climate history from past glacier extents. For instance, the
retreat of glaciers on Cordillera Blanca during the Younger Dryas (12,900 to 11,600
cal yr BP), due to cold but probably dry conditions (Rodbell and Seltzer 2000), is well
simulated by the model (Juen et al. 2002).

6. The impact of glaciers on runoff

The lack of thermal seasonality in low latitudes does not allow the accumulation of
a long-lasting snow cover outside the glaciers, leaving glaciers as the major seasonally
changing water reservoirs in the low latitude mountains (Ribstein et al. 1995; Kaser et
al. 2003b). If the dry seasons are pronounced, as is the case in most of the glacierized
low latitude mountains, glacier meltwater, although reduced by sublimation, is the
only significant contribution to runoff. Contrary to the mid and high latitudes, glacier
melt smoothes the seasonal variation of runoff (Kaser and Osmaston 2002; Mark and
Seltzer, this volume). Analyses from the Peruvian Cordillera Blanca show a high
correlation between the reservoir capacity of catchment basins - i.e. the monthly
or seasonal capacity of catchment basins to store precipitation - and their rate of
glacierization (Kaser et al. 2003b). Future resource management in quickly developing
societies with increasing demands on freshwater has to take into consideration that a
considerable amount of the water supply in the seasonally dry tropics is dependent
on the consumption of water previously stored in ice. If, as in some less glaciated
catchment basins (e.g. in the southern Cordillera Blanca), the “savings” will soon be
consumed, there is no credit to be called upon and runoff will strongly follow the rainy
seasons (Fig. 2). But even if glaciers were to advance under colder conditions, savings
would be stored in glacier ice and less dry season runoff would be available, unless the
amount and seasonal distribution of precipitation were to change markedly. Thus, less
runoff has to be expected during future dry seasons and water management strategies
have to increasingly concentrate on water quality preservation.

7. Future perspectives

Major climate changes include shifts of the large-scale atmospheric circulation
patterns, such as the equatorial easterlies, the trade winds and the westerlies, all
inducing strong moisture related gradients when crossing barriers such as the South
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American Andes (e.g. Kaser 2002). If the energy content of the earth system changes,
these circulation patterns will change their intensity and position with potential major
effects on spatial humidity patterns and glacierization (Kull and Grosjean 2000).
In order to monitor such changes, a large-scale network of glacier mass balance
measurements along climate gradients will be necessary. Ideally, glaciers should be
monitored along the north-south chain of the Andes to assess shifts in large-scale
atmospheric circulation. Along these transects, pairs of glaciers, from both the west
and the east side of the mountain chain, should be investigated to assess the orographic
effects of the Andes on the glacier mass balance response to climate change. Similar
monitoring networks along climate gradients in the Himalayas could lead to a better
understanding of fluctuations in monsoon circulation (Kaser et al. 2003a).

The glaciers on Kilimanjaro’s summit plateau offer a particularly interesting tool
for investigating climate change in the low latitudes. Under present atmospheric
conditions, retreat on the vertical cliffs of these glaciers is unstoppable and they will
vanish sooner or later. This raises questions concerning the former vertical structure,
and thermal and dynamic conditions of the tropical atmosphere, which allowed
glaciers to accumulate prior to the 1880s. The study of present climate-glacier
interaction and the reconstruction of past glacier mass balances can help to understand
convective dynamic processes at a local scale. In addition, these mass balances can be
used to reconstruct patterns of atmospheric circulation and moisture conditions over
East Africa and the global tropics.

Llanganuco - 33.6 % glaciation

Oct Dec Feb Apr Jne Aug

Oct Dec Feb Apr Jne  Aug

Figure 2: Mean seasonal variations of precipitation (stippled lines) and runoff (solid lines) coefficients in
catchments with different glacier coverage in the Cordillera Blanca, Peru. The coefficients indicate mean
monthly deviations from long-term means where 1 is the mean. The shaded area is equivalent to the value
of the reservoir capacity of the respective catchment area (after Kaser et al. 2003a).
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1. Introduction: A network of glacier monitoring along the
tropical Andes

Over the last decade, mass balance has been monitored on several glaciers of
the tropical Andes by the Institute of Research for Development (IRD, France) in
collaboration with South American partners. This network includes glaciers in the
Cordillera Real of Bolivia, Zongo and Chacaltaya (16°S), glaciers in the Cordillera
Blanca of Peru, Yanamarey and Artezonraju (9°S), and glaciers in the eastern and
western cordilleras of Ecuador, Antizana (0°28’S) and Carihuayrazo (1°S) (Fig. 1).
Some of these have been listed as benchmark glaciers by the Word Glacier Monitoring
Service (WGMS 2001), and the data are accessible to the scientific community. This
network is designed to capture the effects of climate change, and especially ENSO
variability, both in the outer (Bolivia, Peru) and the inner (Ecuador) tropical Andes.
Glaciers have been selected to be representative of the regional glacierization. Each
monitoring programme includes two glaciers, a large one (1 km? or more) with a
substantial accumulation zone, and a small one that is more directly sensitive to
ablation processes. Information about the long-term evolution of some of these
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glaciers has been extracted from aerial photographs, available for the last five decades
(Francou et al. 2000; Ramirez et al. 2001). The particular nature of climate in the
Tropics allows ablation to occur at anytime throughout the year in the lowest part of
glaciers. Thus, the ablation zone has been surveyed in monthly intervals at several
sites, providing interesting details about the seasonal response of tropical glaciers
(Francou et al. 2003). In some cases, the hydrological balance can be obtained from
rain gauges and runoff stations that are installed close to the glacier limits (Ribstein et
al. 1995). This information offers the possibility to calculate mass balance from two
independent sources (Sicart 2002). In two cases, Zongo and Antizana, radiative and
turbulent fluxes have been measured year round by automatic weather stations on the
glacier surface, making it possible to estimate the energy balance on one or several
points (Wagnon et al. 1999; Sicart 2002). The knowledge of the processes that control
melting and sublimation is a necessary pre-condition for understanding the response
of glaciers to atmospheric changes over the Andes.
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Figure I: Glaciers monitored by IRD and South-American Partners in the Tropical Andes. The glaciers
where energy balance is estimated at year time-scale from automatic weather stations are underlined.
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2. Principal results

The data presented below focus only on the main results from our research on
mass balance of tropical Andean glaciers.

1. During the last decade, mass balance in this region has experienced a strongly
negative trend. Large glaciers, such as Zongo and Antizana, lost 3-5 m of water-
equivalent, whereas small ones, such as Chacaltaya in Bolivia, have retreated even
more dramatically, with a deficit as high as 13 m of water-equivalent (Fig. 2).
The glaciers in the tropical Andes have been retreating in a coherent way, which
suggests a common response to a global climate forcing along the mountain
chain.
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Figure 2: Cumulative mass balance of three glaciers in the tropical Andes. For Zongo and Chacaltaya
(Bolivia), the hydrological year is September-August (1992=1991-1992), for Antizanal5 (Ecuador)
January-December. Note the coherence in the evolution of mass balances. Nevertheless, small glaciers,
such as Chacaltaya, have experienced much higher deficits over the observed decade (-1.3 m.a"' w.e. for
Chacaltaya vs -0.3 m.a™' w.e. for Zongo).

2. The glacier shrinkage observed during the 1991-2001 period indicates a clear
acceleration of the recession trend: Ablation rates have been three to five times
higher than during former decades. The small glaciers, such as Chacaltaya, have
shown increased recession since at least 1983 (Fig. 3). The fluctuations in mass
balance, measured prior to 1983 on several glaciers of the Cordillera Blanca,
indicate that the acceleration in glacier retreat had already begun after 1976/1977
(Ames and Francou 1995; Kaser 1999).

3. If the observed rate of recession continues, many small glaciers are expected to
disappear in the near future. A model simulation was undertaken for Chacaltaya
Glacier (0.06 km?) to estimate the time required for the complete disappearance
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of the glacier. This prediction was based on an average ice deficit of 1.07 m yr',
which was the rate measured in the 1983-1998 period, and on direct measurements
of ice thickness with ground-penetrating radar. The modelling results predict a
complete disappearance of the glacier within the next 10-15 years (Ramirez et
al. 2001). Water resource managers are concerned by this scenario because most
of the glaciers in the Andes are less than 1 km? in size and many high-elevation
basins with small-sized glaciers are likely to experience a significant decrease in
water discharge (Ribstein et al. 1999).

Assuming that ice is lost only through melting, the recession of Chacaltaya since
1983 translates into an average increase in heat supply for glacier melting of 10
W m? (Ramirez et al. 2001). Similar to Yanamarey glacier in Peru (Hastenrath
and Ames 1995), a sensitivity analysis suggests that the stabilization of the glacier
would require an increase in cloudiness of less than one tenth, an air temperature
decrease of about 1.5°C, a decrease in specific humidity of about 0.5 g kg™!, or
some combination of these processes. Such a stabilization would result in a drop
of the present average equilibrium line altitude (ELA) by -200 m. Hence, with the
above climate changes ELA would decrease from 5400 m asl (decadal average:
1991-2001) to 5220 m asl, which is close to the average ELA observed during the
1940-1963 period, prior to accelerated glacier recession.

4. A better knowledge of the seasonal evolution of mass balance is important for
understanding the combination of processes that operate at the glacier surface.
In Bolivia, where precipitation seasonality is very strong, the effect of climate
variability on mass balance is concentrated in the summer months (October-
April), which correspond to the wet season. The wet season explains more than
95% of the variance in the yearly mass balance of Chacaltaya glacier (based on a
regression of data from 120 months). In the summer, the most important months
are December-February (DJF), which account for 78% of the total variance
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Figure 3: Evolution of Chacaltaya glacier (area and ice volume) over the last decades (from Francou et al.
2000).
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(Francou et al. 2003). Between September and December, precipitation (snowfall)
is not very frequent and the glacier surface is characterized by bare ice with low
albedo. Therefore, the glacier absorbs a great part of the solar radiation, leading to
the highest melt rates of the year. At the beginning of January, snowfalls start to
become increasingly important and frequent enough to maintain a permanent snow
cover of high albedo at the glacier surface. However, due to enhanced cloudiness,
incoming long wave radiation is high and thus, there is still a large amount of
energy available for melting at the glacier surface. During the dry season (May-
September), the incoming long wave radiation is greatly reduced due to decreased
cloudiness and therefore, the energy available at the glacier surface decreases.
In addition, with enhanced katabatic winds and low air humidity, almost all of
this energy is used for sublimation, and melting rates are the lowest of the year.
In conclusion, on glaciers of the outer tropics, such as Zongo Glacier, that are
characterized by an absence of major thermal seasonality, precipitation, which has
a strong feedback on albedo, cloudiness, which controls the incoming long-wave
radiation, and wind speed and air humidity, which are responsible for sublimation,
are the key variables explaining the seasonal variation of melting and therefore
mass balance of the glacier (Wagnon et al. 1999; Sicart et al. in review). In
contrast, when seasonality is weak, as in the inner-tropical mountains of Ecuador,
melting can occur at any time of the year at low elevation, with the highest rates
during the equinoxes, when incoming radiation is at its maximum and albedo is
low (due to low snowfall or the occurrence of liquid precipitation) (Francou et al.
in review).

5. During the last decade, both in Bolivia and Ecuador, ablation rates have increased
significantly during the Pacific warm ENSO phases (El Nifio) and decreased
during the cold phases (La Nifia). Wagnon et al. (2001) applied an energy balance
approach to simulate melting processes during the extreme phases of ENSO. This
analysis revealed that net all-wave radiation, which is modulated by albedo, is the
main factor governing ablation. Albedo, in turn, is dependent upon snow cover,
and the snowfall deficit in the early wet season (DJF), generally observed during
warm ENSO events, maintains low albedo surfaces of bare ice. Ice surfaces are in
direct contact with the atmosphere, which leads to an enhanced absorption of solar
radiation and thus to increased melting

6. On interannual time-scales, a close correlation between mass balance and
(reanalyzed) air temperature at 500 hPa exists (Francou et al. 2003) (Fig. 4).
During El Nifio events, near-surface air temperature in the Andes is 0.7-1.3°C
higher than during La Nifia (Vuille et al. 2003). However, unlike on mid-latitude
glaciers, it is not the variation of atmospheric temperature, through the sensible
heat flux, which explains the observed variations in mass balance. Other factors
play a more important role, in particular humidity, which governs sublimation,
and cloudiness, which controls the incoming long-wave radiation (Sicart 2002).
Temperature integrates the main energy fluxes that operate at the glacier surface
and is thus a relevant variable to explain glacier mass balance evolution on long
time-scales (month, year).
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7.

Temperature anomaly [°C]

Based on information from meteorological stations and reanalyzed data from the
NCEP- NCAR climate data set, temperature in the tropical Andes has risen by
0.1°C decade! over the last 50 years and more than 0.2°C decade™ during the
last three decades (Vuille et al. 2003). The results of our investigations on energy
balance lead us to consider temperature as an important factor behind glacier
shrinkage in the tropics, because it is closely interconnected with other relevant
climate variables, such as humidity and cloudiness.

Indeed, the strong linkage between high melting rates and increased atmospheric
humidity is now evident (Hastenrath and Kruss, 1992; Wagnon et al. 1999).
Observational and modelling results indicate that relative humidity and water
vapour increased by 0.5-1.0% decade’ and 0.1-0.2 hPa decade! respectively
between 1950 and 1995 in both the inner and outer tropics (Vauille et al. 2003).
Air humidity variations play an important role in the transfer of energy from
sublimation to melting and increased humidity can explain an important part of
the observed ice deficit, particularly in the outer tropics.

Glacier evolution in the central Andes is to a large extent controlled by tropical
Pacific sea surface temperatures (SST). The higher SST observed since the mid
1970s in the eastern equatorial Pacific, particularly in the Nifiol+2 region, have
been associated with a higher frequency and intensity of E1 Nifio events and changes
in the spatio-temporal evolution of El Nifio. These changes have contributed to the
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Figure 4: Temperature anomaly at 500 hPa (T500-12m in the figure) and mass balance anomaly (BAL-
12m) at Chacaltaya Glacier during 120 months from September 1991 to August 2001. The reanalysed
temperature was extracted from the NCEP-NCAR data set. Both time series have been smoothed with a
12-month-averaging filter to remove seasonality. The means of temperature and mass balance are —5.8°C
and -107 mm respectively. The two positive peaks of temperature relate to the 1994-1995 and 1997-1998
ENSO warm events, whereas the two negative excursions, 1995-1996 and 1999-2000, closely match ENSO
cold events. The 1992-1993 El Nifio cold anomaly is associated with the cooling effect of the Pinatubo
eruption (from Francou et al. 2003).
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dramatic acceleration of glacier retreat in the central Andes (Francou et al. 2003).
Whether or not global warming is affecting ENSO evolution is still controversial,
but several recent studies have pointed out a strengthening of the tropical general
circulation during the last decade, which might be due to natural variability on

decadal or multi-decadal time scales (e.g. Wielicki et al. 2002).

These results confirm that tropical glaciers are not just reflecting local-scale
climatic conditions but are largely governed by large-scale forcing. It is clear that
ENSO variability in the Pacific domain is the main forcing factor behind glacier
mass balance variability in the Tropical Andes. An increased frequency of long and
intense warm ENSO events considerably accelerated the glacier retreat since the late
1970s, whereas short and less pronounced cold events (La Nifia) allowed glaciers
to briefly save or gain mass. It is probable that the effects of El Nifio on glaciers
are superimposed on the effects of global warming, but because of the shortness of
the records it has not been possible to tease apart the impacts of these two forcing
mechanisms. Global warming might potentially be the primary driver behind the
observed glacial retreat, if changes in ENSO structure since the late 1970s are related
to global warming. However, the potential impact of global warming on ENSO is still
debated among climatologists.

3. Conclusion and future developments

Tropical glaciers are of great interest because of their high sensitivity, which
makes them excellent indicators of climate change at low latitudes (see Kaser and
Omaston 2002). Tropical regions are known for the spatial consistency of temperature
and the low thermal seasonality (Hastenrath 1996). This consistency is reflected in
the glaciers since their mass balance tends to show a common response to global
climate variability from Bolivia to Ecuador. Considering the effects of ENSO events
on glaciers, we can stress that an important part of this variability is driven from the
tropical Pacific domain. Nevertheless, to gain the status of “excellent indicators” of
global climate change, glaciers have to be very carefully analyzed and the linkages
with climate have to be clearly assessed. A better understanding of the evolution of
tropical glaciers has to be supported with three kinds of basic information:

1. A permanent observation system along the Andean chain —inner and outer
tropics— to provide the scientific community with high-resolution data on mass
balance. International programmes (GTN-G, GCOS, WGMS) have developed
strategies for mass balance measurements and define investigations in the southern
hemisphere as a high priority.

2. Energy balance measurements: Data on energy fluxes are of great interest for
understanding the processes operating at the glacier surface, because temperature-
based models (i.e. degree-day models) are not suitable for tropical glaciers where
ablation is mainly controlled by radiative fluxes.

3. Climate data from high elevation to link the response of glaciers to large-scale
atmospheric forcing.

In the last decade, the establishment of large-scale monitoring programmes, which
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also include a network of surveyed glaciers in various regions of the tropical Andes,
has greatly improved our knowledge on tropical glaciers. Nevertheless, much remains
to be done to make this network completely operational in the long term.
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1. Introduction

Tropical glaciers are intriguing and apparently rapidly disappearing components
of the cryosphere that literally crown a vast ecosystem of global significance. Half of
the Earth’s surface area lies between the tropics of Capricorn and Cancer, wherein a
staggering 75% of the global population resides (Thompson 2000). Tropical glaciers
are highly sensitive to climate changes over different temporal and spatial scales,
notably ENSO, and are important hydrological resources in tropical highlands
(Francou et al. 1995; 2000; this volume; Wagnon et al. 2001; Kaser and Osmaston
2002). Moreover, resolving the complex dynamics and variability of the tropical
climate over longer time periods presents important goals to the global modelling
community. Compiling an accurate understanding of the timing and climate response
of tropical glaciers in the past is a crucial source of palacoclimatic information for
the validation and comparison of climate models (e.g. Farrera et al. 1999; Hostetler
and Clark 2000; Porter 2001; Harrison et al. 2002; Seltzer et al. 2002). Deciphering
the relative strength of different climatic forcing mechanisms on tropical glacier
behaviour and quantifying hydrological changes associated with glacier recession are
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therefore relevant to interpreting the past climate and predicting the impact of future
climate changes. Much scientific, social and political attention now concerns future
changes in climate, with temperature change predominant. As we look to the future
of global change research, specific issues of data access, sharing, and logistics that
challenge workers in tropical South America are also common to other such regions
globally, particularly those situated in developing countries.

We have studied both present-day glacier recession and field evidence of
past episodes of deglaciation in Pert to test hypotheses related to this important
climatically forced process in the tropical Andes. Modern glacier recession raises the
issues of the nature of climatic forcing and the impact on surface water runoff. While
rates of contemporary glacier recession appear to be accelerating (e.g. Thompson et
al. 2000), careful analysis of the timing and volumetric extent of deglaciation from
Late Glacial and Holocene moraine positions provides a historical comparison with
important implications for understanding glacial-to-interglacial transitions. Our
research incorporates three specific parts: (1) an analysis of the spatial variability of
late 20" century glacier recession in the Queshque massif of the southern Cordillera
Blanca, Pert; (2) an evaluation of the hydrological significance of