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FOREWORD

Global warming is acknowledged as a major crisis facing society today, principally due to
anticipated impacts on the environment, and availability and distribution of water resources.
Scientific understanding of recent human-induced climate change, as well as evaluation of
potential mitigation strategies, is progressively being developed through studies of
atmospheric greenhouse gases and modern water—energy—carbon cycling processes. These
efforts have been advanced through study of past global climate changes to understand
mechanisms that play a role in determining natural climate fluctuations observed in ice cores,
lake and sea sediments, corals, paleo-groundwater, cave deposits, tree rings, and other
archives. Predictive models incorporating natural and human-induced climate change
processes contribute to a better appreciation for the sensitivity of climate to specific
anthropogenic perturbations.

Increasingly, isotopes are being integrated in climate change studies. For example, isotope
methodologies offer substantial improvements in the ability to label the origin and fate of
greenhouse gases, and for studying the water and carbon cycle response to past climate
changes, a high priority area for action identified by the Intergovernmental Panel on Climate
Change (IPCC). Isotopes are also widely used as diagnostic variables for validation of models
aimed at providing a prognosis of future environmental conditions.

The International Atomic Energy Agency (IAEA) has long supported research and
development of isotope applications for climate studies. The joint [AEA/WMO Global
Network for Isotopes in Precipitation managed by the IAEA has for the last four decades
provided the basic isotope data necessary for integrating stable oxygen and hydrogen isotopes
in climate models. The TAEA has also sponsored co-ordinated research projects on “Isotope
Variations of Carbon Dioxide and other Trace Gases in the Atmosphere” and “Isotope-Aided
Studies of Atmospheric Carbon Dioxide and other Greenhouse Gases”, has published
technical documents on isotope measurement techniques for greenhouse gases (IAEA-
TECDOC-1268 and 1269) and hosted international symposia on “Applications of Isotope
Techniques in Studying Past and Current Environmental Changes in the Hydrosphere and the
Atmosphere” in 1993 and on “Isotope Techniques in the Study of Environmental Change” in
1997. The International Conference on The Study of Environmental Change Using Isotope
Techniques, held in Vienna in April 2001, was jointly co-ordinated by the Division of
Physical and Chemical Sciences (NAPC) and the Marine Environment Laboratory (NAML) of
the TAEA and co-sponsored by the United Nations Educational, Scientific, and Cultural
Organization (UNESCO) and the Japanese Science and Technology Corporation. The
conference was attended by experts from 39 Member States and international organizations.
The major themes included isotope tracing of atmosphere—hydrosphere and atmosphere—ocean
interactions, palacoclimate archives, and development of new analytical techniques. These
proceedings are anticipated to serve as a valuable resource for those involved in research on
climate change and on the impact of climate change on water resources. P. Aggarwal and
J.J. Gibson of the Division of Physical and Chemical Sciences and P. Povinec of the Marine
Environment Laboratory were the IAEA officers responsible for the conference and for this
publication.
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W. Burkart
Deputy Director General,
Department of Nuclear Sciences and Applications,
International Atomic Energy Agency, Vienna

On behalf of the Director General of the International Atomic Energy Agency, and on my
own behalf, I wish to extend a warm welcome to all participants of this International
Conference on the Study of Environmental Change Using Isotope Techniques.

This is the 3™ international conference that the IAEA has convened on this subject, the
previous two having been held in 1997 and 1993. The conference is particularly relevant this
year as issues related to global warming and climate change are once again on top of the
world’s agenda. Unfortunately we have to be prepared to live with this topic for many
decades to come. I am pleased to note that more than 39 countries and 7 international
organizations are represented at this conference.

The TAEA has a broad interest and mandate in your area, particularly in those related to
energy and water. A principal source of the greenhouse gases lies in the energy sector where
fossil fuel burning releases large amounts of carbon dioxide to the atmosphere. Nuclear power
produces virtually no greenhouse gas emissions and therefore could be an important
consideration for strategies to reduce greenhouse gas emissions. We are not asking for more:
careful consideration, a learned discussion.

While it is widely accepted that greenhouse gases in the atmosphere affect the Earth’s
radiation balance and temperature, uncertainty remains regarding the impacts of climate
change on the Earth’s water cycle. This aspect of climate change has great implications as it
affects the very basic need for human existence. The Earth’s freshwater resources are limited,
with less than 0.01 percent of all water on earth being freshwater that is accessible for human
consumption. As the world’s population continues to increase, more than one billion people
still lack access to safe drinking water.

The hydrological cycle on the Earth is deeply inter-twined with the climate system, which is
linked not only with the atmosphere, but also with the oceans. In this context, I am happy to
note that the conference will be addressing issues related to both the terrestrial and marine
environments. The atmospheric heat engine is driven primarily by the energy exchange
associated with the condensation of water. Water vapor is one of the most abundant and
important greenhouse gases in the atmosphere, together with other trace gases that are
influenced more directly by human activities. As a result of this close linkage, it is ironic that
human efforts to respond to changes in the hydrological cycle may in fact contribute to further
climate change. These linkages underscore the fact that the relationships between the
hydrological cycle and climatic processes need to be studied and characterized to the best of
our ability. Isotopes are indicators of climate related parameters like surface air temperature,
relative humidity of the atmosphere, and amount of precipitation. In addition, the dynamics,
transport and mixing processes in the atmosphere governing the climatic conditions and air-
sea interactions can be investigated through measurements of radioisotopes. The input of
isotope data can thus strengthen the modeling efforts aimed at providing a prognosis of future
environmental conditions.

The IAEA’s programme on Water Resources continues to play a major role in developing and
facilitating the use of isotope techniques in climate and climate change studies. For the last
forty years, the global network of isotopes in precipitation has provided researchers world-
wide with isotope data that have been used for studying relationships between precipitation



and climate parameters, and for evaluating the validity of climate models. This network, that
has been operating in collaboration with the World Meteorology Organization (WMO), has
been recognized by the scientific community as an invaluable source of data for isotope
applications in climate studies. It is only fitting that the first paper in the Conference aims to
discuss this very aspect of the use of isotope data in precipitation.

A further extension of the use of isotope data for studying the link between the hydrological
cycle and the climate is being pursued through isotope monitoring of large rivers of the world.
River water is a repository of the climate and hydrologic processes. Isotope measurements in
river water provide integrated information on watershed-scale phenomena, as well as on the
impacts of climate and land use changes on the hydrologic system. A new co-ordinated
research project will soon be launched to develop a network of river stations where isotope
monitoring would be initiated and data made available to the scientific community.

I should note that climate change is an integral part of the Earth’s history. Severe changes in
climate have occurred in the past, and are likely to occur in the future. While the climatic
cycles of the Earth may vary over a much larger time scale, our instrumental records of
climate parameters span only a century or so. Understanding the causes of past climate
changes in the Earth’s history allows us to better evaluate the present and future effects of
human activities on climatic conditions. The isotopic compositions of precipitation preserved
in such archives as groundwater, ice cores, marine sediments, etc., provide valuable tools for
studying the relationships between climatic conditions and the hydrological cycle in the past. I
am pleased that isotope proxy records in different terrestrial and marine archives will be
presented and discussed at the Conference.

Environmental changes and climate variability occur at global or continental scales, and their
impacts on the hydrological cycle will also be felt over a similar scale. As a result, co-
ordinated international efforts are necessary to study these processes and their impacts. On
our part, we have taken several steps to facilitate greater international co-operation. A
memorandum of understanding was recently signed between the IAEA and the WMO to
provide stronger organizational support to the global network of isotopes in precipitation. A
joint international programme on isotopes in hydrology is being formulated with UNESCO.
This programme is likely to strengthen the long-standing collaboration between IAEA and
UNESCO and to open additional avenues for joint activities. I am glad that representatives of
UNESCO and its programmes are present in this conference. In addition to sister UN
agencies, national institutions are important partners for international co-operation. I am
pleased that this conference is being co-sponsored by the Japanese Science and Technology
Corporation and that their representatives are here. This will undoubtedly help to widen the
impact of our activities and to involve more scientists in the relevant projects.

The Conference will cover a range of issues and isotope applications, particularly those
related to atmosphere-hydrosphere interactions, past climatic and environmental changes, and
advances in isotope and other analytical techniques. A round-table discussion is also planned
where you will have an opportunity to present your thoughts and suggestions on trends and
additional needs for integrating isotope applications into environmental change studies.

I know that all of you are, as I am, eagerly waiting to listen to your colleagues and discuss the
scientific issues at length. I am confident that with over 39 Member States and 7 international
organizations represented, the conference will achieve a critical review of the state of the art
and develop a clear vision for the future. The Agency is looking forward to the outcome of
this important conference.

Once again, I wish you a successful conference and a pleasant stay in this beautiful city of
Vienna.
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Sydney, New South Wales, Australia

S. CHAMBERS
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Abstract. Isotopic analysis and modelling of the Amazon Basin have both been reported for about
thirty years. Isotopic data have been used to explain important characteristics of Amazonian
hydrologic cycling by means of simple models. To date there has been no attempt to use isotopic data
to evaluate global climate models employed to predict the possible impacts of Amazonian
deforestation. This paper reviews the history of isotopic analysis and simulations of deforestation in
the Amazon and initiates isotopic evaluation of GCMs. It is shown that one widely reported simulation
set gives seasonal transpiration and re-evaporated canopy interception budgets different from those
derived from isotopic analysis. It is found that temporal changes (1965 to 1990) in wet season
deuterium excess differences between Belem and Manaus are consistent with GCM results only if
there has been a relative increase in evaporation from non-fractionating water sources over this period.
We propose synergistic future interactions among the climate/hydrological modelling and isotopic
analysis communities in order to improve confidence in simulations of Amazonian deforestation.

1. HISTORY OF ISOTOPE ANALYSIS FOR THE AMAZON

The simple topography of the extensive basin and the single water source, the Atlantic Ocean,
makes the Amazon Basin unique as a study region of isotopic fractionation processes. Salati
et al. [1] used one year's isotope data from precipitation and river samples and results from a
sector box model to reinforce Molion's [2] conclusion that about half the Amazon Basin's
water is recycled. On the basis of 13 months data (October 1972 to October 1973) they were
able to identify that the gradient inland of 80O is surprisingly weak, compared to other
continental areas, which shows that a proportion of the hydrologic recycling is from non-
fractionating sources i.e. transpiration and canopy re-evaporation. This recycling within the
Amazon Basin leads to a smaller ‘continental’ gradient in §'®0 going inland on an east to
west transect with seasonally averaged gradients of only 1.5%0 per 1000 km cf. 2.0%o in
Europe [3] (Fig. 1).

In 1981, Leopoldo [4] reported values of the stable isotopes of oxygen and hydrogen as
measured in samples of stemflow and throughflow at the Duke Reserve, near Manaus.
Although his results were somewhat contradictory, they seem to point to isotope
heterogeneity in originating air masses as the most likely source of observed differences.
These results have been cited by more recent researchers (e.g. Ref. [5]) because the fate of
water intercepted by the canopy is crucially important to a complete understanding of forest
hydrology.
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FIG. 1. Isotopic signature (6'°0) across a longitudinal transect of the Amazon from Belem on the
coast and at the river mouth to Izobamba in the Andes for each of four seasons. The solid diamonds
are the 1960s values (similar to those analyzed by [1]) while the open squares are for the 1980s.

An important review of Amazonian isotopic and other data was published by Salati and Vose
in 1984 [6]. This paper was influential because its publication coincided with the first reports
of a simulation using a Global Climate Model (GCM) to assess the possible impact of
deforestation of the Amazon. Indeed, Salati and Vose [6] quote preliminary (1983) results
from the work of Henderson-Sellers and Gornitz [7]. Although the Salati and Vose [6] paper
was primarily a collection of their, and others', previous work with isotopic analysis, it
underlined to the newly emerging global climate modelling community that the Amazon
recycles about half its water within its basin (Fig. 2(a)).

Two papers were published in 1991 on the subject of isotopic analysis of Amazonian
precipitation and its implications for regional hydrology and climate. Gat and Matsui [5]
employed a simple box model of the central Amazon Basin to demonstrate that some of the
water recycling is from fractionating sources. Using data from the International Atomic
Energy Agency/World Meteorological Organization (IAEA/WMO) global station network up
to 1981, they interpreted a +3%o deviation from the World Meteoric Line as indicative of 20-
40% of the recycled moisture within the basin being derived from fractionating sources such
as lakes, the river or standing water. The paper by Victoria ef al. [8] also used IAEA/WMO
data; they analysed isotopic results from Belem and Manaus over the fourteen year period
from 1972 to 1986. Using the box/sector model of Dall'Olio [9] also described in Ref. [1]
these researchers were able to employ isotopic data to show that wet season recycling is by
means of transpiration while dry season recycling in the Amazon is primarily by re-
evaporation of precipitation intercepted on the canopy. Since the mid 1990s, there have been
relatively few reports on Amazonian isotopes. However, Gat [10] reviews some work and
reports that an updated model of the Amazon's water balance, which uses isotopic input,
improves earlier predictions.
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FIG. 2. (a) Schematic of the Amazonian Basin water cycle; and (b) schematic illustration of processes
simulated in a global climate model (GCM) predicting changes following deforestation.

2. EVALUATION OF GCMS' SIMULATION OF AMAZONIA USING ISOTOPIC DATA

As mentioned above, the first global climate model (GCM) simulation of the impact of
Amazonian deforestation was published by Henderson-Sellers and Gornitz in 1984. Since
then, there have been rather a large number of simulations (Table I). McGuffie et al. [11]
review the problems associated with correctly specifying climate model parameters in both
control (present day) and deforested simulations. Some of the differences in the outcomes of
predictions in Table I are due to the imposed differences in surface albedo, surface roughness,
density and mix of original and replacing vegetation, soil type and state and so on (Fig. 2(b)).
Almost all models predict increased surface temperatures (AT) following deforestation. There
is also general agreement that both precipitation and evaporation decrease but less consensus
on the sign of the change in atmospheric moisture convergence (Table I).

As far as we are aware, no GCM simulations of the impact of Amazonian deforestation have
yet been tested against the available isotopic data. This is partly the result, we suspect, of the
relevant research communities' ignorance of one another. It is also because very few GCMs
have, as yet, included isotopic composition as a computed variable. Notable exceptions
include work by Jouzel et al. [33,34] but neither of these studies include consideration of
deforestation impacts. The wide dispersion in the results shown in Table I indicate that GCM
evaluation by any available means can only be beneficial.

One means of assessing GCM performance in this area is to utilize the results of Gat and
Matsui [5] regarding the relative amounts of water recycled in the Amazon from fractionating
and non-fractionating sources. They deduced by comparing deuterium and oxygen isotopic
observations with results from their box model of the central Amazon Basin that of the input
precipitation 10%-20% is re-evaporated from fractionating sources (e.g. lakes and rivers),
30%-40% from non-fractionating sources (e.g. transpiring plants and complete re-evaporation
of canopy-intercepted water), with about half of the total hydrological budget going to runoff.
These values can be used to evaluate GCMs.



Table I. Annually-averaged regional changes predicted in response to Amazon tropical deforestation
for surface temperature, T, precipitation, P, evaporation, E, and moisture convergence from various
GCM studies since 1984 (N/A means the information is not available)

Study Albedo Roughness AT AP AE Moisture
change change (°C) (mm) (mm) convergence
change

Henderson-Sellers and Gornitz [7] 0.11/0.19 2.0/0.09 0 220  -164 +
Dickinson and Henderson-Sellers 0.12/0.19 2.00/0.05 +3.0 0 -200 +
[12]

Lean and Warrilow [13] 0.136/0.188 0.79/0.04 +2.4 490  -310 -
Nobre et al. [14] 0.13/0.20 2.65/0.08 +2.5 -643  -496 -
Dickinson and Kennedy [15] 0.12/0.19 2.00/0.05 +0.6  -511  -256 -
Mylne and Rowntree [16] 0.135/0.200 No change -0.1  -335  -176 -
Dirmeyer [17] +0.03 2.65/0.08 N/A  +33 -146 +
Lean and Rowntree [18] 0.136/0.188 0.79/0.04 +2.1 296  -201 -
Henderson-Sellers et al. [19] 0.12/0.19 2.0/0.2 +0.6  -588 -232 -
Pitman et al. [20] 0.12/0.19 2.00/0.05 +0.7 -603  -207 -
Manzi [21] 0.13/0.20 2.00/0.06 +1.3  -15 -113 +
Polcher and Laval [22] 0.098/0.177 2.30/0.06 +3.8  +394  -985 -
Polcher and Laval [23] 0.135/0.216 2.30/0.06 -0.1  -186  -128 -
Sud et al. [24] 0.092/0.142 2.65/0.08 +2.0 -540  -445 -
McGuffie et al. [25] 0.12/0.19 2.0/0.2 +0.3 437  -231 -
Manzi and Planton [26] 0.13/0.20 2.00/0.06 -0.5  -146  -113 -
Zhang et al. [27] 0.12/0.19 2.0/0.2 +0.3  -402 222 -
Lean and Rowntree [28] 0.13/0.18 2.10/0.03 +2.3 -157  -296 +
Hahman and Dickinson [29] 0.12/0.19 2.00/0.05 +1.0 -363  -149 -
Zhang et al. [30] 0.15/0.21 1.1/0.1 +0.9 +445  +248 +
Costa & Foley [31] 0.135/0.173 0.151/0.05 +14 266  -223 -
Zhang et al. [32] 0.12/0.19 2.0/0.2 +0.3  -403 221 -
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McGuffie et al. [11] report on a series of GCM experiments conducted using the USA's
National Center for Atmospheric Research's Community Climate Model (CCM1-0z). Fig. 3
illustrates the components of the Amazonian water budget derived from these CCM1-Oz
simulations for the annual and two 3-month seasonal means. While the amount of water
recycled via transpiration does not vary all that greatly through the year, its percentage
contribution to the total ranges from 38% in the wet season to 73% in the dry season.
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FIG. 3. One GCM (CCM1-Oz) simulation of the water budget of the Amazon for (a) annual means,
(b) wet season (DJF) and (c) dry season (JJA) all given in mm month” and as percentages of the total
precipitation.

Although the land surface scheme (BATS — the Biosphere Atmosphere Transfer Scheme)
used in the CCM1-Oz simulations does permit inclusion of lakes, this option was not used in
these GCM experiments. It is therefore not possible to examine the Gat and Matsui [5]
conclusion regarding the fraction of recycled moisture from lakes directly in terms of this
GCM. However, the results in Fig. 3 are in contrast with those of Victoria et al. [8]. The latter
claimed on the basis of isotope analysis that transpiration is the major source of recycled
water in the wet season while Fig. 3(c) shows that at least one GCM simulates transpiration as
being very much more significant in the Amazon forest's dry season budget of recycled water.

Thus it appears that there are grounds for suspecting that a more thorough examination of the
components of the Amazonian water cycle using isotopic data could both reveal inadequacies
in current simulations and, hopefully, indicate how simulations by GCMs could be improved
to more completely and correctly capture the moisture exchanges. This is an important issue
because it has been shown that tropical deforestation has the potential to excite large-scale
Rossby waves in the atmosphere. These waves can propagate from the source of their
initiating disturbance into the middle and high latitudes of both hemispheres and, hence,
prompt impacts far distant from deforestation in the Amazon [35].

3. RECENT ISOTOPIC ANALYSIS IN THE AMAZON

The data used in this study were obtained from the Global Network for Isotopes in
Precipitation database [36], jointly maintained by the World Meteorological Organization
(WMO) and the International Atomic Energy Agency (IAEA) since 1961. From each Amazon
station, monthly average values of temperature, humidity, precipitation, precipitation type,
deuterium, oxygen-18 and tritium are available. As part of our investigation of the possible
synergies between isotopic and global climate modelling studies of Amazonian deforestation,
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we have examined these IJAEA/WMO station records in the Amazon Basin for temporal
trends. We find noticeable changes in the wet season, which extends from about December to
May (e.g. Fig. 4). The continental gradient of 8'0, already the weakest in the world, has been
further weakened over the last three decades in the wet months from December to May

(Fig. 1).
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FIG. 4. Monthly mean values of 8°0 and deuterium excess at Belem, Manaus and Izobamba for the
1960s and the 1980s running from October to October. Mean monthly precipitation (mm) for the
whole period is also shown as a histogram.
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In the 1960s, when the collection of isotopic data began in the Amazon Basin, monthly
average values of the deuterium excess at Manaus were significantly greater than at Belem for
both the wet and dry seasons (Fig. 5(a)). Furthermore, there was no significant difference
between the mean monthly deuterium excess values from the wet to the dry season at either
the coastal or interior sites. By the 1980s, the Belem mean monthly deuterium excess for both
the wet and dry seasons have increased slightly compared to the values in the 1960s, but the
difference is not statistically significant. In contrast, large changes are observed in the
seasonal deuterium excess inside the basin at Manaus. Although the annual mean deuterium
excess at Manaus in the 1980s (11.831+0.44%o) is not significantly different to that in the

1960s (12.6210.48%o), results now show a significant difference between the wet and dry
season values (Fig. 5(b)). In particular, the deuterium excess has decreased in the wet season
and increased in the dry season. The difference in deuterium excess between Belem and

Manaus is also much reduced in the wet season and Manaus’ wet season value is significantly
decreased in the 1980s.

Plausible explanations of the wet season deuterium excess decrease involve either more non-
fractionating (e.g. transpiration) or less fractionating (e.g. lake) recycling, or both. Thus the
observed temporal shift in isotope data (1960s to 1980s) requires a change in the recycling
behaviour in the Amazon. These isotopic results are consistent with the GCM deforestation
predictions, which show less overall transpiration (Fig. 6) only if there has been a relative
decrease in the evaporation of water from lakes and other fractionating sources over this
period.

(a) Annuai (b} DJF (Wet) (¢) JJA (Dry)
Moaisture convergence (P-E Moistul - i
Moisture Gor /rno(gm (27( )) bf?am egncg‘ (P-E} Monsml;e;:onvergence (P-E)
P = -33.6 mm/month (21.2%) P = -36.7 mm/month (19.8%) P=-186 mm/month {18.4%)
| = -11,6 mm/month I = -13.7 mm/menth | = -7.9 mm/month
(30.5%) (31.2%) {29.1%)
T=-69 mm/month T =-52.3 mm/month -10.8 mm/monih

(10.5%) (14 6%)

Ye¥ ) .
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FIG. 6. Changes simulated by CCMI1-Oz to the Amazon water budget following deforestation.
Differences and percentages are all from the forested case in Fig. 3 for the same periods.

This isotope-GCM "missing link" warrants further detailed study. One possibility is that the
temporal isotopic records are illustrative of the impact of Amazonian deforestation. At
present, the available GCM studies are unable to demonstrate or deny the validity of this
conclusion. Another possibility that deserves some consideration is that the disturbances in
the isotopic record over time have not been caused solely by forest removal. Although the
regional extent of deforestation in the Amazon is great, there are other effects which may also
be contributing to the observed temporal shifts in the isotopic signatures. These could include
both the direct and indirect effects of greenhouse gas increases.
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4. RECENT GCM STUDIES OF THE AMAZON

There have been very few GCM studies so far which have attempted to assess the impact of
deforestation and greenhouse gas increases in the Amazon. Table II lists the imposed changes
and predicted outcomes for the three available studies. The paper by Henderson-Sellers et al.
[37] was not focussed on deforestation but did consider plant physiological responses to
increased atmospheric CO,; levels which includes stomatal closure. Costa and Foley's [31]
study is a much more sophisticated evaluation of the independent and combined effects of
stomatal closure in response to an enriched CO, atmosphere, deforestation and greenhouse
warming. Zhang et al. [32] consider the latter two effects but not the plant physiological
responses. The challenge for future use of isotopic signatures for GCM evaluation is to know
which of these representations most closely fit "present-day" isotopic measurements.

Table II. Annually-averaged regional response to Amazon tropical deforestation for surface
temperature, T, precipitation, P, evaporation, E, and moisture convergence from recent GCM studies
which have included the effects of greenhouse gas increases. (N/A means information is not available)

Study Albedo Roughness AT AP AE Moisture
change change (°C) (mm) (mm) convergence
change
Henderson-Sellers et al. [37]) No change No change + N/A - +

Doubled stomatal resistance and
warming no deforestation

Costa & Foley [31] 0.135/0.173 0.151/0.05 +3.5  -153  -146 -
Doubled CO, & deforestation with
plant physiological response

Zhang et al. [32] 0.12/0.19 2.0/0.2 +0.4 424 215 -
Doubled CO, & deforestation

Tables I and II emphasize an outstanding disagreement among GCM representations of the
impact of Amazonian deforestation: the sign of the change in moisture convergence (Fig.
2(b)). The challenges associated with predicting this are illustrated in [35] which shows the
changes in the vertically-integrated water flux across the north, south, east and west
boundaries of the Amazon Basin as derived from one set of GCM simulations of
deforestation. We have examined the possibility of determining at least the sign of this
important change by reverting to the isotopically-derived central basin box model of Gat and
Matsui [5]. Since the total runoff equals the atmospheric moisture convergence, changes in
either indicate a change in the other. We have employed values of parameters derived by Gat
and Matsui [5] and investigated the effects of modelling runoff larger and smaller than their
values. Our results suggest that it is necessary to decrease the runoff fraction by 10% in order
to match the changed isotopic signature at Manaus between the periods 1965-75 and 1980-90.
This result is consistent with the (larger number of) GCMs in Tables I and II that find a
decrease in moisture convergence.
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5. FUTURE USE OF ISOTOPES IN EVALUATING MODELS OF THE AMAZON'S
CLIMATE AND HYDROLOGY AND THE POSSIBLE IMPACTS OF
DEFORESTATION

Isotopic analysis and modelling studies relating to the Amazon date back to the early 1970s
and estimates of the likely impacts of deforestation begin around 1984. Results from isotopic
research have influenced climate and hydrological modelling but the two communities have
rarely worked closely. The potential importance of the impact of Amazonian deforestation to
distant locations has been suggested recently. Such results increase the importance of using all
available data in the evaluation and, hopefully, validation of global climate models used to
predict these impacts.

In this paper, we have shown that results derived from isotopic data from the IAEA/WMO
network can be compared with outputs from GCMs. We find that water recycling in the
central Amazon has changed over the last thirty years, significantly so in the wet season.
While GCM results may be consistent with this conclusion, they are not, so far, correctly
simulating the relative components of transpiration and re-evaporated canopy interception for
the complementary dry season. These results warrant further detailed analysis and extension
to the very large number of GCMs already predicting the impacts of Amazonian
deforestation.

Furthermore, there is potential to explore isotopic modification by Amazonian deforestation
by utilizing state of the art land surface schemes combined with one of the current 'isotope’
GCMs (e.g. Ref. 38]). Finally, the great need for new validation data for GCMs, and the
obvious and beneficial synergy, seems to demand that new observational programmes, such
as the Large Scale Biosphere Atmosphere Experiment in Amazonia (LBA), embrace isotopic
studies as a potentially very valuable tool for model validation. Ideas include: (a) moisture
convergence estimates; (b) partitioning among transpiration, free evaporation and canopy
evaporation; and (c) detection of the impacts of forest change and greenhouse signals.
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Abstract. In 1983, Thiemens and Heidenreich reported the first chemically produced mass
independent isotope effect. A significant feature of the fractionation was that it identically produced
the isotopic relation observed in the calcium-aluminum inclusions in the Allende meteorite. This
8"0=58"0 composition had previously been thought to represent a nucleosynthetic component as no
chemical process was capable of producing a mass independent isotopic composition. It now appears
nearly certain that the meteoritic oxygen isotopic anomalies were produced by chemical, rather than
nuclear, processes. Since oxygen is the major element in stony planets this represents a major event in
the formation of the solar system. In a recent review (Thiemens, 1999), it has been shown that mass
independent isotopic compositions are pervasive in the Earth's atmosphere. Molecules which have
been demonstrated to possess mass independent isotopic compositions include: O,, O,, CO,, CO, and
N,O. In each case, the specific nature of the mass independent isotopic composition has provided
details of their atmospheric chemistry that could not have been obtained by any other measurement
technique. Most recently, solid materials have been observed to possess mass independent isotopic
composition. In this paper, these observations are briefly discussed. These solid reservoirs include: 1)
carbonates and sulphates from Mars, 2) terrestrial aerosol sulphate, 3) sulphides and sulphates from
the Earth, ranging in time from 3.8 to 2.2 billion years before present, 4) sulphates from the Namibian
desert and 5) the Antartic Dry Valleys. The information obtained from these measurements is
extraordinarily wide ranging, extending from understanding the history of Martian atmosphere-
regolith interaction to the evolution of the oxygen in the Earth's earliest atmosphere. As was the case
for gas phase species, this information and insight could not have been obtained by any other
measurement technique.

1. INTRODUCTION

Alteration of stable isotope ratios in nature has permitted significant discoveries in an
enormous range of scientific endeavours. Insight into the origin and evolution of the solar
system and pervasive applications in biologic, geologic, oceanographic and atmospheric
sciences have been developed based upon precise interpretation of stable isotope ratio
compositions. The first quantitative model which was capable of determining how
temperature influences the position of chemical equilibrium in an isotope exchange reaction
was by Urey [1] and Bigeleisen and Mayer [2]. This groundbreaking work essentially opened
the fields of geo- and paleo-thermometry. By careful, precise measurements of, for example,
oxygen isotope ratios, and with knowledge of the temperature dependency of the equilibrium
constant for the isotope exchange reaction, the temperature during the exchange reaction may
be precisely determined. The actual physical-chemical dependency of the equilibrium upon
temperature arises from the variation of the molecular vibrational frequency with temperature.

Alteration of isotope ratios by other processes such as diffusion, evaporation/condensation,
kinetics, velocity, and gravitational escape are well known and quantified. Though these
isotope effects all vary, they have one common feature; they all ultimately depend in one
fashion or another upon mass. In general, the change in isotope ratio is small, and they are

generally reported in the conventional & notation. For oxygen, this is given by:
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§0=(R"/R"®4-1) x 1000 (1)
and

8"70=( R" /R 44-1) x 1000 )
where R'7="70/'%0, R"*="%0/"0.

For oxygen, STD refers to the standard, which is standard mean ocean water. The mass

dependency for isotope effects produces a correlation between 8'’O and 8'*0. The relation for
O, is:

8'70/8"0 = (1/32-1/33)/(1/32-1/34) (3)
which yields the mass dependent relation:
5'70=0.5 "0 (4)

In the field of cosmochemistry, the observation that calcium-aluminum inclusions in the
chondritic meteorite Allende possess an isotopic composition 8'’0=8'%0, rather than
5'70=0.5 8'*0 was reasoned at the time that, since no chemical process may produce a mass
independent isotopic fractionation this observation must reflect exotic nuclear material, e.g.
the injection of pure %0 into the proto-solar nebula. This has major consequences as the
deserved effect is large and occurs in the most abundant element (in stony planets), oxygen.
This observation catalyzed an enormous number of measurements and searches for
nucleosynthetic anomalies in other elements.

In 1983, Thiemens and Heidenreich [3] were the first to demonstrate that a mass independent
isotopic composition may be produced by a simple chemical process. During the process of
ozone formation it is observed that it is enriched in the heavy isotopes with respect to the
precursor oxygen with 8'70=8'%0, precisely the same as in the meteoritic inclusions. Since
those measurements a large body of experimental data has accumulated directed towards
resolving the physical chemical mechanism responsible for generation of the mass
independent effect. The purpose of this paper is directed towards the application of this effect
in nature. Reviews by Thiemens [5] and Weston [6] summarize the physical chemistry.

There now exists a wide range of environments in space and time, where mass independent
isotopic compositions are observed. In each instance, the characteristic isotopic compositions
permits new information to be obtained on the particular natural environment. This paper
briefly highlights some of these examples.

2. ATMOSPHERIC SPECIES

It was demonstrated that stratospheric ozone possesses a strikingly large 80 enrichment [7].
Subsequently, it was demonstrated that stratospheric ozone possesses the same mass
independent isotopic composition observed in laboratory experiments [8]. A review of the
many existing ozone isotopic measurements is given in [5,6]. It is now known that
tropospheric ozone possesses a mass independent composition that is slightly variable with
location and season [9, 10]. From these measurements it appears that the variation may be of
utility in tracking source, stratosphere-troposphere mixing, and chemical heritage.
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It was first observed by Thiemens et al. [11] that stratospheric CO; possesses a large mass
independent isotopic composition. Models by Yung et al. [12, 13] have shown that this arises
from the exchange of atomic oxygen, derived from ozone photolysis, with CO, via :

ISO(ID) + C1602: 160(3P) + CISOIGO (5)

This was later confirmed by measurement of CO, stratospheric and mesospheric samples
obtained with a rocket-borne cryogenic air sampler [14]. The observed isotopic anomaly still
has unexplained features. However, there are two significant applications of the isotopic
effect. First, since the anomaly arises from isotopic exchange with electronically excited
atomic oxygen, the magnitude is a direct reflection of the steady state concentration of
oxygen. The concentration of atomic oxygen is a significant parameter in stratospheric
chemistry, it is the concentration of O('D) that determines the lifetime of many molecular
species, however, given its low concentrations it is nearly impossible to measure. The mass
independent isotopic signature therefore provides an independent means by which the
concentration of atomic oxygen may be determined. A second application of the observed
isotopic anomaly is as a tracer of stratosphere-troposphere mixing. Since tropospheric CO, is
strictly mass dependent, due to its exchange with H,O, and stratospheric CO, is mass
independent, any mass independent CO; observed in the troposphere must be stratospherically
derived. Thus, 8'’0 =8'*0 measurements of atmospheric CO, provides a new means by which
stratosphere-troposphere mixing may be evaluated.

2.1. Atmospheric O,

Recently, it has been observed that atmospheric O, possesses a slight mass independent
isotopic composition. Since stratospheric Os is enriched in '’O and '*0, the parent, O, must be
depleted [15]. Though slight, the depletion is measurable. The isotopic anomaly is removed
when it crosses the air-sea interface and is removed by photosynthesis and respiration, both
mass dependent. This rate of removal of the isotopic anomaly is a direct measure of
biospheric productivity. As shown by Luz et al. [15] the columnar measurement of §'’0, §'°0
in the oceans has provided a new and unique means by which oceanic primary productivity
may be determined. In addition, measurement of the oxygen isotopes in O, trapped in polar
ice provides a means by which global biospheric productivity over the past 80,000 years may
be determined.

2.2. Other atmospheric molecules

Several atmospheric molecules have been observed to possess mass independent isotopic
compositions. In each instance, the measurements have provided information unattainable by
either concentration or single isotope ratio measurements. Mass independent isotopic
compositions have been observed in atmospheric carbon monoxide [16, 17]. It is well known
that carbon monoxide controls the OH budget of the troposphere and consequently its
oxidative capacity. The result is that the lifetime of species such as H,S, SO, and CHjy is
indirectly mediated by carbon monoxide. Laboratory experiments have shown that the source
of the mass independent isotopic composition is the OH + CO reaction [18]. Since the source
of the mass independent anomaly is derived from the OH reaction, the magnitude of the A'’O
anomaly is a measure of the OH number density. These measurements have provided a new
means by which OH number densities may be evaluated. At present, the physical-chemical
mechanism by which the A'’O (the deviation from mass fractionation) anomaly arises is
unknown.
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2.3 Nitrous oxide

Atmospheric nitrous oxide is the catalytic destruction agent of stratospheric ozone. In
addition, it is a significant greenhouse agent. In spite of decades of high precision
concentration measurements and modelling efforts, the budget is inadequately resolved. Cliff
and Thiemens [19] have shown that atmospheric nitrous oxide possesses a large and variable
mass independent isotopic composition. This work has the potential to provide new a new
outlook on the atmospheric cycle of N,O. In addition, this work has catalysed several
investigations into the complete isotopic structural arrangements of N,O. This new work is
presented elsewhere in this volume.

2.4 Mars

The atmosphere of Mars is primarily composed of carbon dioxide. It is well known that the
Martian atmosphere possesses ozone, thus, with its photolysis, O('D) is generated and as
occurs in the Earth's atmosphere, a mass independent anomaly is inscribed in the CO,.
Farquhar, Jackson, and Thiemens [20] have measured carbonate in the Martian meteorite
ALH84001 and demonstrated that it possesses a mass independent isotopic composition. This
measurement has been suggested as arising from Martian atmospheric CO,, which undergoes
exchange with the Martian Regolith and water, with subsequent formation of the carbonate
minerals. Thus, the carbonate measurements provide a new means by which Martian
atmosphere-regolith interactions may be investigated. In a subsequent work it was shown that
carbonate and sulphate in the Martian meteorite possess a large A'’O [21]. The observation of
an anomaly in another secondary mineral, sulphate, adds another view into Martian
weathering processes. Most recently, it has been shown that sulphate sulphur in Martian
meteorites possesses a mass independent isotopic composition [22]. Based upon laboratory
experiments, it has been shown that the mass independent isotopic composition arises from
the photolysis of SO, in the Martian atmosphere. These results have opened the possibility
that with further quantification of the isotope effect coupled with additional Martian meteorite
measurements may provide a means by which the photochemical history of Mars may be
established.

2.5 Atmospheric aerosol sulphate

For decades, a means by which the oxidation pathways of sulphur may be quantified has been
sought. Specifically, the relative proportions of homogenous (gas phase) vs. heterogeneous
(liquid phase) is an important parameter. It has recently been observed that atmospheric
aerosol sulphate possesses a large and variable mass independent isotopic composition [23-
25]. Based upon laboratory experiments by Savarino et al [26], the source of the mass
independent composition has been determined. It has been shown that the anomaly arises
from transfer of the oxygen isotopes from ozone and hydrogen peroxide. Since the isotopic
composition of both of these atmospheric species is known, as are all relevant rate constants,
the '"A anomaly provides a quantitative measure of the relevant oxidation pathways [27]. The
measurement of §'’0, §'®0 in aerosol sulphate has provided a completely new means by
which the atmospheric cycle of sulphur may be investigated. Most recently, it has been shown
that §'’0, §'®0 measurements of sulphate in polar ice samples provides a means by which the

past oxidation capacity of the atmosphere may be studied (Alexander, Savarino and
Thiemens, 2000).
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2.6 Paleo-applications

Recently, sulphur isotope ratio measurements of sulphides and sulphates from sedimentary
and metasedimentary rocks older than 2090 MA (million years ago) have revealed a mass
independent isotopic composition [28]. The sulphur isotopic data appear to be global, as the
isotopic anomaly is observed in a wide variety of different hydrothermal and sedimentary
rocks between 2.5 and 3.9 x 10° years ago. Sulphate samples record the dissolved oceanic
sulphate reservoir, and the reduced samples likely record an insoluble reduced reservoir.
Based upon laboratory observations it is apparent that the sulphur isotopic composition arises
from the UV photolysis of SO, in the earth's early atmosphere. The photolytic reaction does
not occur in the present atmosphere due to screening out of the relevant wavelengths by
ozone. In the early ozone-oxygen free environment this wavelength of light penetrates to
ground level. With the evolution of photosynthesis the build up of oxygen and ozone screens
the short wavelength light such that by < 2.0 x 10’ years ago UV is optically shielded and this
photochemistry no longer occurs. The measurement of these sulphur isotopic anomalies
therefore has provided an entirely new means by which the evolution of oxygen in the Earth's
early atmosphere may be followed.

Recent studies of sulphates from arid environments have demonstrated mass independent
oxygen isotopic compositions [29,30]. Gypsum from the central Namib Dessert possesses a
large and variable A'’O. Tt has been suggested that this reflects enhanced dimethyl sulphite
emissions from the nearby oceans [29,30]. Similar isotopic compositions have been observed
in sulphates from the Antarctic Dry valleys [29,30], and these samples also record
atmospheric and oceanic processes on ancient time scales.

3. SUMMARY

Mass independent isotopic compositions in natural samples have been observed in a wide
variety of environments on Earth and Mars. Numerous atmospheric molecules and aerosols
possess mass independent isotopic compositions. Chemical transformation processes, sources,
and transport information is uniquely obtained from these measurements. Atmosphere-
regolith interactions on Mars are studied from the mass independent isotopic compositions of
carbonates and sulphates. The evolution of life from 3.9 x 10° to 2.0 x 10’ years ago is
visualized from mass independent sulphur isotopic compositions in ancient sulphides and
sulphates. Oceanic productivity tens of millions years ago have been studied from oxygen
isotopic compositions. In sum the use of chemically produced mass independent isotopic
effects as first discovered in 1983 by Thiemens and Heidenreich has been found to have
applications in a broad range of environments. In each instance this new tool has provided
information which could not be obtained by any other technique.
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Abstract. Selected time series from the Global Network for Isotopes in Precipitation (GNIP) revealed
a close relationship to climate variability phenomena like El Nifio — Southern Oscillation (ENSO) or
the North Atlantic Oscillation (NAO) although the precipitation anomaly in the case studies of Manaus
(Brazil) and Groningen (The Netherlands) is rather weak. For a sound understanding of this relation-
ship especially in the case of Manaus, the data should include major events like the 1997/98 El Nifio,
however, the time series are interrupted frequently or important stations are even closed. Improve-
ments are only possible if existing key stations and new ones (placed at “hot spots” derived from
model experiments) are supported continuously. A close link of GNIP to important scientific pro-
grammes like CLIVAR, the Climate Variability and Predictability Programme seems to be indispen-
sable for a successful continuation.

1. MOTIVATION

The quantitative reconstruction climate history became possible largely by the measurement
of isotopic composition in layered deposits. For example, the high correlation between green-
house gas concentration in the atmosphere and atmospheric temperature from gas bubbles in
ice cores and the ice itself is one of the pillars of the anthropogenic climate change debate and
it is relying totally on isotopic composition records. The close relationship between atmos-
pheric temperature and the composition of stable isotopes of the water molecule in precipita-
tion (hence in ice) was one of the major earlier findings of the Global Network for Isotopes in
Precipitation (GNIP), as reviewed in the 1960s by Dansgaard [1].

On the other hand, the understanding of climate variability on interannual to decadal time
scales is a prerequisite for the separation of natural and anthropogenic climate change. As
GNIP is now operating since four decades it should be possible to look for climate variability
signals in its longest station records. In other words: Do isotopes in precipitation show strong
climate variability phenomena like El Nifio or the North Atlantic Oscillation (NAO)? A first
attempt to answer this question was started some years ago by Hans Oeschger's Isotopes in
the Hydrological Cycle (ISOHYC) Initiative.
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FIG. 1. Correlation of §°0 from monthly composites of precipitation in Manaus with sea surface tem-
peratures from the Nifio 3 area; upper panel: observations, lower panel: modelling result.
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2. FIRST RESULTS

As GNIP was not meant for climate variability studies, there exist only very few continuous
records in areas sensitive to El Nifio. Although the station Manaus, in the Amazon basin, Bra-
zil, does not represent a key area of ENSO-related precipitation anomalies due to the intensive
water recycling [2], which may overprint this anomaly a first statistical treatment of the avail-
able isotope data between 1965 and 1989 [3] shows a close correlation to SST anomalies in
the central Pacific Ocean (Fig. 1).

Unfortunately, the data collection stopped in 1989 and the major 1997/98 El Nifio was not
included. However, a reconstruction of El Nifio events in natural archives (ice cores, tree
rings, corals, lake deposits) close to strong impacts of El Nifio (hot spots) seems feasible.

The denser isotope network in Europe opens a much better opportunity to look for even
weaker climate anomalies like the NAO. For example, despite the weak precipitation anomaly
related to NAO in Groningen (The Netherlands) the isotope anomaly is significantly corre-
lated to NAO (Fig. 2).

dalta O-18 in Groningen {GNIP) vs. NAD-index
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FIG. 2. Time series of winter (DJFM) North Atlantic Oscillation (NAO) index (blue) and the 8°0
measurements at Groningen. Both time series are highly correlated.

The high correlation of 8'*0 may be addressed to ocean-atmosphere interactions within the
source area of atmospheric moisture during a specific NAO situation and the rain-out history
of the air masses precipitating at Groningen. Improvements in the connection between iso-
topic composition and changes in the atmosphere/ocean-interaction, on which they are based,
can be achieved by model experiments. These models have to contain balance equations for
the stable isotopes oxygen-18 and deuterium as well.

These improvements will remain wishful thinking if no new data from stations in "hot spot"
areas are initiated, continuously supported and evaluated (extended GNIP).
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3. FURTHER INITIATIVES NEEDED

The science initiative ISOHYC, together with the GNIP sponsoring agencies IAEA and
WMO, already could halt the further decay of the GNIP. A memorandum of understanding
between IAEA and WMO led to:

— Scientific Steering committee of the GNIP,

— revival of stations

— event-based sampling at a few stations in order to follow climate anomalies
— stronger integration of national networks, and

— the strengthening of the open-access GNIP database.

Although this has strengthened GNIP as a whole, it is, however, still not suited to fulfil its
role in an isotope climatology as envisaged by Hans Oeschger, when he - together with the
Beatenberg Group- started the ISOHYC Initiative in 1997.

A prominent example, where a science initiative has led to intergovernmental support is the
World Climate Research Programme's (WCRP) study on Climate Variability and Predictabil-
ity (CLIVAR [4]), that now has started to implement a global upper ocean observing system
called ARGO, jointly with another science initiative GODAE (Global Ocean Data Assimila-
tion Experiment) with the financial support of most OECD countries.

If a CLIVAR question like "Do we intensify El Nifio events or influence monsoonal variabil-
ity by an enhanced greenhouse effect?" has to be answered convincingly, we need to extend
the instrumental record into the recent past by isotope-based quantitative reconstruction of the
relevant climate parameters. An Isotope Climatology, therefore, would be a proper module
within CLIVAR. This would then give the push for a further strengthening of GNIP by the
synergy of scientific and intergovernmental support.
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Abstract. Stable isotope composition of dated groundwater archives from the Philippines, Vietnam, Thailand
and Bangladesh trace changes in monsoon conditions, primarily rainout processes between the Last Glacial
Maximum (LGM) and present day in southeast Asia. Today, isotope-climate relations are well established by the
IAEA/WMO Global Network of Isotopes in Precipitation survey which reveals more depleted 8'°0 and §°H for
the Pacific Ocean monsoon regime than for the Indian Ocean monsoon regime, primarily due to proximal ocean
sources and subdued continental moisture recycling for the latter region. Groundwater archives, reflecting past
isotopic composition of precipitation, strongly suggest that this distinction was preserved or slightly enhanced at
the time of the LGM, despite an apparent weakening of the summer monsoon and associated rainout processes.
Overall, precipitation and moisture recycling, and enhanced continental effects are inferred to be the primary
controls on 8'°0 signals in groundwater in southeast Asia. Comparison of groundwater isotope signatures and an
ECHAM4 model simulation of the isotopic distribution in precipitation at 21ka reveal similar patterns, but the
impacts of increased air mass contributions from high latitudes and reduced Eurasian moisture recycling at the
LGM are shown to be potentially greater for the Pacific region than predicted by the model.

1. INTRODUCTION

The wind circulations of northern and southern hemispheres are separated by the Intertropical
Convergence Zone (ITCZ), where the northeast and southeast trade winds flow together. Air
circulation patterns within the ITCZ, dominated by air rising at the equator and descending at
about 30 degrees north and south latitudes, result in heavy monsoonal rainfall in the tropics.
The Asian summer monsoon, covering the Indian subcontinent and South East Asia, is one of
the most conspicuous features of the monsoonal climate and is a major climate system of the
world, reflecting complex interactions between land surface, atmosphere, and oceans [1]. It
has been suggested that Eurasian snow cover, the Indian monsoon, and the El Nifio/Southern
Oscillation (ENSO) are inter-connected. Anomalously high winter Eurasian snow has been
linked to weak rainfall in the following summer Indian monsoon. Major droughts (floods)
have been correlated with warmer (cooler) than normal equatorial Eastern Pacific sea surface
temperatures (SST) [1]. An understanding of the causes and patterns of the Asian Monsoon
variability in the present as well as in the past has attracted much research attention, as rainfall
variability in this monsoon system directly impacts nearly one third of the world’s population.

Rainfall variability in monsoon regions results from differences in moisture sources,
circulation patterns, and temperature fields. Information on these climate factors can be
deduced from isotopic evidence provided by coastal aquifers [2]. Climatic conditions in the
past can be evaluated from the isotopic composition of groundwater that may have infiltrated
under previous climate regimes. Groundwater inherits the stable isotope signature of recharge
sources, predominantly precipitation, although aquifers usually act as low pass filters,
smoothing out high-frequency variability by mixing and dispersion at a range of scales [3].

28



Despite this, such archives have been shown to provide adequate time resolution for
distinguishing pervasive shifts in climate, such as differences between climate conditions
today and at the time of the last glacial maximum (LGM). In this paper we examine
systematic temporal trends in 8O and &°H in groundwaters of this age range that were

sampled at coastal areas in southeast Asia. Importantly, trends in 8'"*0 and 8°H provide a
proxy record of changes in the precipitation isotope signals between the LGM (21ka) and
today.

2. PRESENT DAY ISOTOPE VARIATIONS IN THE ASIAN MONSOON REGION

The climate of the Asian monsoon region is dependant on the interactions of polar,
continental, and oceanic (both Pacific- and Indian-maritime) air masses. Precipitation in this
region is controlled primarily by two large scale, low level circulation systems that are
modulated by sea surface temperatures (SSTs) in the Indian and Pacific oceans, and the
presence of the Tibetan Plateau [1]. The western system produces the South Asian or Indian
monsoon roughly between 70-100°E and 10-30°N, covering the Indian subcontinent and the
Bay of Bengal. This circulation system is related to the easterlies over the southern Indian
Ocean, connected through the Somali jet to westerlies over the Indian subcontinent. The
eastern circulation pattern produces the Southeast Asian monsoon roughly between 100-
130°E and 5-25°N, covering South China Sea, western Pacific and Indo-China. Air
circulation in this area is related to the easterlies in the tropical western Pacific, northerlies
from the South China Sea, and southwesterlies across the Korean Peninsula and Japan [1; see
their Fig. 20]. Origin and transport calculations using an atmospheric general circulation
model (AGCM) suggest that the mean age of precipitation water since its origin, and mean
recycling count between the atmosphere and the continental surface, are typically several
times greater for the Pacific monsoon regime than for the Indian regime due to the larger role
of the Eurasian versus Indian land mass [4].

These differences in circulation patterns are reflected in the isotopic composition of
precipitation [5]. Notably, Pacific-maritime air masses are found to be depleted in 80 and
8”H compared to Indian-maritime air masses (FIG. 1). The distinct isotopic labeling of Pacific
verses Indian Ocean regimes is evident in both the summer monsoon signals and also in the
mean annual amount-weighted isotope values, which are heavily biased toward the wet season
conditions due to high summer rainfall (FIGS. 1 & 2a). Precipitation in the wet season is
characterized by more negative isotope values than for the dry season, which has been
attributed mainly to amount effects for both regimes [5].

Isotopic differences in precipitation across the boundary which separates the two air
circulation patterns at about 100°E longitude, result from different moisture sources in the two
precipitation regimes. Moisture in the South Asian or Indian monsoon is derived from the
southern Indian Ocean and the Bay of Bengal with only minimal transport (and
rainout/recycling) over the continental areas. In the South-East Asian monsoon, the moisture
source appears to be a mixture from low and high latitudes. The high latitude moisture is
transported over northeast China to the South China Sea and the Pacific and consequently has
more negative isotope values due to rainout over continental areas.The proportion of
continentally recycled moisture in southeastern Eurasia is estimated to be as high as 20%
annually [4]. The Pacific circulation is also more negative due to a longer circulation
pathway.
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FIG. 1. (a) January amount-weighted 8°0 (%), typical of precipitation patterns during the winter
monsoon. Note that surface winds are predominantly from the northeast. Moisture originates from
continental high-pressure centres, with typically drier air masses and reduced precipitation during
this period. (b) July amount-weighted 8°O (%), typical of precipitation patterns during the summer
monsoon. Note that surface winds are predominantly from the southwest. Moisture originates from
Indian Ocean and Pacific Ocean sources, with typically wet air masses and heavy precipitation during
this period. Note that heavy isotope content is greater (less negative 8°0 values) in winter than in
summer.
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FIG, 2. fa) Mean annial amount-weighted 80 (%) for the Asian Monsoon region. The long-term
bowndaries af the Asian continental, Pacific, and Indian circulation zones, are defined by the position
of wind soreamiines in the NCEPNCAR (National Centers for Emvironmental Prediction National
Cemter for Atmospheric Researchy global reanalysis climatology dasaser. The Pacific Ocean regime s
shown ro exhibit more depleted 8°0 in precipisation. In both regimes, isotopic composition generally
decreases afong the monsoor rack (e toward the continent) ax a funclion of the degree of ruinout
Srom the air masses, as noted previeusly [4], (b) Map showing study sites described in TABLE |
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Table I. Study site characteristics

1. Bangladesh
aquifer type: deltaic, floodplain, unconfined to semi-confined
transmissivity: 820 to 3200 m?/day
sampling: 180, 2H, 3H, 13C and 4C (1979, 1999)
depth range: 0-340 m
characteristics: TDS up to 1800 mg/L
14C TDIC ages modern to 23,000 years
reference: [14]

Altitude Range: ~2-30m.a.s.1.
Precipitation: 2500 mm
MAT: 25°C

8180: -4.8 %o

2a. Chaing May Basin, N. Thailand
aquifer type: alluvial intermontane, confined
transmissivity: 40-3500 m*/day
sampling: 180, 2H, 3H, and 14C (1991)
depth range: 18-180 m
characteristics: ~ TDS up to 790 mg/L
14C TDIC ages modern to 30,000 years
reference: [10]

Mean Altitude: ~300 m.a.s.1.
Precipitation: 1253 mm
MAT: 28°C

3180: ~-6.6 %o

2b. Khon Kaen Area, N.E. Thailand

aquifer type: intermontane, confined

transmissivity: 0.45-1050 m*/day

sampling: 180, 2H, 3H, and 14C (1996-97)

depth range: 20-250 m

characteristics: TDS up to 15000 mg/L
uncorrected 4C TDIC ages modern to
20,00 years

reference: [11]

Altitude Range: ~150-300 m.a.s.1.
Precipitation: ~1112 mm

MAT: 28°C

3180 ~-6.6 %o

2c¢. Lower Chao Phraya Basin, S. Thailand
aquifer type: multi-layered alluvial deposits, confined
transmissivity: 0-2400 m*/day
sampling: 180, 2H, 3H, "°C, and 14C (1987-90)
depth range: 57-254 m
characteristics: ~ TDS up to 15000 mg/L

14C TDIC ages modern to 38,000 years
reference: [12,13]

Altitude Range: ~0-150m
Precipitation: 1452 mm
MAT: 28°C

3180: -6.6 %o

3. Mekong Delta, Vietnam
aquifer type: graben fill, unconfined to confined
transmissivity: N/A, velocity 2.5 to 5.7 m/a
sampling: 180, 2H, 3H, 13C and 4C (1982-1986)
depth range: 0-470 m
characteristics: TDS up to 1800 mg/L
14C TDIC ages modern to 40,000 years
reference: [9]

Altitude Range: ~2-100 m.a.s.1
Precipitation: ~2000 mm
MAT: 27°C

8180 =-6.4 %o

4. Manila, Philippines
aquifer type: complex, semi-confined
transmissivity: 250 to 1000 m?/day
sampling: 180, 2H, 3H, 13C and 4C (1986-1988)
depth range: 0-305 m
characteristics:  TDS mostly <250 mg/L
14C TDIC ages modern to
35,000 years
reference: [8]

Altitude Range: 2 to 300 m.a.s.1
Precipitation: 1957 mm

MAT: 27°C

8180 =-6.7 %o
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Recent atmospheric general circulation model (AGCM) reconstructions suggest that similar
patterns persisted at in the Asian monsoon region at the LGM with reduced temperatures in
the range of 2-4°C below present, and decreased continental recycling. Positive isotope
anomalies in precipitation at this time are attributed to weaker rainout/recycling associated
with a weaker summer monsoon [see 6,7].

3. STUDY SITES

In this paper, groundwater archives of 8'%0 and &°H from Philippines [8], Vietnam [9],
Thailand [10-13] and Bangladesh [14] are used as a proxy record of paleo-precipitation dating
back to between 20,000 and 38,000 years at selected sites in the region (Fig. 2b). Comparison
of the isotope signal of climate changes at sites located in the Asian monsoon region. One site
(No.1, Fig.2b) is situated in the Indian Monsoon region, whereas the others are situated in the
South-East Asian monsoon region. An overview of basic characteristics of each site and
investigations are provided in TABLE 1. These studies were primarily sponsored by the
International Atomic Energy Agency to address the hydrodynamics, sustainability, and
contamination of regional groundwater supplies in Philippines, Vietnam, Thailand, and
Bangladesh.

8*H (%o V-SMOW)

20 -
LGM
0 1 , / Ocean
Indian Ocean Water
-20 -
Pacific Ocean
-40 -
Philippines
o Vietnam
-60 - e Thailand
o Bangladesh
'80 T T T T T 1
-10 -8 -6 -4 -2 0 2

8'%0 (%o V-SMOW)

FIG. 3. Deuterium versus oxygen-18 plot for groundwaters at various sites in southeast Asia dating
back to 35 ka. Also shown is ocean water isotopic compositions assumed to maintain a d-excess of 10
at the time of the LGM. Overall, water samples plot on or close to the MWL (meteoric water line) and
shifts occur primarily parallel to the MWL suggesting predominance of input (precipitation) rather
than evaporative signals. Distinct ranges are observed for Pacific and Indian Ocean regimes.

Although the groundwaters were analyzed for 14C, 813C, 3H, 2H, and 18O, no previous analysis
of climate signals preserved in the records has been undertaken. To obtain better control on
the groundwater ages, ¢ corrections were applied to the reported data (a few exceptions are
noted in TABLE 1) to account for carbonate dissolution and for methanogenesis [15], the
latter process being noted in the Bangladesh aquifer. Overall, corrections resulted in minor
shifts to slightly younger apparent ages in all locations. Data were also screened to eliminate

33



5'%0 (%. VSMOW)

> Philippines

o Vietnam
abe Thailand

o Bangladesh

L 09

T T 1

0 10000 | 20000 30000 40000
%C TDIC age (years)

8%H (%. VSMOW)

20 -

ob—— Water Philippines

o Vietnam
abe Thailand
¢ Bangladesh

10000 20000 30000 40000
%C TDIC age (years)

FIG. 4. (a) Plot of 8°0 versus corrected "*C TDIC age years (%o V-SMOW); (b) & H versus corrected
""C TDIC age years (%o V-SMOW), illustrating temporal trends in precipitation as inferred from
groundwater archives at various sites as indicated. Note that generalized trends in 8°0 of ocean
water for LGM to present are based on planktonic foram. and interstitial water records [16]. Similar
trends in deuterium for ocean water assume 6 H=88°0.
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waters which were suspected of containing non-precipitation sources such as seawater
intrusion and river infiltration. In a 8°H versus 8'°O diagram (FIG. 3), groundwaters from the
study sites, ranging in age from 38 000 years to the present, plot on or close to the MWL
(meteoric water line) and shifts occur primarily parallel to the MWL suggesting
that modification of the precipitation signal by evaporation effects are negligibly small. Also
shown are LGM-modern shifts in the isotopic composition of ocean water which are assumed
to maintain a d-excess of close to 0 %o at the LGM. Distinct ranges are observed for Pacific
and Indian Ocean regimes, which is similar to conditions observed today.

4. RESULTS

A plot of 80 versus corrected '*C TDIC age (FIG. 4a) shows a comparison between paleo-
precipitation records obtained in Bangladesh, a site dominated by the Indian monsoon, and
sites dominated by the Pacific monsoon (Manila, Vietnam, Thailand). Similar trends are
observed for §°H (FIG. 4b). Regression lines are also shown to depict long-term shifts. Short-
term variability (or local scatter) in each record is comparable, limited to about 1%o in 8'°0
and 8%o in &’H. A summary of 8'°O in precipitation, ocean water and calculated ocean-
precipitation isotopic separations (AO) are given in TABLE II. Similar calculations can be
produced for 8°H, although independent information on its concentration in the oceans at the
time of the LGM is scarce, and conversion of 8'°0 records requires assumptions regarding the
shift of the d-excess in ocean water. For this reason only 8O is used for assessing LGM-
today shifts. Note that only uncorrected '*C TDIC ages are available for the NE Thailand site
(see Thailand symbol “b”; FIG. 4).

Table II. Summary of precipitation and seawater 8'°0 and A'®o characteristics today and inferred at
LGM

Indian Ocean Pacific Ocean Regime
Characteristics Regime Philippines Vietnam Thailand
Bangladesh
Today Precip. 48® 67 649 669
Today Ocean 0.0 © 00© 009 00©
18 18
AToday =8 Oocean — ) O pricip +4.8 %o +6.7 %0 +6.4 %0 +6.6 %o
LGM Precip. 3.00 779 650 760
LGM Ocean +12@ +12®  +12© 4+12@
ALGM =6" 01y = 0" O pppyp +4.2 %o +8.9%  +7.7%  +8.8 %o
AToday - ALGM +0.6 %o 22%  -13%  -2.2 %o

( or net shift from LGM to present)

a- value based on Yangon precipitation and shallow groundwaters in Bangladesh, Fig. 4a
b- value inferred from shallow groundwaters in Mekong delta, Fig. 4a

c- GNIP data, Manilla, Phillipines

d- GNIP data, Bangkok, Thailand

e- V-SMOW

f- inferred from respective paleogroundwater archives, Fig. 4a.

g- [16]
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Relatively little change in 8'%0 and 8°H in precipitation is inferred since the LGM based on
the groundwater archives for Vietnam and Thailand, sites dominated by Pacific-maritime air
masses. Nevertheless, note that few groundwaters in the 10000 to 20000 year age range are
available in Thailand. Lack of long-term changes in 8'*0 and 8°H imply an alteration in the
rainout signal as isotopic composition of the ocean is known to have been enriched in 5'%0
and 8”H at the LGM due to ice volume effects [16]. This suggests that the isotopic separation
between the ocean water and precipitation must have been greater by about 1.2+0.5%o in §'°0
at the LGM for both sites. For Philippines, situated well within the Pacific-maritime regime,
small gradual shifts in 'O and 8°H are noted from 20 ka to present, with a net 1%o shift in
8'80 to more enriched values for precipitation from LGM to the present. In contrast, the
isotopic composition of precipitation in Bangladesh was appreciably enriched in 8'%0 at the
time of the LGM relative to today. This shift roughly parallels the changes that occurred in
ocean water. A summary of 8'80 values and ocean-precipitation isotope separations for the
various stations, referred to as A'®0, are provided for the present day and for the LGM
(TABLE II). Most important to the evaluation of rainout effects are changes in the A0,
which is found to be enhanced in the Indian Ocean regime (Bangladesh) and reduced in the

Pacific Ocean regime (Thailand, Vietnam, Philippines). The present day distinction in 5'%0
between the Indian and Pacific air masses was maintained at the LGM, and differences in

A"™O appear to have been enhanced (FIG. 5). Discussion of these trends and probable causes
are presented below.

10

th O -~ m o

18

A0 (Ocean - Precip.)

Bangladesh Thailand Vietnam Philppinas

FIG. 5. Bar graph showing oxygen-18 isotopic separation between ocean water and precipitation
(A"°O) for today (solid bars), inferred from groundwater archives at the time of the LGM (dark grey
bars), and (iii) based on LGM-control anomalies in an ECHAM4 simulation (light grey bars) [7].
Error bars denote uncertainty associated with the isotopic composition of the ocean at the LGM. Note
that isotopic separation for Bangladesh, which is in the Indian Ocean monsoon regime is distinct from
sites in the Pacific Ocean regime. (See this effect also in FIG. 3).
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5. DISCUSSION

Changes in the isotopic composition of precipitation reflects climatic processes, including: (i)
isotopic composition of the ocean, and factors noted in [17] including (ii) meteorological
conditions in the source area (i.e. humidity, wind regime, sea surface temperature (SST) and
their impact on kinetic isotope fractionation during evaporation from the oceans), (iii) rainout
mechanisms (i.e. fraction of precipitable water and continental recycling), (iv) air mass
mixing and interaction, and (iv) second-order kinetic effects, such as those that occur during
snow formation and during evaporation from raindrops.

Of the first order factors, the impact of shifting isotopic composition of ocean water is
reasonably quantified from the marine isotope record [16] and this factor is explicitly
accounted for in the present analysis by considering the ocean-precipitation separation rather
than the isotopic composition of the precipitation alone. Humidity and wind regime are
considered to be unlikely sources of pervasive long-term changes due to similar vapour
characteristics observed over the oceans from 40°N to 40°S for the present day, reflecting low
variability of kinetic isotope effects during evaporation of seawater. Observed isotope shifts
may have been influenced by changes in the SST, but are not likely a product of changes in
SST alone as 8'°0-T and 8*H-T gradients are also generally subdued in tropical (monsoon)
regions [5,6]. Temperature-related changes may have indirectly played a larger role in the
Pacific monsoon regime due to interaction with polar/continental air masses with larger
isotope-temperature signals, particularly in areas above 35°N which exhibit pronounced &'*O-
T relationships [5]. Continental moisture recycling (re-evaporation of precipitated water) is an
important process in the region [4] and is likewise expected to affect the isotope composition
of precipitation. In general, subdued inland isotope gradients are observed along precipitation
trajectories where recycling is significant, as in the case of the Amazon Basin [18]. In the
present setting, reduced recycling at the LGM (expected under lower ambient temperatures)
may have contributed to an increase in the isotopic separation between the ocean and inland
precipitation. Enhancement of the continental effect during the LGM may also have
contributed to an increase in this isotopic separation. In [5], the modern §'®O continental
effect during the rainy (monsoon) season is characterized by gradients of about 0.25 %o per
100 km from Hong Kong to Guiyan. During the LGM, emergence of the continental shelf in
the Gulf of Thailand and South China Sea during the low sea level stand is likely to have
increased the distance from the coast by several hundred kilometers [19], thereby causing
additional depletion of §'%0 values in precipitation on the order of 1 %o.

Of the second order factors, evaporation from raindrops is a process which may be
widespread in monsoon climates, although it is more common in the dry season when rainfall
accounts for only a negligible contribution to the overall annual precipitation and recharge.
For this reason, it is not expected to account for the observed signals. The role of snow
formation as a secondary modifier is unknown but is assumed in the present analysis to play a
negligible role in defining long-term shifts in the isotope content of precipitation.

On the whole, rainout processes, polar/Pacific air mass mixing, moisture recycling and
enhanced continental effects are the most likely causes of the shifts in the isotopic
composition of precipitation for the LGM-present. Lower SSTs at the LGM are expected to
have produced a weaker monsoon, characterized by reduced precipitation amounts in the wet
season and reduced evaporation and recycling. Reduced monsoon strength would have
produced precipitation enriched in heavy isotopes compared to that of today, as observed for
precipitation archives in Bangladesh. More negative 8'°0 values observed for the Pacific
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regime during the LGM may in part reflect enhancement of air mass contributions from high
latitude sources due to weaker Hadley circulation, and decreased moisture recycling (due to
decreased evaporation) and/or enhanced continental effect on the Eurasian continent at that
time. In contrast, the south Asian region would have been more effectively isolated from such
interaction by the Tibetan moisture barrier and a smaller continental effect. Overall, the
contrasting behaviour of the two precipitation regimes manifested in the observed decoupling
of the isotope signals of these two monsoon regimes during the LGM can be attributed to
differences in large-scale circulation patterns arising mainly from the presence of Tibet as a
barrier for moisture transport to the Indian subcontinent.

6. ECHAM4 MODEL COMPARISONS

The scenario of climatic conditions inferred from groundwater isotope data is broadly
consistent with an AGCM simulation of LGM climate and isotopic composition in the
southeast Asian monsoon region [7]. Comparison of predicted values of A'®O based on the
groundwater archives and an AGCM run (FIG. 5) reveal consistent trends at all sites except
for the Philippines. Similarly, the model tends to predict heavier isotope values (and perhaps a
weaker Indian monsoon) than is inferred from the Bangladesh groundwater archives. In
general, the structure of the isotope distributions predicted by the model appears similar to
that of the groundwater archives, although the impact of the rainout effect on the isotope
signatures is apparently muted in the model representation.

7. CONCLUDING REMARKS

Due to the 2 to 3%o difference in §'°O of annual precipitation in Pacific-dominated versus
Indian-dominated regimes, it is expected that any substantial, long-term shifts in this
circulation boundary should be recorded in the isotopic composition of groundwater at these
sites. Given that drastic shifts in isotopic composition of groundwater in Vietnam and
Thailand are not observed, it appears that this boundary has remained relatively stable over
the period of record. Although short-term shifts in the §'*0 of groundwater may be masked by
aquifer mixing and dispersion, short-duration fluctuations in the boundary could possibly
account for some of the observed noise or scatter in the records. However, there is no clear
indication of long-term shifts or oscillations in the boundary between Pacific and Indian
dominated systems from the observed groundwater records.

The analysis of groundwater isotope data to infer the LGM climatic conditions has been
strongly aided by the availability of the GNIP database, in addition to physical data and
climate model output that provides the basis for interpreting isotope data. Without an
integrated climate-isotope analysis, the isotope data have only limited utility.
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Abstract. A detailed sequential rain sampling of rainstorms was carried out during the 1989/90 and
1990/91 rainy season in the coastal plain of Israel with an annual average of 530 mm of rain and in
the western Negev where the average annual rainfall is 93 mm. On four occasions, rain was
concurrently available at both stations. The variability of the isotope composition within a rainy spell
is quite considerable but falls short of the range of isotopic values encountered during the total
season. Different rainy episodes show distinguishable isotope compositions, which evidently are
characteristic of a larger time/space niche than that of the momentary, local, rain event. This is
confirmed by the good correlation between the mean isotope composition of concurrently sampled
events at both stations. A “rain amount effect” is not apparent when the amount-weighted data for
each complete rain episode are compared, because any possible effect is masked by the inter-storm
variability. However by singling out the data within each storm sequence separately, a moderate effect
is seen. On the whole, the results seem to support the notion that the isotope data are determined by
the large, synoptic scale, situation. However within the range of values characteristic of the origin of
the air masses there is a pronounced dependence of the isotope composition on the extent of the cloud
field associated with each event, which is interpreted as a measure of the degree of rainout from the
air mass, i.e. a typical Rayleigh effect. Local effects related to momentary rain intensity contribute
only to a residual modulation of the above-mentioned effects.

1.INTRODUCTION

The isotope composition of precipitation (‘*O and *H abundance) is herein being applied in
hydrological and hydro-meteorological investigations in Israel. Monthly or annual averages, as
well as shorter term temporal variations, have been measured. Moreover, it is being attempted
to use long term records of the isotopic composition of precipitation (as measured directly in
ice cores or paleaowaters, or as inferred from measurements on proxy materials such as lake
deposits, tree rings or spelcothems) as indicators of climatic change.

Average monthly or annual values are generally correlated with the mean local temperatures
[1]. At Bet-Dagan station (the GNIP station in Israel) such a correlation is less pronounced
however than in mid-continental locations. An amount effect, i.e. lower & values during
months with large rain amounts, was found to apply to monthly data at Bet-Dagan with a
rather low coefficient of correlation; an exception are the enriched values when rain amounts
are less than about 10 mm/month, in which case the enrichment of the heavy isotopic species
in residual raindrops exposed to evaporative water loss becomes the dominant factor [2].
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The isotopic composition of individual rainy spells in Israel were shown to be related
primarily to the origin and pathways of the precipitating air masses [3,4,5]. On the other hand,
the in-storm changes in the isotope composition appeared to be controlled by more local
parameters and especially the rain intensity [6]. This apparent paradox was addressed in the
study of Rindsberger et al. [7] who concluded that the intra-storm variations in the isotopic
composition were also, to a large extent, the result of the synoptic scale history of the different
air masses which transverse the station during the course of a storm.

An understanding of what determines the isotopic composition of an individual precipitation
event and how the “climatic” average is synthesized from the individual events is necessary in
order to solve the inverse problem of relating changes of the isotope composition to changes
in climatic parameters and to climate change, in general.

The present study was undertaken in order to relate the progression of the isotopic
composition during a rain-shower to the synoptic pattern on the one hand, and to local
parameters such as rain intensity, location within the regional cloud pattern, etc. Detailed rain
sampling was thus undertaken at two stations with different rain amounts in the southern
coastal plain and in the northern Negev during the 1989/90 and 1990/91 rainy seasons.

2. RAIN COLLECTION AND METHODOLOGY

Sampling was carried out during the 1989/90 and 1990/91 rainy season at Rishon-Lezion in
the southern Coastal plain of Israel and at Sde-Boker and Retamim in the arid Negev.

The Rishon-Lezion site is situated just 5 kms south of the local GNIP station of Bet-Dagan
(where the mean annual precipitation is 531 mm, the rainy season extending from September
to April only) and is about the same distance from the seashore (about 5 kms). Samples were
changed manually during the course of each shower and the accumulated water depth for each
sample was recorded. A tipping-bucket recording pluviometer was available during the second
sampling season.

The Sde-Boker site is situated at the Blaustein Desert Research Institute in the central Negev,
with a mean annual rainfall of 93 mm. Retamim in the western Negev is closer to the
seashore. A mechanical sequential rain sampler was used [8] whereby rain samples
corresponding to 1.62 cm of rainfall are obtained.

Mass-spectrometric analysis for stable isotopes of oxygen and hydrogen was carried out at the
Rehovot Isotope Laboratory at the Weizmann Institute of Science and at the Niedersachsische
Landesaint fuer Forschung in Hannover, Germany. The average reproducibility is 0.1 %o for
880 and =1%o for 8°H.

Printout of cloud-radar echoes at 30-minute intervals during the rainspells were provided by
courtesy of Shoham (EMS-Mekorot) Co. from their weather radar situated at Ben-Gurion
airport, close to the Bet-Dagan and Rishon-Lezion stations. In these printouts, the area in the
vicinity of the radar site is blanketed out in view of spurious topographical reflections. These
radar echoes are calibrated in terms of rain intensities in units of mm/hr.
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FIG. 1. Rain map of southern Israel, showing isohyets of the mean annual rainfall in mm. Location of
sampling sites are indicated.

3. RESULTS
3.1 Results from the Rishon-Lezion station

The 1989/90 season was a good rain-year with slightly above average rain amounts. In
particular, anomalously high rain amounts were recorded in November. The average isotope
composition at Bet-Dagan stations was 8'*0 = -5.7%o (-5.80%o for the mid-winter months of
December to February only). These values are slightly depleted compared to the long-term
average of -4.70%o and -5.15%o, respectively, for the total annual rainfall and the mid-winter
months.

Ten rain spells were sampled during January-March 1990, accounting for 50% of the total rain
during that period. During the 1990/91 seasons four rain events were sampled in February and
March 1991. The two last ones were very heavy storms, with precipitation amounts of 35-40
mm during a 24-hour period. This sampling was accompanied by pluviometric measurements.
The data are shown in Table L.

The range of the isotope composition within a rainy spell was quite considerable, amounting
to differences of up to 6%o in 8'°0 in one extreme case. The total range of the measured
isotope compositions throughout the season was only about twice that number. However it is
apparent that the different rainy episodes have an individuality of isotope compositions which
can be distinguished. The comparison between individual rain data and the averaged value for
the whole storm, shown in Fig. 2, suggests that the individual characteristic isotopic
compositions apply to a larger time-space niche than the momentary rain event, even when the
latter constitutes only a small fraction of the total rainfall.
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Table I. Rishon Lezion station

Date & Time Precipitation (mm) |Delta ) Description of event
15-01-90: 0000-0700 4.90 1.00|shower
15-01-90: 0700-0815 0.60 -1.51|scattered showers
15-01-90: 1500-1700 1.60 -1.81|scattered showers
16-01-90: 0000-0600 4.60 -3.64|strong shower
16-01-90: 0830-1230 4.80 -4.81
16-01-90: 1230-1630 2.40 -2.44|one strong shower
17-01-90: 2100-0630 5.30 -3.97
17-01-90: 0800-1230 3.40 -2.86|isolated shower
(15-17)-01-90 Sum 27.6 w. av. -2.73
21-01-90: 0730-0830 4.80 -3.90/Continuous showers
21-01-90: 0830-1235 0.80 0.25
22-01-90: 0000-0600 3.00 -2.63
(21-22)-01-90 Sum 8.6 w. av. -3.34
26-01-90: 1500-1715 4.10 -10.18|continuous rains
26-01-90: 1715-1930 5.50 -11.39
26-01-90: 1930-2230 2.80 -8.940
1990-01-26 Sum 12.4 w. av. -10.45
01-02-90: 0000-0645 7.60 -5.56/Thunder storm
01-02-90: 0655-1300 1.10 -3.75
01-02-90: 1300-1545 6.00 -5.30|Thunder storm
1990-02-01 Sum 14.7 w. av. -5.31

Day long showers thunder
06-02-90: 1800-1915 6.90 -6.56|storms.
06-02-90: 1915-2130 8.00 -6.05
1990-02-06 Sum 14.9 w. av. -6.29
09-02-90: 1900-2100 2.30 -6.43
10-02-90: 0600-0700 1.60 -6.35
10-02-90: 0700-0900 2.80 -8.12|Strong showers
10-02-90: 1100-2100 9.70 -4.95|Scattered rain
10/11-02-90: 2100-0300 3.70 -4.32|Continuing rain
11-02-90: 0300-0700 2.40 -4.80
(9-11)-02-90 Sum 22.5 w. av. -5.47
14-02-90: 1500-1620 3.00 -4.94|Thunders
14-02-90: 1620-1845 4.00 -6.17|Thunders + hail
14/15-02-90: -0700 2.30 -1.96
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Table I. Rishon Lezion station

Date & Time Precipitation (mm) |Delta ) Description of event
(14-15)-02-90 Sum 9.3 w. av. -4.75

24-02-90: 1800-1915 1.85 -4.48

24-02-90: 1915-2200 1.60 -3.08

1990-02-24 Sum 3.45 w. av. -3.85

01-03-90: 0000-0815 5.70 -5.13

01-03-90: 0815-1000 2.50 -3.78

01-03-90: 1000-1700 7.70 -4.37

1990-03-01 Sum 15.9 w. av. -4.32

11-03-90:  -0750 0.50 -4.18

12-03-90: 0000-0600 6.70 -4.19

12/13-03-90: 1800-0630 20.20 -3.86

13-03-90: 0630-1800 2.05 -2.65

(11-13)-03-90 Sum 29.45 w. av. -3.86

07-02-91: 0400-0530 2.95 -4.30[Thunder storm
07-02-91: 0530-0700 0.95 -2.62

07-02-91: 1630-1815 1.60 -4.12[Thunder storm
7/8-02-91:1815-0515 1.20 -3.28|Intermittent
08-02-91: 0530-0730 5.80 -7.11{Thunder storm
08-02-91: 0845-0910 2.60 -5.18|Renewed shower
08-02-91: 0915-1100 1.75 -4.37|Cont. rain
(7-8)-02-91 Sum 16.85 w. av. -5.22

16-02-91: 1300-1600 0.80 1.21]light rain
16-02-91: 1600-1710 1.40 0.05|Cont. light rain
16-02-91: 1730-2100 1.80 0.36|intermittent
1991-02-16 Sum 4.0 w. av. 0.56

26-02-91:  -0545 2.00 -8.47

26-02-91: 0545-0615 2.05 -7.16/Thunder storm
26-02-91: 0615-0825 2.95 -6.03Very intense rain
26-02-91: 0825-1320 14.50 -6.65|Very intense rain + hail
26/27-02-91:1320 -0730 7.40 -7.78|Intense rain
27-02-91: 0730-1215 7.40 -10.50|Intense rain
(26-27)-02-91 Sum 36.3 w. av. -7.74
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Table I. Rishon Lezion station

Date & Time Precipitation (mm) |Delta ) Description of event
05-03-91: 0400-0510 10.30 -5.97|Intermittent
05-03-91: 0615-1300 1.05 -6.69|0One hour shower
05-03-91: 1300-1400 3.00 -10.00[Intermittent
05-03-91: 1400-1645 4.30 -12.15|Very strong
05-03-91: 1930-2030 9.30 12.51|Continuous strong
05-03-91: 2030-2100 1.25 -11.81|Continuous strong
06-03-91: 2100-0100 1.45 -10.09

06-03-91: 0100-0430 5.15 -8.11|Intermittent
06-03-91: 0430-0600 2.85 -6.51{Thunder storm
(5-6)-03-91 Sum 39.30 w. av -8.38

The progression of the isotopic composition within the different rainy episodes was quite
varied and the regularity of the V or W shaped time curve, described both by Rindsberger et
al. [7] and others, applied only to one third of all cases. It is further notable that there is no
consistent trend of the 'd-excess' parameter throughout the rainstorms.

A rain amount effect, i.e. a change in the isotopic composition of a shower as a function of the
water yield of the rain event, is not apparent in the data (Fig. 3). However by singling out the
data from each rain sequence separately, as shown in Fig. 4, a moderate amount effect can be
recognized in about half of the cases, ranging up to 2%o (5'*0/mm). The picture is further
cleared up to a considerable extent when the first sample of each rain event is left out, for
example during the rain spells of Jan. 1-17, 1990 and March 5-6, 1991. It is further notable
that the correlation of the amount effect is not improved when the momentary rain intensity,
rather than the average water yield, is considered.
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FIG. 2. Intra-storm variation of the isotopic composition of precipitation samples from Risbon-Lezion
station. Arrows show the sequential order of samples within each rainy spell.
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FIG. 3. The isotope composition vs. the total rain amounts in each rain event. Data from the Rishon-
Lezion station.

3.2 Results from the Negev stations

The rainy season of 1989/90 started in the Negev in November and ended in April 1990, with
the total rainfall amounting to 73.3 mm which is below the annual average for Sde-Boker. Out
of the 14 recorded rainspells, only three had rain amounts exceeding 10 mm, the largest being
20.4 mm. Rainfall intensities were quite low, and intensities of more than 10 mm/hr were
recorded only twice. Another notable characteristic was the intermittency of the rainfall where
distinct short showers were separated by dry intervals.

During the rainy season of 1990/1991 rainfall started in October 1990 and ended in March
1991, with a total amount of 139.4 mm which is considerably higher than the long term
average and almost twice as much as of the previous year. Of the seven recorded rainstorms
two were extreme. In particular the rain event of January 24-26, 1991, with rain amounts of
51.5 mm, deserves special mention as it is the strongest rainstorm recorded since the
beginning of rainfall monitoring in the area in 1951. Rain intensities were also high during the
season and unlike the previous year, many of the rain showers lasted for hours. Selected
values of the data have been published [9].

On four occasions during the two rainy seasons, rain was sampled concurrently both at the
Rishon Lezion station and in the Negev. Figure 5 summarizes the data during these periods.
With but one exception, it is to be noted that the evolution of isotope compositions is rather
similar, with the Negev data lagging a few hours behind the Rishon-Lezion pattern, and with a
tendency of somewhat less enriched values (by about 2%o) in the Negev. This pattern applies
even though the rain amounts and intensities differ considerably. This trend is in confirmation
of the good spatial correlations established by Rindsberger et al. [7] for other stations in Israel.
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FIG.5.(a-d) Comparison of the evolution of the isotope composition during the rainy period at the
Rishon-Lezion and Negev stations.

4. METEOROLOGICAL BACKGROUND

The overriding effect of the origin of the air masses on the isotopic composition of the
precipitation can be exemplified by the backtracking of surface and upper air during the rain
event of March 5, 1991 (Fig. 6). From the morning to the afternoon of that day, the air mass
trajectory veered from a course originating in the central Mediterranean basin and moving
across the northern shores of the eastern Mediterranean, to one originating in Russia and
moving directly across the very eastern extremity of the sea. This change expressed itself by a
depletion from about —6%o to —12%o in 8'°0 (see Fig. 5).

The processes at play can be further clarified in the light of the cloud radar echoes associated
with these rain events. A selected suite of data are given in Figs 7(a-c). One sees very different
patterns of the cloud field, ranging from well focused bands of clouds moving over the area to
cases when a large part of the eastern Mediterranean lies under a precipitating cloud cover. If
one attempts to quantify this aspect by specifying the percentage of the total area covered by
the cloud field (parameter PCQ and then plots this parameter against the amount-weighted
stable isotope content of the precipitation (Fig. 8), one notices a distinct correlation. The
extreme example is that of January 26, 1990, when a very large and widespread cloud field
covered the whole of the region, characterized by rain intensities up to 5 mm/hr. However, the
location of the storm center relative to the target area has also to be taken into account, as is
exemplified during the period of March 11-13, 1990, when the southern station which was
located along the storm path showed a much more depleted isotopic composition than the
Rishon Lezion station. In contrast, on February 16, 1990, an extremely widespread but not
very intense cloud field developed over the northern half of the eastern Mediterranean with
the Rishon station situated on the southern and weakened fringes of the system. A detailed
analysis of the results is given in the appendix to the report to the IAEA for contract No
4793/RB [10].
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FIG. 6. Backtracking of the trajectory of the precipitating air masses during the rain spell of March

5, 1991
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FIG. 8. The isotope composition during rain events as a function of the percent of cloud cover over the
eastern Mediterranean area

These interesting correlations are interpreted in terms of a “Rayleigh” depletion of the air
masses by rainout being an important factor determining the isotopic composition.

5. DISCUSSION AND CONCLUSIONS

On the whole, the results obtained seem to support the notion that the isotope data are
determined foremost by the large, synoptic scale, situation. Within the range of values
characterized by the origin of the air mass, there is a pronounced dependence of the isotope
composition on the extent of the cloud field associated with each event, which is interpreted
as a measure of the degree of rainout from the air mass prior to its arrival on the coast. This
intermediate scale effect is thus a typical Rayleigh effect. Obviously a combined analysis,
whereby the degree of rainout along the actual trajectory of the precipitating system is
estimated, would further sharpen the correlation.

Less depleted o-values at the beginning of some rainy spells are not, in most cases the result
of an evaporation effect, since the d-excess parameter does not decrease as would be expected.
Rather the effect is explained by the pristine nature of the air masses at that time. Some
residual variability in the data after taking into account the synoptic scale signature are most
probably related to the strong vertical mixing in the vicinity of a cold front, i.e. a more local
effect. Often such samples represent also higher rain intensities and thus contribute to the
residual amount effect in this data set.
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Abstract. The climatological significance of the deuterium excess parameter for tracing precipitation
processes is discussed with reference to data collected within the IAEA/WMO Global Network for
Isotopes in Precipitation (GNIP) programme. Annual and monthly variations in deuterium excess, and
their primary relationships with 8'°0, temperature, vapour pressure and relative humidity are used to
demonstrate fundamental controls on deuterium excess for selected climate stations and transects. The
importance of deuterium excess signals arising from ocean sources versus signals arising from air
mass modification during transport over the continents is reviewed and relevant theoretical
development is presented. While deuterium excess shows considerable promise as a quantitative index
of precipitation processes, the effectiveness of current applications using GNIP is largely dependent on
analytical uncertainty (~2.1%o), which could be improved to better than 1%o through basic upgrades in
routine measurement procedures for deuterium analysis.

1. INTRODUCTION

The deuterium excess (or d-excess), defined by d (%o) = 5*°H —8-8"0 [1], where 8°H and

880 are deuterium and oxygen-18 composition of water', respectively, has shown specific
potential in climate studies for tracing past and present precipitation processes. D-excess is a
measure of the relative proportions of '*O and “H contained in water, and can be visually
depicted as an index of deviation from the global meteoric water line (MWL; d=10) in §'°O

versus 8°H space (Fig. 1). While oxygen-18 (8'°0) and deuterium (8°H) at moderate and high
latitude continental areas are well correlated with the surface air temperature at precipitation
site, the d-excess is correlated with the physical conditions (humidity, air temperature and sea
surface temperature) of the oceanic source area of the precipitation [2]. In addition, d-excess
reflects the prevailing conditions during evolution and interaction or mixing of air masses en
route to the precipitation site. Recently, the d-excess was demonstrated to be a useful,
independent climatic parameter to calibrate atmospheric general circulation models [3-6] and
to characterize atmospheric circulation in polar regions [7].

Despite these demonstrated advantages, the use of d-excess has some current drawbacks.
Compared with the application of the individual isotopes of oxygen-18 or deuterium, d-excess
variations can be complicated, and theoretical understanding of d-excess and related climatic
controls has not yet been fully explored. Because changes in the d-excess depend on changes
in both oxygen-18 and deuterium, the analytical uncertainty of this parameter can be
relatively high in comparison with its natural variability. To date, the most definitive
applications of the d-excess in climatological studies were achieved in studies of polar and
high mountain glacier ice wherein analyses were performed in specialized laboratories
capable of measuring d-excess with an uncertainty below one per mille [10].

' 8 values express isotopic ratios as deviations in per mil (%o) from the Vienna-SMOW (Standard Mean Ocean
Water), such that e = 1000((Rgayiri/Rsmow)-1), Where R is B0/"0 or H/'H. Values cited herein are
normalized on the SMOW-SLAP scale so that SLAP (Standard Light Arctic Precipitation) has a value of -55.5
%o in 8'*0 and -428%o in °H [8].
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FIG. 1. Schematic plot of 8°0 versus & H showing the global meteoric water line (MWL; d =10, slope
= 8) of Craig [9], local evaporation line (LEL,; slope <8), ocean water (SMOW) and relative changes
in the d-excess (d). D-excess in precipitation increases in response to enhanced moisture recycling as
a result of increased evaporate content. D-excess is reduced in the case where water is lost by
evaporation.

One prerequisite for widespread application of d-excess in climatology is improvement in
routine analytical precision, primarily of deuterium measurements. Another prerequisite,
which is the focus of this paper, is the development of an improved understanding of spatial
and temporal variations in d-excess and their controls in present day precipitation. To
demonstrate fundamental local, regional, and global patterns in the d-excess and its
correlation with other climate parameters, namely §'*O, air temperature, and vapour pressure,
we present a synthesis of long-term monthly and annual patterns observed for selected
stations within the TAEA/WMO Global Network for Isotopes in Precipitation (GNIP)
database. The synthesis, which also provides relevant theoretical development, underlines the
nature of d-excess variations in modern precipitation and its climatic controls. As shown, the
potential of the tracer justifies the need to improve basic analytical precision so that it can be
fully exploited in future isotope-based climate research.

2. ANNUAL PATTERNS

The GNIP database comprises oxygen-18, deuterium and tritium values of monthly composite
precipitation samples collected during 1961 to present from a network of 550 meteorological
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stations which are irregularly distributed over the globe [11,12]. It also includes monthly
mean values of air temperature, atmospheric vapour pressure and monthly precipitation
amount. Maximum reported analytical uncertainty in oxygen-18 and deuterium measurements
is 0.2 %o and 2 %o, respectively although some laboratories (and therefore some stations or
years) report lower values. Analytical uncertainty in d-excess for routine measurements is

currently estimated at u(d) = \/ (u6>H)* +8-(us"™0)* ~2.08 %o, which is strongly dependent

on the uncertainty in deuterium (2 %o). Current uncertainty leaves obvious room for future
improvement.

The annual averages of air temperature, vapour pressure, 8'%0, 8°H and deuterium excess of
the GNIP stations are presented in Fig. 2. Although there is a considerable scatter of the data,
the plots reveal statistical correlations between some of these parameters, such as a curvilinear
dependency between temperature (vapour pressure) and oxygen-18 and a linear dependency
between the oxygen-18 and deuterium values. These statistical relationships have been
extensively discussed in various reviews of the GNIP database [1,11,13,14].

Herein, special consideration is given to the d-excess (Fig. 2E and 2F). Despite the
considerable scatter in the data presented in Fig. 2F, a slight increase of the d-excess is visible
between the cluster at 30 mbar and the one at about 15 mbar, and a notable decrease in d-
excess is visible for vapour pressures below about 15 mbars. (It should be noted that there is
certain equivalence in the dependency of the temperature and the vapour pressure,
respectively, for the temperature range below 15°C. This “equivalence” is seen in the oxygen-
18 plots of Fig. 2C and D, and it is founded on the apparent vapour pressure - temperature
relationship manifested by Fig.2A). Fig.2F also illustrates the exceptionally high d-excess
values recorded at stations receiving precipitation from the eastern Mediterranean, e.g. ISR
(Israel), SAU (Saudi Arabia), and CYP (Cyprus). These high d-excess values reflect the
specific conditions of the vapour formation over the eastern Mediterranean [12]. Annual
average d-excess values below zero per mil are observed at stations with high temperature
and/or low vapour pressure (e.g. VEN — Venezuela, MAL — Mali, CHA — Chad), where
kinetic isotope fractionation processes, connected with the partial evaporation of the falling
raindrops [16], affect the d-excess of the collected precipitation.

Partial evaporation of the precipitation sample during the storage in the rain gauge under
warm and dry atmospheric conditions may also be accountable for a portion of the observed
decrease of the d-excess.

Three distinct data clusters are discernible on a plot of deuterium excess versus oxygen-18
(Fig. 2E). The first cluster includes stations with high oxygen-18 values and d-excess values
ranging from about 5%o to 15%.. These stations, with latitudes from 45 °S to 45 °N, mainly
receive precipitation from tropical and subtropical oceanic source areas. A second cluster,
characterized by about 3%o lower oxygen-18 values and a d-excess ranging from about 5%o to
12%o is also discernible. This cluster is represented by stations located in the latitude band
from 45° to 60° both of the northern and the southern hemisphere. The depletion in oxygen-18
relative to the first cluster points to the rainout effect of water vapour (Rayleigh distillation
model) during poleward air mass movement. Mixing with water vapour evaporated from more
northern (southern) oceanic areas may account for the observed slight depletion of the d-
excess values. Stations receiving precipitation from the Mediterranean Sea region form the
third cluster with deuterium excess values above 15%o (Fig. 2E).
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FIG. 2. Compilation of long-term annual averages of isotopic and climatic variables of the GNIP
database.

Two dashed lines with a slope of —4 have been plotted in Fig.2E. This value has been chosen
because it corresponds to the estimated ratio between the change of d-excess and the change
of oxygen-18 due to evaporation of falling raindrops (see below). As shown in Fig. 2E,
clusters appear to be stretched along lines with this slope, indicating that sub-cloud
evaporation is one of the major processes responsible for the observed spread of the d-excess.

Despite the considerable scatter in the global d-excess values, Fig. 2E suggests a slight overall

dg =0.1700.2. With the relationship
(o)

2
a:g =%—8, which follows from the definition of the d-excess, the value of the slope
d’o d°o
d’e

iy in the 60 vs 8°H plot would be between 8.1 and 8.2. This estimate is in good

agreement with the value 8.2 + 0.07, which followed from a statistical evaluation of the GNIP
data [14].
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3. MONTHLY PATTERNS

While the spatial distribution of the long-term annual averages of the d-excess is characterized
by a considerable statistical spread, the long-term monthly averages generally show a well-
defined and systematic seasonal variation. For the northern hemisphere, the average d-excess
over all stations usually reaches its maximum in December/January and its minimum in
June/July (Fig. 3). In the southern hemisphere the seasonal variation of the d-excess shows a
6-month phase-shift. Fig. 3 also indicates that the amplitude of the seasonal variation is higher
in the northern than in the southern hemisphere. This asymmetry seems to reflect the irregular
distribution of land and sea at the two hemispheres. In summer, the relative humidity can
reach lower values on land than on sea. Thus, on average, sub-cloud evaporation and
consequently decrease of the d-excess is of stronger influence in the northern hemisphere.

month
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Il Il Il Il Il Il Il Il Il Il Il Il
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FIG. 3. Seasonal variation of deuterium excess in precipitation estimated from long-term mean
monthly values of the stations included in the GNIP database.

The model of Merlivat and Jouzel [2] allows a more quantitative description of the seasonal
variation of the d-excess. It is based on the following relationship between the isotopic
composition of the water vapour evaporating from the sea surface (Jg) and the one of the
atmospheric moisture above the sea (yy):

a,—h(1+9,,)

1/
5= (k)

1 (1)
For o = oy, the isotopic composition of the first-fraction precipitation in the oceanic source
area, 1 + opp =a(T.) (1 + Oy) becomes:

_ae(Tc) 1-k -1

" a,(T)1-kh @

where a.(T.) and a(Ts) are the equilibrium fractionation factors at condensation temperature
(T.) and sea surface temperature (Ts), respectively, h is the relative humidity related to the sea
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surface temperature, and k is a factor characterizing the kinetic isotope fractionation of the
evaporation process. Merlivat and Jouzel obtained for a smooth regime '*k = 6%o (for oxygen-
18), and the ratio is 2k/'®k = 0.88. Tt should be noted that the condition O = Oy applies for a
steady-state regime of the whole water cycle [2]. For following it is also applied, since it is
considered as a reasonable approximation for oceanic source areas with high evaporation flux
and smooth wind regime (e.g. in tropical and sub-tropical regions).

Using eq. (2), the annual average d-excess values of first-fraction precipitation has been
calculated for oceanic stations at which long-term measurements of the humidity, air
temperature and sea surface temperature have been carried out [17]. Figure 4 shows the
calculated values as a function of the latitude of the corresponding marine observation
stations. The wide spread of the values, especially for the North Pacific, is probably due to the
large distance between the stations, and thus the different climatic conditions, even at
comparable latitudes. It is also possible that the assumption on which eq. (2) is based, does
not fully describe the complexity of the evaporation-condensation processes at the various
stations. As far as the Indian Ocean is concerned, the data suggest lower d-excess values in
equatorial regions and higher values in sub-tropical areas. Maximum values seem to be
reached at latitude of around 30°, both in the southern and the northern hemisphere.

The same approach has been used to calculate the monthly mean d-excess of first-fraction
precipitation at various stations in the North Atlantic, for which the long-term monthly
averages of the required parameters are available. Fig. 5 demonstrates that the calculated d-
excess values reach at all stations a maximum in winter and a minimum in summer. This
result is in good agreement with the GNIP data (Fig. 3, curve for the northern hemisphere).
Fig. 5 also indicates the strong influence of the relative humidity on the d-excess. At the
stations 30°N and 40°N, the relative humidity is lower and the d-excess accordingly higher
than at the more northern stations (55°N and 56°N). Finally, Fig. 5 reveals an important
feature of these isotopic and climatological parameters, namely the phase shift between their
seasonal variations. The maximum of the air temperature appears a few months later than the
one of the relative humidity.
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FIG. 4. Plot of annual average deuterium excess in first-fraction precipitation versus latitude of maritime
stations. The climatic variables used for calculating the deuterium excess by eq.(2) are taken from van
Loon [17].
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FIG. 5. Long-term monthly averages of climatic variables (air temperature and relative humidity
related to sea surface temperature) taken from van Loon [17] for selected observation stations in the
North Atlantic, and deuterium excess derived from these variables using Eq. (2).

The phase shift between the seasonal variations of the various parameters gives rise to the
hysteresis effect observed in the temperature versus relative humidity, 0 and d-excess
relationships (Fig. 6). It should be noted that such hysteresis curves indicate that the observed
isotopic pattern is dependent on the thermodynamic conditions in the atmosphere in the
preceding months. While the phase shift between air temperature and relative humidity as
well as oxygen-18 is only a couple of months, the d-excess is nearly in anti-phase to the air
temperature. It should be noted that the hysteresis curves in this figure would “degenerate” to
straight lines, if the phase shifts were exactly zero months, for the relative humidity and for
oxygen-18, or six months, for the d-excess. In fact, the phase shift between oxygen-18 and
deuterium excess of first-fraction precipitation in the considered oceanic areas appears to be
exactly 6 months, as shown by Fig. 7. This plot also demonstrates that in oceanic areas the
seasonal variation of oxygen-18 is rather small.

Considering the Rayleigh distillation model [1], it is expected that the average oxygen-18
values become lower and the amplitude of the seasonal variation of oxygen-18 higher, when
water vapour partially rains out at lower temperatures during the moisture transport away
from the oceanic source area. This trend is verified by the GNIP data, as shown in Fig. 8 for
the example of a transect from the Atlantic Ocean to the continental station in Vienna,
Austria. It is interesting to note that over the large distance form the Azores to Gibraltar there
is a rather small change in the isotopic composition of the precipitation compared to the short
travel over continental regions up to Vienna. Furthermore, Fig. 8 indicates that there is a
lower decrease of the d-excess maximum (winter season) with decreasing oxygen-18 than of
the d-excess minimum (summer season). This trend, and particularly the very low d-excess in
summer at Gibraltar indicate the effect of kinetic isotope fractionation due to partial
evaporation of the falling raindrops. Stewart [16] studied this process and provided a
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theoretical description. Assuming that the partial evaporation of the falling raindrop is not
higher than about 20%, the following relationship can be derived from Stewart’s theory:

Ad 1-1/q,
A®s 1-1/"«,

-8 3)

where a, =a,(D/D")"*, a

the diffusion coefficients for the light and heavy isotope of oxygen and hydrogen,
respectively. Using the values given by Stewart, the ratio of the change of the d-excess and
the one of the oxygen-18 due to evaporation of falling raindrops is approximately:

is the equilibrium fractionation factor, and D/D’ the ratio of

e

AAl—Sdg ~— (3a)

An example of the air mass evolution in North America and the distinctive imprints of 'O
and d-excess is shown in Fig. 9 for a transect extending from Bermuda, located in the Atlantic
Ocean, to Gimli Manitoba, and traversing the Great Lakes region. The progression in
“continentality” of the air masses coming from the Bermudas is clearly labeled by the
relationship of the long-term monthly means of 8'80 and temperature. In maritime areas
(Bermuda and Hatteras), 8'*0 is controlled by the rain amount compared to continental areas
where it is strongly controlled by temperature effects (oxygen-18-temperature coefficient
increases to about 0.5%0/°C). This behaviour, also observed in other regions [18], agrees with
conclusions from measurements of vertical moisture and temperature profiles [19], namely
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FIG. 6. Hysteresis curves of monthly deuterium excess and oxygen-18 values calculated for first

fraction precipitation and climatic variables for the observation station in the North Atlantic at 40°N
and 60°W.
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Gimli, Manitoba and crossing the Great Lakes region. MWL refers to the meteoric water line.
Numbers denote months of year.

that in tropical (and subtropical) areas the precipitable water is not a strong function of
temperature but of vertical convection, whereas in humid (and continental) regions the
precipitable water is controlled by horizontal advection and temperature.

The maritime character of the air mass over the Bermudas is also represented by the steep
trend of d-excess versus oxygen-18 (Fig. 9b). The “degeneration” of the hysteresis at this
station indicates that there is just a 6-month phase shift between oxygen-18 and d-excess. The
deformation of the systematic transformation of the hysteresis curves at continental stations of
the transect (Fig. 9b) suggests mixing of air masses of different origin. Principally, there are 4
sources of air moisture moving into the Great Lakes region. These are from Gulf of Mexico
(dominating in summer), Pacific Ocean, Arctic region and the Atlantic Coast.

A striking feature of Fig. 9b is the increase of the d-excess by up to 5%o at stations in the
Great Lakes region, particularly in the fall (months 9 through 12) at Coshocton and Simcoe.
This suggests enhanced continental water recycling [20], i.e., return of land surface
evaporation water to the land surface as precipitation [21]. A simple relationship between the
change in d-excess, Ad, due to recycling and the recycling ratio, R (= relative amount of
vapour evaporated from open water surfaces in the precipitation), can be derived as follows.
Considering the isotopic composition of vapour evaporating from open water surfaces (e.g.
[22], assuming that the isotopic composition of the surface water corresponds with the one of
the preceding precipitation, then a simple mass balance yields:

Ad = R(8"C,-C,). 4)
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With the values of the kinetic fractionation coefficients *C,= 14.3%o and "*C, = 12.4%. [22],

the recycling ratio becomes R = Ad/100 (Ad in %o). Thus, an increase of the deuterium excess
by about 5% would correspond with a recycling from open water surfaces of about 5%. It
should be noted that for the Great Lakes region the assumption made in deriving eq. (4)
(isotopic composition of the surface water equal to the isotopic composition of the preceding
precipitation) is not exactly realized. Nevertheless, the value of the recycling ratio estimated
here for a d-excess increase of 5%o is in good agreement with a more specific evaluation for
the Great Lake region by Gat et al. [20]. Similarly, d-excess in the range of +20%o for the
Mediterranean indicates a recycling ratio close to 20%.

The GNIP data enable selecting numerous such transects across Europe, Africa and other
continental regions. As demonstrated here, these transects provide insight into the long-term
isotopic signals of the continental effect as atmospheric moisture evolves by progressive
rainout and mixing processes over the continents. Transects crossing Germany and transects
in mountainous regions can also be useful to study the evolution of the d-excess with
increasing altitude [23,24]. The systematic relationships between 8'°0O, d-excess and climatic
parameters are useful for labeling and quantifying important air-mass regimes and seasonal
fluctuations. These transects provide further information on the natural variability of the
deuterium excess relevant for enhancing its use in climatic studies.

4. CONCLUSIONS

The database of the Global Network for Isotopes in Precipitation can be used to study the
long-term annual and monthly averages of the deuterium excess in relation to oxygen-18 of
precipitation and other climatic variables. Despite that uncertainty in the reported deuterium
excess is currently quite high, variations both in the long-term annual and monthly averages
of the deuterium excess are robust and systematic, suggesting significant potential of this
parameter in climatic studies. The deuterium excess can be used as fingerprint of (1) the
oceanic source area of the precipitation collected at a given station and (2) mixing of air
masses of different source, in particular, recycled air moisture. Relationships for estimating
these effects are given in the paper. This also includes the effect on the deuterium excess of
partial evaporation of falling raindrops under warm and dry conditions below the cloud
base. The model of Merlivat and Jouzel of the formation of the isotopic composition of water
vapour in the oceanic source area has been used to estimate the monthly variation of the
isotopic composition and the deuterium excess in first-fraction precipitation at selected
maritime observation stations. The results are in good agreement with data derived from the
GNIP database and contribute to better understand the seasonal variations of the deuterium
excess in precipitation. In the paper, advantage has been taken of deuterium excess versus
oxygen-18 plots, which proved to be complementary and sometimes more “sensitive” (with
regard to identification deuterium excess changes) than conventional deuterium versus
oxygen-18 plots. Furthermore, hysteresis curves have been plotted to better demonstrate phase
shifts between the seasonal variation of the deuterium excess and oxygen-18 and/or other
climatic variables. Some regions with pronounced variations/phase shifts should be selected
for further studies of long-term seasonal variations. With the advancement in using AGCMs
for climate studies, experimental data on long-term seasonal variations of the isotopic
composition and, thus, the deuterium excess in precipitation will be very useful for model
validation.
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Abstract. The isotope records from the Austrian Network for Isotopes in Precipitation (ANIP) show significant
but not uniform long-term trends. While the 10-year running means of some mountain stations exhibit a pro-
nounced increase in 8'°0 of about 1 %o since 1975, the change of §'*0 at the valley stations is much lower.
There are also differences in the time behaviour. The differences in the §'*0-values of sampling stations at simi-
lar altitudes can be explained by different origins of the air moisture (Atlantic or Mediterranean influence). Fur-
thermore, a significant difference in the behaviour of the deuterium excess at neighbouring mountain and valley
stations has been observed. There is a slight increase of the yearly mean of the deuterium excess with increasing
altitude of the sampling station. But moreover, the seasonal pattern of the deuterium excess is quite different.
While the valley stations exhibit the expected minimum in summer, the mountain stations show a distinct maxi-
mum between June and October. As a first step into a comprehensive analysis of the meteorological effects on
the isotope patterns, the role of advection of different air masses is studied by trajectory statistics. Back trajecto-
ries, based on the three dimensional wind fields of the ECMWF model, are calculated for each hour within each
precipitation event. Thus, the frequency of the origin of air masses and their contribution to the isotope patterns
of the monthly precipitation samples are studied for two selected mountain stations north and south of the main
ridge of the Alps.

1. INTRODUCTION

The Austrian Network for Isotopes in Precipitation (ANIP) started in 1972. At some stations
samples have already been taken since the 1960s. 71 stations ranging from 120 to 2250 m in
altitude are presently in operation all over Austria with some preference given to the Karst
areas north and south of the Alpine mountain range (Fig. 1 shows a map of the stations men-
tioned in this paper). The precipitation water is collected on a daily basis in ombrometers (500
cm?”) and mixed to monthly samples. All samples not measured immediately have been stored
in 1L bottles in a specially dedicated cellar (16000 samples) in Vienna and are available for
analysis in the future. The aim of ANIP is to provide input data for hydrological and hydro-
geological investigations and a data-base for climatological research. The amount of
precipitation in Austria is highly influenced by the Alpine mountain range (400-3000 mm/a).
The amount of annual precipitation increases towards the mountain ranges, in particular at the
high altitude regions. However, strong regional differences exist between the windward and
the lee side of the Alpine ranges. Precipitation time series from 1901 to 1990 show no con-
tinuous trend. Periods of precipitation above and below the long-term trend are recorded with
peculiarities in some geographical regions. Wet periods are supposed to represent maritime
phases, but there are so far no detailed studies about the origin of the precipitating air masses
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FIG. 1. Selected sampling stations of the Austrian precipitation network.

in Austria. However, the Alps as a weather divide sharply distinguish precipitation events
caused by different air flow directions. They are therefore a unique platform to study the ori-
gin of precipitating air masses and possible trends in air flow and precipitation patterns.

2. LONG-TERM RECORDS

The isotope time series of the stations of the Austrian precipitation network show significant
but not uniform long-term trends [1, 2]. While the 10-year running mean of some mountain
stations exhibits a pronounced increase in §'*O of about 1 %o since 1975, the change of 8'*0
at the valley stations is much lower (Fig. 2). There are also differences in the time behaviour.
The differences in the §'*0-values of sampling stations at similar altitudes can be explained
by the origin of the air moisture. An Atlantic influence (moisture from NW) causes lower
5'80-values (e.g. Patscherkofel and Bregenz) than a Mediterranean one (e.g. Villacher Alpe
and Graz). The main reason for this different '*O-content is the longer way of the Atlantic air
masses over the continent along which the moisture becomes stepwise depleted in heavy iso-
topes by successive rainout (continental effect).

The stable isotope variations in precipitation are a consequence of the isotope effects accom-
panying each step of the water cycle. Temperature is the most influencing parameter (Fig. 3),
but there are also other influences like changes in the origin of air masses or in rain formation
mechanisms [2, 3, 4]. The fluctuations of the '®O-content of precipitation correlate also to a
large extent with those of the North Atlantic Oscillation (NAO) index, except during some
years where the influence of the amount of precipitation probably dominates (Fig. 4). The
NAO has strong impacts on the weather and the climate in North Atlantic region and sur-
rounding continents, especially Europe [6]. Since the NAO is particularly dominant in winter,
average values of the November to March period are shown in Fig. 4. The time series were
normalized by the standard deviation over the whole observation period and a Gaussian filter
(5 years) was applied to smooth the curves.
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Deuterium excess has widely been used as an additional parameter to identify the source re-
gion of water vapour. However, it turns out that a simple relationship cannot be established
due to secondary fractionation processes, like snow formation or partial evaporation of rain-
drops below the cloud base. From the isotope time series a significant difference in the behav-
iour of the deuterium excess at neighbouring mountain and valley stations has been observed
(Fig. 5a) [2]. There is a slight increase of the yearly mean of the deuterium excess with in-
creasing altitude of the sampling station [7]. But moreover, the seasonal pattern of the deute-
rium excess is quite different. While the valley stations (e.g. Innsbruck) exhibit the expected
minimum in summer, the mountain stations show a distinct maximum (ca. 15 %o) between
June and October. This is also the period with the seasonal maximum of precipitation.

In contradiction to these findings, the deuterium excess from a valley station at the northern
border of the Alps showed a similar time dependence like that of the mountain stations (d-
maximum in summer), but at a lower level (Fig. Sb, Weyregg and Feuerkogel). From this it
was supposed that there might be a difference in the d-excess between the weather and the lee
side of mountains. To prove this, old samples from a former observation station nearby in the
shadow of the mountains were analyzed (Ebensee, Fig. 6). The values differ significantly
from those of Feuerkogel and Weyregg, there is no summer maximum. There is a difference
of about 3 %o between the average d-excess at Feuerkogel and at Ebensee, although the hori-
zontal distance between these two stations is only three kilometers. Evaporation and isotopic
exchange during the falling of the raindrops has obviously an important influence on the d-
excess. Whereas the transport of air moisture on the weather side of the mountains takes place
also in lower air layers, the humid air masses ascend when reaching the foot hills of the
mountains (Fig. 6). On the lee side of the mountains, the humid air masses proceed in a higher
altitude. Both, the ascent of the moisture at the slope of the mountains as well as the bigger
height of fall of the raindrops in the shadow of the mountains lead to an “altitude” effect of
the d-excess. Investigations of single events will help to understand the observed variability.
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3. STATISTICAL ANALYSIS OF BACK TRAJECTORIES AT PATSCHERKOFEL AND
VILLACHER ALPE DURING JULY AND AUGUST 1998

As a first step into a comprehensive analysis of the meteorological effects on the isotope pat-
terns, the differences in the isotope content of precipitation water during July and August
1998 between the stations Patscherkofel and Villacher Alpe were studied with help of trajec-
tory statistics. While in July the 8’H- and 8'*0-values at Villacher Alpe are much higher than
at Patscherkofel, in August both stations show similar values (Table I). The high §*H- and
8'%0-values at Villacher Alpe in July are attributed to a strong Mediterranean influence. This
interpretation is also supported by the low *H-content. Both sites are elevated points in the
Alps. Patscherkofel is north of the main Alpine ridge and Villacher Alpe south of it (Fig. 1).

The trajectory model FLEXTRA uses 3-dimensional wind fields (including the vertical com-
ponent of the wind) from the ECMWF in Reading [8, 9]. Trajectories are calculated -240 h
(= 10 days) backwards and are released each hour at 3 levels, 100 m above model topography,
700 hPa (approx. 3000 m) and 500 hPa (approx. 5000 m). For statistical analysis 24*31
trajectories are compiled for each month and end point. The area for which the analysis is
done spans 24°W to 25°E and 31°N to 65°N.
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Table I. Isotopic composition of precipitation water at Patscherkofel and Villacher Alpe,
summer 1998

Precipitation  &°H [%o] 670 [%] d[%]  °H[TU]

sum [mm)]
Villacher Alpe, July 171 -14,8 -2,30 3,6 9,7
Villacher Alpe, August 132 -51,9 -8,25 14,1 15,3
Patscherkofel, July 116 -59,7 9,11 13,2 19,3
Patscherkofel, August 116 -543 -8,41 13,0 18,0

The isotope data are based on monthly precipitation amounts. Therefore, the contribution of
each precipitation event to the total monthly amount has to be considered. This is done by
weighting each trajectory with the hourly precipitation sum at the each station ( = end point of
the trajectory). Only trajectories connected with precipitation events at their end points are of
interest, therefore trajectories without precipitation are not considered (weight = 0). For statis-
tical trajectory analysis a grid is used with horizontal resolution of 0.5° degrees and the verti-
cal column is divided in 500 m intervals.

e The time (hours) the trajectories spend in each grid square is added up to analyse the
geographical origin of the air masses and

e the time the trajectories spend in each height interval gives a vertical cross section
along the path of the trajectories to the stations.

Both variables are presented as relative variables, divided by the total sum of hours over the
total area and, in case of the vertical cross section, the total sum of hours at each time step.

Table II gives an overview about some precipitation characteristics for July and August 1998.
These simple parameters provide a first idea concerning the possible causes of the differences
in isotope ratios: During both months precipitation amounts and intensities are higher at Vil-
lacher Alpe, but the differences between the two stations are much more pronounced in July.
In July, hourly precipitation sums less than 1 mm are observed at Patscherkofel in 85 hours, at
Villacher Alpe only in 44 hours, but strong precipitation events are found more often at Villa-
cher Alpe. The strong differences of the precipitation characteristics between the two stations
in July are due to a high portion of convective precipitation events at Villacher Alpe, e.g.
thunderstorms, connected with strong upward motion of air. At Patscherkofel, convective
precipitation events are much less dominant. In August, precipitation sums, intensities and
frequency distributions are much more similar at both stations.

Table II: Precipitation characteristics for Patscherkofel and Villacher Alpe, summer 1998

Precipitation sum  Hours of precipita- Precipitation inten-

[mm] tion sity [mm/h]
Villacher Alpe, July 171 87 1.96
Villacher Alpe, August 132 75 1.76
Patscherkofel, July 116 128 0.90
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Trajectory Residence Times During July and August 1998
at Patscherkofel and Villacher Alpe
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FIG. 8. Residence times of 700 hPa back trajectories ending at Patscherkofel and Villacher Alpe dur-
ing July and August 1998 added up over the ‘Mediterranean’ and the ‘Atlantic’. The red lines sepa-
rate both subregions.

The number of precipitation hours (Table II) is equal to the number of trajectories for the spe-
cific month. Fig. 7 shows an example of the calculated relative residence times of the trajecto-
ries for both stations in July 1998. The arrival height of the trajectory is 700 hPa, a height,
where it can be assumed that most of the precipitation is formed. Of course, the relevant
height, where most of the precipitation is produced, may vary for different precipitation
events and will depend on the season too, but this will be an objective for further investiga-
tions. Fig. 7 shows that in July Villacher Alpe is highly influenced by air masses originating
in the Mediterranean, whereas Patscherkofel is nearly free from such influence. Due to the
little spatial extension of each grid square (0,5 x 0,5 degrees), the relative residence times are
very small (only up to 3% of the air masses are transported over a special grid element). To
give an overview, we summarised the residence times for two regions of origin, the Atlantic
and Mediterranean (Fig. 8). In both months, 10% - 14% of the air masses connected with pre-
cipitation at Patscherkofel originate in the Mediterranean. The remaining precipitation events
arrive at Patscherkofel from west or north, originating over the Atlantic. In general, the por-
tion of precipitation events with origin in the Mediterranean is higher at Villacher Alpe com-
pared to Patscherkofel, but note the strong differences between July and August due to strong
influence from the Mediterranean in July at Villacher Alpe.

Vertical distribution of the trajectory residence times (Fig. 9) shows that the majority of tra-
jectories ascends to the end point. This is to be expected with trajectories which are connected
with precipitation at the end points. Moist air masses cool while ascending and release their
moisture as precipitation. In July even the very high 500 hPa trajectories ascend from low
levels at Villacher Alpe due to the high portion of convective precipitation events, whereas at
Patscherkofel only a minority of these trajectories ascends.
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model topography in July 1998 (a and b) and for trajectories arriving at 500 hPa in July (c and d) and
August 1998 (e and f) at Patscherkofel (left) and Villacher Alpe (right).

The trajectories arriving 100 m above model topography at Patscherkofel in July 1998 are
frequently moving close to the surface throughout the 240 hours. Uptake of moisture can hap-
pen all the way to the trajectory end point. In contrast, at Villacher Alpe the majority of trajec-
tories moves along the lowest grid boxes only during the last 80 to 120 hours prior arrival at
the trajectory end point. From 240 to 120 hours they descend from higher levels. One can
conclude that the moisture source area is different at both trajectory end points in July 1998.
Villacher Alpe might receive a certain fraction of moisture originating in the Mediterranean,
which Patscherkofel does not receive during July 1998. In August 1998 both end points might
receive moisture from both moisture sources, the Atlantic and the Mediterranean.
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4. CONCLUSIONS

e The stored samples of the close-meshed Austrian Network for Isotopes in Precipitation
turned out to be an excellent material for isotope-climatological investigations. This ap-
plies for long-term trends as well as for local variations of isotope parameters.

e The long-term records show a good correlation between fluctuations of isotope ratios in
precipitation and surface air temperature, but also other influences like changes in precipi-
tation mechanisms are reflected. This finding applies also for the correlation with the
NAO index.

e Local variations of the deuterium excess were found in the Alpine region, obviously a
consequence of secondary fractionation processes and depending on the morphology of
the investigation area.

e The statistical analysis of back trajectories promises to become a valuable instrument to
trace the path and the isotopic evolution of a humid air mass. Precipitation sampling for
isotope measurements on a monthly base will not be sufficient for such work, the samples
should be taken on an event base.
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RESEARCH ON CLIMATE CHANGE AND VARIABILITY AT THE
ABDUS SALAM INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS’
(Abstract)

F. GIORGI, F. MOLTENI
Abdus Salam International Centre for Theoretical Physics,
Trieste, Italy

The Physics of Weather and Climate Section at the Abdus Salam International Centre for
Theoretical Physics, established in 1998, is currently performing research on different aspects
of climate variability, dealing with both natural and anthropogenic aspects of climate changes.
In addition to performing diagnostic work on multi-decadal observational datasets and climate
simulations carried out in major research centres, the PWC section has been developing its
own climate modeling capability, which is focused on three main areas:

a) modeling of regional climate change;
b) seasonal forecasting at global and regional scale;
¢) development of simplified models of the general circulation.

On topic a), research on different aspects of anthropogenic climate change is being carried out
using the Regional Climate (RegCM) developed by Giorgi and collaborators at the National
Centre for Atmospheric Research. Time-slice experiments with a high-resolution atmospheric
GCM, comparing current climate conditions with future climate scenarios in selected decades,
are also planned for the near future.

On topic b), a strategy based on ensembles of high-resolution simulations with atmospheric
GCM’s, using sea surface temperature anomalies predicted by lower-resolution coupled
models from other institutions, is currently under experimentation. A one-way nesting of
RegCM into the GCM simulations will also be tested.

On item c), a 5-layer atmospheric GCM with simplified physical parameterizations has been
developed. This model has a very small computational cost compared with state-of-the-art
GCMs, and is suitable for studies of natural climate variability on inter-decadal and inter-
centennial time scales. It is planned to couple this model to simplified ocean models of
different complexity, from a simple, static mixed layer model, to simplified models of the
tropical Pacific circulation suited to the simulation of the El Nifio phenomenon. A joint
project with the JAEA-MEL Laboratory in Monaco has been established, to validate the
statistics of such a coupled model against multi-decadal records of oceanic temperatures
deduced from isotopic analysis of coral samples in the Pacific.

" Only an abstract is given here as the full paper was not available.
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THE PALAEOHYDROLOGY OF COASTAL AQUIFERS OF EUROPE’
(Abstract)

W.M. EDMUNDS
British Geological Survey, Wallingford, Oxon, United Kingdom

The PALAEAUX project, funded by the European Community, has brought together
geochemical, isotopic and hydrogeological information on coastal groundwaters across
Europe in a transect from the Baltic to the Canary Islands. These data have been interpreted in
relation to past climatic and environmental conditions as well as extending and challenging
concepts about the evolution of groundwater near the present day coastlines. Freshwater of
high quality originating from different climatic conditions to the present day and when the sea
level was much lower is found at depth beneath the present coast in several countries. The
implications of the scientific results for management of aquifers in European regions are
considered.

Results show that information on palaeotemperature, past precipitation and recharge regimes
as well as air mass circulation can be deduced from the geochemical and isotopic evidence
contained in European coastal aquifers. An age gap can be recognized in some aquifers which
indicates that no recharge took place at the time of the last glacial maximum (LGM), for
example in UK and Belgium. This indicates that these areas were free of ice cover but sealing
due to permafrost was effective. Groundwaters from Estonia have &0 values of
approximately 22%o which demonstrates that recharge took place directly beneath the
Scandinavian ice sheet during the LGM. Noble gas recharge temperatures supported by stable
isotopic data provide convincing evidence in aquifers from northern Europe (UK, Denmark,
Belgium, Switzerland) that recharge occurred during the cooler climates prior to the LGM and
that recharge temperatures (soil air temperatures) were some 6°C colder than at the present
day.

In southern Europe the radiocarbon ages indicate continuity of recharge through the LGM.
Noble gas recharge in the Aveiro Cretaceous aquifer also indicate as elsewhere, that
atmospheric cooling of 5-6°C occurred before and during the LGM. However in contrast to
northern Europe, an enrichment in 8'*O of around 0.6%o is found in the late Pleistocene
recharge waters, and is considered to reflect the enrichment in the Pleistocene ocean water as
well as the constancy in the source of moisture from the Azores region of the Atlantic as at
the present day. The overall results emphasize that the stable isotope signal in palacowaters
may either reflect the source or the temperature of the precipitation.

For most of the past 100 000 a sea levels considerably below those of the present day
provided an opportunity for recharge and movement of groundwater beyond the present
coastline as well as emplacement on shore to greater depths than allowed by the present day
flow regime. The greatest recorded depth of palaco-fresh water (to about —500 m) is found in
the UK East Midlands aquifer. The timescale of this groundwater movement, shown by
radiocarbon data which have been calibrated and extended using chemical tracers, probably
represents a continuous sequence of recharge over 100 000 a, supporting the evidence from
speleothem growth for infiltration of groundwater through the Devensian glacial period. In
Estonia, movement of colder palacowaters took place to depths of —250 m and excess
dissolved gases found in these waters indicate recharge beneath the ice sheet. The model,
proposed by Boulton et al., for deep groundwater circulation due to high heads imposed by

*Only an abstract is given here as the full paper was not available.
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the ice sheets has been closely examined in the present programme but no evidence can be
found from geochemical and isotopic data together with local modelling.

In several regions waters of Holocene age have been recorded at the coast (as in the Dogger
aquifer of the Caen and Atlantic coast regions of northern France) which represents recharge
of marine or estuarine water during the Flandrian (Holocene) transgression. The use of
borehole hydrogeophysical logging has helped to confirm the complex stratification that may
exist beneath present day coastlines. Freshwater and saline water (of modern or ancient
origins) may be found side by side (as in the south coast of UK) related to structural and
palacohydrogeological controls. Direct as well as indirect evidence is found from the present
study that fresh or brackish water, recharged during the late Pleistocene, is found in aquifers
currently offshore (off the North Sea coast of Denmark, the Channel coast of UK and
Portugal, for example). This is consistent with results from the drilling off the eastern
seaboard of the USA where fresh/brackish waters were proven to depths of 300 m to a
distance of 100 km from the modern coasts. The results of modelling show that such features
may take tens of thousands of years to erase.

The main attribute of palacowaters in terms of water quality is their high bacterial purity, total
mineralization often less than that of modern waters and being demonstrably free of man-
made chemicals. As a result of long residence times, some palacowaters may be enriched in
some beneficial trace elements whilst others especially in reducing environments may have
high iron or other species requiring treatment.

In Estonia and in the UK freshwaters found at depths up to 300 m in aquifers of Mesozoic to
Palaeozoic age, are of lower salinity than the present day recharge. Very low Cl in the East
Midlands aquifer is almost entirely the result of pre-industrial atmospheric inputs and the lack
of increasing salinity with depth is strong evidence for a lack of cross-formational flow from
adjacent formations containing more mineralized waters. Modern waters usually have
additional solutes resulting from human impacts. In the Mediterranean coastal areas lower
recharge leads to higher salinity conditions in both palaco and modern waters.

The development of aquifers in Europe during the past 50-100 years by abstraction from
boreholes has generally disturbed flow systems that have evolved over varying geological
timescales and especially those derived from the late Pleistocene and Holocene.
Hydrogeophysical logging has demonstrated time and quality-stratified aquifers resulting in
mixed waters which are produced on pumping. A range of specific indicators including *H,
3H/3He, 85Kr, CFCs, as well as pollutants have been used to recognize the extent to which
waters from the modern (industrial) era have penetrated into the aquifers, often replacing the
natural palaecogroundwaters.

In the coastal regions where development pressures are already severe, many problems for
management come together including issues relating to quantity and quality of water, seasonal
demand, pollution risks and ecosystem damage. The water balance in many coastal areas may
not be fully understood and wells are drilled or deepened without the awareness that
palacowaters belonging to a former recharge regime are being intercepted. In many areas
there is induced replenishment as modern (often polluted) waters are drawn in. However in
some aquifers the rates of withdrawal exceed the natural recharge and in effect a part of the
resource is being mined.

In these areas there is a need for careful drilling to establish the age and quality layering as
well as proper well completion. Proper monitoring networks and strategies need to be set up
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to follow the position of interfaces in both the vertical and lateral planes. Correct management
is needed often for seasonal demands: this may be beneficial, allowing winter recovery of
water levels. The palacowater however is a high quality resource and should be treated as a
strategic reserve. It should receive priority for potable use and not be wasted for agricultural
or industrial purposes which do not require waters of such high purity. Conservation targets
are needed to allow for sustainability including ecosystem preservation. Changes may be
needed in the administrative and legal framework to safeguard the use of the palacowater
reserves.
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PALEOGROUNDWATERS OF THE VALREAS MIOCENE AQUIFER
(SOUTHEASTERN FRANCE) AS ARCHIVES OF THE LGM/HOLOCENE
TRANSITION IN THE WESTERN MEDITERRANEAN REGION

F. HUNEAU, B. BLAVOUX
Laboratoire d’Hydrogéologie,
Université d’ Avignon,
Avignon, France

W. AESCHBACH-HERTIG, R. KIPFER

Swiss Federal Institute of Technology (ETH),

Swiss Federal Institute of Environmental Science and Technology (EAWAG),
Diibendorf, Switzerland

Abstract. An isotopic survey, including O, *H, C, "*C, *H and noble gases, has been carried out
since 1998 on groundwaters of the Valréas Miocene aquifer. This aquifer is situated in the South of
France, close to the Rhone valley. It consists of calcareous cemented sandstones interbeded with marl
and sand lenses. A major paleo-ria, resulting from the drastic Messinian crisis, cuts the Miocene
sediments. During the Pliocene, it was infilled with marl and clays. This Pliocene cover keeps the
aquifer confined in the South of the study area. A strong isotopic contrast is found between unconfined
and confined aquifer. The depletion in the water molecule stable isotopes occurs around 20 000 years
BP and points out the transition from the Last-Glacial to Holocene. The constant value of deuterium
excess suggests persistence of the atmospheric circulation pattern over the South of Europe since the
end of the Pleistocene. The isotopic signature of the Miocene aquifer groundwaters indicates the
perfect integration of Southern France palaeoprecipitation into the present-day regional atmospheric
frame. A reliable estimate of the warming during the Pleistocene-Holocene transition could only be
derived from stable isotopes by calibrating them against noble gas temperatures.

1. INTRODUCTION

Climatic change during the Late Quaternary has been inferred from isotopic composition of
groundwater in various places all over the world, in Africa [1, 2, 3], North America [4, 5],
Asia [6, 7], Australia [8] and Europe [9, 10, 11]. Only a few of these studies concern
Mediterranean regions [12, 13, 14] and none of them the Northern part of the Western
Mediterranean basin. Comparison of isotopic composition of dated groundwater in confined
and unconfined aquifers can supplement paleoclimatic inferences based on pollen and other
currently used paleoclimatic indicators. Stable isotopes analyses of groundwater (8'°0 and
8’H) yield additional information on the Late Pleistocene moisture sources and regional
atmospheric circulation.

The understanding of paleoclimatic conditions prevailing during the recharge of groundwaters
is obviously an important parameter which contributes to the understanding of complex
aquifer systems. Such suitable aquifers are sparse and mainly located in large sedimentary
basins (Paris-London basin, Great Artesian basin of Australia, Hungarian plain, etc ...), this
paper is devoted to a small sedimentary basin from Southeastern France.

The Valreas Miocene Aquifer is an important resource for both domestic and agricultural
water supplies in Provence. Declining potentiometric levels are of concern for the long term
sustainability of the resource. An isotope study aimed at the estimation of groundwater
residence time and paleorecharge conditions has been carried out from 1997 to 2000 in order
to contribute to the definition of the system and to set up the basis of a proper managing of the
aquifer.
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2. HYDROGEOLOGICAL SETTING

The Valreas Miocene Aquifer is located close to the Rhone Valley, within a small
sedimentary basin of almost 500 km? (Fig. 1). It is formed of multilayered sands, sandstone,
clays and marls, with a maximum thickness of 600 m and an average permeability around
10°m.s™ [15, 16]. A major paleo-ria resulting from the drastic Messinian crisis cuts the
Miocene sediments. During the Pliocene, it was infilled with poorly permeable sediments,
mainly marls and clays interbedded with some sand lenses. In the Southern part of the basin,
the Pliocene cover keeps the Miocene aquifer confined and most of the boreholes tap the
Miocene aquifer through a marlaceous layer of 100 to 300 m thickness. The recharge area is
located in the Northern part of the basin where Miocene sediments out crop, at an elevation of
about 240 m. The general direction of groundwater flow is oriented from the NE to the SW of
the basin and then in direction of the Rhone Valley through the Lez River Valley.

Samples from boreholes tapping the unconfined and the confined Miocene aquifer were
collected by means of submersed pumps pre-existing on these irrigation wells.
Hydrochemistry, radionuclides (*H, '*C) and stable isotopes ratios (5"°C, §*H and 8'%0) were
measured.

3. RESULTS

A strong isotopic contrast is found between the unconfined and the confined parts of the
aquifer. This suggests the existence of long residence time waters in the confined aquifer.
Radiocarbon activities close to the detection limit and the enrichment in §'"°C imply isotope
exchange between groundwater and the aquifer matrix. Radiocarbon ages have been corrected
by means of the Fontes & Garnier model [17] which accounts for such phenomena. This
provides ages up to 30-35 ka within the confined aquifer. Note that the record covers the
entire period rather uniformly, there is no indication of an “infiltration gap” at the Last Glacial
Maximum as observed in other European aquifers [18, 19].

An isotopic shift is observed (Fig. 2) between recent groundwaters from the recharge area
(880 = -7%0 ; &°H =-45%0) and old groundwaters confined under Pliocene sediments
(80 = -9%o ; 8°H = -60%o).

The isotopic signature of modern recharge groundwaters is consistent with local precipitation
[20] whereas old groundwaters are depleted by up to 2%o in 8'°0 and 15%o in 8°H. This
indicates that old groundwaters have been recharged under colder climatic conditions than at
present time. The depletion in stable isotopes occurs around 18-20 ka and points out the
transition from the Late-Glacial to Holocene [21].

All the data match the World Meteoric Water Line and show a good agreement with the
regional meteoric water line defined by Celle-Jeanton et al. [22] for the Western
Mediterranean area (8*H=88'°0+13.7). The deuterium excess (d=6"H-88'*0) does not show
any strong variations from the Pleistocene to the Holocene and remains close to its
present-day value (Fig. 3). 85% of the data set show a deuterium excess between 10%o0 and
14%o that is to say between Atlantic (d = 10%0) and Western Mediterranean influences (d =
14%0). This is in good agreement with the observations made by Celle [20] on the
atmospheric circulation affecting the study area.
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FIG. 1 : Study area, location of the sampled boreholes and geological cross-section of the Valreas
Miocene basin.
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4. DISCUSSION

The deuterium excess in precipitation is usually interpreted as an isotope signal depending on
climate conditions during evaporation. So, from a palaeoclimatic point of view, our results
suggest that the circulation pattern of the atmosphere over the South of Europe remained
unchanged since the Last-Glacial Maximum and confirm the observations made in Western
and Central Europe [9].

This study provides strong evidence that deuterium excess in Mediterranean precipitation has
remained constant for more than 30 ka. Thus, it suggests a constant relative humidity over the
Atlantic Ocean and the Western Mediterranean from the last glacial period up to the present
time.

Estimation of the magnitude of the warming that occurred at the Pleistocene-Holocene
transition on the basis of the stable isotope data is difficult, because slopes of the
5'80/temperature relationship derived from modern data may not be appropriate for long-term
climate changes. Thus, noble gas measurements on 25 boreholes were used to quantify the
climate signal recorded in the Valréas Miocene aquifer. Palacorecharge temperatures indicate
an increase of about 7°C during the Pleistocene-Holocene transition. The good correlation
between noble gas temperatures and '*O data provides a slope of the &'°O/temperature
relationship close to 0.22%0/°C (Fig. 4), clearly lower than present day seasonal or spatial
slopes. This highlights the inadequacy of modern analogues [23, 24] to interpret stable
isotopes in term of Pleistocene palacotemperatures, and the need to locally calibrate the long-
term &'*O/temperature relationship.
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FIG. 4 : 6'°0/Noble Gas recharge temperature in Valreas Miocene aquifer groundwaters.

5. CONCLUSIONS

This isotopic study demonstrates the continuous recharge of the Miocene aquifer from the
Last Glacial to present time. The depletion in heavy isotopes of the groundwaters with '*C
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ages of about 20 ka and higher in comparison to more recently recharged waters clearly marks
the climatic transition from the Pleistocene to the Holocene.

In contrast, the deuterium excess remains uniform throughout the record, suggesting that the
general cooling during the Late Pleistocene was not accompanied by a major change in source
of water vapour recharging the aquifer.

Our data point out that the long term §'*0/temperature relationship has to be locally calibrated
in order to reconstruct palacotemperatures from stable isotope data. This can be done by the
noble gas results.
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Abstract. Several hypotheses were established to explain low & '*O values of groundwater which
have been found in the Estonian Homocline. Traces of depleted groundwater were found also in other
parts of the Baltic Basin near the shoreline. From data collected in this and previous studies, the 8'0
values of groundwater in most aquifers are known to range from -7.7 to -13.9%.. However, the
groundwater in Estonia in the Cambrian-Vendian aquifer system has significantly lower 5'°O values,
which vary mainly from -18 to -22.5%o. The overlying Ordovician-Cambrian aquifer is also depleted
in '*0, but, as a rule, the degree of depletion is several per mille less than in case of the Cambrian-
Vendian aquifer. The thickness of the depleted water in Estonia reaches 450 m. At similar depths
beneath Gotland Island (Sweden Homocline), groundwater has significantly higher 8'°0 values (from
-5.7 to -6.1%0). A hydrogeologic model, depicting conditions during the pre Late Glacial, and
accounting for hydraulic connections between the lake and river systems through taliks in permaftrost,
was developed to explain the observed groundwater isotope data. According to the adopted model,
penetration of isotopically depleted surface waters could have reached depths of up to 500 m, with
subsequent mixing between subglacial meltwater and old groundwater of Huneborg-Denekamp time.
Traces of this penetration were discovered only near the shoreline, where 8'*0 values vary from -12 to
-13.9%0 and '*C is below 4%. In the territory of the Estonian Homocline, the hydraulically close
connection via the Cambrian-Vendian aquifer between talik systems of the Gulf of Riga and the Gulf
of Finland existed through permafrost before the Late Glacial. This was due to subglacial recharge
during the recessional Pandivere (12 ka BP) and Palivere (11.2 ka BP) phases, which is also
associated with recharge of isotopically depleted groundwater.

1. INTRODUCTION

The Quaternary glacial history on formation of groundwater recharge of the Baltic Basin is
still uncertain. Several hypotheses were built up because very low 8'*0 values of groundwater
have been found in Estonian Homocline. The first of them was related with the aquaglacial
recharge from Baltic Ice Lake (BIL) [8] and the second with cryogenic metamorphization in
the presence of permafrost during the Pleistocene [4]. In the first case the problem of the
mechanism of the penetration of glacial meltwater of BIL into the Cambrian-Vendian aquifer
remained unclear. It was supposed that it became possible owing to the existence of lowered
pressures in the aquifer during the glacial period, what further caused the instant penetration
of surface water from BIL through the aquitard clays of the Lontova Regional Stage [8].
However, taking into consideration the quite good screening properties of clays of the Lontova
Regional Stage (ko/my ranges within the interval from 107 to 5 x 10 d™"), the more intensive
areal penetration of the BIL water from above is hardly real. Besides, in the opposite case, it is
difficult to imagine in the large scale the mechanism of full exclusion of the “older”
groundwater from the Cambrian-Vendian aquifer. The low "*C concentrations below 3-4 pmC
could suggest that the age of the groundwater was about 26-34 ka BP, which indicated, that
the recharge by cold climate condition took place much earlier, at the time when the Estonian
territory was not covered by Late Glacial ice sheet. The model of paleo-recharge of the
Cambrian-Vendian groundwater formed during the epoch of Denekamp Interstadial in the
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western part of the Estonian Homocline, where aquitard clays of the Lontova Regional Stage
are replaced in facies by the terrigenous complex of the Voosi Formation deposits, was
proposed by R.Mokrik [4]. It follows from the aforesaid that the model of groundwater
forming in Cambrian-Vendian aquifer is complicated and requires further elaboration. In this
work there is considered more extended model on possibilities of subpermafrost
communication of aquifers with the isotopically depleted surface waters through the talik
zones before the Last Glacial period taking into account also later effects as subglacial
recharge after glacier degradation, BIL influence, modern water intrusion from the Baltic Sea,
modern recharge in terrestrial part of Baltic artesian Basin. This model firstly was analyzed in
[5, 6].

The Quaternary period in the Baltic region is characterized by a number of repeated
glaciations related with isostatic movements of the Earth’s crust caused by the load of
glaciers. In the epochs before the Menapian, Elsterian, Saalian and Late Weichselian Glacial,
there formed the permafrost zones, the depth of which could reach 450 m in the Estonian
Homocline. The surface permafrost before Late Weichselian Glacier froze the discharge areas
of the Ordovician-Cambrian and Silurian-Ordovician shallow aquifers. This freezing
increased the hydrostatic pressure of shallow groundwater and caused a squeezing depleted by
the isotopic composition of groundwater via taliks downwards to the Cambrian-Vendian
aquifer. The best conditions for groundwater to penetrate into the Cambrian-Vendian aquifer
existed only on the territory of the West Estonian Homocline and on the present Gulf of
Finland domain. During the Huneborg Stadial time (34-35 ka BP) the Cambrian-Vendian
aquifer could be recharged by arctic meteoric water. The Denekamp subsequent permafrost
(26 ka BP) initiated percolation into the Cambrian-Vendian aquifer above the layered
subsurface groundwater and the deeper underground freezing. The manifestation of such a
process is observed at present in the West Siberian Platform [3]: between underground ice and
freezing water the redistribution of salts occurred simultaneously with the forming of
underground ice, calcium carbonates and calcium sulphates, which have reached the limit of
saturation at low temperatures come out from the solutions. The calcium and bicarbonate
contents in the Cambrian-Vendian groundwater are decreased very much in comparison with
groundwater from the above layered zone of active water exchange. If the mean content of
bicarbonates varies in the interval of 380-500 mg/l in the zone of distribution of fresh
groundwater of the Baltic basin, in the Estonian Homocline it reaches 165-220 mg/1 only. The
calcium content also decreases by 5-10 times in the Cambrian-Vendian aquifer, if to compare
it with non-cryogenic conditions. Calculation of the solubility indices by thermodynamic
reaction constants shows that calcite is undersaturated and could be precipitated during the
Pleistocene. A sharp increase of calcium content in groundwater is observed under the
conditions of shallow occurrence of aquifers near buried paleovalleys, where during the
Holocene due to atmospheric influence water was enriched with calcium, as well as during the
mixing with the basement calcium chlorides under conditions of intensive development, a
cone of depression arose as a result of operation of coastal water intakes. Besides, the calcium
content is increased at a depth of about 500 m in the mixing zone with saline water advancing
from the south.

2. ISOTOPE EVIDENCE IN THE BALTIC BASIN

The process of data collection on isotopes in groundwater of Baltic Basin was not very
purposeful, however many researchers worked here during two decades of years. On the basis of
results obtained by them and considering new data it is possible to characterize the isotope

92



significance for study of groundwater origin and forming in Baltic Basin. In diverse territories of
the Baltic Basin (in Estonia, Latvia, Lithuania, Russia, Poland) groundwater by different isotope
methods in the period 1972-1997 was studied by R. Mokrik [4]; M. Yezhova, V. Polyakov [8];
G. Bondarenko [1]; J. Banys, V. Juodkazis, J. Mazeika, R. Petrosius [2]; and others [7, 9].
Unfortunately, in recent years extension of isotope studies due to economical and other related
changes, including groundwater resources usage and management, in independent Baltic states
began to decrease.

According to available data and relevant publications, changes on 8'*0 in groundwater of the
Baltic Basin for main aquifers of active water exchange zone (up to 450 m depth) are
presented in Fig. 1.
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FIG. 1. Oxygen-18 distribution (%0 SMOW) in the fresh groundwater of the Baltic Basin.

Conventional radiocarbon dating of groundwater in scale of Baltic Basin is quite controversial
due to complicated evolution of DIC system and mixing of groundwater originated from
different sources in regional flow systems during paleoclimatic changes, which have taken
place in Pleistocene and Holocene. Radiocarbon content in groundwater of active exchange
zone varies in wide range from almost 0 to 80-90 pmC. Radiocarbon content data plotted
depending on sampling depth show complicated and irregular view (Fig. 2).
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FIG. 2. Radiocarbon content (pmC) vs. sampling depth in the fresh groundwater of the Baltic Basin.
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If to plot corrected (according to statistical and carbonate dilution approaches) radiocarbon
age of groundwater depending on reduced altitude from 300 m above sea level, two type of
isotopically different groundwater could be distinguished (Fig. 3). They are: groundwater with
quite normal §'*0 values and with radiocarbon age changing from modern to 18 ka BP
depending on reduced altitude according to linear relationship characterizing regional flow
system; and groundwater with &8'*0 values ranging from -12.5 to -22.5%. and with
radiocarbon age 20-35 ka BP.

Using distribution of "*C content in groundwater in regional flow system apparent vertical
flow rate (sampling depth difference/radiocarbon age difference) was calculated (Fig. 4). The
highest vertical flow rate values are peculiar to modern watersheds. The lowest flow rate
values were observed in lowlands, where traces of depleted by '*O water were fixed many
times.
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FIG. 4. Distribution of apparent vertical flow rate (m y") calculated according to '*C for fresh
groundwater of the Baltic Basin.

3. MODEL OF GROUNDWATER ALTERATIONS IN QUATERNARY PERIOD

Differences in isotope and chemical composition and radiocarbon age of groundwater can not
be explained only basing on the subglacial recharge model. To explain the forming of zones
with mentioned §'*0 and '*C values the approach of mixing of water originated from several
sources in different paleoclimatic conditions (Denekamp-Huneborg paleorecharge in
permafrost conditions from depleted surface water through talik zones approximately 34-26
ka BP; subglacial areal recharge by meltwater during Late Weichselian Ice retreating;
paleorecharge from Baltic Ice Lake approximately 10 ka BP; Holocene modern recharge by
meteoric water and from Baltic Sea) was adopted (Fig. 5).
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In first zone with higher water exchange rate groundwater recharged in Holocene by meteoric
water with 8'*0 values close to those of modern precipitation prevails. Glacial meltwater has
been drained from this zone by hydrographic systems (see Fig. 1).

In second zone with relatively slow water exchange in the lower part of section (especially, in
Southern Baltic) groundwater excluded from northern area southwards by penetrated
subglacial meltwater according to plug-flow mechanism during recessional Middle-North

Lithuanian phases (13-14 Ka BP) prevails. This water originated from lower part of section
has more positive 'O values.
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In third zone with negative 8'°0 values of groundwater in mouths of river basins close to
shoreline due to mixing of Holocene water with one or another type of paleo-recharged water
depleted isotope composition (8'*0 values range from -12 to -13.9%0) of groundwater has
remained. Most significant traces of mixed different recharge portions (Denekamp-Huneborg
paleorecharge; subglacial recharge; paleorecharge from Baltic Ice Lake close to northern
shoreline of Estonia; Holocene modern recharge, regional lateral flow of groundwater with
sodium chloride salinity from south) have remained in Estonian Homocline (Fig. 6).

It is assumed that during Denekamp-Huneborg time in pre Late Glacial permafrost
environments (26-34 ka BP) the groundwater in aquifers of cryolite zone could be
hydraulically communicated with the lake and river systems through taliks and could be
recharged by surface water depleted by 80 and "°C. The §'"*0 values could vary from -18.5 to
-22.2%o and the §'"°C values - from -18.8 to -21.7%o. The Cambrian-Vendian aquifer could be
also palacorecharged in several different paleoenvironments later on: by subglacial meltwater
with age also close to ~26 ka BP, or from Baltic Ice Lake (~10 ka BP). Depleted 51°C values
of old groundwater (-19 to -21%o) in Eastern Estonia most likely depend on methanogenesis in
pre-Huneborg time. Paleorecharge of aquifer from Baltic Ice Lake became evident only locally
near buried valleys on the coastal area of the Gulf of Finland, while ice meltwater §'°0 values
extend up to -25 or -35%o and 8'"°C values were about -7%o. Most likely, that on the territory
of Estonian Homocline the hydraulically close connection via Cambrian-Vendian aquifer
between talik systems of the Gulf of Riga and the Gulf of Finland existed what had an
influence on groundwater recharge by isotopically depleted water. This northward flow
direction could be favourable because the surface falls towards ice sheet in Bothnia area.

The degradation of permafrost zones, which began since retreating of Late Weichselian Ice
sheet in Baltic region, led to further mixing of different recharge portions and to discharge of
aquifers with isotopically traced groundwater. During Pandivere recessional phase beneath the
ice formed high pressed meltwater flow determined the maximum subglacial recharge to an
aquifer. Preliminary simulations using MODFLOW and MT3D codes confirm this glacial
forcing. The unsteady state simulations model comprise all hydrogeological units of
sedimentary cover in Estonia (10 aquifers and aquitards). In model case meltwater driven out
from beneath the ice sheet continues to flow through all aquifers to the depth 450 m under
potential gradient. Discharge zone was found to be in southern Estonia. Simulated maximum
retreating ice pressure on the western and northern boundaries of Estonian Homocline was
presented from 1 to 0.6 km and at ice margins close the southern Estonia sub-surface pressure
was distributed to be as similar as existing today. The integrated groundwater velocities driven
by the heads in the aquifer are shown in Fig. 7.

In Cambrian-Vendian aquifer diffusion-dispersion and mixing of subglacially recharged and
residual groundwater of cryogenic metamorphism and laterally transported old deep
groundwater with sodium chloride salinity could be expressed also. These changes were still
active in Holocene period, when isostatic rise of territory continued, resulting in a stadial
evolution of the Baltic Sea to present contour of its extension.

Presented approach has begun to consider and will be examined in future by reconstruction of
groundwater flow in aquifers overpressured by the last ice sheet and undergone consequences
of deglaciation (isostatic rise, changes in hydraulic gradients and flow rates, reversal regional
flow directions, etc.) in detail basing on numerical modeling.
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4. CONCLUSION

The Late Glacial permafrost environments and ice cover retreating in the Baltic territory had
important influence to formation of the groundwater isotope composition. Much evidence
support the hypothesis that permafrost phenomenon which led to water circulation processes
into aquifers from surface water and from subglacial meltwater through talik zones as well as
areal paleorecharge during retreating phases here took place.

In future detailed modeling studies are still needed to establish the formation model of
groundwater in the Baltic region in the Late Pleistocene and Holocene.
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PALEOCLIMATIC VARIATIONS IN MAKNASSY BASIN
(CENTRAL TUNISIA) DURING THE HOLOCENE PERIOD
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Abstract. The signature of humid climatic episodes in the Holocene paleoclimatic history of Tunisia
are evident in outcroppings along riverbanks almost all over the Tunisian drainage network. Previous
multidisciplinary studies have already identified some sites where these remnants can contribute
valuable information for reconstruction of paleoenvironmental and paleoclimatic variations in the
presently hyper-arid zone of the Northern Sahara. Sedimentary deposits outcropping on Wadi Leben
and Wadi Ben Sellam banks, in the Maknassy Basin (Central Tunisia), have been sampled.
Multidisciplinary studies, including prehistory, sedimentology, mineralogy, ecology and
radiochronology have been conducted to improve palacoenvironmental interpretations and to
determine a precise chronological history of humid episodes during the Holocene in Tunisia. This
paper deals with the interpretation of results obtained from the Maknassy Basin in comparison with
some other Tunisian sites in order to highlight Holocene humid episodes. Establishment of a precise
chronological framework is prerequisite to exploring potential relationships between the occurrence
of humid phases and recharge of aquifers located in this area.

1. MAKNASSY BASIN (SITE 1)

The Maknassy Basin, located in Central Tunisia (Figure 1), is characterized by a semi-arid
climate. Mean annual precipitation ranges between 180 and 200 mm/y and mean annual
temperatures are about 19°C. A mean annual flow deficit, calculated by the Turk formula, is
estimated at about 190 mm/y. However, groundwater reserves are important, and more than 7
springs and 15 boreholes supply approximately 20 million m> of variable salinity water for
domestic use and irrigation [1,2]. Wadi Leben and its major tributary Wadi Sellam are the
principal channels of surface flow. Stream flow is permanent in several places due to springs
situated along the riverbank.

Quaternary deposits have been sampled along Wadi Leben and Wadi Ben Sellam riverbanks
over ten sections (Figure 1). The sedimentology is complex, characterized by lacustrine,
paludal, fluvial and even eolian material. Three terraces (T1, T2 and T3), generally nested and
occasionally superposed [3], constitute the classical geomorphological configuration of
riverbanks. An abundant fauna, relatively varied, demonstrates various ecological conditions.
The same species are present with distinct ratios, underlining different environments.

Terrace T3 is the largest one, especially in the centre of the basin. Three sections were studied
for this terrace (Figure 3): Ain el Guettar Section (C1), at the major spring of the wadi, and C2
Section and the Meander Section (C3), respectively, located at 200 m and 2500 m downstream
of CI. According to radiochronological data, the oldest sediments of this terrace are
Pleistocene deposits [4].

Terrace T2, is characterized by smaller surface and thickness (11 to 12 m) was studied along
three sections (Figure 1): C4, on the left riverbank at 200 m upstream of C1, C5a and C5b,
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separated by 100 m, on the right riverbank of wadi Ben Sellam at 1000 m upstream of wadi
Leben confluence. Deposits are clayish blackish at the bottom, covered with poorly sandy
silts, and finally by a silted-gypsum level. No prehistoric remnants have been found in these
sediments. Two apparent ages (7 and 10 ka BP) for Helix samples of the terrace T2 (Table I),
in correct stratigraphic correlation, probably initially equilibrated with atmospheric carbon,
may be regarded as reliable (Figure 2). All sedimentology, mineralogy, bioremnants,
geochemical and isotopic results tend toward the same conclusions, i.e. a humid period dated
around 7-10 ka BP [4].

FIG.1. Location map of Maknassy basin (central Tunisia) and location of cross section on riverbanks
of Wadi Leben and Ben Sellam wadis (CI- C10) [4].

Table 1. Radiocarbon dating of carbonate sampled on C4 and C5 section of Terrace 2

Section Elevation Material “c ages Activity
(m) (y. B.P.) (%)
C4 2,4 Helix melanostoma 7130130 41,20£0,70
C5a 2,1 Helix melanostoma 10440£170 27,30%0,60

Terrace T1, the thinnest (~6-8 m), was studied through four sections (Figure 1): C6 and C7,
on the left riverbank of wadi Leben, respectively located at 100 m upstream and 1600 m
downstream of C1, C8 on the right riverbank, at 1700 m downstream of Ain el Guettar and
Section C1 and C9, on the right riverbank of wadi Ben Sellam, at 300 m downstream of the
C5a Section. Deposits are generally blackish silts at the bottom, covered with alternations of
clays, sands and sometimes silts and silted-gypsum levels. C7 section shows gastropod species
(<50%) in the silted blackish bottom level indicating fresh waters. The fauna is also composed
of euryhaline species: gastropods, ostracods (30-100%), foraminifers (<20%), and a few

101



charophytes (<10%). The upper part, made of eolian (and/or fluvial) sands, is azoic.
Palaecoecology shows a great diversity of species, it is noticeable that species representative of
brackish waters are more abundant than those living in fresh waters. This is in agreement with
former observations reported for Chotts area [5] and wadi el Akarit [6]. Sites of historical
interest, have been recognized at the top of the terrace T1, along the wadi Ben Sellam
including innumerable potsherds, which may be attributed to Vth and VIth centuries AD [3].
With regard to the Terrace 1, analysed gastropods, including Helix, have given youngest ages
(Table II), between 2 and 4.1 ka BP (Figure 3). Even if their stratigraphic correlations are
good, it is noticeable that samples including aquatic species always yielded older ages than the
strictly terrestrial ones (Helix). This suggests a slight disequilibria of water carbon compared
to atmospheric carbon probably due to contribution of fossil water. Radiocarbon dating allows
for identification of a second humid period between 2-4 ka BP.

These humid periods have already been identified in Northern Sahara but have been
considered as a single episode ranging in age between 3 and 10 ka BP (see [7], [8] and [9]).

Table II. Radiocarbon dating of carbonate sampled on C6, C7, C8, C9 section of Terrace 1

Section Elevation Material Hc ages Activity
(m) (y. BP) (%)
Co 2 Gastéropodes 4020126 60,6210,96
C7 3,5 Helix melanostomma 3020£108 68,7109
1,2-1,4 Gastéropodes 4116x100 59,91+0,75
C8 3,58-3,78 | Helix melanostomma 19924200 78,04+1,95
1,4 Gastéropodes 3105198 67,94+1,68
c9 2,2 Helix melanostomma 3270£100 6610,80
114
(m) o C4
9.4
8.5
(mjf!
6,5
34 10 440 + 170
(ans B.P.)
A=273 20,60%
| —— 77130 £730
: (ans B.P.) 1.1
0.9k A=41T+07% 1
0,6
/] 0
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FIG.2. Radiocarbon dating of C4 and C5 section of Terrace 2 [4]
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FIG.3. Radiocarbon dating of C6, C7, C8 and C9 section of Terrace 1 [4]

2. OTHER SITES OVER TUNISIA

Geomorphological structures of almost all sites presented in this comparison (Table III: site
Nos 1 to 9, Figure 4) show great similarity in architectural aspects of the basins.
Sedimentological studies completed with 14C-dating applied to main stratigraphic
chronosequences have facilitated the investigation of humid periods during the last 12 000
years.

2.1. Wadi Mejerdha valley (Site 2)

The medjerda basin, mainly composed of early and mid quaternary loamy sediments has been
partly eroded by incision and meandering of the river. This area of incision has been refilled
during Holocene in several sedimentation phases. The main stratigraphic sequences of wadi
Medjerda flood plain within Ghardimaou basin allows to distinguish incision periods from
those of accumulation during the last 10 000 y BP [10]. Holocene period is marked by the
accumulation of thick fluvial deposits. In these, different soil horizons can be distinguished
from sedimented layers. 14C-dating, pottery fragments and field study allow to establish a
morphodynamic sequence with different phases focused on Holocene:

— Transition into Holocene is marked by fine accumulation of floodplain sediments. A big
number of snail shells indicate in situ remnant of an ancient settlement, 14C-dating yield
an age of 11160 and 11440 y. BP.

— Period of morphodynamic stability permitted soil formation under more humid conditions.
Thick clayey layers with weak humic contents prove slow accumulation conditions which

end at about 2680 y. BP.

Sedimentology analysis of layers stratified between the two dates can not be attributed clearly
to arid phases. But it shows decreases of incision and a regression of the wadi flood plain.

This study allows to identify a humid period ranging between 3000-11000 y. BP but it does
not distinguish the two humid periods investigated in wadi Leben site.
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Table III. Radiocarbon dating of holocene deposits all over Tunisia

° Localisation Deposits " dating Prehistoric remnants References
Wadi leben and wadi ben sallem — Maknassy High Terrace (T2) Top: 7130+ 130 y.BP typical of aterian industry [4]
Base: 10440 + 170 y.BP innumerable potsherds,
attributed to Vth and VIth
centuries AD
Low Terrace (T1) Top: 1992 + 200 y.BP
Inter: 3020 + 108 y.BP
Base: 3270 £ 100 y.BP
Wadi Medjerdha - Ghardimaou Holocene terrace Top: 2680 y.BP pottery fragments [10]
Base: 11440 y.BP
Wadi Siliana Holocene terrace Top: 7980 y.BP flint fragments of [11]
Base: 9830 y.BP epipaleolithic and neolithic
age
Meridional part of Tunisian steppe — - Wadi bouzayene Terraces Top: 4180 240 y.BP - [3]
Gafsa Inter: 5900 + 170 y.BP
Base: 8380 + 695 y.BP
- Wadi Nebch Terraces 16910 £250 y.BP
- Wadi Khsaf Terraces Top: 7540 +£230 y.BP
Inter: 9400 + 190 y.BP
Base: 9600 + 160 y.BP
Sbekhat Sidi El hani - Wadi Mlames High Terrace Top: 2750 £ 130 y.BP Pottery, ruins,... [12]
Base: 7130 £ 250 y.BP
Low Terrace 4620 £ 130 y.BP
Sebkhat Sidi El Hani - Eolian deposit Basin deposits on the 6585+ 195 y.BP Byzantine and roman pottery [12]
tableland fragment
Central and Meridional Sahel — Mahdia - Wadi Guelet High terrace Bottom: 3520 £ 105 y.BP [13]
- Wadi Zrata High terrace Base : 5765 £ 200 y.BP
Wadi Akarit - Gabés Levelled stratigraphic profile Top: 3600+ 40 y.BP Mousterian site [6]
15595 + 500 y.BP
16700 + 600 y.BP
Base: 8700 +200 y.BP
Ain El Atrous and Toumbar — Chott Fejej and Jerid Dead spring deposits 9000 and 8500 y.BP [6]




2.2. Wadi Siliana valley (Site 3)

Holocene deposits constitute the most important morphology structures observed on Wadi
Siliana valley [11]. These deposits are cut on terraces with variable thickness and facies from
the upstream to the down stream of the basin. Several Holocene terraces are fossilised on snail
nests containing prehistoric remnants

— In wadi Oussafa section (one of the tributary of wadi Siliana), three snail settlements
concealed by colluviums have been identified in the Holocene terrace. One of them
contains prehistoric remnants of epipaeolithic and neolithic age

— In Gaafour site (left riverbank of wadi Siliana), several snail nests fossilised in surface
deposits. One of them contains some flint fragments, well identified as epipaleolithic and
neolithic age

Therefore, prehistoric remnants indicate that Holocene terraces could be older than
6 000/7 000 year BP.

Some Helix shells have been sampled and 14C-dated in order to determine with precision
deposits ages.

— The first sample was taken from the basal layer of Holocene terrace. It indicates an age of
9 830+230 y. BP.

— Two other samples were taken from a nearby Holocene terrace. The first one, taken from a
basal layer, indicates an age of 9630180 y. BP which is in agreement with the first
sample. The second one, taken from the upper layer of the Terrace, indicates an age of
79801250 y BP.

Radiocarbon dating has provided a more precise chronology than prehistoric remnants. A
humid episode has occurred in Wadi Siliana valley around 8000-10000 y. BP.

2.3. Meridional part of Tunisian steppe — Gafsa (Site 4)

Septentrional Sahara margin is marked by quaternary eolian deposits. This deposition has
various sedimentological characteristics and it has a great importance to reconstitute
paleoenvironmental conditions in desertic margins. Dune ranges are located on the northern
limb of mountains, near valley of great wadis that have brought abundant alluvium. Eolian
deposits on meridional part of Tunisian steppe have been studied in order to establish a
chronological stratigraphy [3]. This pluridisplinary approach (sedimentology, archeology,...)
has been supported by radiocarbon dating. Fluvial deposits presented on wadi terraces can be
dated through fossilised shells whereas eolian deposits can be dated through prehistoric sites
that crowned them. Radiocarbon dating is summarised as follow:

— Deposits on wadi Bouzayene (northern piedmont of Gafsa link) present several beds of
Helicides that have been dated at the base 8 3801695 y. BP, in the middle 5 900+170 vy.
BP, and at the top 4 1801240 y. BP. This radiocarbon dates are coherent and allow to
attribute this terrace to Holocene period
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— Wadi Nebch (meridional piedmont of Gafsa link): Some shells sampled on hydromorphic
bed situated in the middle part of a terrace yield a date of 6 9101250 y. BP which is in
agreement with dates obtained on wadi Bouzayene. Eolian deposits, dated through a snail
settlement, have a 14-C age of 7 780 y. BP.

— Wadi Khsaf (septentrional piedmont of Gafsa link): A terrace, characterised by three
superposed capsian sites, has been dated: base layer has a date of 9 6001160 y. BP, middle
layer has a date of 9 400£190 y. BP and the upper layer has a date of 7 5401230 y. BP.
Like the wadi Bouzayene terrace, this terrace has been deposit on Holocene period during
2 000 years. Eolian deposits facing this terrace have been dated to 8 360360 y. BP.

These radiocarbon dates indicate that a first terrace can be attributed to a humid period
ranging from 8000 to 10000 y. BP while a second terrace deposits range between 4000 and
8000 y. BP. These two period, following each other without a discontinuity, are included in
the humid period ranging from 4000 to 10000 y. BP.

2.4. Sebkhat Sidi el Hani — Wadi Mlames basin (Site 5)

This wadi is located on the low steppe of Sahel region (Eastern Tunisia). The high terrace is
constituted by alluvium valley containing several remnants of animals (bones, ostrich eggs,
shells), vegetation and anthropic presence (pottery, ruins,...) [12]. All these remnants witness a
sedimentation that occurred in a calm environment. This terrace has been dated through helix
shells samples. 14-C age is of 7130250 y. BP. The low terrace dominates the landscape. It is
nested on the high terraces or on eolian deposits. Deposits that constitute this terrace are rich
in Helix fragment. From upstream to downstream of wadi, these deposits become thicker and
more stretched. Sampled helix indicate an age of 4620130 y. BP. These dates are not
sufficient evidence to suggest the deposit period of these terraces but they confirm that humid
conditions have occurred in this valley around 4000 y. BP and around 7000 y. BP.

2.5. Sebkhat Sidi el Hani — Eolian deposits (Site 6)

The development of an eolian accumulation south-eastern Sidi Hani Sebkha (eastern Tunisia)
has been studied [12]. This accumulation is structured in a long cordon of 20 kilometres and is
called El Meslen lunette. It is crowned by a rich gypsum peat deposit giving an age of 6585+
195 y. BP or by a nested high terrace of wadi Mlames and El guettar containing pottery
fragments and dated to roman period of IV-V centuries (27501150 y. BP) and Byzantine
period of VI century (71301250 y. BP).

These results may be considered as resumption of humid conditions around 7000 y. BP and
around 3000 y. BP. These humid periods followed arid periods favourable to eolian deposits
and similar to present conditions.

2.6. Central and Meridional Sahel — Mahdia (Site 7)

The central and meridional part of sahel is a low and weakly uneven region. A complete
geomorphological study of this region has been done [13]. Radiocarbon analysis has been
used on some helix shells sampled from a little wadi crossing this region to the sea or to some
little sebkhat (endoreic depression):
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— Wadi Guelet: 14-C age obtained on Helix shells sampled on the base of the terrace is
3 520+105 y. BP. It indicates that deposits have taken place during Holocene period.

— Wadi Zrata: 14-C date is obtained for a historic site situated on the surface of the terrace.
The 14-C date confirm that the Holocene terrace has ended its deposit before 7 765200 y.
BP.

These two wadis are contemporary and allow to identify a humid period ranging from 3500 to
8000 y. BP.

2.7. Wadi Akarit (Site 8)

Wadi Akarit is a perennial watercourse supplied by artesian springs from the deep aquifer of
the Complexe Terminal [14] This wadi runs through its own quaternary deposits that have
been eroded to a depth of about 15 m. It has been known for a long time for its Mousterian
and Caspian artefacts and for the quality of the section suitable for quaternary investigations
(Figure 5) [15]. Two common cores were investigated [6]. Major results concerning Holocene
period can be summarised as follows [8]:
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FIG.5. Holocene deposits in Wadi Akarit valley [9].
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— Glacial maximum (recent Wiirm) coincides with an arid episode. Sedimentology analyses
show dry climatic conditions characterised by enhanced eolian transport and by sporadic
fluvial floods with increased bottom transport of coarse material.

— An episode more humid than present-day may have occurred between 10 500 and 3 000 y.
BP. A sudden rise of aquifer is recorded at 10 500 BP. During early and mid Holocene,
ecological conditions fluctuated from fresh to eusaline waters, as deduced from biological
remains. Relatively low stable isotopes values indicate that salinity increases were due to
evaporation of continental waters.

2.8. Ain Atrous and Toumbar deposits (Site 9)

These two dead springs are situated respectively, on Southern side of Chott Fejej and Chott
Jerid. The Southern Tunisian chott are large saline closed depressions. Present day water
supply to these Chotts is reduced to local rains and to vertical leakage of aquifers. Quaternary
deposits outcropping along paleoshorelines provide evidence of more humid hydrogeological
conditions A last rise of the aquifer occurred during the early Holocene. This is registered by
freshwater spring deposits of Ain Atrous and Toumbar sites. Mollusc shell 14-C dating yields
an age of 8 500 y. Bp (Toumbar) and 9 500 y. Bp (Ain Atrous) This rise of aquifer can be
related to humid episode observed on Wadi Akarit deposits.

3. CONCLUSIONS

Data of Maknassy Basin represent a precious element to reconstruct the paleoclimatic
evolution of Central Tunisia during recent Quaternary. The two highest terraces were
developed during two Holocene humid phases: the first one between 7 and 10 ka BP, the
second from 2 to 4 ka BP. These humid episodes have been highlighted on several sites from
northern to southern Tunisia: 2.7 ka BP and 11.2 ka BP on the river bank of Wadi Medjerdha
(North) [10]; ~10 ka BP on Wadi Siliana sediments (North-West) [11]; 3.5-5.6 ka BP on
Wadi Galet and 2.7 ka BP in Sebkhat Kelbia deposits (Sahel region-East) [13] and between
6 ka BP and 11 ka BP in Wadi Akarit sediments (South) [9].

Geomorphological structure of almost all wadis in the region is similar: generally nested and
occasionally superposed terraces of riverbanks. All radiocarbon data have been presented on a
schematic cross section (Figure 4). We suggest three humid periods, not all observed on the
same site. These humid periods have probably been separated by arid or semi arid short
pulsations [4], [16] and [7]. Humid periods may be related to recharge periods of aquifers.
Dead spring deposits of Ain Atrous and Toumbar (Southern Tunisia) may be related to a rise
of aquifer table [6]. Moreover, mean time transit of water dated by 14-C method on several
Tunisian aquifers ([4], [6], [8], [17])seems to be in good agreement with humid periods
investigated in this study.
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Abstract. An inverse ocean box modeling approach is used to address the question of what may have
caused decreased atmospheric CO, concentration during glacial periods. The inverse procedure seeks
solutions that are consistent, within prescribed uncertainties, with both available paleodata constraints
and box model conservation equations while relaxing traditional assumptions such as exact steady
state and precise prescription of uncertain model parameters. Decreased ventilation of Southern
Ocean deep water, decreased Southern Ocean air-sea gas exchange, and enhanced high latitude
biological pumping are all shown to be individually capable of explaining available paleodata
constraints provided that significant calcium carbonate compensation is allowed. None of the
scenarios require more than a very minor (order 1 °C) glacial reduction in low to mid latitude sea
surface temperature although scenarios with larger changes are equally plausible. One explanation for
the fairly wide range of plausible solutions is that most paleo-data directly constrain the inventory of
paleo-tracers but only indirectly constrain their fluxes. Because the various scenarios that have been
proposed to explain pCO, levels during the last glacial maximum are distinguished primarily by
different fluxes, the data, including ocean C concentrations, do not allow one to confidently chose
between them. Oceanic "*C data for the last glacial maximum, which can constrain water mass fluxes,
present an excellent potential solution to this problem if their reliability is demonstrated in the future.

1. INTRODUCTION

During the last four glacial maxima, atmospheric carbon dioxide concentrations were
depressed roughly 80 ppm relative to interglacial values [1]. Furthermore, ice core data show
a remarkable correlation between rapidly increasing inferred temperature and atmospheric
CO; concentrations during deglaciations, suggesting some kind of causal link. Several
oceanographic mechanisms have been proposed, either individually or in concert, to explain
the decrease in atmospheric CO, associated with glacial states. These include: increased
efficiency of the “biological pump,” in which net carbon uptake, especially by the high
latitude marine biosphere, is increased relative to upwelling fluxes [2,3], changes in the rate of
ventilation of deep water in the Southern Ocean [4,5], decreased global thermohaline
circulation [2,6], enhanced air-sea exchange in the northern Atlantic [7], decreased air-sea
exchange in the Southern ocean due to enhanced sea ice cover [8,9], increased solubility of
CO; in colder seawater [10], and a mid-depth chemical divide separating water masses with
low and high CO; concentrations [5]. Some studies claim to elucidate simple mechanisms
which explain decreased CO, during glacial times [5,9], while others claim that all simple
mechanisms can be eliminated from consideration [11,12].

A common set of tools used to study the marine carbon cycle and its role in controlling
atmospheric CO, concentrations are meridional box models of varying levels of complexity
[2,5,6,7,9]. These models generally consist of a series of conservation equations for tracers
such as total carbon, carbon isotopes, oxygen and nutrients. Parameters, such as the strength
of the global meridional overturning circulation, air-sea gas exchange coefficients for various
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surface boxes, the rate of particle sinking out of various surface boxes, and rates of
mechanical mixing between various boxes are set to specified values or sometimes varied
over a range of potential values to examine parameter sensitivities. Exact, or arbitrarily close
to exact, solutions are found, either algebraically, if the box model is simple enough, or by a
numerical iterative procedure. If a given set of parameter values allows the model equations to
be satisfied, while at the same time satisfying the paleodata constraints, the model is said to
explain the decrease in atmospheric CO, associated with glacial states.

In this paper we use the recently published 7-box model of Togweiler (1999) [5], referred to
hereafter as T99, and explain low glacial atmospheric CO, concentrations with several
different mechanisms by invoking a new method of solution. The philosophy behind this
method of solution can be summarized as follows:

e Paleo-data are not exact. Thus, the model parameters and solutions are required only to
lie within specified lower and upper bounds based on available data constraints.

e Paleo-box models are not exact. Thus, the model equations are required to balance only
to within an allowed residual misfit. This criterion can be thought of either as an explicit
statement that the model is not believed to be perfect, a rejection of strictly steady state
dynamics in favor of a ‘quasi-steady’ state, or some combination of the two.

We argue that previous methods of solution have been struggling to satisfy very stringent
constraints, some of which are actually not justified in view of the simplifying assumptions
inherent to any box modeling approach. Principal among these are assumptions of model
perfection and/or exact steady state dynamics as well as prescription of poorly known model
parameters, notably the sea surface temperatures (SSTs) and coefficients of CO, gas exchange
at the air-sea interface.

These assumptions are often required in order ensure that the number of equations match the
number of unknowns. The glacial CO, problem 1is, however, a fundamentally
underdetermined problem in which the state of the climate system must be inferred from a
limited amount of data and imperfect models. One way to handle underdeterminacy without
making unjustified assumptions is to use inverse methods [13]. These methods combine
observational and modeling constraints to estimate “to the best of our knowledge” the state of
the climate system. They deal with imperfect data and imperfect models by explicitly
specifying the uncertainties.

The objective of the present work is to show that a wide (presumably infinite) range of
solutions to the LGM CO, problem can be found if the assumption of exact steady state is
relaxed and parameters, such as piston velocities, are treated as adjustable variables in the
model. Inverse methods yield a much wider range of solutions consistent with available
constraints than do simple methods based on the resolution of a set of equations with
matching number of unknowns because they do not require arbitrary assumptions about
missing data or model parameters. Moreover, these methods can be designed to automatically
search for optimal solutions consistent with available constraints within their range of
uncertainties instead of requiring the modeler to employ a painstaking “manual” search
through parameter space. The present study relies on an inverse method specifically designed
to solve the last glacial maximum (LGM) CO; problem in its box modeling form. An estimate
of the state of the climate system during the LGM is searched for, with the requirement that it
is consistent with the box model conservation equations and the set of observational
constraints presented in T99. Imbalances in the model equations are tolerated as long as they
do not exceed small values chosen to represent a reasonable degree of non-steadiness. When
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these imbalances are tolerated, various solutions are found spanning a wide range of
mechanisms that could have caused the low CO, levels during the LGM. In other words, the
available paleodata, including decreased atmospheric CO,, oxygenated deep water, and
carbon isotope distributions are consistent with various scenarios, including scenarios that
would probably be rejected if exact model constraints were imposed.

The paper is organized as follows. In section 2 we present the numerical machinery that we
have used to enable Toggweiler’s nonlinear seven box model to incorporate uncertainties in
both the paleodata constraints and the box model dynamics. In section 3 we present several
model solutions to the reduced glacial CO, problem and, in section 4, our conclusions.

2. ANONLINEAR, INVERSE SEVEN BOX OCEAN BIOGEOCHEMICAL MODEL

This study is based on the seven-box model developed by Toggweiler and shown in Figure 1.
This model is one of the most complete box models of the oceanic CO; system and has shown
significant skill in reproducing the paleogeochemical observations available for the LGM. It
can be downloaded from the ftp site kosmos.agu.org and, because it is written in FORTRAN,
can be incorporated in an inverse procedure based on standard optimization freeware. Our
choice to use a published box model makes the impact of the inverse method more salient as
our results can be directly compared to those of T99. The basic equations of the seven box
model have not been changed, only the method of solution is new. Several model parameters
have been recast as additional variables, however, since the inverse approach can handle
underdetermined problems. These new variables include volume fluxes in the ocean boxes of
the model, particle fluxes sinking from the surface of the ocean, temperatures in the upper
ocean boxes, salinity, piston velocities and the amount of total CO, added to the carbon
system by calcium carbonate compensation. These variables were treated as fixed parameters
in T99, although the effects of convection in the polar box and particle flux sinking from the
low latitude box were explored in a systematic manner.

The objective of the present study is to show that a wide range of solutions exists which is
consistent with the glacial paleo-data and the conservation constraints contained in the 7-box
model. We cannot claim to have included all the observational and model constraints
available for the LGM, but rather investigate the LGM CO, problem as posed in T99.

The procedure used to ensure that the inverse solution fits the data is to constrain every
variable of the box model to lie within predefined lower and upper bounds. These bounds are
chosen to represent uncertainties in the observations, pCO, for instance is required to lie
between 180 and 200 patm for all our LGM experiments. In the absence of direct
observations, the bounds can be chosen to represent prior knowledge of the tracer distribution.
Oxygen concentrations in the deep ocean, for instance, are constrained to be larger than 25
umoles kg'. Another characteristic of the inverse procedure is that it allows imbalances in the
tracer conservation equations while keeping these imbalances small compared to the
individual flux terms that comprise the equations. This result is achieved by using an
optimization procedure that minimizes the residuals of the conservation equations. The
procedure chosen here is an iterative one that belongs to the group of ‘minimax’ algorithms
[14]. At each step, the routine selects the maximum equation residual as the objective function
and then minimizes it, whence its name. In mathematical terms, the objective function, which
is a scalar, can be written at each iteration:

J=max ( [fi(x)|), =M
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FIG. 1. Schematic representation of the seven box non-linear carbon model adapted from the forward
carbon model of Toggweiler (1999) [5].

where M is the number of equations that constitute the box model, f; is the equation residual
number i, x is a vector that contains all the variables (the ‘state’ vector), and max is the
operator that finds the maximum number among a series of reals. With this notation, the
optimization problem can be written:

Find x that minimize J subject to Ib < x <ub

where Ib and ub are vectors containing the lower bounds and the upper bounds of the model
variables. Using the same mathematical formulation, the box model, as used in T99, would be
written:

Find x such that fi(x) =0, 1=1,M

In the latter case, the number of equations, M, must be equal to the number of variables in
order to have a well-posed mathematical problem. In the inverse formulation, the number of
equations is smaller than the number of variables, but this does not present a problem since
the state vector is constrained to lie within lower bounds and upper bounds, preventing
unreasonable solutions. The equations used in the inverse problem are basically those of T99,
namely temperature conservation in the deep ocean boxes, phosphate and alkalinity
conservation in all the ocean boxes, oxygen conservation in all the ocean boxes except the low
latitude box (where it is simply set to its saturation value), together with CO,, *C, and "*C
conservation equations in all the ocean boxes and in the atmosphere box. Conservation of the
inventory of phosphate, alkalinity, total CO,, total '*C and total '*C is also imposed. Two
additional equations link the pH in the mid-depth box and the concentration of the carbonate
ion in the deep box to a function of Alkalinity and total CO,. These 54 equations, or more
precisely these 54 equation residuals, are expressed as functions of the 70 elements of the
state vector. These are volume fluxes between the ocean boxes, particles fluxes sinking from
the surface boxes, temperature, salinity, phosphate, alkalinity, oxygen and CO, concentrations
in the ocean boxes, partial pressure of CO, in the atmosphere box, 8'°C and A'*C ratios in the
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ocean and atmosphere boxes, piston velocities controlling air-sea gas exchange in each ocean
surface box, and the amount of CO, added to the ocean/atmosphere carbon system through
dissolution of calcium carbonate. The equations that link pH in the mid-depth ocean box and
carbonate concentration in the deep ocean box are different from the other equations in the
sense that they are not conservation equations, but they are nonetheless treated in the same
way as the other equations.

One important issue in the inverse formulation of the box model, and in most inverse methods
[13], is the normalization of the residuals fi(x) of the tracer conservation equations. The
residuals must be weighted so that the minimization procedure does not minimize some of
them down to infinitesimal levels while leaving others at unrealistically large levels. This
problem can arise for instance because residuals are expressed in different units for different
tracers, as is the case when temperature residuals are compared with alkalinity or CO,
residuals. In the present calculation, all the equations were systematically normalized by
reference fluxes in order to ensure that the minimization procedure treats all the constraints
equally. Details regarding the normalization procedure can be found in [15].

These normalization factors can be thought of as representing non-steady state terms in the
tracer conservation equations. The amplitudes of these terms then correspond to the
conservative assumption that the non-steady state terms would take 10,000 years to cause
changes of the order of those observed during the glacial-interglacial transitions. In reality, the
climate system is known to have been subject to much more rapid temporal fluctuations
during glacial periods, such as Dansgaard-Oeschger and Heinrich events [16]. An example of
how small the allowed residuals are is provided by the fact that the residual carbon fluxes
going into and out of box d are of the order of 0.02 GtC/year. However small they are, these
residuals are nonetheless fundamental to the results presented in this study. They provide the
model enough freedom to find a wide range of solutions that would otherwise be likely to be
rejected if exact tracer conservation were imposed. Viewed in this way, the residuals in our
model play the same role as the time-dependent terms in the open modeling approach of [17]
in which small imbalances between riverine input and sediment burial are sufficient to
radically change the solution to which their model converges. Interestingly, the order of
magnitude of the rate of change in the inventory of PO, tolerated in our study (about 3x10"
moles in 10,000 years) is of the same order of magnitude as the rate of change obtained by
[17] for a doubling of the thermohaline cell (about 10" g in 50,000 years, or 2x10" moles in
10,000 years).

An alternative interpretation of the equation residuals is that they constitute an explicit
allowance for the limitations of the box model. In this interpretation, much larger residuals
could be tolerated because the 7-box ocean model is a very crude representation of the real
global carbon system. In this case, the small amplitude of the tolerated residuals shows that
the assumptions made in the present study are rather conservative.

The minimization of the cost function is carried out using a simulated annealing algorithm.
For a reference in an oceanographic context, see [18]. The minimization package employed
here, is a freeware initially developed by researchers in econometrics [19]. This particular
algorithm was chosen because it ensures that no individual residual is too large and because it
requires very few assumptions regarding the form of the function to be optimized. Further
information about the minimization procedure can be found in [15].
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3. SOLUTIONS

The modern, preindustrial (or interglacial) high atmospheric CO; solution, shown in Figure 2,
is within numerical precision the same as in T99. Note that this solution is also similar to the
modern, pre-industrial solution presented by [9], referred to hereafter as SK00, using a 6-box
model. Starting with such an interglacial/modern preindustrial solution, several mechanisms
have been suggested for how the ocean model should be perturbed in order to produce the ~80
ppm decrease in atmospheric CO, associated with glacial conditions. Here we present four
different model experiments, three of which are consistent with both model dynamics and the
observational constraints associated with glacial periods plus one unsuccessful attempt. All
these experiments involve significant CaCO; dissolution, which is parameterized in the model
by the addition of a uniform amount of CO; in all the ocean boxes and the addition of twice
this amount of alkalinity equivalents. These experiments are:

A. Reduced ventilation of Southern Ocean deep water
B. Reduced air-sea gas exchange at high southern latitudes
C. Enhanced high latitude biological pumping

D. Decreased global SST
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FIG. 2. Modern, preindustrial reference solution (M) found using the inverse model.

Each of these solutions is obtained with a significant, imposed change in the control variables
that characterize the individual scenario, small, automated changes to the other ocean model
parameters and minimal allowed equation residuals. Although changes in parameters other
than the control variables are individually small, they are often required in order to achieve
consistency with the principal change imposed in each scenario. In the reduced ventilation
scenario for instance, failing to allow small changes in transport variables other than southern
ocean ventilation would lead to an artificial reduction in the range of possible solutions. In
that case, one would not be searching for a general reduced ventilation solution for the LGM,
but a very specific LGM solution in which, T is exactly 20 Sv, fj,, is exactly 40 Sv, etc. If such
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FIG. 3. An LGM solution (A) with reduced ventilation of Southern Ocean deep water found using the
inverse model. The solution is similar to that of (Toggweiler 1999) [5], but does not require as large
a surface temperature decrease. The CO; and alkalinity values shown do not take into account the
addition of 60 umol kg and 120 umol kg respectively by CaCO; dissolution.

a solution could not be found to be consistent with the low pCO, levels of the LGM, one
might wrongly conclude that the reduced ventilation scenario is not consistent with paleo-
data. Below, we briefly present each of the LGM solutions in turn.

A. Reduced ventilation of Southern Ocean deep water

In this solution, shown in Figure 3, reduced mixing between the surface and deep ocean in
high southern latitudes, combined with a dissolution of CaCOj that raises the mean total CO,
of the ocean by 60 umoles/kg and otherwise very limited changes, is able to explain low
glacial period atmospheric CO,. This solution was found using the modern solution as an
initial state and, unless otherwise specified, allowing the inverse model to vary model
parameters within a 10% range. Ocean transports were allowed to vary between 0 and 60 Sv.
Deep ocean 8'3C was initialized to resemble the reconstruction of [20], however the low mid-
depth 8'°C values in his reconstruction were found to be inconsistent with the total inventory
of *C in the reservoirs of the model. The value-of 8'"°C in box a was therefore allowed to
increase up to 1%o. An alternative, more rigorous, approach would have been to recompute the
modern ocean solution in order to make it consistent with the inventory implied by the Boyle
reconstruction [20], but the present approach was preferred because it allows direct
comparisons of our solutions to the solutions found by T99. This choice has no impact on our
conclusions. Surface 8"°C was constrained to be 2.7 + 0.3%o in the low latitude box (1). Note
that all of our solutions are presented without the ‘terrestrial biosphere effect’, which is
expected to reduce 8'°C values by approximately 0.35 %o [5]. Therefore, as in T99, no CO, of
biospheric origin was added to the ocean/atmosphere inventory. Finally, in order to satisfy the
constraint of higher pH at mid depths during the LGM [21], the mid-depth (box a) pH is
constrained to be consistent with alkalinity and total CO, with a value of 8.3+0.1. The
paleodata constraints applied to this, and all other, LGM solutions presented in this paper are
summarized in Table .
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Table I. Paleodata constraints imposed on all LGM experiments

Atmospheric Atmospheric partial pressure of CO,
Carbon must be order 80 ppm lower than 180 < pCO2 <200
(ppm) preindustrial values. [1]
Oc(iiilocl %glg)en glggc)ieep water must remain oxygenated 0> 25 in all ocean boxes
-6.47 <8 Cym < -6.87
The mid latitude vertical §"°C gradient 0.2<8C,<0.0
must be order 50% higher than for the _6 1_< 513 C_< 1
31°C (%o0) modern control. The enhanced gradient . -

must be driven by a decrease in the deep
ocean. [20]

0.35<83C,<0.77
-1.0<8"Cpn<4.0

29870322
Mid-depth pH | Mid depth pH must be relatively high 82 <pH,<84
(box a) [21]
The expected ~1 %o glacial salinity
. increase has not been included in order
<S<
Salinity to keep our results consistent with T99. 346<5<348
This does not effect our conclusions.
This uncertainty range is extrapolated
Deep COs5~ from T99, Table 6. Values actually -
< <
(box d) remain between 87.2 and 90.1 in all 83=CO; =93
LGM scenarios.
Low latitude surface concentrations
<P <
Phosphate must remain low (T99) 0<Pi<04
Must remain within 10% of their
All other prescribed 1n1.t1al. V.?J.I.UCS. Exceptionally,
parameters with initial values at or near
parameters

zero are given small absolute limits. For
example mixing between surface boxes
must remain between 0 and 2 Sv and
AMC within 50%o of its initial values.

.. <X < o
(unless specified 0.9Xinit < X < 1.1 XGnit

otherwise in text)

Solution A is not markedly different from the reduced ventilation LGM solution presented in
T99, except that it does satisfy the paleo-constraints without requiring a large change in the
surface ocean temperatures. Whereas T99 required reduction of low to mid latitude SST’s by
4°C at LGM, our solution has no significant change (Table II). Of course this does not mean
that we cannot find a solution with a larger drop in SST. Indeed, the inverse model does find a
solution with a strong reduction in temperature in the low-latitude surface box (not shown).
We conclude only that a large temperature decrease is not required. The concentration in total
CO, goes up by 75 pmol kg™ in the deep ocean box because of the reduced ventilation of this
box. This value does not include the rise of approximately 60 umol kg'1 associated with the
dissolution of CaCOs. Because the inventories of tracers are not exactly conserved, the ratio
of the input of alkalinity over the input of total CO, turns out to be 2.13:1 instead of the
generally employed 2:1 ratio. This small deviation from the theoretical ratio is associated with
a decrease in CO3 of only 0.9 wmol kg in the deep box and thus does not significantly affect
the depth of the lysocline.
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Table II. Modern — LGM temperature changes (°C) employed in previous studies and
scenarios A, B, C. The mid to low latitude values are shaded

SK00 T99 A®* B** C**
Polar southern box (p) ~3%* ~2% -0.4 1.0 0.9
Southern box (s) 5 2 0 1.0 0.9
Low latitude box (1) 5 4 -0.3 1.0 1.0
Northern box (n) ~4* 2 0.1 0.7 1.0

* Temperature was not allowed to drop below the freezing point of surface sea water.
** Temperature was not constrained. Solutions were also consistent with larger temperature anomalies. Note that
attempts to find an LGM solution driven only by SST decreases were unsuccessful.

Solutions that would be consistent with the low PCO, values of the LGM atmosphere without
CaCOs; dissolution were also searched for but with no success. This does not mean that such a
solution does not exist, but that the search algorithm failed to find one. However, in view of
the number of trials that we carried out, our intuition is that such a solution is unlikely to
exist. This suggests that CaCOs dissolution plays a key role in lowering atmospheric pCO,.
Note that the small departures from the modern reference solution required for variables other
than the transport variables, such as the 0.4°C temperature difference in box (p), would be
very difficult to detect using paleo-data. In fact, they would even be difficult to detect if the
modern ocean were to be represented by a crude inverse 7-box model. We conclude that a
reduction in ventilation of the deep ocean at high southern latitudes is one possible scenario
consistent with all of the paleo-constraints we employed. However, such a scenario is not
required by either the data or the model, as demonstrated by our other solutions.

B. Reduced air-sea gas exchange at high southern latitudes

Solution B, shown in Figure 4, is similar to the solution of SK00 in which extensive Antarctic
sea ice during the LGM is postulated to have drastically restricted air sea fluxes of CO, in
high southern latitudes. In order to mimic this effect, rather than changing the actual area of
gas exchange, which would require that the topology of the model itself be changed, we have
instead allowed the model to adjust the local exchange coefficient (piston velocity). An
overview of piston velocities employed in our scenarios, alongside those from T99 and SK00,
is shown in Table III. Since the exchange coefficient is always multiplied by the surface area
in the model, this has exactly the same effect as reducing the surface area available for
exchange. The model was started from the modern solution M as an initial condition and the
gas exchange rates were allowed to vary within 0.5 to 10 m/day. Except for the dissolution of
CaCOs, which increases average total CO, by 54 umol.kg'1 and total alkalinity by 108 peq.kg’
! the most significant change found by the model with respect to the modern solution is the
reduction of the piston velocity at the surface of the southern polar box from 3 m/day to 0.5
m/day. This gas exchange value of 0.5, the lowest we have allowed the model to adjust to, is a
decrease by a factor of 6 relative to our modern value. By comparison, the change in sea-ice
extent proposed by SKOO corresponds to a reduction in gas exchange at high southern
latitudes in their LGM solution by a factor of 100 relative to the modern value. In our
experiment, the flux of CO, from the surface polar box to the atmosphere is reduced by only a
factor of 2 relative to the modern solution, the five-fold reduction in piston velocity being
partly compensated by an increase in the air-sea gradient of pCO, these regions.
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FIG. 4. An LGM solution (B) with reduced air-sea flux in the Southern Ocean found using the inverse
model. The solution is similar to that of Stephens and Keeling(2000) [9], but involves a smaller gas
exchange perturbation relative to the modern and a smaller surface temperature decrease. The CO,

and alkalinity values shown do not take into account the addition of 54 umol kg’ and 108 umol kg’
respectively by CaCOj; dissolution.

Table IIL Piston velocities (m day™) in previous studies and scenarios A, B, C

SKO00** M & T99* A B C
6.6 (5.9)
Polar southern box (p) 3.00 2.72 0.50 2.72
0.066 (0.059)
Southern box (s) 7.8 (6.5) 3.00 3.16 3.15 2.71
Low latitude box (1) 4.1 (3.6) 3.00 3.19 2.58 2.92
Northern box (n) 6.9 (5.9) 3.00 3.29 431 2.70

* T99 employs a uniform value of 3 m/day in all boxes for both modern and LGM experiments.

*#* SK00 report their air sea flux parameterization as a CO, “invasion rate” of 0.15 and 0.05 moles m™ yr'' patm™
at high and low latitudes respectively. In order to convert to m day™, as expressed here, requires dividing by
the solubility of seawater, which is a function of temperature and salinity. The values presented here have
been calculated using solubility calculated from the surface water properties employed by SKO00 for their
modern control solution. The values in brackets include the temperature reductions they impose for LGM,
namely a uniform 5 °C cooling not to exceed the freezing point of seawater. The value in bold, represents the
factor of 100 degrees in ice-free area which distinguishes the SK00 ‘possible glacial’ state.

It is interesting to note, that the coefficient of air sea exchange is a parameter to which the
model is quite sensitive, yet it is at the same time extremely poorly known, both for the
modern ocean and especially for the LGM. T99 employs a uniform value of 3 m/day while
SKO00 use quite different values (Table III). The difference between these two published high
latitude gas exchange flux coefficients is more than a factor of two. It is known that the
coefficient has a strong dependence on wind speed, and a rather weaker dependence on SST.
Calibrations against these physical parameters are summarized by Wanninkhof [22], who
suggests a first order wind speed dependence, for long term, climatological winds, of k =
0.39u” with an uncertainty in the coefficient 0.39 of about 25%. The temperature dependence
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is smaller than that for wind, partly due to counteracting temperature effects on gas diffusion
coefficients (the Schmidt number dependence) and the chemical enhancement factor [22].
Nonetheless, the temperature dependence represents roughly an additional 10% uncertainty in
piston velocity. Thus, for the modern ocean, the piston velocity can only reasonably be
prescribed to within about 35% uncertainty. The generally accepted uncertainty in modern air-
sea CO; fluxes, which includes uncertainties in both piston velocity and the air-sea CO,
partial pressure difference, is of order 100% [23].

For the LGM, when wind speeds were likely to have been significantly higher the situation is
even more undetermined. For example, if, for a given region, modern average wind speed is 5
m s, and the LGM average was 7 m s, the piston velocity at LGM in this region, as a result
of the necessity of squaring these values, would be approximately double its modern value,
based on wind speed change alone. Of course regional wind speeds may have been less during
the LGM, meaning that for any one surface box at LGM, piston velocity probably cannot be
prescribed with an uncertainty of less than 100%. This range of uncertainty, combined with
the possibility of large temporal and regional variations, suggest that the range of piston
velocities tolerated in this study is plausible, and that studies which prescribe piston velocity
values exactly possibly miss a large range of relevant parameter space.

Allowing for the uncertainty in piston velocities at LGM, together with some CaCOs
dissolution, is thus sufficient to enable the inverse model to find a LGM solution consistent
with the paleodata and model which we have employed. In contrast to the SK0O solution,
which incorporates a 5°C decrease in low to mid latitude SSTs, our solution contains only a
1°C decrease (Table II), although solutions consistent with larger SST certainly cannot be
ruled out.

C. Enhanced high latitude biological pumping

The possibility of an enhanced LGM biological pump in which net carbon uptake by the
marine biosphere is increased relative to upwelling fluxes and subsequently sequestered in the
deep ocean via particle fluxes is well known [2,3,24,25]. Our Enhanced biological pump
solution, C, is shown in Figure 5. The experiment was initialized with the modern solution M
with the exception of the d"cC values, which were constrained, as in previous runs, to match
the LGM values. In addition, the biological particle fluxes out of the surface ocean boxes
(p.s,n and 1) were provided allowable ranges of 0.5 to 10 molesCm™yr'. The principal
difference between this solution and the modern solution, apart from higher values of total
CO; and alkalinity of respectively 53 umolkg'1 and 106 uequ’1 due to CaCOj dissolution, is
an enhanced particle flux in the high northern and southern latitude boxes. The particle flux
found by the inverse model in polar ocean box, p, is 6.7 molesCm™yr' compared to the
modern value of 1 rnoleCm'zyr'1 and in the northern ocean box, n, 5.7 rnolesCm'zyr'1 instead
of 3 molesCm™yr", about double that in the modern value. Relative to modern conditions
temperature in all the surface ocean boxes decreases by 1°C or less (Table II), although
solutions with larger temperature drops are equally acceptable. Note that this enhanced
biological pumping solution does not cause anoxia in the deep ocean and does satisfy the
imposed LGM §"°C constraints, including increased 8'°C vertical gradients driven by lighter
values in the deep ocean. Thus, when one allows for reasonable uncertainty in model
parameters and small imbalances in model equations, an increase in biological activity in the
Southern Ocean, combined with reasonable CaCO; dissolution, is sufficient to produce an
LGM solution consistent with the prescribed paleodata constraints.
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FIG. 5. An LGM solution (C) with enhanced biological carbon pumping at high latitudes found using
the inverse model. This solution satisfies observational constraints on the distribution of 8°C and
allows for oxygenated deep water. The CO, and alkalinity values shown do not take into account the
addition of 53 umol kg and 106 umol kg™ respectively by CaCOjs dissolution.

D. Reduced SST

It is well known based on the temperature dependence of the equilibrium partial pressure of
CO; in surface seawater that cooling the ocean surface alone can account for a significant
fraction of the decrease in atmospheric CO, during glacial times. We therefore sought a
solution consistent with the paleo-constraints, including the low pCO, in the atmosphere,
which would not differ much from the modern solution, except that much lower temperatures
would be tolerated in the ocean boxes, together with reasonable amounts of CaCO;
dissolution. No such solution was found by the model. Although this does not constitute proof
that such a solution does not exist, it does suggest that other mechanisms are probably
required to satisfy all the constraints. The problem with this scenario seems to be not so much
a difficulty lowering pCO; in the atmosphere, which can easily be done by combined lower
ocean temperatures and CaCOs dissolution, but the difficulty in doing so while keeping
carbonate close to modern levels. Apparently, lower temperatures do not allow a sufficient
increase in CO, in the deep ocean to compensate for the large rise in alkalinity produced by
CaCO; dissolution. Because of this, the difference between alkalinity and total CO; is too
high in the deep ocean and results in unreasonably high CO3™ levels. One conclusion to be
drawn from this attempt is that, even within the context of the wide range of solutions
available to the inverse model, it seems unlikely that a solution forced by ocean temperature
changes alone exists. It is interesting to note that we have also sought a solution with minimal
change from modern parameters, i.e. with CaCOs dissolution providing the only mechanism
for CO, drawdown. No such solution was found to be consistent with all the paleo-
constraints, apparently for similar reasons as in the low temperature experiment.

4. CONCLUSIONS
We present our conclusions in two parts. First with respect to the use of inverse modeling

techniques and, second with respect to the cause of glacial-interglacial changes in atmospheric
pCOz

124



The T99 box model is not the only model amenable to solution with inverse techniques. The
model was chosen because it is one of the most complete box models of the oceanic CO,
system, because it has shown significant skill in reproducing the paleogeochemical
observations available for the LGM, and because the author has generously made it publicly
available by ftp. There are some aspects of the model which, from the point of view of inverse
modeling, could be improved. In theory, solutions would be found with greater ease if mixing
terms between every box were retained, whereas the T99 model sets several inter-box mixing
terms (between boxes m and a, n and a, and m and d) identically to zero. Allowing small
amounts of mixing to occur is both more reasonable physically, and would also allow the
inverse procedure to more easily find solutions.

The curious reader may wish to insert one of our solutions into the T99 model as an initial
condition and check if the model converges. The model does converge, but to a solution
different from the one we produce (usually the main differences are in the '°C values). At first
this may seem to invalidate our solutions. We argue that this is not the case. In fact, it
highlights the importance of the inverse method. A researcher employing a trial and error or
parameter space mapping approach with the forward model would not find these solutions
because the model cannot deviate from exact steady state. In the forward modeling approach,
relaxing the steady state assumption requires that the time-dependant terms are modeled
explicitly as in the open ocean approach of [17]. Note that the inverse modeling methodology
can also be applied to time-dependent problems using data assimilation techniques developed
in meteorology and physical oceanography. The difficulty involved in such a task is merely a
technical one and is the subject of ongoing research. One obvious advantage of using a time
dependent model would be that non-steady state terms would be explicitly modeled rather
than incorporated in the equation residuals. In this case the equation residuals would likely be
decreased relative to those that we have tolerated, though they should not be expected to
vanish completely since no model is perfect. Even the most sophisticated time-dependent
general circulation models have errors.

One obvious question to ask is whether our solutions are dependent on having used a simple
box model. We believe that more sophisticated models, such as 3 dimensional box models, or
even general circulation models, will produce similar results, and possibly even widen the
range of potential solutions. This is because for each box added, the model will be provided
additional degrees of freedom. That is, the system will contain more unknowns, while the
number of data constraints may remain unchanged or be only slightly increased. For instance,
if one were to add a box to represent the terrestrial biosphere, rough estimates of the terrestrial
carbon input to the ocean during LGM that have been published in the literature would
provide one additional weak constraint. However, the very stringent constraint that the
oceanic inventories of total CO, and alkalinity can vary only through CaCO; dissolution
would then be released. The system would thus become more underdetermined despite the
increase in complexity of the model, making solutions easier to find, not more difficult.

Finally, there are probably data constraints for the LGM that we have not taken into account in
the current study. As the field of paleoceanography grows, the appearance of new, and tighter
constraints is inevitable. New data constraints which may conflict with the solutions presented
in this paper, will only require that the model be rerun incorporating the additional constraints.
Only if the model proves incapable of finding a new solution satisfying such hypothetical new
constraint, would any of the three scenarios we have explored need to be rejected.
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In conclusion, the paleo CO, problem is not fully determined by available paleo-data or paleo-
box models. Several plausible solutions exist, including increased ventilation, increased
biological pumping or decreased gas exchange in the Southern Ocean. Our model scenarios
satisfy all the paleo-constraints considered in T99, including carbon isotope distributions,
oxygenated deep water, and mid-depth pH reconstructions. The model reconciles the reduced
polar air-sea flux scenario proposed by SK00 with atmospheric levels of §'°C during the LGM
and the biological pump scenario proposed by many researchers with the distribution of d"C
in the glacial ocean. It also finds solutions similar to those proposed by T99 and SK00 without
requiring the large low to mid latitude SST changes (4 and 5 °C respectively) employed in
those studies. All the parameters modified by the inverse procedure, other than the parameters
central to each experiment, are so slightly changed that they are unlikely to be detectable in
the glacial ocean or, arguably, in the present day ocean. The available paleo-constraints does
not discriminate between these three scenarios, all are equally acceptable.

One explanation for the fairly wide range of plausible solutions is that most paleo-data
constrain the inventory of paleo-tracers rather than their fluxes. °C data, for instance, tell us
what the inventory of this isotope was during the LGM in the various basins of the ocean, but
they do not directly tell us the rate at which this tracer was exchanged between the reservoirs.
This point is particularly obvious if one releases the constraints on conservation of total
inventories of phosphate, alkalinity, and CO, isotopes, and the constraint on carbonate ion
concentration in the deep ocean box (in some sense, the constraint on CO3 in the deep ocean
is also a constraint on the inventories because it constrains the depth of the lysocline). We
began the present study without these constraints and found that almost any scenario,
including the modern solution, was consistent with the paleo-data provided that very minor
changes in the circulation were tolerated. This is because all that is required to lower pCO, in
the atmosphere is either a decrease in total oceanic CO; levels, or an increase in alkalinity. In
such solutions, the glacial 8'C profiles can easily be reproduced by small adjustments to the
ocean circulation [26]. Of course, constraints on global inventories cannot be released, but this
example does show that the fluxes of volume and tracers are, for the most part, not directly
constrained by the paleo-data. The data constraints that we have employed, primarily
constrain inventories, yet the model solutions are best distinguished from one another by
differences in fluxes.

The only robust feature in all the inverse calculations presented here is the dissolution of
CaCOs, which is presumably caused by the transfer of CO, form the atmosphere box to the
deep ocean box. Adjustments in carbon fluxes between the various reservoirs are then
required to keep glacial CO; levels close to their interglacial values. The details of these
adjustments cannot be determined from the constraints used in the model. Thus,
discriminating between the various plausible scenarios may require new observations that
directly constrain oceanic fluxes. Oceanic Hc data, which can constrain water mass fluxes, or
Barium data, which may constrain particle fluxes, could be the answer if their reliability is
demonstrated in the future. These data have the potential to determine which scenario, or
which combination of the scenarios, can maintain constant carbonate levels in the deep ocean
despite calcium carbonate dissolution. Whether such a scenario would also provide a
definitive explanation as to how the transfer of CO, from the atmosphere to the deep ocean
occurred in the first place is still unclear.
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ISOTOPES AS TRACERS OF THE OCEANIC CIRCULATION:
RESULTS FROM THE WORLD OCEAN CIRCULATION EXPERIMENT
(Abstract)

P. SCHLOSSER, W.J. JENKINS, R. KEY, J. LUPTON
Lamont-Doherty Earth Observatory, Palisades, New York, United States of America

During the past decades, natural and anthropogenic isotopes such as tritium (*H), radiocarbon
(**C), *He, or the stable isotopes of water have been used in studies of the dynamics of natural
systems. Early applications of tracers to studies of the ocean were directed at determination of
circulation patterns and mean residence times of specific water masses, as well as estimates of
mixing coefficients. These exploratory studies suggested that tracers can add significantly to
our understanding of the oceanic circulation. In order to fully exploit this potential, the first
global tracer study, the GEochemical Ocean SECtions Study (GEOSECS), was launched.
From the GEOSECS results it was immediately apparent that very close coordination of tracer
programs with physical oceanography studies is required for full utilization of tracer data.

During the 1980s plans for the World OCean Experiment (WOCE) were developed. As part of
its Hydrographic Program (WHP), especially during the one-time survey, a set of tracers were
measured on a global scale with unprecedented spatial resolution (both lateral and vertical).
The original plan included a larger number of tracers (CFCs, SH/’He, 14C, 3 % Ar, stable isotopes
of water, helium isotopes, 28Ra, sr, Mg, ® Kr) than could actually be measured
systematically (CFCs, *H/*He, '*C, H,'®*0/H,"'°0, helium isotopes). Nevertheless, the resulting
data set, which presently is under evaluation, exceeds those obtained from pre-WOCE tracer
studies by a wide margin.

In this contribution, we describe the existing WOCE data set and demonstrate the type of
results that can be expected from its interpretation on the basis of a few selected examples.
These examples include: (1) the application of tritium and *He to studies of the ventilation of
the upper waters in the Pacific Ocean, (2) the spreading of intermediate water in the Pacific
and Indian oceans as derived from the distribution of *He, and (3) the evaluation of global '*C
maps with respect to the bottom water circulation in the Pacific Ocean. Although most of the
presented results are preliminary, they demonstrate the potential of the WOCE tracer data set
for obtaining insights into the oceanic circulation that were not possible on the basis of pre-
WOCE data sets.
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BIOGEOCHEMICAL PROXIES IN SCLERACTINIAN CORALS USED TO
RECONSTRUCT OCEAN CIRCULATION
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Livermore, California, United States of America

D.P. SCHRAG

Laboratory for Geochemical Oceanography, Department of Earth and Planetary Sciences,
Harvard University,

Cambridge, Massachusetts, United States of America

Abstract. We utilize monthly '*C data derived from coral archives in conjunction with ocean
circulation models to address two questions: 1) how does the shallow circulation of the tropical
Pacific vary on seasonal to decadal time scales and 2) which dynamic processes determine the mean
vertical structure of the equatorial Pacific thermocline. Our results directly impact the understanding
of global climate events such as the EI Nino-Southern Oscillation (ENSO). To study changes in ocean
circulation and water mass distribution involved in the genesis and evolution of ENSO and decadal
climate variability, it is necessary to have records of climate variables several decades in length.
Continuous instrumental records are limited because technology for continuous monitoring of ocean
currents has only recently been available, and ships of opportunity archives such as COADS contain
large spatial and temporal biases. In addition, temperature and salinity in surface waters are not
conservative and thus can not be independently relied upon to trace water masses, reducing the utility
of historical observations. Radiocarbon (**C) in sea water is a quasi-conservative water mass tracer
and is incorporated into coral skeletal material, thus coral "C records can be used to reconstruct
changes in shallow circulation that would be difficult to characterize using instrumental data. High
resolution A'C time-series such as these, provide a powerful constraint on the rate of surface ocean
mixing and hold great promise to augment onetime surveys such as GEOSECS and WOCE. These
data not only provide fundamental information about the shallow circulation of the Pacific, but can be
used as a benchmark for the next generation of high resolution ocean models used in prognosticating
climate change.

1. OVERVIEW

Instrumental and climate proxy records document an increase in surface temperatures over the
last ~125 years [1] as well as a recent change in the frequency and intensity of El Nino -
Southern Oscillation (ENSO) events [2,3]. A fundamental question is whether or not the
observed variation in climate characteristics such as temperature or El Nino frequency is a
consequence of human activities or natural variability. To study changes in ocean circulation
and water mass distribution involved in the genesis and evolution of ENSO and decadal
climate variability, it is necessary to have records of climate variables such as sea surface
temperature or precipitation several decades in length. Such records do not currently exist
because technology for continuous monitoring of ocean currents (eg. satellites and buoy
arrays) have only recently been available and historical observations (ships of opportunity)
have large spatial and temporal gaps.

" Also at Institute of Marine Sciences and Dept. of Ocean Sciences, University of California-Santa Cruz, 1156
High Street, Santa Cruz, CA 95064, USA.
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We have focussed our research toward two primary goals: the first is a better quantification
and documentation of the redistribution of surface waters in the tropical and sub-tropical
Pacific and the second is a better understanding of the sources of the water which upwells in
the equatorial Pacific. In a zonally averaged and simplified sense, there exists an upper
oceanic Hadley Cell in the Pacific: subduction occurs in the sub-tropics during the winter
season and this water ventilates the tropical thermocline where it upwells and returns to the
subducting regions through surface flow [4]. These questions are important because modeling
studies have shown that changes in the thermal structure of the equatorial thermocline can
influence decadal variability of ENSO. In fact, of all the parameter sensitivity studies which
have been conducted with the coupled Zebiak and Cane model, changing the temperature
structure of the thermocline has the strongest influence on model behavior [5]. Building on
observational evidence of Deser et al.,[6] it has been hypothesized that temperature anomalies
originating at the sea-surface in the northern hemisphere subtropics can be propagated via this
sub-surface pathway and interact with the equatorial thermocline, changing the character and
sensitivity of ENSO [7,8]. Tritium and *He tracer data indicate that the ventilation time-scale
of the tropical thermocline is on the order of decades [9]. It is a logical extension to
hypothesize that the intergyre exchange between the subtropical subduction zones and the
tropical thermocline could determine the decadal-scale climate character of the tropical
Pacific.

1.1. Oceanographic setting

The tropical ocean-atmosphere system exhibits a systematic and relatively irregular
interannual variability, the dominant mode of which is the atmosphere’s Southern Oscillation
and its ocean companion, El Nifio [10]. The tropical ocean and atmosphere are intimately
coupled through the interaction of the surface winds and the underlying SST field. The mean
southeasterly trade winds combined with surface heating results in a buildup of warm surface
water in the western tropical Pacific, the Pacific “warm pool.” The accumulation of warm
water at the western margin of the Pacific Ocean drives tropospheric circulation by creating
deep convection aloft. In the east, the trade winds induce shoaling of the thermocline and
outcropping of colder isotherms, primarily of the Equatorial Under Current. This east-west sea
surface temperature (SST) gradient is accompanied by a concommitant sea-height slope of
several 10s of centimeters and a basin-wide slope to the thermocline: deeper in the west and
shallower in the east. When the trade winds relax or even fail, the warm water normally
constrained to the western margin migrates back down the geopotential slope. At such time
the normally cold eastern equatorial Pacific is warmer than normal due to a reduction or even
cessation of upwelling and a deepening of the thermocline. Indonesia (and Australia)
experiences drought whereas the normally arid central equatorial Pacific may receive several
meters of rain (Figure 1). Corresponding changes also occur under the South Pacific
Convergence Zone and the inter-tropical convergence zone in the eastern Pacific.

Contemporary research has determined relationships or patterns associated with the
displacement of the major convective centers such as the Indonesian Low. Variations in the
location and intensity of the Indonesian Low impacts the redistribution of sensible and latent
heat as well as potential precipitable water within the atmosphere. This "wholesale"
redistribution affects the structure of the planetary waves and thus is able to orchestrate far-
field temperature and precipitation responses. In this fashion, the tropical Indo-Pacific is
linked to the extra-tropics in both hemispheres via teleconnections.
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FIG. 1. A schematic of the nature of the coupled tropical ocean-atmosphere system. Upper panels
depict non-El Nino (“normal” or La Nina) precipitation and sea surface temperatures (left) and El
Nino conditions (right). Warm water in the western equatorial Pacific localizes deep convection
which exports latent and sensible heat to both hemispheres. The corresponding winds have both a
meridional (Hadley Cell) and zonal (Walker Circulation) component, which includes the surface
trade winds. Middle panels are the respective SST and precipitation anomalies observed during the
1982/1983 ENSO. Lower panel is equatorial subsurface data from the TOGA/TAO array (courtesy of
PMEL, NOAA) and exemplifies the shift in thermocline tilt and depth during an ENSO cycle that
conspires to suppress upwelling in the eastern equatorial Pacific.

1.2. Radiocarbon in the ocean

The distribution of radiocarbon (**C) in the surface ocean is a sensitive indicator of ocean
circulation. Radiocarbon is produced in the stratosphere by the collision of nitrogen atoms
with thermal neutrons produced naturally by cosmic rays or artificially by atmospheric nuclear
bomb testing. Atomic '*C is rapidly oxidized to '*CO, in the atmosphere and is introduced
into the surface ocean via gas exchange. The flux of radiocarbon to the deep ocean is
accomplished by convective processes, and by settling of particulate matter. Because the
residence time of water in the deep ocean is long enough to allow for significant radioactive
decay (**C half-life = 5730 y), the deep ocean is depleted in '*C relative to the surface ocean.
This contrast makes the distribution of radiocarbon in the surface ocean particularly sensitive
to vertical mixing and subsequent lateral exchange.

Since the 1950s, excess production of '*C from nuclear weapons testing and its subsequent

invasion into the surface ocean has augmented the difference between the surface and the
deep ocean. Over this time frame radioactive decay and biological processes have minimal
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impact on surface water A'*C, and as a consequence A'*C is a quasi-conservative tracer which
effectively “tags” water masses. The use of '*C as a global ocean circulation tracer was a
primary objective of the study of the distribution of natural and bomb-produced '*C in the
Geochemical Ocean Sections Study (GEOSECS) of the 1970s [11] and of the present day
World Ocean Circulation Experiment (WOCE [12]). Radiocarbon measurements of coral
skeletal material which accurately records A'*C of XCO,!"*' have added important
information to water sampling programs. The C in the coral aragonite skeleton reflects
seawater radiocarbon content at the time of deposition and as such measurements in corals
make it possible to reconstruct the radiocarbon content of the surface ocean back to pre-bomb
and pre-industrial values[13,14]. High-resolution coral-based time-series have clearly
identified a time-varying surface water gradient of post-bomb 1C from the equator toward the
temperate latitudes with a total dynamic range in excess of 220%o. The distribution represents
upwelling of low '*C water from the lower thermocline in equatorial regions, with migration
of the "C rich surface water toward higher latitudes. Using coral time-series we have
demonstrated that for the surface ocean, where radiocarbon gradients are highest and transport
is rapid that temporal variability is of the same order as spatial variability a fact lost in
discrete analyses like GEOSECS or WOCE.

2. ANALYTICAL METHODS

After identifying both in terms of an oceanographically significant context, and potential
quality (eg. length, continuity) of the potential coral record, the coral is cored with an
underwater drilling apparatus. Coral cores (nominally 8mm diameter) are cut into ~1cm slabs,
cleaned in distilled water, and air-dried. Visual inspection is performed to identify regions
infilled or disturbed by boring organisms. X-radiographs are taken in order to clarify the
skeletal architecture and to document density variations. After identifying the major vertical
growth axis, the coral is sequentially sampled at 1-mm (or 2-mm) increments with a low-
speed drill. Splits (~1 mg) are reacted in vacuo in a modified common acid-bath
autocarbonate device at 90°C and the purified CO, analyzed on a gas source stable isotope
ratio mass spectrometer (£0.05%o 1-G). Strontium to calcium ratios are also determined on
~Img splits using an inductively coupled plasma atomic emission mass spectrometer (ICP-
AES) following the methodology of Schrag [15]. Analytical precision based on an in-house
homogenized coral standard is £0.2% equivalent to ~0.3°C.

For the data that we have generated, the remaining sample splits (nominally 8-10 mg) are
placed in individual reaction chambers, evacuated, heated, and then acidified with
orthophosphoric acid at 90°C. The evolved CO; is purified, trapped, and converted to graphite
in the presence of cobalt catalyst in individual reactors [16]. Graphite targets were measured
at the Center for Accelerator Mass Spectrometry, LLNL [17]. Radiocarbon results are
reported as age-corrected A"™C (%o) as defined by Stuiver and Polach [18].

Coral chronology has historically relied upon the presence of annual high- and low-density
band couplets[19] or the seasonal variability in coral §"°C which has been interpreted to reflect
surface irradiance[20]. Independent chronologies based on these two methods on the same
coral specimen tend to agree within a few to 6 months [21]. Such an age-model is not
adequate for high-resolution A'*C records where one of the ultimate goals is to compare the
observed time-series and those simulated in high-resolution ocean models. We create a
preliminary age-model using sclerochronology (ie. banding) and 8"”C variations, but in order

to obtain the best timescale and because we are not interested in the coral §'°O and [Sr/Ca] as
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an independent measure of temperature[15], we refine our age-models by correcting the
preliminary age-model through 8'*0 and [Sr/Ca] comparisons with instrumental records of
SST and or precipitation (Figure 2). Because the oxygen isotopic composition of the coral
responds to not only temperature but salinity, or more accurately 8'0,, variations, it is
necessary to use both the SISOcoral and [Sr/Ca].,. data to derive an accurate age-model
depending on the phasing of the local SST and salinity (precipitation) seasonal cycle. In fast

growing corals where there is strong seasonality in either precipitation and or temperature, the
corresponding age-model can have an error on the order of +1 month.
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FIG. 2. Refined coral chronology through the use of 5°0 and available instrumental data. A
preliminary 8°C - sclerochronology model was created and then optimized by matching peaks and
troughs in 8°0 corresponding to SST, and to some extent salinity variations [15].

3. CORAL TIME-SERIES RESULTS AND DISCUSSION

Corals act like strip-recorders continuously recording the radiocarbon content of the waters in
which they live and thus it is possible to use records derived from these biogenic archives to
study lateral mixing [22] and vertical exchange processes [23,24]. Although the idea of using
corals as recorders of the '*C content of waters is not new, our application of sub-annual
multi-decadal studies is novel. Previous coral-based studies tended to be based on annual and
bi-annual sampling [13,14], or a few-years of sub-annual samples [25]. This difference in part
due to the advantages afforded by accelerator mass spectrometry (throughput, and sample
size) and the foreknowledge that in order to study seasonal dynamic processes (eg. upwelling
or winter-time Ekman pumping) that coarse sampling could bias or miss the desired signal.
We use sub-annually resolved records to gain a window into subsurface processes when our
site is chosen for this purpose.

Our work in the Pacific has focussed on sites within the equatorial wave-guide, the extra-
tropics, and most recently the Indonesian region (Figure 3). In a general sense, one can think
of the sea-surface temperature as reflecting A“C. The upwelling in the eastern tropical Pacific
exposes water from the equatorial undercurrent, a subsurface water mass that flows west to
east bounded approximately by the 24 and 26 potential density surfaces (isopycnals, kg-m-3).
This water is derived from subduction of surface water in the sub-tropics and water entrained
from greater depths in the tropical thermocline. The sub-tropics water brings higher bomb-
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produced '*C levels from the sea surface down into the undercurrent. The entrained
component mixes colder, low-"*C water into the undercurrent, and augments the contrast in
A"C between the undercurrent and the sea surface. This water is then advected to the warm
pool where it mixes with high ¢ water from the subtropics.

Pacific Coral 14C Time-Series Sites
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FIG.3. Location of coral sites where we or others are actively working on developing " C time-series.
Mean annual sea surface temperature and general surface current pattern is also shown.

High resolution coral AMC studies by Moore et al. [26], and Guilderson et al. [22],
demonstrate the utility of '*C time series in corals to study the dynamics of ocean circulation
over multi-decadal time scales. Our continued objective is to document '*C variability in the
surface ocean in the Pacific by making measurements on additional coral samples, and to
determine how that variability relates to shallow circulation and mean vertical structure of the
tropical Pacific. We have completed post-bomb (~1950 to present) time series from Nauru
(166°E 0.5°S) and Guadalcanal (167°E, 7°S) in the western tropical Pacific; Rarotonga (21°S,
160°W) and the Big Island of Hawai’i (20°N, 156°W) in the subtropics; and a multi-decadal
record from Galapagos (90°W, 0°) in the eastern equatorial Pacific (Figure 4). In general, the
subtropics (Rarotonga, Hawai’i) have higher A'"C reflecting longer mean residence time of
surface water in the gyres and higher air-sea exchange. A'*C in eastern equatorial Pacific
surface waters (Galapagos) are lower and due to the subsurface pathway of the Equatorial
Undercurrent and entrainment of deeper thermocline waters which feed the upwelling in this
region. Radiocarbon values in the warm pool region (Nauru, Guadalcanal) are intermediate
between the higher subtropics and those in the east.

Our data show both the long-term increases in A"C reflecting oceanic uptake of bomb
derived '*C and high amplitude seasonal to interannual variations associated with changes in
circulation. The post-bomb A'*C maxima in the subtropics occurs in the early 1970s whereas
at Nauru, Guadalcanal, and Galapagos it is delayed by 10 years. The delay is a consequence of
the subsurface history of waters upwelling in the east and the subsequent advection and
mixing of this water in the west. Superimposed upon these long-term trends is seasonal to
interannual variability, which reflects ocean dynamic processes. At Nauru and Guadalcanal
these high amplitude variations reflect the cross-basin advection of surface waters in the
tropical Pacific in conjunction with ENSO whereas the Galapagos A'*C record reflects
variations in upwelling intensity. Variability in the subtropics primarily reflects vertical
exchange concomitant with winter-time Ekman pumping.
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FIG. 4. High-resolution coral-based A'*C timeseries in the Pacific reflect the invasion of bomb-"*CO,
(slow trend) and ocean dynamic processes (higher frequency variations).

Our own work on corals from the tropical Pacific is best illustrated using a coral record from
Nauru Island. The temporal variability in the coral from Nauru is comparable to the spatial
variability from tropics to mid-latitudes described by WOCE and GEOSECS. The temporal
variability at Nauru is not a local or coastal signal due to upwelling around the island as it
does not correlate with seasonal changes in wind stress that might drive coastal or island-
induced upwelling. If upwelling near coastlines were an important effect, this would require
that large volumes of water enter the mixed layer from great depths (i.e. lower thermocline),
as vertical gradients in radiocarbon are relatively small above the thermocline. Since air-sea
isotopic equilibration (gas exchange) occurs too slowly to account for large variability over
time scales shorter than one year (it is roughly an order of magnitude slower than the seasonal
cycle), a dynamical process internal to the ocean must be responsible.

The general pattern of interannual radiocarbon variability is strongly associated with ENSO,
as seen in the comparison with the Nino-3 index (Figure 5). During ENSO warm events
(including during the pre-bomb period), the A'™C value at Nauru increases, and continues to
rise for several months this is followed by a large and rapid decrease, and then a return to
mean values. In a simple sense, this pattern can be understood from a conceptual model of
ENSO. As a warm event begins, the upwelling of deep, radiocarbon-poor water from the
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upper thermocline is diminished, causing an increase in AYC in the eastern pacific.
Amplifying this factor, the transport time of eastern Pacific water to the Nauru site is longer
as tradewinds decrease in strength, allowing for more invasion of bomb-radiocarbon from the
atmosphere. If westerlies develop along the equator at the western margin, this will mix in
off-equatorial waters with much higher radiocarbon content, also causing an increase in A"*C
values at Nauru. The large drops in AC following the ENSO warm events are consistent
with the re-establishment of the tropical waveguide following an El Nino event. In this
situation one expects an increase in upwelling, and an increase in the strength of westward-
flowing currents, basically bringing more water with lower radiocarbon into the eastern
Pacific sea surface, and then transporting that water more rapidly to the west with less time to
exchange with the atmosphere.

Nauru A!4C and Nifio-3 SST anomaly
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FIG. 5. A"”C time-history from Nauru Island in the Western Equatorial Pacific and the Nino-3 SST
anomaly index. Interannual variability at Nauru reflects a redistribution of surface waters in concert
with ENSO. During an El Nino event, equatorial tradewinds slacken which reducd the amount of low-
"C eastern equatorial Pacific water advected into the warm pool region. In addition the reduction in
sea surface height affords increased infiltration by higher-""C northern subtropic surface waters.

4. FUTURE DIRECTIONS AND IMPACT

The tracer data that we generate can identify specific changes in the shallow circulation that
occurred prior to the implementation of moored arrays instituted in the mid 1980s, and would
be difficult to characterize with existing instrumental data. An obvious extension of studies
such as those briefly documented here is to constrain fractions of water-masses mixing in a
particular region, or with into particular water-mass.

In addition, comparison of model results with observations of radiocarbon and other tracers is
an effective way to identify problems or deficiencies in models, and ultimately leads to
improved modeling skill [27,28] particularly with respect to vertical exchange processes
which are relatively poorly represented in most ocean models. Thus although the data
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provides fundamental information on the shallow circulation in and by itself, the true strength
is a combined approach which is greater than the individual parts; the data helps uncover
deficiencies in ocean circulation models and the model results place long A"“C time series in a
dynamic framework which helps to identify those locations where additional observations are
most needed. The time history of A™C is a direct record of the invasion of fossil fuel CO7 and
bomb 'C into the oceans. Therefore the A“C data that are produced in studies such as ours

can be used to study the ocean uptake of fossil fuel CO2 in coupled ocean-atmosphere models
[28,29].
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ENVIRONMENTAL CHANGE STUDIES IN THE CASPIAN SEA AND THE
NORTH-EAST ATLANTIC OCEAN

P. POVINEC, B. OREGIONI, J. GASTAUD
International Atomic Energy Agency,
Marine Environment Laboratory, Monaco

Abstract. Caspian Sea and NE Atlantic water profiles were investigated for radionuclide content.
Radionuclide data on the water samples collected in 1995 and 1996 in the Caspian Sea show a rapid
exchange of water masses in the two deep basins (the Central and Southern Basins). The main source
of radionuclides is global fallout. In the NE Atlantic Ocean elevated concentrations of *H and '*C were
observed at medium depths (2000-3000 m) which could be explained by high latitude injection
processes.

1. INTRODUCTION

Isotopic tracers have proved to be useful tools for the investigation of changes with time in
the marine environment. Isotopic investigations could help the development of suitable
models to explain past environmental observations and help to protect marine ecosystems
against anthropogenic impacts.

IAEA-MEL in the framework of marine radioactivity studies has participated in several
expeditions to the Atlantic, Arctic, Indian and Pacific Oceans to sample seawater, sediment
and biota. The expeditions covered a wide range of marine radioactivity surveys to study the
distribution of key radionuclides (3H, He, sr, 1, ¥Cs, U, Pu and Am isotopes) in the
world oceans, changes in their concentrations with time and to investigate marine
environmental change using isotopic signals in the marine environment.

Environmental change studies carried out by IAEA-MEL will be illustrated by two examples:
the Caspian Sea and the North-East Atlantic Ocean.

2. THE CASPIAN SEA

To explore the potential of isotope techniques in the study of water balance and water
dynamics in the Caspian Sea and the aspects related to changes in the sea level, two
research/training cruises were carried out in 1995 and 1996 under an TAEA technical co-
operation project [1]. During these cruises, oceanographic parameters (such as salinity,
seawater, temperature) were measured and seawater samples were collected for laboratory
analysis of *°Sr, '*’Cs and #****’pu.

In the two principal basins, the Central and Southern Caspian Basins, the behaviour of
239240py, gy and '¥'Cs appeared quite different (Fig. 1). 2****Pu delivered by fallout in
surface water decreased from the Northern Basin to the Southern Basin and penetrated to
deeper water, as expected for this particle reactive element. The concentrations in the
intermediate layers of the Central Basin are higher than in the Southern Basin, which is
reflected by their inventories. The observed concentrations and transport of water masses
between the two main basins may be explained by these data.

140



Southern Basin Station 3
Concentration
0 2 4 6 8 10 12 14 16 18 20 22

o —e— Cs mBq/L
—O— SrmBgq/L
—w— Pu pBgq/L

200

£ 400 -
K=
s
-3
[
o
600 ]
800 ]
1000
Central Basin Station 7
Concentration
0 10 20 30 40 50
0 —e— Cs mBq/L
—O— SrmBq/L
—w— Pu puBql/l
200
£
K=
a
e 400
(=]

600 -

800

FIG 1.°°Sr, ’Cs and **?*"Pu profiles in the Central and Southern Basins (1996).

The concentration level of strontium in the water mass which appeared to be higher than
expected from global fallout could be a result of a significant contribution from soil
remobilization and river run-off. The excess of strontium was shown by the lower ratios of
239.240p, %Gt and '¥7Cs/*°Sr. In the Central basin, the similar vertical distribution of Sr in the
water column is probably due to transport of surface water to greater depths. This gave a
higher inventory compared to the Southern Basin where the concentration decreased with
depth.

The caesium concentrations were in agreement with the level expected from global fallout. In
the Southern Basin, the activities clearly show a decrease with depth. Similar trends at the
same depths for strontium and caesium demonstrate the typical behaviour for these
conservative fallout radionuclides which move essentially in true solution.

Although the turnover time of water in the Caspian Sea is of the order of 200 years, both deep

basins appear to be rapidly ventilated, as was shown by a small decrease in radionuclide
concentrations with depth. The main source of radioactivity in the Caspian Sea is global
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fallout and subsequent river run-off from catchment areas. At the stations visited, there were
no signs of dumping of radioactive wastes. However, more detailed studies are necessary to
better understand deep water formation in the basins which is expected to occur during the
winter season. As well as the development of an appropriate model for the radiological
assessment of the Caspian Sea which would require further sampling of seawater and also
sediment and biota.

3. THE NE ATLANTIC OCEAN

In the North-East Atlantic Ocean, a A'*C profile in the water column of samples taken at 46°
05'N; 17° 10" W has shown a remarkable peak at medium depths between 2000 and 3000 m.
A similar profile was obtained for *H as can be seen from Fig. 2. The persistence of a
minimum in A"C and *H data for North-West Atlantic waters at around 1000 m depth were
also visible in GEOSECS data as well, although the present maxima (between 2000 and 3000
m depth) are much higher and comparable to surface levels [2]. However, such clear medium
depth maxima were not observed in TTO data for the North-East Atlantic (there were no
GEOSECS stations in the NE Atlantic Ocean).
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FIG. 2.°H and "C profiles in the NE Atlantic Ocean.

142



It is a known fact that the high latitude North Atlantic areas (north of 42°) which coincide
with the water mass formation areas of the North Atlantic Deep Waters (NADW) are an
important sink for atmospheric CO, [3]. High latitude injection processes could therefore be
responsible for the observed evolution of AC and *H concentrations below 1000 m,
downwelling high surface radionuclide concentrations to medium depths. This subduction
mode water regime, when water masses labelled by global fallout are transported from the
surface to medium depths has also been observed for *’Sr and "*’Cs radionuclides. Surface
waters may be directly transported into the deep interior of the Atlantic via conveyor
circulation, also known as thermohaline circulation [4].
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Abstract. A 5-m long core of bottom sediments from the Kara Bogaz Gol Bay of the Caspian Sea, 4-
m and 2-m cores from the Issyk Kul Lake of the Thian Shan Mountains, and a 4-m core from the Aral
Sea were examined for evidence of climatic and environmental changes in the catchment basin of the
Central Asia Region. The distribution of '*O and C in the bulk carbonates, *H in the pore water,
radiocarbon age, oxygen and hydrogen isotopes in the lake water, abundance of CaCO3, MgCQs;, and
the basic salt ions of Na', K", CI, SO, in the cores were measured. The isotope and
hydrogeochemical data of the Kara Bogaz Gol Bay sediments prove a historical scenario for the basin
which suggests that fresh water has been discharged to the Caspian Sea during the Bay’s humid
episode across the Central Asia Region (~ 9 Ka BP). Isotope and geochemical evidence indicate that
the sedimentation of the upper core segment has taken place during the last ~2.2 Ka BP in the
environment of sea water recharged from the Central Caspian Basin. The period of between 4.3 and 6
Ka BP, which relates to the core depth interval of between 170 cm and 260 cm, demonstrates the most
dramatic change in the sedimentation rate in the Issyk Kul Lake. It means that active melting of the
mountain glaciers and warming of climate has happened just in this period. The swamp plant peat
layers at depths of 230 cm and 130 cm indicate that during 3.5-3.7 Ka BP and 1.6-1.8 Ka BP the Aral
Sea dried and broke up into a number of lakes and swamps. Sediment cores taken from the bottom of
the Kara Bogaz Gol Bay, Lake Issyk Kul and Aral Sea show periodic rise and fall in water levels
during the last ~10 000 years. Two peat layers within the sediment core of the Aral Sea and dated at
1.6-1.8 Ka BP and 3.5-3.7 Ka BP demonstrate that this reservoir also periodically dried.

1. INTRODUCTION

While studing bottom sediments from the central and southern basins of the Caspian Sea, a
reversal in main direction of the river runoff to the sea in the past was discovered [1, 2]. Since
the beginning of the Holocene, runoff to the Caspian Sea has been mainly derived from the
northern Volga-Ural basin. Previously, the Aral Sea catchment basin was the principal
drainage area, which was at that time situated in the humid zone. As such, the Aral-Caspian
basin can be considered as a single catchment covering both humid and arid zones. By
studying bottom sediments from the Aral Sea, Lake Issyk Kul and Kara Bogaz Gol Bay we
explore new evidence which proves that past environmental changes occurred in the region
due to climatic variations.
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The Aral Sea catchment basin is situated within the Turanian Lowlands and is bounded by the
inner slopes of the surrounded highlands. The upper water level of the sea is limited by the
mount Kugunek sill (+58 m a.s.l.). The sill is the origin of the Uzboy River which discharges
excess water from the Aral to the Caspian Sea. The Issyk Kul catchment basin is located in the
Thian Shan mountains at altitude of ~1600 m a.s.l. Lake Issyk Kul is also a closed reservoir. It
has a volume that is roughly two times larger, and a depth that is roughly ten times larger than
that of the Aral Sea. The upper limit of the lake water level is determined by the sill (+15 m)
on the right bank of the Chu River that discharges to the Aral Sea basin (Fig.1, Table I).

‘500N

3 400

800 E

FIG. 1. Aral-Caspian catchment basin and position of the studied closed reservoirs.

Table 1. Hydrological characteristics of the studied reservoirs

Lake Issyk Kul

Kara Bogaz Gol Bay

Location
Surface area [kmz]
Volume [km’]

Catchment area [kmz]
Mean / max depth [m] 20/67

Mean annl. tempr.

surface / bottom [°C]

Salinity [o/o0]

River runoff [km3/ aj
Precipitation [km®/a]
Evaporation [km3 /a]

45°N, 60°E

42°30°N, 77°45°E
6 330
1700
21900
278/702

8/2
5.8

3
1,2
4.2

40°10°N, 50°20°E
10 000
200
50000 (?)
1/3,5

6/4
250
10
1

11
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2. CORING, SAMPLING AND MEASUREMENTS

Three 4 to 5 m-long cores of bottom sediments taken from the Kara Bogaz Gol Bay, Lake
Issyk Kul and Aral Sea at water depths of 0.5 m, 250 m, and 23 m respectively, were analyzed
in laboratories of the above authors and interpreted from the point-of-view of establishing
relationships between climate change and water balance of the closed reservoirs in the same
catchment basin. Distribution of oxygen-18 and carbon-13 in bulk carbonates, deuterium in
pore water, radiocarbon dating, oxygen and hydrogen isotopes in lake water, abundance of
CaCO; and MgCOj; and the major salt ions Na', K", CI', SO4 in sediments were studied.

Oxygen and carbon isotopes were measured by conventional mass-spectrometry and reported
with respect to the PDB standard (NBS-17 distributed by the IAEA Analytical Services) with
analytical precision of 0.1 %o for 8'*0 and 0.2 %o for 8'°C. Oxygen and hydrogen isotopes
in water samples were analysed by mass spectrometry and reported with respect to V-SMOW
standard distributed by the IAEA. Radiocarbon age of sediments was determined by
conventional methods. Major salt forming ions Na', K', CI', SO4” were measured by means of
extraction from dried samples. Distilled water was poured over the dried sample at room
temperature and at a sample-to-water weight of 1:5. Then the value of Na" and K" in solution
were determined using flaming photometry and ClI° was measured by titration. For
determination of carbonate mineral contents, the samples were processed with hydrochloric
acid to transfer the readly soluble carbonate fraction into solution. The concentration of Ca™"
and Mg in the solution were determined by titration.

3. RESULTS AND INTERPRETATION
3.1. Kara Bogaz Gol (Black Throat Lake)

Due to limited temporal resolution of our experimental data, we focus here on interpretation
of the long-term changes in sedimentary properties. Fig. 2 presents information obtained by
isotope and chemical analysis of the sediment samples and by their geological description.
The lithology represents alternated layers of silty clay and sandy silt with localized inclusions
of salt crystals. Three stages in changing sedimenation environment can be marked within the
core section. The data related to its deepest part from 5.2 to 4 m shows that sedimentation
occurred in a reservoir which was being actively replenished by fresh river water starting at
~9 Ka. In fact, positive values of 8"H = +6 %o, characteristic of a nearly dessicated lake, are
depleted up to -6%o at 4-m depth. The values of K, Na', CI', SO,~, CaCO5 and MgCO; within
that depth interval are typical for river water. Oxygen and carbon isotopes demonstrate their
relationship with continental carbonates. Precipitation of carbonates in lake water in
equilibrium with atmospheric CO, at ~+22°C gives 8 C=+3%. The second stage of
sedimentation covers the core interval from 4 to 1.7 m. The measured parameters over this
interval suggest that sedimentation occurred in a more actively replenished fresh water
environment. Here 8°H values in pore water decrease to ~-18%o. The values of 8"°C, Na*, CI,
SO, decrease and those of 6180, K", CaCO; and MgCOj increase due to inflow of terrigenic
carbonates by freshwater. A narrow variation in the measured values suggests that the lake
outlfow may have been regulated by discharge to the Central Caspian basin. Precipitation of
carbonates in equilibrium with atmospheric CO, at ~+10 °C and 513 Corganic = -20%o0 gives
8'3C=+3.5%o. In contrast, the uppermost part of the core from 1.7 to 0 m is characterized by
negative values of 8'°0 in carbonates. 8"H values in pore water are close to their modern ma-
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gnitude and are equal to about -6 %o for the Bay. The content of Na', CI', SO4~, CaCOj rises
and the amount of K™ and MgCO; also decreases. Combined, thesefeatures indicate that
sedimentation of the upper core segment took place during the last ~2.2 Ka an environment
influenced by marine water recharged from the Central Caspian basin.

It appears from the above evidence that the Kara Bogaz Gol Bay was a high-throughflow lake
during the middle Holocene. Its name in local Turkmenian dialect, meaning ‘Black Throat
Lake’, seems to be more appropriate in this sense than its present name ‘Bay’. Due to its small
capacity and 4-m high sill (relative to its present state) located at a distance of 11 km from the
shore of the Caspian Sea, the lake becomes open for inflow and outflow of surface water
depending on the sea level. Prior to ~2.2 Ka, water levels in the Central basin were lower than
in Kara Bogaz Gol and the lake was recharged by its catchment basin. After that, the situation
was reversed.

3.2. Lake Issyk Kul (Hot Lake)

Issyk Kul is a typical high-mountain lake of tectonic origin. Its water level is governed by
inflow from about 50 rivers and springs mainly of glacial origin. Our previous isotope studies
have shown that about 10-20% of total precipitation over the catchment is derived from local
lake vapour [3]. Water level of the lake is continuously changing. For instance, the lake level
dropped by 130 cm between 1965 and 1985, and since 1985 has been slowly rising. In order to
study palaeoclimatic effects in the basin, two sediment cores of roughly 4-m and 2-m in length
were extracted and analyzed from waters depths of 250 m and 650 m, respectively.

The results of isotope, chemical and textural analysis of sediments, including radiocarbon
dating of adult shells of the ostracode Candona sp. are presented for one core in Fig.3. Three
specific periods in sedimentation history are distinguished here. The deepest part of the core
from 4.3 m to 2.6 m is characterized by rather uniform textures and low values of 8180, Sr/Ca,
total organic carbon, monohydrocalcite and slightly increasing content of CaCOs and MgCOs3
to the upper direction. Such parameters are indicative of steady state sedimentation process,
and minor water level fluctuations due to continuous overflow of excess water to the River
Chu. The sediment parameters of the second stage of lake evolution between 6 and 4.3 Ka (or
from 2.6 to 1.7 m) are consistent with decreasing lake levels, including increase of salinity and
decrease of sedimentation rate. Such conditions are further evidenced by an increase of §'°0,
Sr/Ca, CaCOs values and decrease of MgCOj content. The properties of the uppermost part of
the core show that changes in water level caused periodic overflow of the excess water to
River Chu. Overall, since about 2.9 Ka, water level of the lake has undergone a notable
decrease. The values of sedimentation rate, 8180, Sr/Ca and variation of organic carbon
content in sediments further support that conclusion. The amplitude of water level rise is
limited by the occurrence of a 6-km wide and 12-m high sill (relative to present state) that
separates the River Chu from the lake on its western side. During humid episodes of climate,
or periods of active melting of the moutain glaciers, the lake capacity was shortly filled in up
to the sill level. After that, excess of water discharged to River Chu. The existence of 10-12 m
terraces situated around the lake also support this conclusion. Discharge of lake water over the
sill is thought to have occurred before ~6 and periodically after ~4.3 Ka BP. A cooling period
from 6 to 4.3 Ka is likewise accompained by reduced glaciar melting, decreased runoff, and a
reduction in lake sedimentation rates and and lake water levels.
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3.3. The Aral Sea

From evidence gathered during studies of coastal terraces and bottom sediments, four
transgressive and three regressive episodes are distinguished in the Holocene history of the
Aral Sea. The rise of the sea level during the transgressions was fixed at elevations of +57,
+54.5, +53.5 and +53 m a.s.l. The regression drops were observed at elevations of +44, +43
and +35 m a.s.l. This implies that at least once in the early Holocene the Aral Sea discharged
to the Caspian Sea, and twice or three times during this period it became nearly dried up.
Evidence of drying episodes include the occurrence of two layers of swamp plant peat and a
salt layer within bottom sediments collected in water depths of 20-25 m [3].

During a field expedition organized by Moscow State University in 1980, a 4 m-long core of
bottom sediments at 23 m depth in central part of the sea was taken. Lithological descriptions,
carbonate content determinations and '*C dating were also carried out. Radiocarbon age of
Cardium shells, swamp plant and dispersed organic carbon and bulk carbonates in 36 samples
of the core were accurately measured at the Water Problems Institute [4] in order to compare
radiocarbon ages obtained for different carbon compounds of the same sediments. Table II and
Fig.4 demonstrate comparative results of C-14 ages of bulk carbonates, Cardium shells and
organic carbon for the Aral core. The data show that Cardium shells and swamp plant peat
ages appears to be in harmony. However, dispersed organic matter deviates slightly from the
above values. Considerable dispersion is observed in bulk carbonate ages due to the presence
of dead terrigenous carbon.

TABLE II. Radiocarbon ages of bulk carbonates (CaCO;), carbonates of cardium shells
(CaCOs*), carbon of total dispersed organic matter (TOC) and carbon of swamp plant peat
(TOC*) in the Aral bottom sediments

_Depth Dating  Corrected *o | Depth Dating Corrected =*o
[cm] material  "C age [yr] | [em] material  '*C age [yr]
0-17 CaCOs 750 120 205-221  TOC* 3450 80
0-17 TOC 460 160 225-238  CaCOs 7670 180
19-30 CaCOs 4370 100 242-260  CaCOs; 6390 80
19-40 TOC 1560 100 260-287  CaCOs 9030 150
34-47 CaCO;s 3050 100 260-287 CaCOs* 4810 180
34-47 TOC 720 120 288-300 CaCO; 8200 220
72-84 CaCO; 3950 120 288-300 TOC 4990 250
84-98 CaCO; 3690 100 310-324  CaCOs; 6890 150
84-98 TOC 1830 300 310-324 TOC 5750 250
98-111 CaCO; 3550 120 310-324 CaCOs* 5610 220
98-111 TOC 1270 250 325-341  CaCO;s 8160 100
111-125  TOC 2300 180 325-341 TOC 7960 120
125-130  TOC* 1510 150 342-345 CaCO; 7590 150
141-150  CaCO; 2730 100 342-345 CaCOs* 6090 150
150-164  CaCO; 3600 120 367-377 CaCO; 8030 100
150-164 TOC 1900 250 367-377  TOC 7300 390
164-190  CaCO; 3970 100 382-400 CaCOs; 7540 100
205-221  CaCOs; 5330 100 382-400 TOC 6650 390
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FIG. 4. Radiocarbon ages of bulk carbonates (1), carbon of dispersed organic matter (2) and shell
carbonates and carbon of swamp peat (3) in the Aral sediments.
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FIG. 5. Lithology, bulk carbonate content and sedimentation rate of the Aral core taken at 23 m depth
in the central part of the sea.

Figure 5 demonstrates lithology, bulk carbonate content and sedimentation rate of the Aral
core. Three stages of sedimentation regime are divided within the core. The deepest part from
4 to 2.5 m was formed during the early Holocene under low sedimentation rates and
decreasing sea water levels. The swamp plant peat layer of 20 cm thickness at 2.3 m depth
indicates that the sea dried and broke up into a number of isolated lakes and swamps by about
4.5 Ka BP . The subsequent sea level rise and fall culminated in a second drying event at
about 2 Ka. This date was fixed by a series of thin layers of the swamp plant peat identified in
the sediment core. Sedimentation of the uppermost part of the core after ~1.3 Ka occurred

under a regime of variable runoff, a condition recorded in the alternation of silty clay and
sandy silt layers.
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A specific feature is noted in the relationship between sedimentation rate and sea water level.
The Aral Sea is a shallow reservoir. Its maximum depth in 1960 was 60 m. Until 1990 the sea
level droped by ~15 m during which time the water area decreased from 65 000 to 40 000 km”
and sea volume reduced from 1000 to 400 km?>. Over that time salinity increased from 10 to
24%o. Increase of the sea level to its maximum value (+58 m a.s.l. or 65 m depth) extends the
water area 3- to 4-fold and increases the water volume by 2- to 3-fold. During these high level
stands, the source of sediment (Amu Darya, Syr Darya, other rivers and costal area) becomes
more distal. The observations in Fig.5 show a general increase in sedimentation rate from
bottom to top in the core which indicates that there has been a tendency towards sea level
decrease since about 7 Ka.

4. ARAL - CASPIAN EVENTS

A general picture of hydroclimatic change in the Aral-Caspian catchment during the Late
Pleistoncene-Early Holocene is presented in Fig. 6. Latitudinal shifts in climatic zones in the
region during this time have been discussed previously [1, 2]. The data presented here for
Kara Bogaz Gol, Issyk Kul and the Aral Sea bottom sediments appear to provide additional
support for interpretation of the paleoclimate and paleohydrology of the region, and support
and expand on the interpretations of our previous work.

FIG.6. Effect of latitudinal shift of the zone of humid climate in the Aral-Caspian basin: (a) drainage
basin change from the Volga-Ural to the Amu Darya-Syr Darya; (b) regression of the Caspian and
transgression of the Aral Sea during the transition time.
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5. CONCLUSION

The results presented herein demonstrate that climate change in the Aral-Caspian catchment
was the main factor governing variations in the hydrological cycle over the region. More
detailed studies over longer time-intervals using sedimentary archives from lakes and seas
appears to be a promising direction for future water resources research in this and other arid
zone basins.
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“CO, MEASUREMENTS IN MARITIME AIR
OVER THE NORTHERN INDIAN OCEAN
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Navrangpura, Ahmedabad, India

Abstract."'C in the carbon dioxide of air overlying the Northern Indian Ocean was measured during
the spring of 1993 to 1995 and 1997 to 1999. Considerable variations of '*C over this region have been
observed during this period, which reflect both regional and interannual variations. The interannual
variations of '*C of the tropospheric CO, over this region is found to correlate with the El
Nifio/Southern Oscillation (ENSO) events, with positive excursions of '*C before the onset of warm
phase of ENSO.

1. INTRODUCTION

The tropospheric '*C/"*C level almost doubled during early 1960s from its natural values, due
to injection of '“C from large-scale testing of thermonuclear bombs. These tests were
performed mainly in the northern hemisphere. The tropospheric A'*C attained a peak value of
900 to 1000%o in the northern hemisphere between 1963 and 1964 [1, 2] and 640%o in the
southern hemisphere during 1965 [3, 4]. After the global moratorium of atmospheric nuclear
testing following the Test Ban Treaty of 1963, the tropospheric '*C is decreasing mainly
through air-sea exchange of CO,, transfer to the biosphere and dilution with *C free fossil
fuel CO,, with an approximate exponential trend. The bomb '*C pulse in the atmosphere has
been successfully used as a transient tracer for studying the global carbon cycle dynamics, e.g.
for studying air-sea gas exchange, tracing transfer of CO, from surface to deep layers in
oceans, and for monitoring fossil fuel emission [5]. Tropospheric A"C measurements in the
maritime air over the Arabian Sea and the Bay of Bengal have been made during early to late
springs of 1993 to 1999 (Fig.1), as part of our ongoing studies on air-sea CO, exchange over
the Northern Indian Ocean using radiocarbon [6, 7, 8, 9]. From our measurements over the
Arabian Sea and the Bay of Bengal done during the 1990°s it is demonstrated here that the
interannual variations of '*C in the troposphere are also possibly controlled by the complex
coupled ocean atmosphere interactions, during strong El Nifio/Southern Oscillation events.

el
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FIG. 1. Cruise tracks for maritime CO, sampling over the Arabian Sea and the Bay of Bengal,
between 1997 and 1999. Area sampled between 1993 and 1995 over the Arabian Sea is shaded.

* Email: koushik@prl.ernet.in.
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2. EXPERIMENTAL

Tropospheric CO, was sampled for '*C measurements onboard research vessels ORV Sagar
Kanya during 1993 and FORV Sagar Sampada during 1994 to 1999 (except 1996). The
apparatus used for the sampling is shown in Fig.2. Two of these systems were installed on the
front deck of the research vessels and operated simultaneously. Air was sucked in through a
greaseless compressor, and allowed to bubble through two plastic bottles kept in series, each
containing 250ml of 2N NaOH solution, free from inorganic CO;. A third bottle containing
250ml of distilled water was fitted at the end, to trap any escaping NaOH aerosols. Air was
allowed to bubble through the NaOH solution at 5 lit.min™', for about 2 to 3 days to collect
enough CO, (around 5lit), required to prepare adequate amount of benzene for '*C analysis.
Sampling was done only while cruising between stations and when the ship was about 200 km
away from the coast. This is to avoid contamination from the ship’s emissions and proximity
to coastal CO, emissions. For a given year, we collected about 3 to 4 samples during 1993 to
1995 and between 8 to 10 samples (which include some duplicates) during 1997 to 1999.

— fL|H

AR — =

ZH MNadH 28 HoelH H,0

FIG.2. Sampling of tropospheric CO, for "C analysis, by dynamic pumping of atmospheric air
through NaOH solution.

In the laboratory the resultant Na,COjs solution was acidified with dilute H3PO4 (30% v/v) in a
vacuum system. The liberated CO, was purified and converted to benzene for '*C analysis,
through the formation of Li,C, and acetylene, using TASK benzene synthesizer [10].
Considerable isotopic fractionation of carbon in CO; is observed during absorption of CO; in
NaOH solution [11]. However, dynamic pumping of atmospheric air in NaOH solution can
minimize this fractionation effect. The extent of this fractionation depends on the sampling
rate of CO,. *C/'2C ratios were measured in an aliquot of CO, used for benzene synthesis,
using a PDZ Europa Geo 20-20 stable isotope mass spectrometer. The'>C/'°C ratios are
expressed as permil deviation (8'°C %o) from the V-PDB standard. Typical 16 precision on
8"°C is £0.05%o. The §"°C values of CO, used for benzene synthesis range from —8 to —20%o
(Table I) generally depleted than the normal atmospheric values (7.7 to —8.0%0) measured
over Seychelles (4°40°S, 55°10’E) between 1991 and 1997 [12]. The §"°C values have been
used only for fractionation correction of "*C activities. The benzene samples were assayed for
'C using a Packard 2250CA Liquid Scintillation Counter in low-level count mode. NBS
Oxalic Acid-II (SRM 4990C) has been used as standard. The '*C activities are reported as
permil notation (A'¥C%o) following standard conventions [13], after normalizing to isotopic
fractionation of 8'°C = —25%o and correcting for decay. Typical 16 precision on A'C for a
single sample is +5 to 8%o. The results of isotopic measurements and error-weighted means
for each year are given in Table 1. Out of 12 duplicate analyses, 9 samples fall within the
errors of measurement. Five anomalous A'*C values are rejected.
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TABLE I

Lab code Sample Begiiampllng tracl;:n J 8" Cppa A"Ctlo
0 0,
(PRLCH) code (Lat®°N,Long°E) (Lat°N,Long°E) (%0) (%0)
ORYV Sagar Kanya cruise SK—83 (Apr — May, 1993) Arabian Sea
194 SK-83-A1 15.0,73.0 12.5, 67.0 ~15 124.0+ 6.0
196 SK-83-A2 12.5, 67.0 13.0, 68.0 —-15.1 119.1+£5.2
201 SK-83-A3 —-15.3 118.8+4.7
204 SK-83-A4 13.0,68.0 12.5,69.5 -15° 121.0+ 8.0
Mean=  -15.2 120.3 £2.8
FORYV Sagar Sampada cruise SS—117 (Jan — Feb, 1994) Arabian Sea
240 SS—117-Al 6.0, 74.0 8.0, 73.0 ~15 104.0+5.0
315 SS-117-A2 8.0,73.0 13.0, 64.8 —-16.4 1352+5.0
316 SS—117-A3 13.0, 64.8 12.8,71.6 —-14.6 109.5+5.5
Mean=  -15.5 116.6 £ 3.0
FORYV Sagar Sampada cruise SS—132 (Apr — May, 1995) Arabian Sea
326 SS-132-Al 11.0,75.0 13.0, 64.5 —-11.5 101.3+4.7
327 SS—132-A2 13.0, 64.5 5.7,56.2 -18.0 121.6 £ 5.7
328 SS—-132-A3 5.7,56.2 6.2,64.4 -8.0 1042+ 5.0
329 SS—132-A4 6.2, 64.4 8.0, 75.0 -8.2 91.6 £6.7
Mean= -114 105.1 £2.7
FORYV Sagar Sampada cruise SS—152 (Feb — Mar, 1997) Bay of Bengal
351 SS-152-1A -7.7 *75.7+£7.0
398 SS-152-1B 72,76.0 39,78.1 93 105.8+7.7
392 SS-152-2A -9.0 1199+ 8.6
399 SS-152-2B 3:9,78.1 8.5, 86.0 88 1201465
393 SS-152-3A —-13.6 111.5+74
400 SS-152-3B 8.5, 86.0 163,823 150 998+7.6
394 SS-152-4AB 16.3, 82.3 7.4, 83.8 —-13.6 99.8 £6.7
395 SS—152-5AB 7.4,83.8 0.0, 80.0 7.1 *82.1+6.4
396 SS-152-6AB 0.0, 80.0 0.0, 80.0 —-13.8 112.3+8.5
397 SS—-152-7AB 2.2,79.0 -10.8 106.5+ 7.7
Mean=  -10.9 109.3 £2.6
FORYV Sagar Sampada cruise SS—164 (Mar — Apr, 1998) Arabian Sea
424 SS-164-1A -14.1 95.7+17.7
425 SS-164-1B 12.0,74.2 16.5,69.0 -17.1 100.3 + 6.4
426 SS-164-2A -13.9 83.4+7.5
427 SS-164-2B 16.5,69.0 19.8,64.6 -14.9 *56.3+£6.7
428 SS-164-3AB1 —-17.0 *119.8+6.8
429 SS-164-3AB2 19.8,64.6 17.2,60.7 -17.0 106.5+ 6.7
430 SS-164-4A -16.1 104.5+6.3
431 SS-164-4B 17.2,60.7 14.3,54.9 -19.6 105.1+6.2
432 SS-164-5AB 13.3,53.2 3.9,56.8 —-10.7 93.0+6.9
433 SS—164-6A -16.5 99.0+7.1
434 SS-164-6B 3.9,56.8 6.2,64.3 -17.3 93.4+6.0
435 SS—164-7A -10.2 95.7+6.2
437 SS-164-7B 6.2,64.3 12.9,64.5 -17.9 89.1 £6.6
Mean= -15.6 97.3+2.0
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TABLE I (cont.

Lab code S ampling track 8" Cppa A"Ctlo
(PRLCH) Sample code Begin End (%0) (%)
(Lat®N,Long°E) (Lat°N,Long°E)
FORYV Sagar Sampada cruise SS—172 (Feb, 1999) Bay of Bengal
466 SS-172-1A -12.6 89.3+7.3
467 SS-172-1B 17.5,859 17.0,91.1 -10.6 94.5+8.3
468 SS—172-2A —-13.1 84.2+5.4
469 SS-172-2B 16.9,91.1 134,889 -8.2 852+5.9
470 SS—-172-3AB 13.4, 88.9 13.0,93.0 —-14.0 95.1+£5.1
471 SS-172-4AB1 -13.2 91.7+£5.0
472 SS-172-4AB2 10.8,93.2 6.5,91.7 -13.2 88.7+5.4
473 SS-172-5AB 6.5,91.7 5.0, 86.0 -15.1 80.5+4.8
474 SS—172-6AB 5.0, 86.0 8.0, 76.0 -9.3 *67.5+4.7
Mean= -12.1 88.1 £2.0

*Rejected for mean calculation, due to possible fractionation or contamination.
# 8°C not measured, mean value of —15%o have been used for A" C calculation.
Data for 1993—1995 are from [9]. A and B are duplicate samples for the same cruise track. AB
denotes duplicate samples combined due to insufficient CO, trapping. SK and SS represent Sagar
Kanya and Sagar Sampada respectively.

3. TRENDS OF "*CO, OVER THE NORTHERN INDIAN OCEAN

The A'C values given in Table 1 are the mean obtained along a cruise track. The mean value

for a given year represents the springtime A'*C, averaged over a wide area of the ocean basin.
Amplitudes of seasonal '*C oscillation in tropical maritime atmosphere are <5%. [14].
Therefore, springtime A™C values are expected to be close to the annual mean within the
limits of uncertainty.
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FIG. 3. Tropospheric A”C measured from the Northern and the Southern Hemisphere sites (dots) [1].
Inset, is the plot of average tropospheric A'*C measured over the Arabian Sea (filled circles) and the
Bay of Bengal (open circles).
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The A"C values of tropospheric CO, over the Northern Indian Ocean show deviations from
the normal exponential decreasing trend. This reflects either regional difference of '*CO, over
this region or interannual tropospheric '*CO, variations resulting from anomalous ocean-
atmosphere CO, exchange or terrestrial flux of CO,. A"*C measured in 1997 over the Bay of
Bengal is equal to or higher than that over the Arabian Sea in 1995. Rate of A"C decrease
over the Arabian Sea was slower between 1995 and 1998, than that between 1993 and 1995.
To resolve the interannual '*C variations over the Northern Indian Ocean, we have compared
the time scale of atmospheric '*C decrease and its relative deviation from a smooth trend,
determined for each year as described below.

The exponential decreasing trend of the tropospheric '*CO, at any given location can be
characterized by its decay (or e-folding) time constant T. The average e-folding time is about
16 years in the northern hemisphere [15] and about 17 years in the southern hemisphere [3].
The e-folding times were calculated for different years by choosing 1980 as the base year
from the relation,

AMC, = AC o506 "

where A'C, is the measured value in a given year (t) and At is time since 1980. Here A"C1os0
is taken as 265%o, from the tropical maritime tropospheric '*C measurements at Izafia, Canary
Islands, Spain (28°N, 16°W, 2376m asl) [1]. This value agrees well with A*C value of
260+5%0 for 1980, measured in dendro-dated tree rings of teak grown at Thane (19°14’'N,
73°24’E) near the Arabian Sea coast [16]. The e-folding times over the Northern Indian Ocean
range from 16.0 to 18.8 (£0.5) years (Table 2), with a mean of 17.0+0.2 years. This compares
well with the e-folding time of 16.6 years reported earlier for this region [9], obtained relative
to the base year 1970 with A'Cio70 = 550%0 and applying Suess effect correction of —
0.68%o.yr". To resolve the interannual variations, the '*C data have been detrended by
removing an exponentially decaying trend. The residual of A"C obtained after detrending is
given by,

14 _Al4 14 —At /17.0
A Cresidual_A Ct_A C1980e

The residual A'*C values (with 16 errors) are summarized in Table 2. Apparently, the A"C
values of the Arabian Sea are less than over the Bay of Bengal. A part of this regional
variation can be explained from the contrasting upwelling characteristics of the Arabian Sea
and the Bay of Bengal. Arabian Sea being a perennial source of CO, from upwelling of CO,
rich deep water [17], the regional atmospheric A™C will be lower due to evasion of '*C-
depleted CO,. The Bay of Bengal being a sink of atmospheric CO, [18], such regional
depletion of tropospheric *C will be lower. Regional upwelling induced 1C depletion was
documented from tree ring A"C measurements from northwestern Thailand [4] and from
coastal South Africa [19].

TABLE II
. Al*C 1 AYC o
Y. 1)/ R t residual

ear (t) / Region (%) (year) (%)
1993 / Arabian Sea 1203 £2.8 16.2+0.5 —-4.5+3.0
1994 / Arabian Sea 116.6 £3.0 16.6 £0.5 -27+£3.0
1995 / Arabian Sea 105.1 £2.7 16.0+0.5 -5.9+3.0
1997 / Bay of Bengal 1093 £2.6 18.8+0.5 94+3.0
1998 / Arabian Sea 97.3+2.0 17.7+04 3.7+£2.0
1999 / Bay of Bengal 88.1+2.0 16.9+0.4 -0.7£2.0
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However, considering the close proximity of the Arabian Sea and the Bay of Bengal, rapid
zonal mixing is expected to quickly smooth out any such variation. More data are needed to
verify the presence of any zonal gradient of tropospheric A'*C across these two basins. This

regional depletion can be confirmed by simultaneous A'*C measurements over the two basins.

The A™Cesiqual for the Arabian Sea during 1998 is nearly 10%o higher than that during 1995,
similar to the A"YCiesiqua difference for the Bay of Bengal between 1997 and 1999. The

anomalous high values of residual A'*C during 1997 and 1998 coincide with the very strong
El Nifio/Southern Oscillation (ENSO) event of 1997-°98. The ENSO events are characterized
by anomalously warm sea surface temperature in the equatorial Pacific. These events cause
significant perturbation in the global carbon cycle, through changes in the ocean-atmosphere
CO; exchange and terrestrial CO; fluxes [20, 21]. A reduction in the depth of the thermocline
in the equatorial Pacific which causes significant reduction in the upwelling of CO, rich deep
waters during the El Nifio events, reducing the sea-air efflux of CO, to 30-80% of a normal
year [22], resulting in negative CO, anomaly in the atmosphere. Reduction in rainfall over
tropical rainforests result in increase of net respiration of the terrestrial biosphere, enhancing
the biospheric CO; flux [23], which offsets the ocean induced negative CO, anomaly. For the
last three decades, such arid conditions would favor release of CO, from oxidation of YC rich
fast cycling soil organic matter [24]. The El Nifio events are accompanied by anomalous
atmospheric circulation patterns, with higher tropopause height and higher stratosphere-
troposphere exchange [25], which can favor enhanced transport of stratospheric air with
higher A"C [26] to the troposphere. All these phenomena, e.g. reduction of '*C depleted CO,
from oceans, biospheric release of '*C enriched CO,, and enhanced mixing with stratospheric
air, are conducive to an enhanced level of '*CO, in the troposphere during the El Nifio events.
In Fig. 4, the "*C anomalies over the Northern Indian Ocean are compared with the Tahiti—
Darwin Southern Oscillation Index (SOI) [27] and the Multi-variate ENSO index (MEI) [28].
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FIG. 4. Anomalies of '*C over the Arabian Sea (hatched bars) and the Bay of Bengal (open bars). The
gray bars are SOI averaged over 5 months and the solid curved line is the bimonthly multi-variate
ENSO index (MEI). Negative SOI or positive MEI values represent the El Nifio condition.
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It is important to note in Fig.4 that the highest positive A'*C anomaly of 1997 was observed
about 8 months prior to the development of peak El Nifio condition during November 1997.
From the inversion of atmospheric concentration and stable isotopic composition, it has been
shown that interannual variability of the tropical CO, fluxes are significantly correlated with
southern oscillation index, with flux anomalies leading the SOI anomaly by 4 to 9 months
[29]. The negative CO; flux anomalies from oceans are synchronous or lead early months of
the El Nifio events by few months and positive anomalies from lands occur toward the end of
these events. Thus it is possible to explain the early occurrence of the positive A'*C anomaly
by the onset of the reduction of "“C-depleted oceanic CO, fluxes. If the El Nifio induced
atmospheric '*C excursion is confirmed from other tropical sites, it will be of considerable
interest to compare these '*C anomalies with the tropical CO; flux anomalies.

4. EVIDENCES OF POSSIBLE MODULATION OF TROPOSPHERIC '*CO, BY ENSO

There are some reports on possible ENSO modulation of tropospheric '*CO, both during the
pre-nuclear and the post-nuclear era. It has been demonstrated that ENSO influences regional
differences in tree ring '*C from Washington State and Arizona, USA, during 1930 to 1955
[30]. Periodicities in the 2—6.4 year range observed in the spectrum of annual high precision
tree ring '*C data (1511 to 1954 AD) from Pacific northwest, Washington, USA have been
associated with ENSO related thermohaline circulation change [31]. In the post nuclear
period, modulation of '*CO, on regional scale by ENSO events was observed in atmospheric
CO, samples collected in the equatorial Pacific region between 1991 and 1993 [32]. A very
regular quasi-biannual variation has been observed in the recent data of '*CO, from the
southern hemisphere, which has a possible association with the El Nifio phenomenon [33]. At
the high latitudes of the northern hemisphere, slower decrease of tropospheric '*CO, was
observed over Abisko, Sweden (68°20.5’N) and Svalbard, Spitsbergen (78°04'N) during the
ENSO years between 1982 and 1987 [34].

5. CONCLUSIONS

The spatial and temporal variations of tropospheric A'*C values observed over the Northern
Indian Ocean between 1993 and 1999 show:

(a) During the 1990°s A"C has been decreasing at the rate of 5%o.yr’' on an average. The
decrease corresponds to average e-folding time of about 17 years for the removal of
tropospheric 1C over this region, assuming A14C1980 to be 265%o.

(b) The rate of this decrease is not uniform. The observed A'*C over this region was about
7%o higher than the expected trend, during the very strong El Nifio event of 1997—°98.

(¢c) A™C in air overlying the Arabian Sea appears to be lower than that over the Bay of
Bengal (by about 5%o, comparing the A'*C values of non-ENSO years 1995 and 1999).
This is due to the fact that the Arabian Sea is a perennial source of CO,, from the
upwelling of '*C-depleted CO, rich water. More measurements are needed to confirm this
regional depletion of '*C in the air overlying the Arabian Sea.
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Abstract. Information on seagrass paleo-ecology is very scarce because detailed seagrass paleo-
records are virtually lacking. The endemic Mediterranean seagrass Posidonia oceanica conjugates two
unusual features that allow the reconstruction of the past history of the plant at two different time
scales. On the one hand, the study of the leaf sheaths that remain attached to the rhizomes after leaf
abcision (lepidochronology), allows to differentiate up to 30 yearly cycles. On the other hand, radio-
carbon dating of peat-like deposits derived from Posidonia oceanica rhizomes and roots (‘mattes’),
reveals a chronological organic record of the plant spanning several thousands of years. Changes in the
isotopic signature (8"°C) of the sheaths along Posidonia rhizomes from a meadow off Medes Islands
(NW Mediterranean, Spain), were highly correlated with changes in annual leave production and with
water transparency. These relationships and the isotopic analysis of sheath debris from several
Posidonia peats along the Spanish Mediterranean coast are used to make some preliminary inferences
about long-term meadow history. Several phenomena potentially difficulting the interpretation of the
information contained in Posidonia peats are critically discussed. It is concluded that a detailed study
of P. oceanica peats will open new vistas in Mediterranean paleo-ecological and paleo-environmental
research.

1. INTRODUCTION

Our knowledge of terrestrial and aquatic freshwater angiosperm plant communities of the late-
Pleistocene and the Holocene ages is considerable due to the wealth of fossil remains preserved
in sedimentary deposits [1]. Paleorecords of the only angiosperms that have invaded the
submarine realm, seagrasses, are virtually lacking because the appropriate preservation
conditions apparently have been very rarely met and because, with a few exceptions, seagrass
pollen lacks exine, the outermost coat of the pollen grain. The endemic Mediterranean seagrass
Posidonia oceanica (L.) Delile, however, conjugates two unusual features that allow
investigation of the past history of the plant at different time scales. In many seagrasses it is
possible to distinguish yearly cycles through the observation of various characteristics of the
sheaths (lepidochronology; [2]) and sheath scars along the rhizome [3]. Several features of the
biology of Posidonia such as number of leaves, leaf production, plastochron, seasonality,
vertical growth, or rhizome production, can be reconstructed for periods spanning up to 3
decades with a seasonal resolution. Moreover and, exceptionally, Posidonia oceanica
belowground organs accumulate in the sediment forming organic peat-like deposits, so-called
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‘mattes’, several meters in thickness. Previous studies using radio-carbon techniques have
revealed that these peats, largely sheath- but also root- derived recalcitrant organic matter,
constitute an unique organic record spanning several thousands of years, which stratigraphy
accurately reflects its chronology of formation [4,5,6]. The Posidonia peats thus offer
unprecedented possibilities to perform detailed studies of seagrass-dominated paleo-
environments.

In this study such possibilities are explored combining lepidochronology and radio-carbon
dating with the analysis of stable carbon isotopes in order to obtain clues about the physical
surroundings and the growth history of Posidonia oceanica meadows along the spanish coast.
To this end, the relationships between the number of leaves produced per year, water
transparency, and the stable carbon isotope composition of P. oceanica have been studied at a
decadal scale in recent sheath material using lepidochronology. With this information, a few
preliminar inferences about changes in Posidonia oceanica biological and environmental
features over a time-scale of thousands of years are made using radio-carbon dating and
carbon isotopic analysis in Posidonia peats.

2. MATERIALS AND METHODS

For the short-term (decadal) approach, 12 vertically growing rhizomes of P. oceanica were
collected in the Natural Reserve of the Medes Islands, NW-Mediterranean, Spain, over an
area of ca. 250 m”. Sheaths were counted and grouped by years using lepidochronology [2].
The rhizomes were divided in separate segments, each bearing the sheaths formed over one-
year periods. In this study we have assumed that the number of sheaths produced per year
(which equals the number of leaves produced) is positively related with plant aboveground
annual production. The possible use of sheath biomass as a proxy for production was
discarded because sheath biomass can be affected by erosion and decay processes.

42°N =
Spain

Alicante

38°N

FIG. 1. Geographical location of the sampling sites. Posidonia oceanica peats were sampled at 4
locations: Port lligat (PLL), Medes Islands (MD), El Campello (CP), and Tabarca Island (TB).
Additionally, Posidonia rhizomes were collected in Medes Islands.
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Table 1. Main features of the various P. oceanica peats studied

Thickness
Age range sampled e Max. Min. Range

Site (vears B.P) (cm) (O/oo) SEM N (O/oo) (O/oo) (O/oo)
PLL 710 - 1600 123 -12.7 0.41 5 -11.3 -13.8 2.5
MD 1310 - 3330 200 -13.7 0.69 10 -13.2 -14.2 1.0
CP-A 670 - 1490 200 -15.5 0.77 5 -14.1 -17.4 33
CP-B 540 - 1340 200 -14.7 0.45 5 -13.0 -15.5 2.5
CP-C 530 - 1240 200 -14.6 039 5 -13.6 -15.8 2.2
TB-A 210 - 1330 170 -13.8 1.22 5 -12.4 -15.1 2.7
TB-B 210 - 1020 140 -16.1 0.28 4 -15.3 -16.6 1.3
TB-C 310 - 1060 140 -16.3 0.20 4 -15.7 -16.6 0.9

SEM: Standard error of the mean
Adanted from [6]

Table II. Average accretion rates and 8"°C values for the various
P. oceanica peats studied

Accretion
rates dkcC
Site (cm year™) (/o) SEM N
PLL 0.088 2.7 0.41 5
MD 0.079 -13.7 0.69 10
CP 0.203 -14.8 0.31 15
TB 0.114 -15.4 0.34 13

SEM: Standard error of the mean
Adapted from [6]

For the pluri-millenarian approach, Posidonia oceanica peats were sampled in 4 locations
along the Spanish Mediterranean coast (Figure 1; Tables I and II). In Port Lligat, a peat core
was obtained by means of a floating drilling platform that combined pneumatic percussion
and rotation. A jagged drilling head was specially dessigned to adequately penetrate into the
fibery peat minimizing material compaction. Only the first section (123 cm length) of the ca.
5 m core obtained, was sectioned into 1 cm slices. Five of these slices were selected for radio-
carbon dating and isotopic analysis (see further). Data from the rest of the core will not be
reported in this work. From each of the selected 1 cm slices, the organic fraction retained by a
>]Imm mesh sieve (that consisted in 100% P. oceanica detritus) was separated and
fractionated again into sheath-, root-, and rhizome-derived material. The rest of the peats were
sampled by horizontally coring naturally-cut faces of P. oceanica peat using a corer operated
by SCUBA divers. Details on the sampling sites and sampling procedures are described
elsewhere [6]. Only sheath material was selected off the samples for analytical procedures.

Root-derived organic material was discarded because downwards growth of the roots may
lead to incoherences between radio-carbon age and stratigraphic position in the peat. All
P. oceanica samples (recent and old material) were oven-dried at 70 °C until constant weight
and ground to a fine powder in a glass morter prior to elemental and isotopic analysis.
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2.1. Isotopic analysis

The carbon stable isotope ratios were determined by mass spectrometry (Finnigan Delta S
Isotope RMS — Conflo II interface; total analytical error was 0.13 %o). Isotopic ratios are
expressed in the common notation:

Ry, - R
513C(0/00)=S“—Sfd-1000
Rstd

where R is the isotopic ratio “C/"2C of the sample (sa) or of the standard (s¢td) VPDB.

2.2. Age determination

The age of the millenary samples was established by determining the '*C content of the
samples using high-precision accelerator mass spectrometry (National Ocean Sciences AMS
Facility, Woods Hole Oceanographic Institution). For each of the 5 samples dated, the carbon
dioxide from the combustion of ca. 1 mg of powdered P. oceanica sheath material was
reacted to graphite using a Fe/H, catalytic-reduction. Graphite was analyzed on the
accelerator along with the NBS Oxalic Acid I (NIST-SRM-4990) standard and with a process
blank sample (graphite powder, Johnson-Mathey 99.9999%). Ages are calculated using the
internationally accepted modern value of 1.176 + 0.010 x 10™'? [7] and a final *C-correction
was made to normalize to a 8" Cvpps value of -25 %o0. Ages are reported as radio-carbon ages
(years before present; 1950) following the convention outlined in [8, 9].

2.3. Water transparency data series

Annual mean water transparency (Secchi depth) was calculated by averaging daily
measurements available for the same period in the proximity of Medes Islands (J. Pascual,
unpublished data).

2.4. Numerical procedures

Relationships between the studies variables were explored using simple regression procedures
[10] and time series analysis (STATISTICA Kernel release 5.5, '99 Edition, STATSOFT, Inc,
OK, USA).

3. RESULTS AND DISCUSSION

3.1. Recent archives

Lepidochronological dating of the Posidonia oceanica vertical rhizomes allowed the
identification of 14 complete years (from 1979 to 1992). The effect of light intensity on the
stable carbon isotope composition of seagrasses has been repeatedly demonstrated either by
field sampling along a bathymetrical gradient [11], in situ shading experiments [12], or
mesocosms experiments [13, 14]. The pattern found in the mentioned experiments (i.e. lower
8'°C values at lower irradiances) is corroborated in the present study by the good correlation
between the annual average carbon isotopic composition of the sheaths and the corresponding
average Secchi depths (8'°C =-17.40 + 0.24 x Secchi; , R = 0.78, P = 0.003, N = 14; Fig. 2).
This pattern is a consequence of a differential enzymatic discrimination against °C during
photosynthesis of the individuals growing at different light intensities (lower discrimination at
higher irradiances; see review by [15]. Coherently, a good correlation between §"°C values
and the annual leaf production of the plant was found (number of leaves = -16.44 + 0.40 x
8"°C, R=0.75, P=0.002, N = 14; Fig. 3).
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FIG. 2. Relationship between annual average water transparency (Secchi depth) and the carbon
stable isotope composition of Posidonia oceanica sheaths. Sheat age was determined using
lepidochronology.
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FIG. 3. Relationship between annual average leaf production (number of sheaths) and the carbon

stable isotope composition of Posidonia oceanica sheaths. Sheat age was determined using
lepidochronology.

3.2. Millenary archives

A departure point for determining the potential of P. oceanica for paleo-reconstruction
purposes, is the assessment of the maximum period of time that can be expected to be spanned
by continuous Posidonia peats. In this study the oldest sample was that in the base of a 2 m-
thick peat wall in Medes Islands, revealing a ca. 3400 yr BP organic record (Table I).

That peat wall in Medes Islands continued 2 more meters downwards, potentially duplicating
the actual age observed. Direct observations reported in early works on Posidonia meadows
describe natural cut faces of Posidonia peats as thick as 6 m, probably continuing deeper
down the sediment [16]. Assuming a constant accretion rate of the organic material, a 6 m-
thick peat could be as old as 10 000 years. Accretion rates, however, have been found to be
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highly variable within the same peat wall (A, B, C, replicates where separated only 50 cm
from each other) or between peat walls of different sampling sites ([6] and present work,
Table II, Fig. 4). It has been suggested that the most ancient Posidonia continuous peats
cannot be older than ca. 11 000 yr BP [17]. In that time, the last glacio-eustatic regression of
the Mediterranean Sea took place, hypothetically enabling the present Posidonia oceanica
meadows to initiate the last colonization and, therefore, the buildup of the peats.

The isotopic composition in the different peats studied showed a considerable geographical
variability, the average value being -14.2 %o and the range 6.1 %o, (Tab. I). Significant
differences between the sites located around the parallel 42.5°N (PLL and MD) and those
around the parallel 38.5°N (CP and TB) were found (-13.2 %o and -15.1 %o, respectively;
P<0.01). A significant latitudinal gradient has been observed in the isotopic composition of
seagrasses [15]. However, the pattern observed here, i.e. higher isotopic discrimination in the
sothernmost sites, is in contradiction with that latitudinal gradient and with most of studies
relating latitude, irradiance, and 8'3C ([15] and references therein). Local variability is likely
to account for this contradiction. This hypothesis is supported by the lack of correlation found
accross the studied sites for peat accretion rate, suggesting that within certain geographical
limits, the effects of local factors on seagrass biology can override those of environmental
changes at a larger geographical scale [6].
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FIG. 4. Radiocarbon-age distribution along the various Posidonia oceanica peats studied. A, B, and C
are replicates separated ca. 50 cm from each other. Present time is referred to 1950.
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One typically local factor that is critical for seagrass growth is water transparency [18].
Taking into account the relationship found between Posidonia sheaths 8"C and Secchi depths
(Fig. 2), the present carbon isotopic compositons of the studied peats suggest that water
transparency has been, in the average, higher in the northern areas than in the southern areas
of the Spanish Mediterranean coast (3 or more meters clearer). Posidonia oceanica reacts to
decreasing water transparency (and/or to incresing sedimentation) by increasing the vertical
elongation rates of its rhizomes [18, 19, 20].

This results in potentially higher peat accretion rates. This fact can be one of the reasons
explaining the higher peat accretion rates observed in the peats from the south (CP, TB)
respect to those in the peats from the north (PLL, MD). Also, as derived from the positive
relationship between sheaths carbon isotopic composition and annual leaf production, it can
be hypothesized that such an effort in increasing the vertical elongation of the rhizomes, may
lead to a reduction in the investment in total leaf productivity as reported elsewhere.

The robustness of the inferences made in paleo-reconstruction studies using P. oceanica
peats, can be compromised by various phenomena. Below, we critically consider the several
phenomena potentially hindering a correct interpretation of the 8"°C profiles along the peat
wall.

3.2.1. Changes in the carbon isotope signature of the carbon source

Seagrass meadows grow in shallow coastal areas. The input of terrestrially-derived debris into
the meadows can be highly variable depending on the local meteorological and hydrological
characteristics (e.g. precipitation and sea current pattern). The CO, released during the
decomposition of terrestrial organic matter is relatively depleted in °C respect to the marine
autochthonous CO,. This is due to a higher discrimination against °C during photosynthesis
of most terrestrial (C;) vegetation. It follows that terrestrial organic inputs may lead to
changes in the isotopic signature of the carbon source for seagrass photosynthesis. This may
be regarded as an advantage when the aim pursued is the reconstruction of the periodicity in
terrestrial runoff. To discriminate between changes in this isotopic ‘background level’ and the
changes accounted for by plant physiological processes, the isotopic signature of the
dissolved inorganic carbon (DIC), needs to be known. This can be done with the aid of the
carbonate parts of e.g. calcareous benthic algae, foraminifera, sponges, bryozoans, bivalves or
gastropodes associated with seagrass meadows. Although isotopic disequilibrium exists
during carbonate precipitation from the surrounding DIC, 8" C values of organogenic
carbonates serve to extract accurate information on DIC-§"°C values at the time deposition
took place [21].

3.2.2. Erosion and redeposition

Alterations of the accretion or depositional chronology of Posidonia oceanica peats by
erosion and redeposition of peat layers or by changes in the sedimentary regime of the area,
may result in abrupt or incoherent changes in sample ages and isotopic values, hampering
reconstruction tasks.

3.2.3. Diagenetic effects

To which extent the carbon isotopic signature of P. oceanica tissues remains constant long
after plant death, is another major question to be addressed. Diagenetic processes possibily
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may produce changes in detrital BC/1C ratios. During the early stages of the decomposition
process, the relative proportion of the various carbon compounds of the plant debris changes
due to differences in decomposition susceptibility. In spartina alterniflora a slight 8"C
decrease in bulk plant material has been observed as a consequence of the preferential loss of
isotopically heavier polysaccharides remaining the relatively '*C-depleted lignin-derived
carbon [22, 23]. In the case of decomposing seagrass detritus, however, no significant changes
were observed [24]. Studies on long-term diagenetic effects conclude that in typical marine
sediments, a diagenetic '*C-depletion in organic matter up to 2.8 %o may take place [25, 26].
Other workers, however, consider that diagenesis effect on 813C values of organic matter
below the bioturbation zone may be negligible [27, 28]. In general, none of the works cited
above have observed any systematic difference between the isotopic composition of the
sedimentary organic matter and its natural precursor (phytoplankton). Moreover, a diagenetic
effect would be expected to result in an gradual change of the isotopic signature, and, so far,
this has not been observed neither in those works or in the present one. A possible solution to
overcome potential problems derived from diagenetic effects, could be the use of seagrass-
specific recalcitrant compounds for isotopic analyses (e.g. seagrass sheaths lignin; [29, 30]).
This will minimize early diagenetic effects and avoid ‘isotopic noise’ from non-seagrass
material (e.g. micro-decomposers associated with seagrass detritus).

3.2.4. Paleo-meadow depth

The depth limit for seagrass distribution strongly depends on the light arriving to the canopy.
Posidonia oceanica meadows extend from nearly the water surface to depths of 35-40 meters,
where the photosynthetic compensation point is attained. As discussed before, the most
obvious cause of changes in light availability (at least in the Medes Islands) is the change in
the turbidity of the water surrounding the meadow. Such changes would result in cyclic or
random changes in plant productivity.

Changes in paleo-meadow relative depth due to eustatic sea level changes, however, would
lead to recognizable trends in light availability, as a consequence of changes in the length of
the water column acting on light extinction. Several phenomena may account for long-term
changes in meadow depth, mainly: (1) organic accretion, (2) compaction, (3) subsidence, and
(4) sea-level changes. (1) The growth of P. oceanica results in the elevation of the meadow
bottom as the organic material derived from rhizomes and roots accumulates together with
sediment. The elevation rate has been estimated to be around 0.1 cm yr”' (0.061-0.414 cm yr™';
[4, 5, 6, 31]). This estimate is substantially lower than very early ones suggesting a rate of 1
meter per century [16]. The latter estimate may be closer to the potential elevation rate of the
peat, as it does not consider long-term perturbations affecting meadow growth or survival. (2)
The compaction of the peat, as expected from all sedimentary formations, may be enhanced
by decay of the organic matter in the peat. It has been shown that the organic material of the
peats undergoes a very slowly decay process (decay rate from 0.00008 to 0.00036 yr''; [6]). In
time, the lower layers may gradually collapse as a consequence of the weakening of the
structure and of the weight of the overlying layers, concurring with typical compaction. Such
a process has been described for peats [32]. Although in the seagrass peat the proportion of
sediment is much higher, a certain degree of compaction can be expected. This would be
evidenced by a negative exponential relationship between strata age and relative position
within the peat. Such a relationship is not found, however, in the various peats studied. The
high proportion of sediment forming the matrix of the peat, the hard nature of the organic
material and the low susceptibility to be affected by gravity forces, will probably keep
compaction in Posidonia oceanica peats at an almost negligible level. (3) Subsidence is a
relatively local phenomenom resulting from the interplay of a complex set of geological

170



processes. A local geological study would be required to assess the magnitude of these
processes in the study site. (4) Since the end of the last glacioeustatic sea level rise (ca. 5000
yr BP), the level of the Mediterranean Sea seems to have experienced only very small
fluctuations, in the order of a few centimeters [33, 34]. Depth gradients of 40 m have been
shown to be needed to result in a ca. 5 %o change in the seagrass isotopic signature [11]. So
the relative depth changes associated to sea level fluctuations are not likely to have been be a
potential source of changes in production or in 8'°C values for the tiem period considered.

3.2.5. Sampling procedures

Using the corer diameter (15 cm) and the accretion rates estimated for the sampled peats
(0.079-0.414 cm yr-1; [6]), it can be roughly calculated that every sample was pooling the
material of ca. 35-190 years. The result is the smoothing of changes in the isotopic signal
preventing the identification of phenomena occurring with a frequency higher than 35-190
years. That was the case for the present peats estudied except for the case of PLL, where a
drilling platform was used.

4. CONCLUDING REMARKS

In conclusion, as is true for other palaeo-reconstruction studies based on the analyses of
chronologically-deposited materials, the interpretation of the information recorded in
Posidonia oceanica peats must be tackled with caution. Posidonia oceanica peats, however,
have a clear advantage to pure sediment cores. Bioturbation, erosion and re-deposition
phenomena, are unlikely to have serious effect on the chronology of the strata due to the firm
nature of these peats. In addition, its abundant presence along the Mediterranean sea offers the
possibility of making comprehensive and comparative studies on Mediterranean coastal
environments. Much longer Posidonia oceanica organic records may be obtained by means of
vertical deep vibro-coring as has been done for mangrove millenary deposits [35]. The
detailed analysis of the Posidonia cores may provide the necessary chronological resolution to
study local and global changes in key environmental and biological variables during the
Holocene. Moreover, it will give the unprecedented opportunity to assess the persistence of
seagrass-dominated communities during several thousands of years. We conclude that the
combined analyses of various isotopic signatures of the plant material (e.g. 8"C, 80 and

1 . . o . . . .
8'°N) and associated fossil fauna (e.g. foraminiferans, ostracods, and molluscs) in Posidonia
oceanica peats, will open new vistas in Mediterranean paleo-ecological and paleo-
environmental research.
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Abstract. Dissolved noble gases in groundwater are used to reconstruct paleotemperature, but also
yield information about "excess air", a component of dissolved gases in excess of solubility
equilibrium, derived from dissolution of trapped air in the ground. A good characterization of the
excess air component is necessary not only to obtain reliable noble gas temperatures, but also to
investigate the potential of excess air as a proxy for past environmental conditions. Two excess air
related quantities can be derived from groundwater noble gas data sets: The initial air/water ratio and
the pressure exerted on the entrapped air. Under recharge conditions typical for many aquifers, the
excess of dissolved gases, expressed by the relative Ne excess ANe, is mainly determined by the
hydrostatic pressure on the entrapped air. Thus, we suggest that ANe is essentially a measure of the
amplitude of water table fluctuations in the recharge area. Comparing data sets from three aquifers in
temperate, humid latitudes and three aquifers in tropical, semi-arid regions, we find that ANe is
generally higher in the tropical aquifers, possibly related to larger water table fluctuations in these
aquifers characterized by deep unsaturated zones. Whereas ANe shows little temporal variation in the
mid-latitude aquifers, there is a strong signal of higher ANe in the paleowaters of the tropical aquifers
as compared to water recharged under modern climate conditions. This finding may indicate a higher
variability of recharge in the past at the studied tropical sites.

1. INTRODUCTION

The temperature dependence of noble gas solubilities in water has successfully been used to
reconstruct ground temperatures during the last glacial maximum (LGM) from noble gas
concentrations in groundwaters (see [1, 2] for reviews). In comparison to other paleoclimate
proxies, the noble gas paleothermometer has the advantage of providing absolute temperature
estimates, but the disadvantage of low temporal resolution which is inherent to the
groundwater archive. The importance of the method thus lies in the quantification of the
temperature shift between the LGM and the Holocene. However, the calculation of the noble
gas temperature (NGT) is complicated by the empirical finding of an excess of dissolved
gases relative to solubility equilibrium with the atmosphere in virtually all groundwaters.
Traditionally, correction for this "excess air" [3] component has been accomplished by
iterative subtraction of atmospheric air from the measured noble gas concentrations [4, 5]. In
certain aquifers, this procedure does not yield satisfactory results [6, 7]. In order to derive
paleotemperatures from such records, a model of elemental fractionation of the excess air by
partial diffusive re-equilibration has been proposed [6].

Yet, rigorous inverse modeling has shown that even the refined model does not provide an
adequate description of the data [8]. As a solution to this problem, we have proposed a model
explaining excess air as the result of closed-system equilibration of groundwater with
persistent entrapped air [9]. Also using an inverse modeling technique [10], we could show
that the new model performed best in fitting several noble gas data sets, that it has physically
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meaningful parameters, and that fits to the data yield plausible values for these parameters.
These results provide a new basis for the interpretation of noble gas data, in particular with
respect to the excess air component, which is increasingly being viewed as a potentially
useful paleoenvironmental proxy rather than a disturbing effect in the calculation of NGTs.
Relationships between the amount of excess air and the lithology of the recharge area as well
as the precipitation rate have been observed [11]. A peak of excess air in an aquifer in
Namibia has been attributed to the water table rise during a transition to a wetter climate [12].
Here, we first discuss the closed-system equilibration model for excess air and the physical
meaning of its parameters. We then apply the model to several published and new noble gas
data sets from paleogroundwaters, look for systematic patterns of the excess air parameters,
and try to relate the observed patterns to plausible environmental factors.

2. THE MODEL

The traditional assumption that excess air is formed by complete dissolution of small air
bubbles trapped in soil pores [1, 3] can be expressed by the following model equations for the
concentrations of dissolved atmospheric gases i [10]:

C(T,8,P,4;)=C, (T,S,P)+ A, -z, (1)

where A, is the concentration of dissolved dry air, and z; are the volume fractions of the indi-
vidual gases in dry air. The moist air solubility equilibrium concentrations C; are functions of
temperature 7, salinity S, and atmospheric pressure P, given by Henry's law:

pi™  (P=e(D)k;
H(T,S)  H(T.S)

C; (1,S,P)= )

where H,(T,S) are the Henry coefficients and e(7) is the saturation water vapor pressure.

The conceptual idea of our model for the formation of excess air [9] is that during a rise of the
water table bubbles of soil air are trapped in some pores and pressurized by hydrostatic
overload and surface tension. However, this entrapped air does not completely dissolve, but
instead reaches solubility equilibrium with the surrounding water under the enhanced
pressure. The water eventually reaches the fully saturated zone, whereas the gas bubbles
remain trapped in their pores. During fluctuations of the water table, the gas phase is periodi-
cally replaced by soil air, which is assumed to be identical to atmospheric air.

In the initial situation we have a water volume V), with gas concentrations Ci*(T,S,P), 1.e., In
atmospheric solubility equilibrium at the conditions in the recharge area. The finite trapped
gas volume ¥, contains moist air under a total pressure P, > P. The STP-volume of dry air in
the trapped gas per unit mass of water is given by:

__ V¢ Rl 3)
p(T.8V, R
where Py is the standard pressure (1 atm). In summary, the initial state of the system is

completely described by five parameters: 7, S, P, Py, and Vgo/ V... Note that only the ratio
V"IV, is relevant, not the absolute volumes.

Complete dissolution of the entrapped air 4 would lead to an unfractionated excess air
component corresponding to 4, in eq. 1. However, if the trapped air is only partly dissolved, a
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final state is reached in which a gas volume V, remains, which is in solubility equilibrium
with the constant water volume V), under the constant total pressure P,. Thus, in the final state
the partial pressures p; of all gases in V, are related to the dissolved gas concentrations C; in
V» by Henry's law:

Pi ZFIZ(TaS)Cl (4)

Since we describe a finite, closed system (V,, + V), the total number of moles »; of all gases
within the system must be the same in the initial and the final state:

0 0
niaw + ni’g = niaw + ni’g (5)

In order to derive an equation for the dissolved gas concentrations in the final state from this
condition of mass conservation, it is useful to introduce the following definitions:

vV P —e
v=—L g=f and F=2, (6)
4 P-e q

where v is the ratio of the gas volumes in the final and initial state, g is the ratio of the dry gas
pressure in the trapped gas to that in the free atmosphere, and F describes the reduction of the
volume of entrapped air (4) due to partial dissolution (v) and compression (1/g). By spelling
out eq. 5, using egs. 2, 3, 4, and 6 as well as the ideal gas law, we obtain the model equations
that describe the final gas concentrations in the water phase:

1+4z/C o (=P

C(T.S,P,A,F)=C, (T,S,P)- :=C - 7
3 )= G ) 1+ FAz,[C " 1+ FAz][C; D

Note that only the combined parameter F' = v/g is needed to define the excess air component,
not v and ¢ individually. From the physical requirement that the sum of the partial pressures
of all gases in the trapped volume equals the total pressure, we can derive (by using egs. 2, 4,
6, and 7) an implicit equation that couples the parameters ¢, v, and A4:

Z.
1+A4—=
a
9= )
i 1+—A-=+
qg G

Once F'is determined from fitting eq. 7 to the data, both ¢ and v can be calculated from eq. 8.
Any pair of the parameters 4, F, g, and v fully determines the amount and composition of
excess air, the most intuitive choice being 4 (= volume of entrapped air) and ¢g (= pressure
exerted on the entrapped air).

The decomposition of F into v and ¢ is of interest for the physical interpretation of the excess
air parameters. To illustrate this, it is useful to examine some limiting cases. A trivial case is
F =1, when eq. 8 implies also ¢ = v = 1. This means that there is no pressure excess and no
dissolution, thus, no excess air at all. Another simple case is /"= 0, when eq. 7 reduces to eq.
1, i.e., complete dissolution. The important point to note is that for any given concentration of
entrapped air (any value of A4), eq. 8 prescribes the pressure ¢ that is needed to achieve
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complete dissolution (v = F = 0). This limiting pressure is essentially the pressure needed to
hold all nitrogen contained in ¥,” in solution in the water volume 7.

Another, not so obvious but very interesting, limiting case is that 4 approaches infinity (very
large reservoir of entrapped air). In this case, we find from eq. 8 that v approaches 1, i.e., the
gas volume remains constant independent of the pressure ¢. Eq. 7 reduces to:

P —e
=4G =——C =C/(.5.R,) ©)

This means that all concentrations are enlarged by the constant factor ¢, corresponding to
atmospheric equilibrium at the increased pressure P,. Thus, eq. 9 describes a pressure effect,
or equilibration with an infinite air reservoir (e.g., the free atmosphere) at increased pressure.
Apparently, eq. 7 is a very general description of the concentrations of dissolved gases in
groundwater, describing all possible cases between no excess air (F = v = g = 1), pure excess
air (FF=v =10, A4 and q linked by eq. 8), and a pure pressure effect (4 =, v=1).

Interestingly, noble gas data from groundwater samples can often be described quite well by a
pressure effect, i.e., using only 7 and P as free parameters. However, the solutions obtained
from a pure pressure model tend to yield unrealistically high values for 7" and P. In contrast,
the closed-system equilibration model (eq. 7) with 7, 4, and F as free parameters usually
yields realistic values for all parameters. Sometimes, however, the fitting procedure converges
to the "pressure effect" solution with large 4. Fits with large 4 tend to behave numerically
unstable, because any large value of 4 produces a similarly good fit (measured by %?), and
because of a strong correlation of the parameters 4 and 7. Empirically we find these problems
for solutions with 4 > 0.1 em’STP/g (corresponding to an air/water volume ratio > 1:10 at
STP). Although such solutions provide the best fit to the data, they appear to be rather
accidental, because usually slightly worse but still acceptable fits with lower and more realis-
tic A-values exist. Care should therefore be taken in interpreting results with large values of 4.
In the literature, the excess air component is often expressed by the relative Ne excess, ANe

(%) = (Cne/C e - 1)-100. In the case of complete dissolution of entrapped air (eq. 1), ANe is
directly related to the excess air parameter 4,. In general, however, the relationship between
ANe and 4 is not straightforward. Nevertheless, ANe is a very useful measure of the size of
the excess air component. In particular, it is practically an observable quantity, nearly
independent of the choice of the correct model for excess air and the exact calculation of 7,
because the equilibrium concentration C “ve does not strongly depend on temperature.

3. RESULTS AND DISCUSSION

In order to investigate systematic patterns of the excess air parameters, we applied the closed-
system equilibration model to six groundwater noble gas data sets, three of them representing
temperate northern latitudes, and three representing semi-arid tropical locations. These
paleorecords originate from: 1) Belgium, Ledo-Paniselian aquifer, about 51°N, 4°E; 2)
France, Miocene aquifer in the Valreas Basin, about 44°N, 5°E [13]; 3) USA, Maryland,
Aquia aquifer, about 39°N, 77°W [14, 15]; 4) Niger, Continental Terminal aquifers in the
Basin of Iullemeden, about 13°N, 3°E; 5) Brazil, Piaui Province, Serra Grande and Cabegas
aquifers, about 7°S, 41°W [6]; 6) South Australia, J-K aquifer in the southwestern Great
Artesian Basin, about 27°S, 134°E [16]. With the exception of the classical data set from
Brazil, taken from [6], these are unpublished data. Full accounts of the paleoclimatic implica-
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tions of these data sets will be given elsewhere. Here, we focus on the excess air component
and its possible relationship to environmental conditions.

The six data sets comprise a total of 188 samples from 164 wells. 18 of these samples could
not well be fitted by eq. 7 (p < 0.01 in the y*-test), apparently mostly due to degassing during
sampling. The remaining data were checked for outliers of 4, F, v, g, or ANe. Samples for
which one of these quantities deviated by more than three standard deviations from the mean
of the respective data set were excluded. This step eliminated 7 samples with very high ANe
(= 200 % and higher) that are likely the result of air contamination, and 4 samples with high
values of 4 (= 0.2 cm®STP/g and higher) that may be artefacts of the fitting procedure. Yet,
still 9 samples with 4 > 0.1 cm?STP/g remained, that exhibited the problems described above
(large correlation and uncertainty for 4 and 7). We also excluded these samples in order to
avoid a possibly artificial bias.

Thus, we are finally left with 150 samples from six different sites as a basis for our analysis of
the excess air systematics. The results are summarized in Table 1 and visualized in Figs. 1 and
2. An intriguing pattern is revealed by Fig. 1, showing ANe as a function of 4. The samples
from the semi-arid tropical sites align close to the line for unfractionated excess air (F' = 0)
and are characterized by low values of 4 and F, but high values of ANe. In contrast, the
samples from aquifers in temperate regions tend towards high 4 and F but low ANe. This
pattern is also evident in the mean values of the parameters for the different sites (Table I).

Table I. Mean values of excess air parameters for the studied aquifers

Data set N A F q \4 ANe

Belgium 23 0.042+0.030 0.65+0.28 1.15+0.08 0.76+0.32 19+10
France 22 0.018+0.008 0.57+0.16 1.23+0.09 0.69+0.17 35+14
USA 26 0.035+0.017 0.76+0.05 1.16+0.04 0.87+0.06 21+4
Niger 34 0.017+0.008 041+0.13 1.48+0.24 0.57+0.13 64+33
Brazil 19 0.016+0.005 037+0.16 151022 053+0.17 71+34
Australia 26 0.018+0.013 034+023 141+020 048+0.29 57+26

Mean values and standard deviations of the results for the individual samples are listed.

N is the number of accepted samples.

A is given in cm’STP/g, ANe in %, the other parameters are dimensionless.

The results for Belgium, USA, and Brazil slightly differ from those listed in [9], because a more
rigorous data selection has been applied here.

Figure 1 clearly shows that there is no simple relationship between ANe and 4. In contrast,
Fig. 2 reveals a strong linear link between ANe and ¢. The explanation for these observations
is that the effective excess of dissolved gases (e.g., ANe) is not limited by the available reser-
voir of entrapped air (4), but by the pressure exerted on this reservoir (¢). In most cases, the
pressure appears to be too low to induce complete dissolution (F = 0 line in Fig. 1). In fact, if
entrapped air occupies 1 % of the pore space (4 = 0.01 cm’STP/g), an excess pressure of
about 0.5 atm (¢ = 1.5) is needed to induce complete dissolution (at 12 °C). The data of
Table I show that typical values of 4 range between 0.02 and 0.04 cm’STP/g. Thus, excess
pressures up to 2 atm would be needed to completely dissolve this entrapped air. Surface
tension can produce such pressures only for bubble sizes < 1 um. For a typical sandy aquifer,
capillary forces are of minor importance, and the pressure excess can be interpreted as due to
hydrostatic overload. Thus, water level rises of up to 20 m would be needed for complete
dissolution, which are obviously impossible in many recharge zones where water tables are
only a few meters below the surface.
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Hence, if the A-values found in this study are typical, we have to conclude that partial
dissolution is the rule rather than the exception compared to complete dissolution or even the
model of diffusive re-equilibration, which often implies very large initial excesses of
dissolved gases. The literature on air entrapment in soils [17-20] suggests that entrapped air
typically occupies several percent of the pore space, with some values ranging as high as
50%. The perhaps most reliable data from careful experiments suggest that only a few percent
of the pore space contain immobile air that can persistently be trapped [20]. This result is
consistent with the A-values found here.
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FIG. 1. The relative Ne excess ANe versus the initial concentration of entrapped air (A). The (dashed)
lines represent solutions of eq. 7 for the indicated values of F, and T = 20°C, P = I atm, S = 0%o.
Most samples have F >0, indicating only partial dissolution of the entrapped air. Samples from
aquifers at temperate latitudes are indicated by circles, samples from tropical aquifers by squares.

The most important conclusion from Fig. 2 is that the observable quantity ANe obtains a
direct physical interpretation: it is essentially a measure of the pressure in the entrapped air.
This pressure is always larger than the atmospheric pressure (q > 1), and if the overpressure is
ascribed to the hydrostatic load of infiltrating water, then ANe should be a measure of the
amplitude of water table fluctuations. This interpretation sheds new light on the observed
differences between tropical and temperate sites. Typical g-values are =~ 1.2 for the aquifers
from temperate, humid regions, and = 1.5 for the aquifers from semi-arid, tropical sites
(Table I). Explaining these values by hydrostatic pressure due to water table rises implies
typical fluctuations of 2 and 5 m, respectively. Although we have no records of the water
levels at our study sites, there are arguments for larger fluctuations in the semi-arid aquifers.
On the one hand, recharge in such climates is episodic, on the other hand, the unsaturated
zone tends to be much deeper than in humid regions, offering a higher potential for large
water table rises. An open question is whether ANe might be especially sensitive to water
table fluctuations of a particular periodicity (e.g., seasonal or interannual).
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FIG. 2. The relative Ne excess ANe versus the pressure on the entrapped air relative to the
atmospheric pressure (q). The dashed lines represent solutions of eq. 7 for the indicated values of A
(in cm3STP/g) and T (in °C), as well as P = 1 atm, S = 0 %o. ANe depends mainly on q, and only to a
much lesser extent on A and T.

If ANe is related to water table fluctuations, it may be a proxy for the variability of recharge,
and hence of precipitation, in the past. This interpretation provides a theoretical foundation
for the attribution of a peak in the record of ANe in an aquifer in Namibia to the water table
rise during a transition to a wetter climate [12]. In our data sets, we also find some systematic
variations of ANe with groundwater age. As an example, Fig. 3 shows NGT and ANe as
functions of the concentration of radiogenic He for the study site in France. A strong
correlation between He and '*C-ages [13] shows that He is a good proxy for age in this

system. The samples with radiogenic He concentrations above about 4-10® cm’STP/g are of
Pleistocene age, as indicated also by a colder NGTs. The Holocene samples have ANe-values
varying between 5 and 40 %, whereas the range for the Pleistocene samples is 30 to 65 %.
Although the variability in both groups is quite high and the two ranges overlap, it is possible
that the difference reflects actual changes of the recharge conditions, such as higher variabi-
lity during the late Pleistocene. An interesting detail is that the highest ANe-values seem to
form a peak, reminiscent of the stronger peak observed in Namibia [12]. Although not exactly
at the same time, the peaks occur close to the time of the climatic transition in both records.
However, similar features were not found in the other records studied here.

Although a detailed discussion of each record is not possible here, a general indication of
climatic effects on the excess air may be obtained from correlations between NGT and ANe
(Fig. 4). It is not expected that NGT directly influences ANe, but it can serve as a proxy for
overall climatic conditions and to discern between Holocene and Pleistocene samples. In
general, within each record high NGTs correspond to Holocene samples and low NGTs to
Pleistocene samples, although there are some exceptions (e.g., the record from Australia may
span several glacial-interglacial cycles [16]). Figure 4 shows that for the records from
temperate regions, the correlations between NGT and ANe are rather weak and have different
signs. In contrast, all three tropical sites show strong and very similar decreases of ANe with
NGT, presumably reflecting climate-related changes in recharge conditions, such as higher
and/or more variable precipitation during cooler climate periods in the past.
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The results of Fig. 4 are in excellent agreement with the only previous study comparing
excess air in different aquifers [11], which found no relationship between NGT and ANe for
limestone aquifers of the UK, a certain decrease of ANe with NGT for a sandstone aquifer in
the UK, and a strong decrease of ANe with NGT for a sandstone aquifer in Niger. Thus, in
particular the strong relationship between ANe and some climatic factor in tropical, arid to
semi-arid regions appears to be a consistent feature. The data are not conclusive as to whether
this factor could be precipitation. Wilson and McNeill [11] found an increase of ANe with
mean annual precipitation when comparing different aquifers, but ascribed this effect to
different lithologies and inferred a decrease of ANe with precipitation when comparing data
from the same lithologies. We think that lithology should not have a major influence on ANe,
because it may control 4, but not g. Although the aquifers discussed in our study all have
similar lithologies (sands and sandstones), they cover a large range in ANe. Moreover, we
expect ANe to depend on water table fluctuations and thus on the variability of precipitation
rather than on its mean value. However, in semi-arid climates with a distinct rainy season,
higher variability of precipitation may be equivalent to higher mean precipitation.

4. CONCLUSIONS

The parameters of the model of excess air formation by equilibration of groundwater with a
finite reservoir of entrapped air under increased pressure and closed conditions have a clear
physical interpretation. The parameter 4 describes the volume of entrapped air per unit mass
of water, and ¢ describes the increase of pressure relative to the atmospheric pressure.
Moreover, the widely used measure of the size of the excess air component, ANe, is strongly
related to ¢ and thus is mainly a measure of pressure on the entrapped air bubbles. This leads
us to the assumption that ANe might reflect fluctuations of the water table and hence the
variability of recharge and precipitation.

Although both 4 and ¢ are quite variable in all investigated data sets, there are systematic
differences between aquifers from tropical and temperate latitudes. The data from tropical
aquifers yield relatively low values of 4 and high values of ¢, whereas those from temperate
latitudes give high 4 and low ¢. In some data sets there are indications for differences in ¢
between Pleistocene and Holocene samples, most prominently all aquifers from semi-arid
tropical sites indicate a strong decrease of ANe with NGT. A more detailed discussion of the
tropical records is needed to substantiate the conjecture that the changes of ANe indicate
climatic changes such as a higher variability of precipitation during cooler periods in the past.

In summary, it appears that the excess air component does carry valuable information about
past environmental conditions, which is however difficult to read due to natural variability
and incomplete understanding of the controlling processes. Further detailed investigations
both on the laboratory and field scale are needed to firmly establish relationships between
excess air parameters and environmental conditions.
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Abstract. To date the global distribution of isotopes in modern precipitation has been characterized
almost exclusively from the TAEA/WMO GNIP database, although patchiness of GNIP station records
in both time and space has limited the potential of isotope hydrology and climate applications in some
areas. Herein, we discuss the prospect of utilizing GCMs for simulating global isotope distributions as
a supplementary tool for modern and paleoclimate isotope studies to bridge this gap. Such models
currently generate reliable zonal isotope fields, and it is anticipated that future enhancements in fine-
scale resolution of GCMs, and incorporation of land-surface feedbacks and topography will allow for
future development of a global reanalysis data set ground-truthed by GNIP. Compilation of time-slice
maps of past isotope distribution in precipitation from archival records of meteoric waters also offers
significant potential to ground-truth paleoclimate simulations extending back tens to hundreds of
thousands of years.

1. INTRODUCTION

Water isotope data provide key information about past and present global climate and the
global water cycle. The oxygen-isotope records obtained from carbonates in sediment cores
from the world oceans, for example, yielded the first indisputable evidence of repeated
Quaternary glacial-interglacial cycling, as well as shorter-term climate variability, as
expressed by the interplay between the changing isotopic composition of ocean water and its
temperature. Even more compelling quantitative evidence for past changes in global water
balance and climate at temporal scales relevant to humanity is found in the stable isotope
chronologies preserved in non-marine archives, ranging from detailed time-series of paleo-
precipitation stored in glaciers, to the variably-resolved records of meteoric waters preserved
in ground water, speleothems, lake sediments, tree rings and other materials.

Crucial isotopic records of very recent and ongoing hydrologic and climatic change also exist
in the form of contemporary observational data, derived from sampling and isotopic analysis
of meteoric waters over the past few decades. These data provide fundamental information
about the global water budget that is not directly accessible or testable using other means.
Foremost among such observational records, and a primary international resource, is the data
base of the Global Network for Isotopes in Precipitation (GNIP), a long-running joint venture
of the International Atomic Energy Agency and the World Meteorological Organization,
dedicated to the documentation of the distribution of isotopes in global precipitation (e.g., see
[1]). The GNIP database has long been used for calibrating isotopic indicators of paleoclimate
from various natural archives. Moreover, and perhaps more importantly, it constitutes the only
comprehensive source of data for evaluating the modern global isotope field generated by
atmospheric general circulation models (GCMs) equipped with water isotope diagnostics.
Although simulations of the distribution of global precipitation and bulk water fluxes can be
readily evaluated using more conventional data, the incorporation of isotope tracers provides
an inherently more critical evaluation of a GCM’s water cycle because of the need to account

"Isotope Hydrology Section, International Atomic Energy Agency, P.O. Box 100, Vienna,
Austria.
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for the differing behaviours and abundances of three water isotopomers (‘"H'H'°0, '"H*H'°0,
'H'H"0), that is, to balance simultaneously both mass and isotopes.

Prompted by the growing ability and potential of isotopic GCMs and the increasing
availability of data, studies of isotopes in the hydrologic cycle are turning increasingly from
identification of classical isotope effects and climatological norms to mapping and modelling
of actual isotope climate (and paleoclimate). This shift in focus reflects growing appreciation
of the unique information that water isotope data contribute to the analysis and understanding
of global climate dynamics.

This article briefly reviews some of the key issues relevant to the evolving field of isotope
climatology, focussing on consideration of the fidelity with which isotopic GCMs can
simulate the global isotope field, the current state of observational data with which to evaluate
such simulations of contemporary global isotope climate, and the opportunities for using
paleo isotope data to assess simulations of the global isotope field under differing climates of
the past.

2. MODELLING GLOBAL ISOTOPE CLIMATE

Isotopic GCMs first appeared in the 1980s as coarsely-resolved versions of the Laboratoire de
Météorologie Dynamique and the Goddard Institute for Space Sciences models [2,3].
Subsequent developments have included sensitivity studies and simulations using the LMD
and GISS models at finer spatial resolutions, as well as the introduction of isotope diagnostics
into the ECHAM (Max-Planck Institute, Hamburg) atmospheric GCM in various simulations
of present global isotope climate [4-13].

As shown in Fig. 1, control simulations of the “equilibrium” mean annual global 80 field
produced by the GISS and ECHAM models both capture the expected major features of the
contemporary global precipitation 8'°0 field, notably the progressive depletion in heavy-
isotope content inland and poleward (i.e., classical continental and latitudinal or temperature
effects) and in the subtropics (amount effects). Convincing evidence that these two models
can realistically simulate the poleward transport and distillation of moisture at global scale is
also provided by comparison of zonally averaged means in comparison with GNIP-derived
data (Fig. 2), although acceptance of these promising results must be tempered by recognition
of the limitations in the actual coverage provided by observational data (see below).

Closer examination of the maps shown in Fig. 1 reveals significant differences in the models’
abilities to reproduce the finer-scale structure of the isotope field. This is especially obvious,
for example, in the greater skill of the ECHAM model to resolve the anticipated altitude
effects (i.e., 80 lows) associated with the Rockies and Andes mountain chains. Some of this
apparent superiority would certainly disappear if both maps shared the coarser spatial
resolution of the GISS simulation, yet this difference also reflects more fundamental
limitations on the accurate portrayal of orographic effects, imposed by grid-based
representation of Earth’s surface. As illustrated in Figs 3 and 4, the simulated distillation of
moisture traversing a topographic barrier is strongly influenced by the fidelity with which that
barrier can be represented, and the results naturally propogate downstream and hence, to some
extent, throughout the simulated global isotope field. Improvement in coupling of GCMs and
land surface schemes to account for moisture recycling is also expected to enhance the reality
of the model simulations.
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The skill of isotopic GCMs can also be probed using transient-state simulations, providing
additional insight into how well a model's water cycle performs when forced by changing
boundary conditions, such as the use of observed sea surface temperatures (SST) over a given
period, rather than fixed average climatological SST fields. Although only sparse
observational time-series exist for direct comparison, promising representations of variability
at daily to interannual time-scales have been generated (e.g. [8, 9, 12].

GISS

1BQ 1200 2 1] HUE 1 20E 18G

ECHAM

180 il =l ") t 120 18O

FIG. 1. Comparison of the long-term average global weighted mean annual precipitation §°0 field as
derived from "equilibrium" simulations using the GISS and ECHAM isotopic GCMs (after [13;
Fig. 2]). The GISS map is contoured from 8° latitude x 10° longitude gridded output, whereas the
ECHAM map is based on a 2.8° x 2.8° grid. Note the significantly better representation of altitude and
continental effects in the ECHAM simulation, especially at low to mid latitudes, in part attributable to
more realistic representation of orography permitted by the finer spatial resolution.
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FIG. 2. Zonally averaged §°0 of weighted mean annual precipitation, as depicted in the GISS and
ECHAM simulations shown in Fig. 1, compared to zonal means over 5° latitudinal intervals based on
GNIP data (after [13; Fig. 3]). Both isotopic GCM simulations provide a remarkably good fit,
including the steeper latitudinal gradients in the southern high latitudes versus the more shallow
gradients observed in the northern hemisphere.
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FIG. 3. Schematic representation of variations in the distillation of atmospheric moisture crossing a
topographic barrier as simulated for differing GCM grid sizes. The progressive smoothing and
lowering of the topography with increasing GCM grid size leads to increased heavy-isotope and mass
transfer downstream, as shown also in Fig. 4.

3. PRESENT GLOBAL ISOTOPE CLIMATE AND DATA-MODEL COMPARISON

As noted above, knowledge about the actual distribution of isotopes in contemporary global
precipitation derives almost exclusively from the IAEA/WMO GNIP database. In spite of the
patchiness of GNIP station records in both time and space, they provide the fundamental
observational data for evaluating isotope-climate linkages and, ultimately, the only set of
convincing benchmarks for ground-truthing isotopic GCM simulations. Consideration of the
global 8"0 field as mapped from GNIP data (Fig. 5) in relation to the two aforementioned
GCM control simulations (Fig. 1), however, provides a strikingly less favourable impression
of the potential for direct data-model comparison than that suggested by zonally averaged
results (Fig. 2). A predominant feature of the observational data field is the presence of
significant gaps over the oceans, as well as some continental areas, such as northeastern
Eurasia (due to lack of stations) and northern Africa (due to lack of precipitation). Although
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FIG. 4. Variations in Rayleigh-type distillation of atmospheric moisture corresponding to the
situations depicted in Fig. 3. Increasingly coarse GCM grid size has the effect of suppressing both
heavy-isotope and mass losses downstream, leading to reductions in both isotope- and rain-shadow

effects.
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FIG. 5 Contour map of amount-weighted mean annual 8°0 in precipitation derived from the GNIP
database, for stations reporting as of 1997 (see [1]).
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data do exist to fill in some areas (like the polar ice caps), much of this could only be filled by
unreasonably extreme interpolation between existing GNIP station data. Recognizing the
practical impossibility of fully mapping the entire global isotope field in sufficient detail, this
comparison clearly suggests that direct ground-truthing of isotopic GCM output through
point-for-point data-model comparison is not a realistic goal.

Nevertheless, more thoughtful consideration of the mapped and modelled results does lead to
the alternative concept that models constrained by GNIP “benchmarks” and the prescribed
need to conserve mass and isotopes, could be used to fill in the gaps in the observational data
field. Informed interpolation of the global isotope field in this way could, in theory, lead to
the creation of a harmonized reanalysis data set, including both annual and monthly means, as
well as actual monthly time-series, analogous to those generated for various other
climatological parameters. This would enhance the value of the GNIP data base significantly
as a source of hydrologic input functions for water resource studies (one of its initial
purposes) and as a primary training set for calibration of isotope indicators of paleoclimate, as
well as providing new scope for testing and refinement of the isotopic GCM(s) used to
undertake the reanalysis. Moreover, and perhaps even more importantly, the availability of a
long time-series (potentially on the order of 40 years) of monthly maps of the global isotope
field would offer tremendous opportunity for detailed synoptic analysis of isotope climate,
including investigation of the expression of characteristic modes of climate variability on
interannual to decadal time scales like the El Nifo-Southern Oscillation and the North
Atlantic Oscillation.

4. PAST GLOBAL ISOTOPE CLIMATE

Documentation of past global isotope climate is highly fragmentary and relatively little data-
model comparison has been undertaken to evaluate isotopic GCM paleoscenarios, largely
because of the paucity of well-constrained estimates of the isotopic composition of
paleoprecipitation during appropriate time-slices. The Last Glacial Maximum (LGM) has
been targeted frequently because of the pervasive difference from contemporary conditions,
as well as the availability of a global paleo-SST field, but robust LGM paleo-isotope data are
mainly limited to the polar ice caps and the best records at mid- and low latitudes originate
primarily from glaciers at elevations too high to be adequately represented by GCMs.
Conversely, efforts to simulate the mid-Holocene warm period (c. 6000 yr BP), for which
more relevant paleo-isotope benchmarks exist, has been hindered by the lack of an
appropriate SST field [7,13].

Although compilation of comprehensive global paleo-isotope maps remains a challenging
long-term task (and a goal of the International Geosphere-Biosphere Programme, Past Global
Changes project), significant opportunities already exist to selectively map smaller areas in
greater detail. A prime example is the northern circumpolar region, where the highly detailed
records from Greenland ice-cores can be used to anchor time-slices incorporating relatively
abundant data from high-latitude glaciers, lake sediments and other archives from northern
Eurasia and North America. Evidence for pronounced spatial and temporal fluctuations in
apparent isotope-temperature relations (so-called “non-Dansgaard effects”) in some sectors
during the Holocene, speculatively linked to changes in the prevailing strength of zonal
atmospheric circulation, affords particularly intriguing potential for probing isotopic GCM
ability (see Fig. 6).
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FIG. 6. Apparent deviations from present-day (i.e., “Dansgaard”) isotope-temperature relations for
two areas in the northern circumpolar region, based on independent assessments of local mean
annual precipitation 8°0 and temperature. The major “non-Dansgaard” signals in both areas are
consistent with reduced distillation of atmospheric moisture under conditions of higher zonal index,

conceptually analogous to the effect of lowering topography depicted in Fig. 3 and 4 (data from
[14,15].

5. CONCLUDING COMMENTS

The science of isotope climatology is developing rapidly, fueled in part by the accumulation
and accessibility of global isotope data, especially as provided by the IAEA/WMO GNIP
programme. The growing promise of isotopic GCMs is also a factor, fostering the need to
critically assess and ultimately improve understanding of global climate dynamics.
Particularly exciting potential exists to actively integrate mapping and modelling, with the
aim of creating an actual time-series global isotope reanalysis data set. Isotope paleodata also
have a role to play in these endeavours by offering access to global climate states lying well
beyond the limited range captured by contemporary observations.
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Abstract. This study was carried out in the Brazilian southern Amazon region (Rondonia state and
Humaité, southern Amazon state). Carbon isotope data on soil organic matter have been collected
along an ecosystem transect of about 750 km that includes a savanna, a wooded savanna (cerrado), a
tropical semideciduous forest (cerraddo), a forest transition type and a tropical forest. The main
objective is to evaluate the expansion-regression dynamics of these vegetation units in relation to
climate changes during the Late Pleistocene (Late Glacial) and Holocene. Large ranges in 8"°C values
were observed in soil organic matter collected from profiles in the savanna (-27 to -14%o) and forest
regions (-26 to -19%o) reflecting changing distribution of *C-depleted C; forest and "*C-enriched C,
savanna vegetation in response to climate change. '*C data of humin fraction and buried charcoal
indicate that the organic matter in these soils is at least 17,000 years BP at 300-cm depth. In this
period, the entire ecosystem transect are characterized by 8"°C soil depth profiles, generated typically
by C; plants (forest), inferring a humid climate in the southern Amazon region after the end of last
glaciation. "*C data also indicate that C4 plants (grasses) have influenced significantly the vegetation at
the transitional forest and the cerrado sites of southern Rondonia state and two distinct points in the
forest ecosystem in the southern Amazon state. These typical C, type isotopic signatures probably
reflect a drier climate during about 9000-8000 yr BP to 3000 yr BP and the savanna and wooded
savanna expansion in distinct points of the transect. The "°C records representing the 3000 yr show an
expansion of the forest, due to a climatic improvement, in areas previously occupied by savanna
vegetation. This study adds to the mounting evidence that extensive forested areas existed in the
Amazon during the last glacial and that savanna vegetation expanded in response to warm and dry
conditions during the early to middle Holocene.
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1. INTRODUCTION

The Amazon region is one of the key ecosystems that are being investigated as part of the
Global Change Research Program. Most of the research efforts have focused on the
understanding of the link between climate changes and past vegetation in the Amazon region
during the Quaternary [1, 2]. Palacoenvironmental studies done on peat, lake sediments and
soil organic matter [3, 4] associate with pollen records [5, 6] and paleofauna [7] shows several
periods of expansion/regression between forest and savanna vegetation during the late
Quaternary.

It has been proposed that during cold and dry climatic periods, extensive humid forests
(natural refuges) probably existed in fairly large regions of the Amazonian lowlands, where
sufficient surface relief was present to create rainfall gradients [8, 9]. Open forests and gallery
forests probably existed in the regions between the postulated forest refugia, where variously
extensive wooded savannas may, at times, have dominated the landscape [9].

Stable carbon isotope composition of SOM (soil organic matter) profiles has been
instrumental in identifying the changing distribution of C; and C4 plant communities in the
Amazon Basin (i.e. forest vs. savanna vegetation, respectively) and elsewhere [10, 11]. The
typical carbon isotope values of C; photosynthetic-pathway plants range from -20%o to -35%o
whereas values of C4 photosynthetic-pathway plants range from -9%o to -16%o. Thus, C; and
C,4 plant species have distinct, non-overlapping carbon isotope signatures [10].

This paper present data collected along a transect covering four different types of vegetation
communities, representative of the ecosystem's diversity that presently exists in the Amazon
region. These include a wooded savanna (Cerrado), a tropical semideciduous forest
(Cerradao), a forest transition type and a tropical forest. Recent carbon isotope studies on
SOM of several sites in the Amazon region [4, 5] suggest that vegetation communities in the
Cerrado and Cerradao ecosystems should be more sensitive to climate changes. This study is
part of a major research program carried out at the Center for Nuclear Energy in Agriculture
(CENA) whose aim is to evaluate vegetation dynamics during the last 20,000 years in Brazil
using carbon isotopes [12, 13, 14].

2. MATERIAL AND METHODS
2.1. Study sites

The study area is located in the Rondonia state and in the Humaita region, southern Amazon
state (Fig. 1), northwestern part of Brazil The sampling sites in Rondonia, a transect of about
500 km (Fig. 2), are located close to the city of Vilhena (12°42' S and 66°07' W),
representative of the Cerrado, a wooded savanna. Grass species including Trystachia sp,
Panicum sp, Eleusine sp, Bulbostylis sp are interspersed with trees, mainly Curatella
americana, Miconia sp, and Cassia sp. The other sites are near Pimenta Bueno (transition
site) under vegetation of Cerraddo (11°49' S and 61°10' W), a transitional state between the
dense evergreen forest and the savanna denominated tropical semideciduous forest [15] and
natural forest (11°46' S and 61°15' W), and in Ariquemes (10°10' S and 62°49' W) under
vegetation of natural forest (Fig. 1). Some of the dominant C; plants in these forested sites are
Miconia sp, Piper sp, Cecronia sp, Protium sp, Andira sp, Inga sp and Euterpe precatoria.
The soils in Vilhena (Cerrado site) and in Pimenta Bueno (Cerraddo and forest transition
sites) are Oxisols according with the Soil Taxonomy (USDA) classification. In Ariquemes is
an Ultisol. The distance between Vilhena and Pimenta Bueno is about 200 km and from
Pimenta Bueno to Ariquemes about 400 km. In the transition Cerradao-forest, the distance
between the study sites is about 40 km.
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In the Humaita region the eight sampling sites are located on a 250-km transect along BR 319
in sites of savanna and tropical forest vegetation (Fig. 3). The study transect is located
between the coordinates 8°43" S/63°58" W (km 5) and 7°31°S/63°02" W (km 250) where
natural forest/savanna vegetation boundaries are well defined. The savanna vegetation, called
"Campos de Humaitd" [16], is composed mainly of grasses (Eryamtus sp, Panicum cf laxum
SWARTZ, Paspalum cf multicaule POIR) and few short (< 8 m) trees (Miconia sp, Piper sp,
Byrsonima sp). This ecosystem changes in some places gradually and in others abruptly to a
Tropical Mesophitic opened-canopy forest (known as floresta de terra firme) with palms.
These forests surround the savannas whose areas range from about ten to a hundred square
kilometers.
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FIG. 1. Map of Brazil showing the study sites.
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FIG. 2. Variation of §°C of SOM with depth of the forest-savanna ecotone in Rondonia state. The '*C
datings were obtained from charcoal samples.
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FIG. 3. The variation of 8°C of SOM with depth of the forest-savanna ecotone in the Humaitd region
(southern Amazon state). The "’ C datings were obtained from humin samples.

The soils were classified as Plintic Gley (km 80, 82 and 154), Ferralitic Cambisol (km 5,
142), Oxisol (km 68, 250), Troporthent (km 205), according to American soil taxonomy. Soil
samples were collected from trenches or using a hand-auger.

The climate of the region is characterized by a mean annual temperature of 26°C (the mean
temperature during the cooler month is higher than 18°C) and irregular rainfall (1800 to 3500
mm/yr), with a dry season from June to September when precipitation is less than 50 mm per
month [16]. The altitude lies between 80 and 150 m above sea level.

2.2. Sampling and analytical aspects

From trenches, up to 5 kg of material were collected in 10-cm increments to a maximum
depth of 300 cm. For 8"C analysis, about 0.5 kg of soil or about 0.2 kg of hand-auger
samples was sieved (5 mm) and dried at 50°C to a constant weight. Root fragments were
discarded by hand picking. The dry samples were sieved again (210 wum) and any remaining
debris was removed by flotation in 0.01 M hydrochloric acid and wet-sieved (210 wm). For
'C analysis, the humin fraction was isolated using an acid-alkaline-acid treatment [11], dried
to a constant weight and sieved (210 um). Charcoal samples were also collected for carbon

isotope analysis. A detailed description of the chemical treatment for soil and charcoal
samples was previously described [11].

The "*C analyses on humin fraction and charcoal samples were carried out at the Radiocarbon
Laboratory, Centro de Energia Nuclear na Agricultura (CENA), following the standard
procedure for liquid scintillation counting [17]. The ¢ on small samples of charcoal were
carried out at the Isotrace laboratory of the University of Toronto, employing the AMS
technique. Radiocarbon ages are reported as years BP.
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Grain size analyzes were carried out at the Soil Science Department of the Escola Superior de
Agricultura "Luiz de Queiroz", Piracicaba, Brazil. The results are expressed in percentage
(%).

Plants representative of the modern vegetation were also collected at each study site in an area
equivalent to 1000 m?. For '>C analysis, the leaves were washed, dried and grounded to <
0.100 mm. The "C analysis on soil and plants samples were carried out at the Environmental
Isotopes Laboratory, University of Waterloo using a Carlo Erba Analyzer attached to an
Optima mass spectrometer. Stable isotope results are expressed as &'°C with respect to the

PDB standard using the conventional 6 (%o) notation:

R
8"C (%)= [ﬂ—l]xlooo

s tan dard

where, Rample and Rgandara are the BC/12C ratio of the sample and standard, respectively.
Analytical precision is & 0.2%o.

3. RESULTS AND DISCUSSION
3.1. Soil properties

The grain size analysis indicated that clays comprise between 20 and 34% of the shallow soil
horizons and increase to 57% in the deeper part of the soils representative of the forest, forest-
transition and Cerrado. The site representative of the Cerraddo show higher clay content,
ranging from 53% to 78% at the shallow and deeper part of the soil, respectively [12]. In the
Humaité region the analyses show that the clay content in the shallow parts of the soils are
lower (20-30%) than in the deeper strata (32-56%). No clear difference was observed between
the vegetation type and the soil clay content. The soils were classified as clayey or medium-
clayey [18].

The carbon contents show the typical soil profiles of decreasing carbon content with depth,
similar to results obtained from most Amazonian soils. In Rondonia they range between 1.9 to
5% in the shallow soil horizons decreasing to a carbon content as low as 0.30% in the deeper
soil horizons [5]. Higher carbon content, between 5% at the surface and 0.8% in the deeper
part of the soil, is observed at the Cerrado site. This pattern may be related to the presence of
small charcoal remains observed along most of the soil profile at this site. In a forest-savanna
ecotone on medium-texture Oxisols in Roraima, northern part of the Amazon region, it was
found significant differences in the total C content between both vegetation types [3]. The
lower C content of savanna compared to the forest soil was related to its lower clay content
and smaller litter input. The carbon content data in soils of Humait4 region also show a
general decrease. Values range from 3.39% in the shallow part of the soil to 0.05% in the
deeper strata. Soils of three profiles under savanna (km 80, 82 and 154) contain notably high
carbon content in the upper 10 cm (2.5 to 3.9%), probably due to the transport of organic
material from forested sites that surround the savannas located in depressions. Below 30 cm,
similar carbon concentration was found both in savanna and forest profiles [18].
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3.2. Carbon isotope data
3.2.1. Radiocarbon data

The radiocarbon data presented in Fig. 2 correspond to charcoal samples at the Cerrado and
the Cerradao sites and provide a reliable estimate of the time represented in the soil profiles.
These data show radiocarbon ages of 540 years and 5930 years at the sampling intervals 20-
30 cm and 90-100 cm, respectively at the Cerrado site, and 2050 years and 7000 years was
obtained at 60 cm and 150 cm in the Cerraddo soil. This suggests that the ">C record in the
200-cm soil profiles presented in this paper represent changes in the vegetation communities
perhaps as much as 8000 years. Soil age-depth profiles obtained on humin and charcoal
samples in other study sites in Brazil (including two sites in the Amazon Basin) yield an age
of about 9000 to 12,000 yr BP for the 200 cm soil horizon [12, 19], broadly consistent with
our estimates. The radiocarbon data for the humin fraction in the Humaité region (Fig. 3), also
indicate increasing age with depth. Similar soil age profiles have been reported in others parts
of the Amazon Basin and sites in Brazil [11, 20]. The radiocarbon data indicate that the soil
profiles represent at least the last 17,000 '*C yr BP, approaching the last glacial maximum
(LGM). This is the longest '*C record for soils reported in the Amazon Basin. Most of the
reported soil profiles span the last 10,000 '*C yr [11, 20], although older records describing
vegetation changes during the last 40,000 '*C yr in the Amazon Basin have been reported
from lake sediments [2, 21] and marine core [22].

3.2.2. 3C Results

The 8"°C values for SOM on the forest and forest transition regions in Ronddnia range from
-28.3%o to -25.1%o and -29.0%o to -24.1%o, respectively (FIG. 2). The "*C enrichment with
depth is probably due to decomposition of SOM [23, 24] and is typical for soil organic matter
generated by C; vegetation type [25]. These results indicate that the C; vegetation type has
been predominant in the regions represented by the forest transition site, Pimenta Bueno
(central-southern region of Ronddnia state) and the forest site, Ariquemes (northern region of
Rondonia state), during the time represented by this record.

A wider range of 8"C values between -30% and -14%o are observed at the soil sites
representative of Cerraddo and Cerrado vegetation communities (FIG. 2). The 8"C depth
profile for the Cerradio site show a °C trend ranging from -30%o and -25%o in the deepest
part of the profile (150-200 cm), increasing to about -18.8%0 between 30-90 cm and then
reversing towards more “C-depleted values (-27.5%o and -25.1%o) at the surface (0-20 cm).
This trend suggests a predominance of C; vegetation in the lower part of the record that
should represent the early Holocene, changing to a vegetation community consisting
predominantly of C4 plants, recorded in the interval between 120 and 30 cm (middle and late
Holocene), then returning to a predominance of Cj; plants in the interval 30 cm at the surface
(recent). Similar §"°C profiles have been reported in Brazil [3, 4], implying a change from a
Cs to C4 to C; vegetation type. A detailed study of the composition of modern vegetation at
the Cerradio site and §'"°C data show that about 96%