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PREFACE

To assess the environmental problems associated with the potential
impact of expected climatic changes on the marine environment and on
adjacent coastal areas and to identify suitable policy options and
response measures which may mitigate the negative consequences of the
expected impacts, the Oceans and Coastal Areas Programme Activity Centre
(OCA/PAC) of the United Nations Environment Programme (UNEP), in
cooperation with the Intergovernmental Oceanographic Commission (10C) and
several other intergovernmental and non-governmental organisations,
faunched, co-ordinated and financially supported number of activities,
including establishment of regional task teams. By 1990 task teams were
established for nine regions covered by UNEP Regional Seas Programme
(Mediterranean, Caribbean, South Pacific, East Asian Seas, South Asian
Seas, Southeast Pacific, West and Central Africa, Eastern Africa and
Kuwait Action Plan Regions). The two initial objectives of the task teams
were to prepare regional overviews and site specific case studies on the
possible impact of predicted climate change on the ecologic systems as
well as on the socio-economic structures and activities of their
respective regions, and to assist governments in the identification and
implementation of suitable policy options and response measures which may
mitigate the negative consequences of the impact. The regional studies
were intended to cover the marine environment and adjacent coastal areas
influenced by or influencing the marine environment.

The dominant factor in determining changes of climate around the
world over the next 50-100 years is expected to be a global warming
caused by increasing concentrations of carbon dioxide (C0,) and other
trace gases (e.g. methane (CH ), nitrous oxide (N,0), ozone (01) and
chlorofluorocarbons (CFCs)) in the atmosphere due to human activities.
The so-called greenhouse effect exercised by these trace gases is likely
to cause increases in global-mean temperature on time scales of decades
to $§nturies, with associated changes in climate in all regions of the
world.

The matter of climate change was the main topic of the Second World
Climate Conference (Geneva, 1990). The Conference agreed that the
international consensus of scientific understanding of climate change
points out that without actions to reduce emissions, global warming is
predicted to reach 2 to 5 °C over the next century, a rate of change
unprecedented in the past 10,000 years. The warming is expected to be
accompanied by a sea level rise of 65 + 35 cm by the end of the next
century. There remain uncertainties in the predictions, particularly in
regard to the timing, magnitude and regional patterns of climate change.

Changes in climate variables such as precipitation, evaporation,
wind patterns and cloudiness will necessarily accompany the above-
mentioned changes in the global mean temperature. These changes, however,
will differ noticeably from region to region. For assessing regional
environmental impacts of climatic changes, global mean values are mainly



of academic interest. Instead, regional scale (or smaller) details of
future changes are required not only for temperature but for a variety
of climate variables. The present document provides a method for
predicting which smaller regional changes in climate variables would
occur in the Mediterranean Basin due to global warming and gives results
of such predictions. These regional changes in climate may Tater be used
for assessments of likely environmental impacts.

The most important method available today for obtaining information
on possible future climates is based on the use of atmospheric General
Circulation Models (GCMs). The large-scale GCM results can, for example,
be accepted with some confidence as predictions of future climates.

However, for the purpose of predicting future changes in climatic
variables at a smaller regional scale, the presently available GCMs have
considerable deficiencies basically due to their coarse resolution and
highly smoothed orography, in fact they are for these reasons, quite
1imitg$ in their ability to predict changes in small-scale meteorological
variables.

This resolution problem of the GCMs is particularly important in
the Mediterranean basin where many of the characteristic features of
climate are controlled by meteorological and geographical factors which
are of a scale considerably smaller than the grid used in the GCMs. Even
with improved-resolution GCMs, it is unlikely that these models will be
able to capture the details of climate change in the Mediterranean basin
with any fidelity for many years. It is therefore necessary to develop
methods of providing smaller scale information from the relatively
coarse-resolution output of the present G(Ms.

The aim of this project was to apply a statistical approach to
establishing the interrelationship between the smaller and the larger
scale. By developing regression relationships between local climatic and
atmospheric circulation variables in the Mediterranean basin on the one
hand and larger-scale general circuiation variables on the other, and by
using these regressions with current GCMs, the details of possible future
ctimatic conditions were examined.



SUMMARY

One of the most pressing requirements with regard to research into the
enhanced greenhouse effect is the need for regional scenarios of climate
change. Only on this basis can plans be made to adapt to or ameliorate the
effects of the predicted changes. This report presents the results of a
two-year study to develop scenarios of future climate change in the
Mediterranean Basin. It falls into three sections.

Regional Scenarios of Climate Change

Regional scenarios of mean climate change in the Mediterranean Basin
have been developed from the equilibrium response predictions of four
General Circulation Models (GCMs). Two methods of construction are used.
In the first (Chapter 3), scenarios of the change in temperature,
precipitation and mean sea level pressure are produced directly from GCM
grid-point output. One problem with this type of scenario is the coarse
resolution of the underlying model grid. The GCMs used here have a spatial
resolution of several hundreds of kilometres, which is inadequate for many
regional climate change studies, especially in areas of high relief.
Therefore a second set of sub-grid-scale scenarios (for temperature and
precipitation} are presented (Chapter 4), based on the statistical
relationship between large-scale climate data and small-scale observations
from surface meteorological stations. For both construction methods, the
results from the four models are synthesized to produce a single scenario
for each climate variable, and are expressed as the change per °C global
mean temperature change.

Model Validation

For each GCM simulation of the greenhouse effect, two model runs are
performed: the control run and the perturbed run. One useful test of model
performance is to compare the results from the control run with present-day
climate. This procedure is known as model validation.

The perturbed-run predictions of a model which fails to reproduce
adequately the principal features of the present-day circulation and
climate must be regarded as less reliable than the predictions of a model
which reproduces the present-day climate well. The results from the
validation of the performance over the Mediterranean Basin of the four GCMs
used in this study are presented in Chapter 2.

Precipitation Extremes

In an area such as the Mediterranean Basin, prone to droughts and
floods, it is important to understand how the frequency and severity of
precipitation extremes is likely to change because of the enhanced
greenhouse effect. GCMs do not produce such information in a form
convenient for analysis. It is therefore necessary to adopt an alternative
approach to the problem.

In Chapter 5 we present the results of a statistical analysis of
precipitation extremes, based on Markov Chain theory. On the basis of this
analysis, estimates of the frequency and severity of precipitation extremes
in a high greenhouse gas world are obtained.
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CHAPTER 1
INTRODUCTION

In this Report we present the results of a two-year study of potential
climate change due to the enhanced greenhouse effect over the Mediterranean
Basin. This region is vulnerable to climate change, particularly through
changes 1in rainfall and soil moisture and their impacts on agriculture and

domestic and industrial water supply.

1.1 THE PRESENT-DAY CLIMATE OF THE MEDITERRANEAN

In the Kdppen classification, a Mediterranean climate is defined as one
in which winter rainfall is at least three times the summer rainfall. This
is true of almost the whole of the area studied in this Report. Indeed,
over much of the Mediterranean, summer rainfall is virtually zero. This
strong summer-winter rainfall contrast is echoed by a pronounced seasonal
cycle in almost all climate variables.

In duly, Adgust and September the region experiences warm, dry
conditions linked to the presence of a strong high-pressure ridge extending
eastwards from the Azores subtropical anticyclone. Over Egypt, this ridge
is displaced southward by a trough extending northwest from the Arabian
Gulf towards Greece, which is associated with the Indian summer monsoon
trough.

The rainy season commences in mid-October. At this time, the average
upper westerlies change from a three-wave to a four-wave pattern on the
five-day time scale (Chang, 1972). A trough in this wave pattern is
located over Europe, although the exact position is highly variable.

Winter is characterized by cyclionic disturbances and Tow mean pressure in
the Mediterranean, with higher pressure to the east associated with the

Siberian high. The rainy season continues until around the end of April.

However, from the time of the equinox the major features of the upper



circulation move northwards in response to the passage of the Sun. By May,
the polar front and the associated strong upper-air westerly flow are
sufficiently far north that their influence is removed. The subtropicatl
highs and their associated ridges once more exert their influence and the
rainy season ends.

Precipitation is caused mainly by cyclonic disturbances that originate
in the Mediterranean Basin. Local orographic effects also play an
important role. Very few surface cyclones can be traced back to a source
in the Atlantic Ocean. There are four preferred points of origin within
the Basin itself, three of which spawn rain-producing depressions. Of
these, the most important is the Gulf of Genoa, where depressions form in
the lee of the Alps. In the eastern Mediterranean, the preferential
locations for the formation of depressions are to the south of Greece and
over Cyprus. Atlas Mountain lee depressions, which form in the spring, are
seldom associated with rainfall. Rather they are accompanied by hot, dry
and windy conditions, particularly when they track eastwards across North
Africa into Egypt.

The movement of depressions is not well understood. In the western
Mediterranean, depressions are frequently steered along the Mediterranean
Front, formed when cold continental air moves over a warmer sea surface.
This front is most pronounced in the spring. Fronts formed in the Eastern
Mediterranean tend to follow a preferred path either to the northeast or

the east.

1.2 CLIMATIC CHANGE OVER THE MEDITERRANEAN BASIN

The Intergovernmental Panel on Climate Change (IPCC) made a special
study of Southern Europe and Turkey (35°-50°N and 10°W-45°E). They
predicted climate changes over the region as a whole, due to the global

warming expected by the year 2030. These results indicate a warming of



about 2°C in winter and 2-3°C in summer. They suggest a small increase in
precipitation in winter, but a decrease of 5-15% in summer. Summer soil
moisture was predicted to decrease by 15-25% (Mitchell et al., 1990, Table
5.1). IPCC notes that there are large uncertainties associated with these
predictions. Because of this, the term "scenario" is often used instead of
"prediction”.

The problem with the type of prediction presented by the IPCC is that
the results are generalized for the whole of the region; yet we know that
climate, particularly the spatially-sensitive parameters such as
precipitation, varies over distances much smaller than this. Clearly, we
must expect climate change to vary over scales smaller than that of the
whole of southern Europe and Turkey. In this Report, we present regional

scenarios of climate change due to the enhanced greenhouse effect.

1.3 GENERAL CIRCULATION MODELS

The study byvthe IPCC was based on the results from General Circulation
Models (GCMs). These are complex, computer-based models of the atmospheric
circulation which have been developed by climatologists from numericail
meteorological forecasting models. The standard approach is to run the
model with a nominal "pre-industrial" atmospheric CO, concentration (the
control run) and then to rerun the model with doubled (or sometimes
quadrupied) CO, (the perturbed run). In both, the models are allowed to
reach equilibrium before the results are recorded. This type of model
application is therefore known as an equilibrium response prediction (see
Cubasch and Cess, 1990, for a review of equilibrium GCM experiments). The
results from these types of experiment were used in the IPCC study of the
Mediterranean Basin.

For any given CO, level, the actual change will lag behind the

corresponding equilibrium change for that CO, level. However, the pattern



of actual change (at least as a first approximation) will be similar to the
equilibrium pattern (scaled down by an appropriate factor. The predicted
regional patterns of equilibrium climate change do differ from those that
occur if time-dependent predictions are made, where the C0? concentration
increases gradually through the perturbed run and where the oceans are
modelled using ocean GCMs. This is because equilibrium model runs ignore
important oceanic processes, not least ocean current changes, differential
thermal inertia effects between different parts of the oceans and between
land and ocean, and changes in the oceanic thermohaline circulation.
However, the differences are relatively small in most regions (and in the
Mediterranean Basin in particular), and the complexity of the problem in
relation to present-day computing capability casts some doubt on the
reliability of these early transient response results. The present study
restricts itself, therefore, to the use of results from equilibrium GCM
experiments. -

Mitchell et al. (1990) present three justifications for equilibrium
experiments, which are:
i. they are parsimonious of computer time;
ii. they are easier to compare than time-dependent experiments; and,
iii. apart from areas where the ocean thermal inertia is large, such as

the North Atlantic and high southern latijtudes, their results can be

scaled and used as approximations to the time-dependent response.
This latter point is particularly important. The scenarios presented in
this report are based on the difference, at each GCM grid point, between
the 2 x €0, and the 1 x C0, value for a particular climate variable. This
difference is then Tinearly scaled to represent the change expected as the
result of a 1°C change in global temperature. Essentially, by expressing
the climate change over the Mediterranean as a function of the global
temperature change, we are introducing a time dependency into the

scenarios. A scenario for any particular future time can be developed



provided that the global mean temperature change at that time can be
estimated.
The results from four GCMs developed for climate studies are used in

this Report, from the following research institutions:

UK Meteorological Office (UKMO)

Goddard Institute of Space Studies (GISS)

Geophysical Fluid Dynamics Laboratory (GFDL)

Oregon State University (0SU)
The models vary in the way in which they handle the physical equations
describing atmospheric behaviour. The UKMO, GISS and OSU GCMs scolve these
in grid-point form whereas the GFDL model uses a spectral method. AlI
models have a realistic land/ocean distribution and orography (within the

constraints of model resolution), all have predicted sea ice and snow, and

clouds are calculated in each atmospheric layer in all models.

1.4 STRUCTURE OF THE REPORT
1.4.1 Regional Scenarios of Climate Change

One of the most pressing requirements with regard to research into the
greenhouse effect is the need for regional scenarios of climate change.
Only on this basis can plans be made tc adapt to or ameliorate the effects
of the predicted changes. Broad-brush predictions at the global,
hemispheric or continental scale are of 1ittle use in this planning
process.

It is generally recognized that the results from GCMs offer the best
potential for the development of regional scenarios of climate change.
Equilibrium response predictions for the grid points appropriate to the
Mediterranean Basin are available in the Climatic Research Unit for the
above four models. These predictions form the basis of the regional
scenarios of climate change presented in this Report, as described in

Chapters 3 and 4.



In Chapter 3, we examine scenarios produced directly from GCM grid-point
output. The results from the four models are synthesized to produce a
single scenario for each climate variable. This approach also allows the
impact analyst to assess uncertainty by examining inter-model differences
and to easily produce a range of scenarios.

One problem with the application of GCMs to the study of climate impacts
is the coarse resolution of the model grid. The grid scale of the four
models listed above ranges from 4° latitude x 5° longitude (OSU) to 7.83°
latitude x 10° Tongitude (GISS). GCMs, therefore, have a spatial
resclution of several hundreds of kilometres, which is inadequate for many
regional climate change studies, especially in areas of high relief. 1In
Chapter 4 we present a set of high resolution scenarios, based on the
statistical relationship between large-scale ciimate data and small-scale
ohservations from surface meteorological statioas.

1.4.2 Model Validation -

As noted above, for each GCM simulation of the greenhouse effect, two
model runs are performed: the control run and the perturbed run. One
useful test of model performance is to compare the results from the control
run, which usually has an atmospheric CO, concentration of around 300-
330ppmv, with present-day climate. (By "present-day" we usually mean the
climate of the last 3-4 decades. The mean CO, concentration over this
period was around 390ppmv, which is sufficiently close to the value assumed
in control run simulations to allow a sensible comparison.) This procedure
is known as model validation.

The perturbed-run predictions of a model which fails to reproduce
adequately the principal features of the present-day circulation and
climate must be regarded as less reliable than the predictions of a model

which reproduces the present-day climate well. The results from the



validation of the performance over the Mediterranean Basin of the four GCMs
used in this study are presented in Chapter 2.
1.4.3 Precipitation Extremes

In an area such as the Mediterranean Basin, prone to droughts and
floods, it is important to understand how the frequency and severity of
precipitation extremes is likely to change because of the enhanced
greenhouse effect. GCMs do not produce such information in a form
convenient for analysis. It is therefore necessary to adopt an alternative
approach to the problem.

In Chapter 5 we present the results of a statistical analysis of
precipitation extremes, based on Markov Chain theory. On the basis of this
analysis, estimates of the frequency and severity of precipitation extremes
in a high greenhouse gas world are obtained.

1.4.4 Conclusions

The conclusions of the Report are presented in Chapter 6. The principal
results of the study are reviewed and discussed. Particular attention is
paid in the discussion to the reliability of the scenarios of climate
change. Some of the implications of the changes indicated for the regional
economies and ecologies of the area are briefly outlined, although a ful}
discussion of this topic is beyond the expertise of the authors.

The information presented in this Report should provide a useful tool
for impact analysts. As such, it forms only the first step in evaluating
the implications of the enhanced greenhouse effect for the Mediterranean
Basin. Climate models are being continually improved, as are the methods
for interpreting model output and using both model and observed data to
obtain information at the regional and subregional scales. The scenarios
presented in this Report should be refined at regular intervals as these

improvements are made.



CHAPTER 2
MODEL VALIDATION

Before we can proceed with the construction of the regional scenarios of
climate change, it is important to investigate the reliability of the GCM
data on which these scenarios are to be based. This is done through the
process of control run validation. As noted in the Introduction, GCMs are
normally run for present-day concentrations of C0, and for doubled C0O,. We
can compare the 1xC0, climatology of the models with observations, in order
to assess their ability to simulate present-day climates. Clearly, if a
model fails to simulate present-day climates satisfactorily, we must place
reduced confidence in its predictions for the future.

Here we have assessed the ability of the models to simulate present-day
patterns of sea level pressure and precipitation over the Mediterranean
Basin. It is not possible to validate temperature simulations, since
control runs use observed temperature-as a boundary condition. Atmospheric
pressure is a fundamental characteristic of climate: the position and
intensity of high and Tow pressure systems determines the distribution of
temperature, precipitation and winds. Therefore, if a GCM is unable to
simulate pressure adequately, we must exercise caution in accepting its
simulations of other climate parameters. Even if the simulation of
variables such as temperature and precipitation is apparently adequate, it
may be for the wrong reasons.

The distribution of precipitation is highly variable in both time and
space. Indeed, the scale of many rain-producing systems is considerably
less than the grid-size of most of the GCMs used to date in climate change
studies. Furthermore, the regional patterns of precipitation are strongly
influenced by topographic details that are not resolved by these GCMs. We
would not, therefore, expect control run simulations of precipitation to

succeed except at quite large spatial scales, scales at which precipitation



depends mainly on the broad-scale fluxes of moisture rather than how these
fluxes are modified by smaller-scale processes and boundary conditions. In
spite of these a priori reasons to expect precipitation change predictions
to be relatively poor, we will, in this study of climate change over the
Mediterranean Basin, still produce precipitation scenarios, simply because
changes in rainfall amount and/or distribution have such important
implications for the region. Before proceeding to generate such scenarios,
it is important that we investigate the ability of GCMs to simulate
precipitation, given this imbalance of scale between the model grid and the

rain-producing mechanisms.

2.1 VALIDATION OF PRESSURE

In order to perform the validation of pressure, we have compared the GCM
output with a data set of daily mean sea level pressure (MSLP). This was
originally compiled from forecasting analysis charts, and is continually
updated from the samé'source by the U.K. Met. Office. In the region of
interest, the pressure data are gridded at a resolution of 5° latitude by
10° Tongitude, as shown in Fig. 2.1 (see Jones, 1987, and Jones et al.,
1987, for a full description of this data set).

The grid-point pressure output for the control run of each of the four
GCMs was interpolated onto the same grid as the pressure data set. For
validation of the control run, we took data for the thirty-year period
1651-80 from the MSLP data set.

As a first step, we examined the spatial correlation between the GCM
output and the MSLP data set. For each of the 36 points shown in Fig. 2.1,
the mean pressure for 1951-80 was calculated from the MSLP data set for the
whole period and for each season: winter (December, January, February),
spring (March, April, May), summer (June, July, August}, and autumn

(September, October, November). The correlation coefficients between the



GCM cutput and the MSLP data set were then calculated, where the number of
cases = the number of grid points = 36. The results are shown in Table
2.1. Already we can see that there are substantial differences in model
performance. The best results are obtained from the GISS (surprisingly,
given its coarse horizontal resolution) and UKMO models. The GISS GCM has
the best annual correlation (0.74). The UKMO model performs particularly
well in the summer {(r = 0.94) and autumn (r = 0.82), but returns a
correlation of only 0.57 at the annual level owing to its poor performance
in winter and spring. The least successful is the OSU model. In spring
and autumn, and for the year as a whole, there is actually an inverse
{although weak) relationship between observed and modelled pressure. The
GFDL model has an overall correlation of 0.48, and one negative seasonal
correlation coefficient, in winter.

The spatial distribution was plotted, to determine whether there are any
areas in the Mediterranean Basin where the agreement between observed and
control-run MSL pressure is particularly weak or strong. The observed
patterns, based on the 1951-80 time series, are shown in Fig. 2.2. At the
annual level, there is a smooth transition from south-east to north-west
across the study region, with a range of about 9mb. In winter, the

formation zones of cyclonic disturbances, over the Gulf of Genoa and

Table 2.1 Spatial correlation of GCM output and MSLP data set.

GFDL GISS osu UKMO
Annual 0.54 0.74 -0.28 0.57
Winter -0.17 0.27 -0.05 0.20
Spring 0.57 0.63 -0.24 0.24
Summer 0.65 0.92 0.79 0.94
Autumn 0.53 0.78 -0.45 0.82
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Greece, are clearly seen. Pressure rises towards the north-east,
indicating the influence of the Siberian anticyclone. Relatively cold
conditions over North Africa lead to higher pressure in this region also.
The summer pattern is simple, showing a gradual transition from a low
pressure trough in the south-east (an extension of the Indian Monsoon
system), to higher pressure in the north-west. In spring and autumn, the
pressure patterns are transitional between those of winter and summer.

For each of the four models, the contrel-run pressure distribution and
the difference between the control run and observed MSLP have been plotted.
The results, for the year and for each seascn, are shown in Figs. 2.3-2.6.

The results for the GFDL GCM are shown in Fig. 2.3. It should be noted
that the pressure values for this model refer not to mean sea level, but to
the lowest sigma surface. This does not affect the spatial correlation
coefficients of Table 2.1, nor the spatial pattern of control run/cbserved
pressure differences. However, the actual differences cannot be directly
compared with those shown in Figs. 2.4-2.6 for the other GCMs. The patterns
are consistent throughout. Across the region, pressures are generally too
low. The best fit is found in the central Mediterranean Basin, between
Tunisia and north-east Libya, and towards the north-western and north-
eastern extremities of the study area.

The pressure distribution for the year as a whole in the GISS model
(Fig. 2.4) varies from lower pressure in the south of the study area to
higher pressure in the north. This is also true of all seasons except
winter, when the pattern is ill-defined but shows some tendency to increase
towards the north-east. Overall, the control run pressure is again too
Tow, particularly in the south of the region, where the differences rise to
over -12mb in summer. The best agreement is found in the winter season.

The 0SU model (Fig. 2.5) demonstrates highly variable pressure patterns

from season to season, and it is only in summer that these bear close
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resemblance to the observed distribution. The winter pattern is the
opposite of the observed, varying from low pressure in the north to high
pressure over Africa. Overall, pressure tends to be too low. If we
examine the map of annual control run/observed MSLP differences, the fit is
apparently very good, with differences generally less than -4mb. However,
this is due largely to compensating errors arising from the great seasonal
variation in the control run pressure patterns, rather than to good model
performance. The poorest seasonal performance is seen in winter (when the
pressure over most of Europe is over 8mb too Tow) and autumn (pressure over
Europe more than 6mb too Tow).

The UKMC GCM (Fig. 2.6) shares certain features in common with the QSU
model. There is considerable variation in the seascnal pressure patterns,
with summer showing the greatest similarity to the observed distribution,
and the winter pattern again varying between low pressure in the north of
the study region and high pressure in the south. Overall, the performance
of the UKMO model is superior to the OSU model, in that the control
run/observed MSLP differences are smalier. The performance is particularly
impressive in summer and autumn when, throughout the study area, the
differences do not exceed 5mb.

In summary, the results of the spatial correlation analysis are
confirmed by the pressure distribution maps. The GISS model reproduces the
observed pressure patterns most realistically but, in terms of control
run/observed pressure differences, the UKMO model is the most successful.
The 0SU model fails to reproduce the spatial patterns satisfactorily, and
the pressure differences are high. It is not possible to compare the GFDL
model's absolute performance, because of the differences in variable type
(the GFDL pressure values are for the lowest sigma surface in the model,
rather than for mean sea level}. A1l models are poor in winter. We note

that the GISS performance over the Mediterranean region is not echoed by
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its performance over the wider North American-Atlantic-European region,
where it is noticeably the worst of the models (see Santer and Wigley,

1990).

2.2 VALIDATION OF PRECIPITATION

Model precipitation has been validated against a gridded data set of
land-based precipitation records for the period 1951-80 which has a
spatial resolution of 5° latitude x 5° longitude (Hulme, 1991). The GCM
precipitation output was interpolated onto the same grid as the
precipitation data set. Validation was performed using spatial
correlations, basin-scale seasonal cycles and by comparing the absoTute
values of observed and simulated data.

The spatial correlation coefficients between the GCM and observed grid-
point precipitation were calculated. Forty-two grid points were used,
giving 42 cases for the computation of the coefficients, as shown in Fig.
2.1. Grid poin%s over the Bay of Biscay, those south of the Atlas
Mountains, and those over Saudi Arabia were excluded on the assumption that
the rainfall regimes in these areas would be generically different from
those of the Mediterranean Basin. The results are shown in Table 2.2. The
correlation coefficients vary less than those obtained in the pressure
validation exercise, between 0.67 (GISS) and 0.78 (UKMO) at the annual
level. No negative coefficients were obtained. There is no consistent
trend in the seasonal values: the highest value is for the GFDL GCM in
summer (0.82) and the lowest is for the OSU model in the same season
(0.36). The UKMO model is best in the autumn, winter and annual
correlations, and insignificantly different from the other models in
spring.

The Mediterranean Basin has a pronounced and distinctive seasonal cycle

of precipitation. A successful model must be able to reproduce this cycle,
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Table 2.2 Spatial correlation of GCM control run and observed

precipitation.
GFDL GISS osu UKHO
Annual 0.75 0.67 0.70 0.78
Winter 0.48 0.67 0.73 0.81
Spring 0.77 0.74 0.75 0.76
Summer 0.82 0.69 0.36 0.61
Autumn 0.64 0.54 0.57 0.73

which is a critical factor in the ecologies and economies of the region.
The area was divided into a western and an eastern region, along longitude
15° East. The network of grid points was reduced still further, to be
certain of including only those points which expérience the same seasonal
regime, characteristic of a Mediterranean climate: 12 points were
considered in the western basin and 13 in the eastern basin. The mean
monthly precipitation was then calculated for each basin.

The seasonal cycles of the GCM control runs and observed precipitation
are shown in Fig. 2.7 for the two basins. The observed patterns are
broadly similar, with the highest rainfall occurring in December and the
Towest in July. The rainy season is more prolonged in the western basin,
and the seasonal cycle here is less pronounced than in the eastern basin.

In general, the GCMs tend to overestimate the precipitation total. This
is particularly true for the GFDL and UKMO models, and the tendency is more
pronounced in the western than in the eastern basin. The seasonal cycle is
well reproduced by the GISS and OSU models. The GFDL and UKMO models fail
to reproduce the seascnal cycle satisfactorily, and this is particularly
the case in the western basin.

The spatial distribution of the absolute amounts of control-run

precipitation was next compared with the observed amounts. The observed
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patterns, contoured from the gridded precipitation data set for 1951-80,
are presented in Fig. 2.8. The winter precipitation field shows the
influence of depressions tracking eastwards across the northern
Mediterranean, bringing local precipitation maxima (more than 100mm/month)
to southern Italy, Greece and eastern Turkey. In spring there is still
evidence of tracking depressions producing higher rainfall amounts over
southern Italy and northern Turkey. However, by summer the whole of the
area south of 40°N is receiving less than 30mm of rainfall per month, and
at some grid points there is no rainfall in this season. The influence of
the tracking depressions over south-west Italy is reasserted in autumn,
with over 110mm/month at two grid points.

The differences between the control run and observed precipitation
amounts were expressed as a ratio to facilitate comparison. Because of the
large seasonal differences and the very low rainfall totals in summer, it
would not be meaningful to assess model performance on the basis of a
simple difference. Grid-point values less than lmm/month were rounded up
to imm/month.

The spatial patterns are complex. We have therefore summarized the
information contained in the maps in Table 2.3, which shows the ratio
between the mean control run and mean observed precipitation, the mean
being calculated for all 50 grid points. Values close to one indicate the
most successful performance. This table confirms the tendency of the
models to overestimate precipitation, the only ratio less than one being
for the GFDL model in summer. At the annual leveil, the GFDL GCM produces
the most successful result, and the UKMO model the least successful,
followed by GISS. The poor results for these two models are due to their
failure to simulate the summer drought over the Mediterranean. This

deficiency has already been noted in the vailidation of the seasonal cycles.
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Table 2.3 Ratios between GCM control run and observed mean precipitation

GFDL GISS osy UKHO
Annual 1.18 1.48 1.23 1.51
Winter 1.19 1.25 1.14 1.02
Spring 1.46 1.66 1.40 1.52
Sunmer 0.74 2.10 1.09 2.76
Autumn 1.17 1.28 1.29 1.42

The spatial patterns of control run precipitation and of the modelled-
to-observed ratios for the GFDL GCM are shown in Fig. 2.9. 1In all seasons
the model distinguishes successfully between the wetter north and the drier
south of the study region. However, the north-south contrast is generally
too small, as can be seen from the ratios in Fig. 2.9, or by comparing
Figs. 2.8 and 2.9. 1In all seasons the ratios over North Africa are greater
than 1.5. The GISS model (Fig. 2.10) performs particularly poorly in terms
of modelled-to-observed precipitation ratios in spring and summer: large
areas of the study region have ratios greater than 1.5. The 0SU GCM (Fig.
2.11) produces a reasonable simulation of precipitation in the transitional
seasons of spring and autumn. The autumn results show a precipitation
maximum over the central Mediterranean Basin, which coincides approximately
with the position of depression tracks. The UKMO model control run
simulation of precipitation is shown in Fig. 2.12. This reproduces the
seasonal patterns well in spring, summer and autumn, with clear maxima in
the areas of cyclone formation and along the preferred depression tracks.
The simulation patterns in summer are less successful and, as already
noted, the overall rainfall in this season is too high.

We have used four tests of the ability of the models to simulate
present-day climate: the spatial correlation of grid-point precipitation,

the simulation of the seasonal cycle, the overall ratio between control run
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and observed precipitation, and the spatial pattern of the grid-point
ratios of modelled to observed precipitation. On this basis, we are unable
to select one model which consistently out-performs the others. The
poorest results are for the GISS model, which does badly on all four tests.
The OSU model simulates the seascnal cycle well, and the overall ratio
between control run and observed rainfall is low. However, the spatial
correlation is poor and the patterns of control run precipitation are
substantially different from the observed. The UKMO model has the highest
spatial correlation of the four GCMs, and simulates the spatial patterns
most effectively. On the other hand, it fails to reproduce the seasonal
cycle adeguately, and has the highest ratic between control run and
observed precipitation. The GFDL model has the second highest spatial
correlation, and the patterns of precipitation are reasonably well
simulated. The seasonal cycle is good, and it has the lowest ratio between

control -run and observed rainfall.

2.3, CONCLUSIONS

In this chapter, model validation has been performed using two climate
variables: mean sea level pressure and precipitation. On the MSLP tests,
the most realistic models were the UKMO and GISS GCMs. The GFDL model
produced the best simulation of precipitation. The precipitation resuits,
especially the inter-model differences, should be treated cautiously since
they are not consistent with the MSLP results. One should be particularly
wary when a good seasonal precipitation simulation occurs in conjunction
with a poor MSLP simulation.

It is of interest to note the improvements in model performance which
can be obtained by increasing the grid resolution of the model. The UKMO
model has been run with an enhanced resolution of 2.5° latitude by 3.75°

longitude (as opposed to the 5° x 7.5° resolution of the model used above).
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Table 2.4 Control run performance of the UKMO and UKMO2 GCMs

Spatial Correlation Overall Ratios
UKMO2 UKMO UKMO2 UKMO

Annual 0.81 0.78 0.95 1.51
Winter 0.66 0.81 1.03 1.02
Spring 0.76 0.76 0.92 1.52
Summer 0.88 0.61 1.04 2.76
Autumn 0.75 0.73 0.86 1.42

This model simulation (referred to as UKMO2 below) produces a significant
improvement in performance, even though in other respects the model
specification remains broadly the same. We present here the results for
the validation of precipitation. In Table 2.4 we show the spatial
correlations and overall ratios for the UKMO and UKMO2 GCMs. The seasonal
cycle, compared to the other models, is presented 1n—Fig. 2.13, and the
spatial patterns of control run precipitation are shown in Fig. 2.14.
Although permission has been granted by the U.K. Met. Office to use this
model run for validation purposes, we do not have permission to use the

- perturbed run results in this study.
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Fig. 2.3 Annual MSLP control run {(above) and control/observed differences

(below) in mb: GFDL GCM
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Fig. 2.3 cont. Winter MSLP control run (above) and control/observed
differences (below) in mbh: GFDL GCM
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Fig.

2.6 cont. Spring MSLP control run (above) and control/observed
differences (below) in mh: UKMO GCM
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Fig. 2.6 cont. Summer MSLP control run (above) and control/observed
differences (below) in mb: UKMO GCH
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50



Max: 110

80
60
40

Min: 18

Max: 19.60

1.50
" 1.00

—4 0.67

& A

Fig. 2.10 cont. Winter control run precipitation (above, mm/month) and
modelled-to-observed precipitation ratios (below): GISS GCM
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Fig. 2.10 cont. Spring control run precipitation {(above, mm/month) and
mode1led-to-ohserved precipitation ratios (below): GISS GCH
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Fig. 2.10 cont. Summer control run precipitation (above, mm/month) and
modelled-to-observed precipitation ratios (below): GISS GCM
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Fig. 2.10 cont. Autumn control run precipitation (above, mm/month) and
modelled-to-observed precipitation ratios (below): GISS GCM
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Fig. 2.11 cont. Spring control run precipitation (above, mm/month) and
mode1led-to-observed precipitation ratios (below): 0SU GCH
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Fig. 2.11 cont. Autumn control run precipitation (above, mm/month) and
modelled-to-observed precipitation ratios (below): 0SU GCM
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Fig. 2.12 Annual control run precipitation (above, mm/month) and modelled-
to-observed precipitation ratios (below) UKMO GCM
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Fig. 2.12 cont. Winter control rum precipitation (above, mm/month) and
mode1led-to-observed precipitation ratios (below): UKMO GCM
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Fig. 2.12 cont. Summer control run precipitation (above, mm/month) and
modelled-to-observed precipitation ratios (below): UKMG GCM

63



Fig.

2.12 cont. Autumn control run precipitation (above, mm/month) and
modelled-to-observed precipitation ratios (below): UKMO GCM
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CHAPTER 3
COMPOSITE GCM SCENARIOS

In this chapter we develop and discuss scenarios based directly on the
grid-point output from GCMs. The four models used are those already
discussed in Section 1.3: the GFDL, GISS, OSU and UKMO GCMs. Details of
some relevant modeil properties are given in Table 3.1. The climate

variables considered are temperature, precipitation and MSL pressure.

Table 3.1 Characteristics of the four GCMs

GFDL GISS 0su UKMO
Horizontal
resolution
(lat. x Tong.) 4.44° x 7.5° 7.83° x 10.0° 4.0° x 5.0° 5.0° x 7.5°
Base 1xC02 (ppmv) 300 315 326 323
Equil. temp. (°C) 4.0 4.2 2.8 5.2
Precip. change*(%) 8.7 11.0 7.8 15.0
Reference Wetherald Hansen Schlesinger Wilson &
& Manabe, et al., 1984 & Zhao, 1989 Mitchell
1986 1987

*

Global-mean values

It was established in the previous chapter that no single GCM can be
identified as'being consistently better than the others at simulating
current climate. This being the case, there is little merit in presenting
scenarios based on only one model. Presentation of scenarios for each of
the four models individually would avoid the issue, but this would leave
the task of deciding which model is the 'best' and/or of synthesizing the
information to obtain a best estimate to the impact analyst. We have

therefore adopted the approach of Wigley et al. (1992), whereby the
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information from the four models is combined into a single scenario for

each variable.

3.1 TEMPERATURE SCENARIOQS
3.1.1 Method of Construction

The simplest temperature scenario which utilizes resuits from all four
models is the unweighted model average change in surface air temperature
due to increased atmospheric CO,. First, the temperature output from each
GCM is interpolated on to a common grid of resolution 5° latitude by 10°
longitude. Then, the difference between the perturbed run (2xC0Q,) and the
contrel run (1xCO,) temperature is found at each grid point for each model.
Finally, the average temperature change for each grid point is calculated.

This procedure may be expressed mathematically as:

where AT is the model-average temperature change for each grid point, AT,
is the temperature change for the i-th model, and n = 4 is the number of
models.

The problem with presenting the temperature scenarios in this form is
that the results may be biased by the different equilibrium responses of
the individual models. Reference to Table 3.1 shows that the global
warming due to 2xC0, for the four GCMs ranges between 2.8°C for the OSU
model and 5.2°C for the UKMO model. We would therefore expect that the
warming indicated by the UKMO GCM for the Mediterranean Basin will be
greater than that suggested by the OSU model, even though thé sensitivity
of the region to climate change when compared to the global sensitivity

might be the same.
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To produce temperature scenarios which are independent of this bias, the
temperature change for each model at each grid point was first divided by
the equilibrium (global annual) temperature change for that model, prior to
the calculation of the four-model average. For each grid point, this
produces a ‘standardized' model average temperature change per °C global
change. If AT" is the standardized model average and ATp is the
equilibrium temperature change, this may be expressed as:

=%

AT = l ( ATl / ATeq(i))
n

1

I p43

There are two reasons why the standardized scenarios are superior to the
simple model average. First, the results capture the patterns of
temperature change without being biased by the different model equilibrium
sensitivities. Second, by expressing the temperature change over the
Mediterranean as a function of the global temperature change, we can
introduce a time dimension into the scenarios. A scenario for any
particular future time can be developed provided that the global mean
temperature change at that time can be estimated (see Houghton et al.,
1990, for a discussion of such estimates). The validity of this approach
depends on the assumption that the equilibrium and transient patterns of
climate change are similar {see Section 1.3 for a brief discussion of the
difference between the equilibrium and transient response). There is still
considerable scientific debate surrounding this issue.

In order to assess reliability of the standardized patterns of change,
upper and Tower confidence limits, tu and ¢/, representing the 90%
confidence intervals, have been placed on the scenarios. This has been
done by calculating the standard deviation, s, of the distribution of the
standardized temperature changes at each grid point. The confidence limits

are given by:
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tu = AT + 1.64s

£ = AT" - 1.64s
On the assumption that different model results are a random sample from the
true population of temperature changes (an assumption that is made here as
a practical measure; it is difficult to make on a priori grounds), there is
a 90% probability that the actual temperature change will Tlie within these
two limits, and a 10% probability that it will lie outside these limits,
either above (5% probability) or below (5% probability).
3.1.2 The Results

The annual and seasonal temperature change scenarios are presented in
Fig. 3.1-3.5. Each scenario is accompanied by maps showing the spatial
distribution of tu and %].

The annual map {Fig. 3.1) indicates that temperature changes will be
least over the Mediterranean Sea and the adjoining coastlines of Italy,
Greece and North Africa. Here, the sensitivity is less than the global
level. However, elsewhere in the study region the sensitivity exceeds the
global figure, rising to a relative value of over 1.3 in the extreme north-
east.

At the seasonal level, the sensitivity over the Mediterranean Sea and
the adjacent coastline is always below the global level. In winter (Fig.
3.2) the low sensitivity region extends westwards to cover Spain. Highest
sensitivities are found in the south-east of the study region, over 1.3.
The spring season (Fig. 3.3} shows the greatest extent of sensitivities
less than the global level, covering almost the whole of Spain, France and
Italy as well as the Mediterranean Sea and much of the adjoining coast.
Maximum relative sensitivities are shown in the summer (Fig. 3.4). Much of
the study region west of 5°E has values greater than 1.3, and the area of
sensitivity less than one is much restricted. In contrast, autumn (Fig.

3.5) shows the lowest seasonal sensitivity over the region as a whole. The
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maximum ratio between grid-point and global temperature change is enly
1.24.

In summary, we can say that, on the basis of the model results, for much
of the area immediately adjoining the Mediterranean Sea, the temperature
changes due to the enhanced greenhouse effect in each season should be

similar to the global, annual-mean change.

3.2 PRECIPITATION SCENARIOS
3.2.1 Method of Construction

As noted in the chapter on validation, it is not meaningful to express
the model change in precipitation in terms of a simple difference, because
of the great contrasts in seasonal amounts. For each grid point and each
model, the 2xC0, minus 1xCO, precipitation has been expressed as a
percentage of the control run precipitation. The percentage change was
then divided by the equilibrium temperature increase for that model.
Finally, the results from the four models were used to calculate a mean
standardized precipitation change (p in units of % per °C global-mean

warming) for that grid point. Mathematically, this has the form:

p = (1/n) 51100 [(P,(2xC0,) - P(1XCO0,)) / Py(1xC0,)] / ATogq

i=
where P; denotes the absolute precipitation. The upper and lower 90%
confidence limits, pu and pJ, were calculated for each grid point using the
distribution of the standardized precipitation changes for the four models.
3.2.2 The Results

The annual and seasonal maps of the mean standardized precipitation

changes p are presented in Figs. 3.6-3.10. The spatial patterns of pu and

pl are also shown. Assuming that the GCM output results are a random
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sample from a true population, there is a 90% probability that the mean
standardized precipitation change will fall within these Timits.

For most of the region, and for most of the year, the standardized
change scenarios indicate that precipitation will increase because of the
greenhouse effect. The important exception to this statement is the summer
season, when a reduction in rainfall is suggested for the whole region
except parts of North Africa. The decrease is predicted to be as much as
6%/°C. A more restricted area of reduced rainfall is also indicated in
spring. The greatest changes are shown to occur in spring and summer.

For the year as a whole (Fig. 3.6), the mean standardized precipitation
change for the central Mediterranean Basin is small, in the range -1 to
+2%/°C. Larger increases are predicted for the northern and southern
peripheries of the study region, rising to as much as 4%/°C.

In winter (Fig. 3.7) the model results indicate that most of the regjon
should experience a slight increase in precipitation. Over the eastern and
northern Mediterranean this should be in the region of 2-3%/°C, rising to
over 3%/°C in some areas. The only area of reduced precipitation Ties over
southern Italy and the adjacent parts of North Africa. The changes do not
exceed -2%/°C. The changes in spring are much greater (Fig. 3.8). A
decrease is indicated for much of the eastern Mediterranean and the North
African coast of the western Mediterranean. Most land areas north of the
Mediterranean should experience higher rainfall, except for southern Greece
and Turkey. Summer patterns indicate the greatest spatial extent and
severity of drying (Fig. 3.9). The western Mediterranean, central Turkey
and Cyprus are indicated to experience lower rainfall, by as much as 6%/°C.
The models suggest a slight increase over the central Mediterranean.

Autumn precipitation (Fig. 3.10) is predicted to increase over almost the
entire study region, with the greatest changes occurring over southern and

western areas.
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[t is of interest to study the 90% confidence 1limit maps for
precipitation in some detail. The model-average maps, for example, suggest
that winter should be a time of increased precipitation. However,
inspection of Fig. 3.7 shows that the lower confidence limit is, for much
of the study area, a negative value, indicating a decrease in
precipitation. To illustrate this point further, we can take the example
of grid point 35°N by 20°E. Here, the model-average change is +2.6%/°C.
However, the upper and Jower 90% confidence Timits are, respectively,
+7.8%/°C and -2.6%/°C. In terms of probabilities, therefore, we can only
say that there is a 90% probability that the winter precipitation change at
this grid point will lie between +7.8%/°C and -2.6%/°C; in other words.
although the "best guess” may be for an increase in precipitation, there is
still a significant probability that precipitation will decrease. The
summer model-average map indicates lower rainfall at this grid point, but
the map of pu shows that there is a strong probability that this decrease
may be very small or that there may be an increase. These results arise
from the very wide distribution of the individual model results for
precipitation change, and they graphically identify the very high degree of

uncertainty associated with all precipitation scenarios.

3.3 MSL PRESSURE SCENARIOS
3.3.1 Hethod of Construction

The pressure scenarios have been constructed in the same way as the
temperature scenarios. That is, the pressure change for each model at each
grid point was first divided by the equilibrium temperature change for that
model, and then a four-model average was calculated. This gives a
standardized model-average pressure change per °C global temperature
change. The results, with the 90% upper and lower confidence 1imits, are

shown in Figs. 3.11-3.15.
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3.3.2 The Results

At the annual level, the model average suggests a slight decrease in MSL
pressure over the whole region, of no more than 0.3mb/°C (Fig. 3.11).
Inspection of the seasonal maps indicates that this pattern is repeated
throughout the year, except in winter. The winter season shows increased
pressure over the whole of the Mediterranean Basin: only the fringes of the
study area display negative values (Fig. 3.12). However, the increases are
small, not exceeding 0.2mb/°C.

Because the model mean pressure changes are small, the 90% confidence
Timit maps are opposite in sign over much of the area. For example, the
annual 90% upper confidence limit map has only a small percentage of its
area which is not positive in sign, whereas the annual Tower confidence
Timit map indicates lower pressure in most places. We are therefore unable
to say with any certainty in what direction MSL pressure is expected to
change in a high greenhouse gas world. It appears probable, however, on
the basis of the model evidence, that the changes will be small. The
model-average changes are much less than the normal interannual variability

of MSLP.

3.4 CONCLUSIONS

Temperature changes due to the greenhouse effect over the area
immediately adjoining the Mediterranean Sea, on the basis of the models
used in this study, are likely to be similar to the global, annual-mean
change. The effect on precipitation is expected to be an increase in
autumn and winter, but a decrease in summer and, particularly in the
eastern Mediterranean, in spring also. The mean change was, in winter,
around +3%/°C and, in summer, around -3%/°C. MSLP changes are unlikely to
be large, and will probably be well within the range of present-day natural

variability.
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It is of interest to compare these results with those obtained for the
IPCC high-resolution equilibrium model runs for Southern Europe (Mitchell
et al., 1990, Table 5.1; Cubasch and Cess, 1990, Table 3.2a). Three models
were employed: the UKMO and GFDL GCMs (earlier, low resolution, results
from which are used in this study) and the National Center for Atmospheric
Research GCM. The results were scaled to a global-mean warming of 1.8°C,
the warming expected to have occurred by the year 2030. The predicted
change in precipitation ranged between zero and +10% in the winter, and
between -5% and -15% in the summer. For the winter season, our results are
very much in accord with the IPCC findings. For summer, the IPCC results
indicate a rather greater decrease in rainfall than we obtained. However,
the overall agreement is encouraging.

In interpreting the precipitation scenarios it is most important to bear
in mind the position of the upper and Tower 90% confidence Timits. Where
the model-average precipitation change is shown to be positive, the lower
90% confidence limit is generally negative, and vice versa. OQur confidence
in the model scenarios of precipitation change must therefore be low, and
this view is supported by the IPCC Report in the discussion of their

Mediterranean scenarios (Mitchell et al., 1990).
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Fig. 3.1 Annual standardized model-average temperature change per °C
global change, shown with the upper (above) and lower (below) 90%
confidence limits (°C)

75



Upper mit

Model-average change
-10 Q 10 20 30 40

-10 ] 10 20 30 40 Min; 0.9
Lower limit
-10 0 10 20 30 40

i
=

2 S

=

ENoy

Fig. 3.2 Winter standardized model-average temperature change per °C )
global change, shown with the upper (above) and Tower (below) 90%
confidence limits (°C)

76



Upper limit

-10
!

10 20 30

50

45

40

30

Ay ARG
B A

Min:

Max:

G
ot
Min:

&k

20

30

Fig. 3.3 Spring standardized model-average temperature change per °C

global change, shown with the upper (above) and lower (below) 90%
confidence Timits (°C)

77

1.1

1.0
0.9
0.8
0.7

0.6



Upper limit

byt
W :;%%:_
7 i
ot w B
N LA

AR R .
e, o A

-10 0 10 20 30 40

Model-average change
-10 0 10 20 30 40

-10 0 10 20 30 40
Lower limit
-10 0 10 20 30 40

Fig. 3.4 Summer standardized model-average temperature change per °C
global change, shown with the upper (above) and lower (below) 90%
confidence Timits (°C)

78



Upper limit
-10 0 10 20 30 40

™ '-:-g\ .-qv'

oy

Model-average change
-10 0 10 20 30 40

-10 0 10 20 30 40

Max: 1.1
: 1.0
ek SR
=

{\‘%‘E\ ~:-. 0.9
% “;3;?: ;239 Ry % 0.8
, Q7
3 > g L 0 ) 6

v e

i { -

-10 0 10 20 30 40 Min: 0.5
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Fig. 3.10 Autumn standardized model-average precipitation change in % per
O¢ global change, shown with the upper (above) and lower (below)
90% confidence limits

84



Upper himit

10 o 10 20 30 40
50 50
45 45
40 40 Max:
35-F 35
RIVES 30
25 - 25
-10 o 10 20 30 40
Model-average change
-10 0 10 20 30 40

-10 0 10 20

45

40

35

30

Max:

>3
TR
e

s i
G e
25 I S T 125 e
-10 0 20 30 40 Min:
Fig. 3.11 Annual standardized model-average MSL pressure change per °C

global change, shown with the upper (above) and lower (below)
90% confidence limits (mb)

85

L]

0.4

0.1

0.0
0.1
0.2
0.3

0.4

0.0

0.1
0.2
0.3
0.4
0.5

0.6



Upper limit

-10 0 10 20 30 40

0.7

0.6
0.5
0.4
0.3
0.2
0.1

0.0

Model-average change

-10 0 10 20 30 40
g0 80

-10 0 10 20 30 40

Lower limit
-10 4] 10 20 30 40

.0

-0.2
-0.4
-0.6
-0.8

-0.9

Fig. 3.12 Winter standardized model-average MSL pressure change per °C
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CHAPTER 4
SUB-GRID~SCALE SCENARIOS

4.1 INTRODUCTION

One problem with the application of GCMs to the study of climate impacts
is the coarse resolution of the model grid. The grid scale of the four
GCMs used in this study ranges from 4° latitude x 5° longitude (0SU) to
7.83% latitude x 10° Tongitude (GISS). In Chapter 3, scenarios were
developed directly from GCMs, after first interpolating the model output on
to a common grid of 5% latitude x 10° longitude. At the latitude of the
Mediterranean Basin, the grid intersections are separated by several
hundreds of kilometres. This level of resolution is inadequate for many
regional climate change studies, especially in areas of high relief. To
develop higher resolution scenarios, the problem is to find a statistical
link between the large-scale grid point GCM output and the small-scaie

detail of regional climates.

4.2 SCENARIO CONSTRUCTION
4.2.1 Development of the Method

Kim et al. (1984) looked at the statistical relationship between local
and large-scale regionally-averaged values of two meteorological variables:
temperature and precipitation. They then used these relationships,
developed using principal component analysis techniques, to examine the
response of local temperature and precipitation to the predicted change at
GCM grid points. The area of study was the state of Oregon. Although the
paper contains certain statistical flaws, the underlying idea of
statistically relating local and large-scale data is sound.

Methodological flaws in the approach used by Kim et al., were avoided by
Wigley et al. (1990). Working with the same Oregon data, these authors

employ a much wider range of predictor variables: area-averages of
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precipitation and temperature, nearby grid-point values of mean sea-level
pressure and the height of the 700mb surface and, for the latter two
variables, zonal and meridional gradients across the region between the
appropriate grid points. Rather than making use of the seasonal cycle in
the data to develop the regression equations, which the Kim et al. study
reduces to, Wigley et al. harness the inter-annual variability. Thus,
separate regression equations are developed for each month of the year.

Large spatial variations were found in the explained variances, both in
calibration and in verification tests made with independent data. When the
method is extended to the Mediterranean Basin, we must expect considerable
regional variation in the skill of the predictions. For some locations,
Wigley et al. found well over 90% of the local temperature variance
explained by the large-scale climate in the independent verification.
However, in the coastal belt of Oregon where the sea breeze circulation
prevails in summer, predictability was rather Tow. Generally, the
relationships for precipitation were weaker than those for temperature.
Predictability was found to be highest in the western part of the state,
where the orographic influence is strongest. Overall, most of the skill
derives from the area-average of the variable which one is trying to
predict at the local level.

Wigley et al. used their derived regression equations to illustrate the
procedure. However, instead of using actual GCM data they treated the
analysis as a sensitivity study, inserting prescribed increases in grid-
point temperature (one standard deviation) and precipitation (20%). The
contribution of the other variables was ignored. The results show that
individual site changes can differ substantially from the grid-point

changes.
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The two papers, Kim et al. (1984) and Wigley et al. (1990), provide a
clear and workable methodology to extract local-to-regional scale climate
change information from GCM grid point output.

4.2.2 Application to the Mediterranean Basin

The methods of Kim et al. and Wigley et al. have been modified for
application in the Mediterranean region. In particular, we required a
general computer program that would be applicable throughout the area and
which could be used with meteorological records of variable length and
density. After investigating a number of approaches to the problem, we
adopted the procedure summarized below:

1. As part of this study, data sets of monthly-mean temperature and total
precipitation were compiled for the area surrounding the Mediterranean
Basin. Stations in the data sets are listed in Appendix 1. Where
possible, each record should be complete for the period 1951-88. Any
station with a record length less than 20 years in the period 1951-88
for over six months out of twelve was discarded.

2. Then, for every valid station, the temperature and precipitation
anomalies from the long-term (1951-88) mean were calculated. For this
part of the work, which is the first step in the construction of the
regression equations (the calibration stage), only the data for 1951-80
were used. The 1981-88 data were retained to test the performance of
the regression models (the verification stage). For the calculation of
the temperature anomaly At;, the simple difference was used:

At

=t]

= ]

i
where t; is the mean temperature of month j in year i, and T; is the
long-term mean for month j. The precipitation anomaly Ap; was
expressed as a ratio of the long-term mean:

Apy = (Pq ‘ﬂ)/Pj

where p; is the monthly total precipitation in month j of year i, and P,
is the Tong-term mean for that month. If P; is Tess than lmm, then this
equation is modified to:

Apy = (p; - P)/1.0

3. The individual station anomalies are then used to calculate regionally-
averaged anomalies. The procedures described from here to the end of
point 6 are station-specific, and must be repeated for each station in
the data set.

A 5° latitude x 5° longitude square is centred over the station for
which regression equations are to be developed (the predicted station).
A11 the stations which fall within this square are used to calculate

92



the regional averages. If the number of stations is less than three,
for temperature, or four, for precipitation, the procedure is halted.
For temperature, the anomalies from all stations in the 5° x 5° square
are averaged month-by-month to produce an area-average time series.
For precipitation, the substantial degree of spatial variability makes
it advisable to area-weight the station anomalies before calculating
the regional mean for each month. To do this, the 5° x 5° region is
divided into 20 x 20 smaller squares. The precipitation anomaly value
assigned to a particular square is that of the station nearest to it
(with the restriction that the distance separating a square from its
nearest station should be no greater than 1° - where the distance is
greater the square is ignored). The area average is then the mean of
the values in the 400 (or fewer, if any fail the minimum distance
criterion) squares. This method is similar to the standard Thiessen
polygon method.

Regression analyses were performed using station temperature and
precipitation anomalies as the predictands. These analyses were
carried out on an annual and seasonal basis: winter (December, January,
February), spring {(March, April, May), summer {June, July, August) and
autumn {September, October and November). By considering the monthly
values as separate observations within each season, we were able to
extend the number of observations and so preserve a high number of
degrees of freedom. The predictor variables are the regionally-
averaged anomalies of temperature and precipitation.

In order to determine the perturbation due to the enhanced greenhouse
effect at each station, the results from GCMs were employed. It is
assumed that a GCM grid-point temperature or precipitation value is
equivalent to a regionally-average value derived from observational
data. For each of the four GCMs (GFDL, GISS, 0OSU and UKMO), the
perturbed run and control run grid-point temperature and precipitation
values are interpolated to the station position. We then obtain, for
temperature:

Atmi = t,(2 X C02) - tl(l X C02)

where Atm is the perturbation due to CO, or the 'temperature anomaly'
for model i and, for precipitation:

Ptm = [p(2 x €O,) - p;(1 x CO,)] x 100/p;(1 x CO,)

where Ptm is the standardized perturbation due to CO, or the
'precipitation anomaly'.

The values for Atm and Ptm for each GCM are then substituted in the
regression equations to obtain a prediction for the station
perturbation of temperature (°C) and precipitation (%) due to CO,.

The predicted change in temperature and precipitation for each model is
divided by the equilibrium {Bloba1 mean) temperature change for that
model. The results are then averaged across the four GCMs to obtain a
composite value.

The procedures from points 3 to 6 is repeated for each station
throughout the Mediterranean. The results can then be plotted and
contoured to obtain a map of the expected patterns of temperature and
precipitation change due to the greenhouse effect.
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In order to arrive at this procedure, a rigorous investigation of the
validity of the method has been carried out. 1In particular, we have looked
at:

the use of other predictor variables in the regression equations

performance and verification of the regression equations

autocorrelation in the data

multicollinearity in the predictor variables

These aspects are discussed in detail below.
4.2.3 Regression Equation Performance

If the regression equations are to be an effective tool, the predictor
variables must explain a high proportion of the variance in the predicted
variable both during calibration and verification on independent data.
Where the multiple correlation coefficient between the observed and
predicted anomalies dropped below 0.8 in the case of temperature (64% of
the variance explained) or 0.7 (50% of the variance explained) in the case
of precipitation, the station was dropped from the analysis of that
variable. Figs. 4.1-4.5 show the variance explained by the annual and
seasonal regression equations when used to predict temperature and
precipitation. In these cases, only two predictor variables were used:
large-scale (i.e. grid point) temperature and precipitation. At the annual
level, for temperature, the variance explained exceeds 60% virtually
everywhere, and is in excess of 80% for at least half the region. However,
for precipitation a much lower percentage of the variance, generally less
than 60%, is explained in most areas. This pattern is repeated through the
seasons, with the poorest performance in summer.

In addition to using temperature and precipitation as the only
predictors, we tested the contribution of a range of pressure variables as
additional predictors. Using the MSL pressure data set described in

Section 2.1, three anomaly variabies were derived: first, the monthly mean
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pressure over the station to be predicted, interpolated from the 5° x 10°
data set grid, second, the north-south pressure gradient and, third, the
west-east pressure gradient over the station. A new set of regression
equations was developed with five predictor variables. These were used to
calculate the station temperature and precipitation anomalies and then the
correlation coefficients between the observed and predicted data sets were
calculated. The variances explained (i.e., the square of the correiation
coefficients) are shown in Figs. 4.6-4.10. For precipitation, there is an
increase in the variance explained when compared with the maps for the
regression equations based on temperature and precipitation alone. There
is no discernible change in the patterns of temperature prediction.

It is not a sufficient test of regression equation performance to use
only the calibration correlation. Verification using an independent data
set is required. Data for 1981-88 were excluded at the calibration stage
specifically for use in verification. The results of the verification of
the regression equations which used only temperature and precipitation
anomalies as the predictor variables are shown in Figs. 4.11-15. For
temperature, there is a slight shift in the patterns of variance explained.
For example, at the annual level, north of the Adriatic Sea the variance
drops from over 80% to 60-80%, whereas over western Turkey the reverse
occurs. However, these changes are relatively minor. Overall, the
temperature regressions show no significant difference in performance
between calibration and verification.

The change in the patterns of explained precipitation variance is much
more dramatic. At the annual level, there is a considerable decline in the
variance explained, to only 0-20% in parts of the eastern Mediterranean.
Highest verification values {over 40% of the variance explained) tend to be
concentrated in the western Mediterranean. This reduction in variance

explained for precipitation persists in the seasonal maps.
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Verification of the five-variable regression equations (i.e., including
the pressure anomaly variables) was also carried out using the 1981-88
data. The results are shown in Figs. 4.16-4.20. The verification
performance of the regression equations with the pressure variables is
almost identical to that of the regression equations which use only
temperature and precipitation anomalies as the predictors. There is,
therefore, no advantage in using the pressure variables. The final sub-
grid-scale scenarios were therefore produced from the two-predictor-
variable regression equations.

4.2.4 The Contribution of Each Predictor Variable

So far we have looked at five possible predictor variables for inclusijon
in multiple regression equations to predict station temperature and
precipitation anomalies. Of these, three (the pressure variables) have
been rejected as making only a trivial additional contribution. We can
investigate the basis of this decision more thoroughly by looking at the
correlation between the two predicted variables and each of the five
potential predictor variables alone.

The results of this analysis are shown in Figs. 4.21-4.25, The first two
Figures show the variance explained by the regionally-averaged anomalies of
temperature (Fig. 4.21) and precipitation {Fig. 4.22). It is clear that a
high proportion of the variance in each station anomaly variable is
explained by the regionally-averaged anomaly of the same variable. Wigley
et al. (1990) obtained the same result for Oregon State.

The variance explained by the three pressure variables is shown in Figs.
4.23-4.25. 1In the case of the mean pressure anomaly, the variance
explained for both predicted variables is, for most of the region, less
than 10%. The maximum variance explained is between 36% and 37%, for
precipitation, but this is in the extreme north-west of the study area,

away from the main centre of interest. The north-south and west-east
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pressure gradient anomalies also explain on average less than 10% of the
variance in both predicted variables. The best result is obtained for the
prediction of station temperature in the western Mediterranean by the west-
east pressure gradient, but even this does not explain more than 25% of the
variance. Although some of these relationships are statistically
significant, they add Tittle to the multiple regressions because of
intercorrelations between the pressure predictor variables and the
temperature and precipitation predictors.

4.2.5 The Problem of Multicollinearity

Ideally, the predictor variables in a multiple regression equation
should be independent of one another. That is to say, when the correlation
between them is calculated, it should effectively be zero. If this is not
the case, then the regression coefficients will not be a true estimate of
the contribution of each of the predictor variables to the variance in the
predicted variable (Gunst and Mason, 1980). We have investigated this
problem with regard to the UNEP Mediterranean study region.

The regression equations in this study contain only two predictor
variables: regionally-averaged temperature anomalies and regionally-
averaged precipitation anomalies. In this situation, it is sufficient to
examine the correlation coefficient between these two predictors in order
to determine the extent of the multicollinearity. This has been done for
two regions: in the western Mediterranean, Spain and Morocco, and in the
eastern Mediterranean, Greece and Turkey. The correlations are calculated
using the monthly anomalies of area-average temperature and precipitation
(sample size 39 years x 12 months = 468).

It was found that the correlation between the temperature and
precipitation anomalies was only -0.21 in the western region and only -0.16
in the eastern region. These correlations are sufficiently weak that the

problem of multicellinearity can be ignored.
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4.2.6 The Problem of Autocorrelation

Regression models which involve time series data (as here) may be biased
if the data are autocorrelated. It is a fundamental assumption in Tinear
regression that the error terms have a mean of zero, a constant variance,
and are uncorrelated. If not, the regression equation may give a false
impression of accuracy, i.e., the multiple correlation coefficient in
calibration may seriously overestimate the fidelity of the regression model
when used in a predictive sense. We have already seen that the regression
equations are effective at predicting station temperature anemalies when
tested on the 1981-88 data, but that the results for precipitation are less
successful.

In order to assess the effects of autocorrelation, we looked again at
two regions: Spain and Morocco in the western Mediterranean and Greece and
Turkey in the eastern Mediterranean. The lagged correlation coefficients
were computed. The correlation between temperature at time ¢ and at time i-
1 is the lag I correlation, the correlation between temperature at time ¢
and at time £-2 is the lag 2 correlation, and so on. It is usually
sufficient to examine only the first few lag correlations in order to see
if autocorrelation is 1likely to be a problenm.

Lagged correlations for the regionally-averaged time series of monthly
temperature and precipitation anomalies are shown for the West and East
Mediterranean in Tables 4.1 and 4.2. The lagged correlations for
precipitation are considerably lower than those for temperature. Although
some of these correlations are statistically significant at the 5% level,
it appears unlikely that autocorrelation is the cause of the poor
performance of the regression models in predicting precipitation in the

verification period.
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Table 4.1 Autocorrelation in the western Mediterranean

Temperature Precipitation
lag 1 0.19 0.07
Lag 2 0.05 -0.05
Lag 3 0.02 0.02
Lag 4 -0.09 -0.02
Lag 5 -0.07 0.01

Table 4.2 Autocorrelation in the eastern Mediterranean

Temperature Precipitation
Ltag 1 0.35 0.12
Lag 2 0.16 ¢.08
Lag 3 0.04 0.04
Lag 4 6.05 0.03
Lag 5 0.06 0.07

4.3 SUB-GRID-SCALE SCENARIOS FOR THE MEDITERRANEAN BASIN

The station network used in the construction of the scenarios is shown
in Fig. 4.26. These have at least 20 years of record for six months out of
the twelve over the period 1951-88. Station names and attributes (height,
position, etc.) are given in Appendix 1. The number of stations available
for scenario construction is 248 for temperature and 328 for precipitation.
However, not all these stations are used in the final procedure. Some were
discarded because they have too few near neighbours for the calculation of
the regionally-averaged predictor anomalies, whilst others were discarded
because the correlation coefficients between the predicted and observed

station anomalies were below 0.8 for temperature or 0.7 for precipitation.
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The sub-grid-scale scenarios, constructed according to the method
outlined in Section 4.2.2, are shown in Figs. 4.27-4.31. Data sparse and
low correlation areas are left blank. The summer precipitation change
scenario is the only one where low correlations seriously limit the area
over which the procedure can be applied. No prediction for precipitation
can be attempted for much of the western Mediterranean in this season.

The annual temperature change scenario shows a variation between +1.6°C
and +0.7°C for every °C increase in the global-mean temperature. The
northern coast of the Mediterranean Sea marks a zone of rapid transition
between low (over the sea) and high (inland) temperature change. The areas
of greatest increase (i.e., greatest sensitivity to a change in global mean
temperature) are in the south-west and north-east of the study region. The
best way to evaluate this map is to compare it with the equivalent scenario
based solely on GCM grid-point output (Fig. 3.1). The range of temperature
change is larger than that shown by the direct scenario and, of course, the
spatial detail is much greater. However, the patterns are broadly the
same.

In winter, there are certain differences hetween the sub-grid-scale
(Fig. 4.28) and the direct scenario (Fig. 3.2). This is largely due tc the
greater resolution of the former. Thus, whereas in the direct scenario the
area of high sensitivity in the north-west is shown to dissipate over
France, in the sub-grid-scale scenario it wraps round the western
Mediterranean Sea into North Africa. In spring, the high sensitivity area
again extends further west than in the direct scenario, but this time no
further than the Pyrenees.

The summer and autumn sub-grid-scale scenarios show greater divergence
from the direct scenarios than is the case in winter and spring. In
summer, much of the eastern Mediterranean shows high sensitivity (over

+1.3°C) to a 1°Cchange in global-mean temperature, whereas in the direct
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scenario the sensitivity over this region is generally less than +1.2°C.
Conversely, the area of high sensitivity in the direct scenario over Spain
and southern France is not present in the sub-grid-scale scenario. The
autumn changes in the sub-grid-scale scenario are larger than those in the
direct scenario. This is particularly so over the western Mediterranean,
where a sensitivity of over +1.3° in Fig. 4.31 can be contrasted with an
increase of 1.1-1.2°C in Fig. 3.5.

There are two pronounced differences between the direct and sub-grid-
scale scenarios of precipitation. The first, and most obvious, is the much
greater spatial variability of the latter. This must be expected when we
contrast the coarse resolution of the direct scenarios with the high
spatial variability of observed precipitation. The high density station
network, on which the sub-grid-scale scenarios are based, can reproduce
this level of variability. The second is the greater range of sensitivity
indicated by the sub-grid-scale scenarios. Thus, the direct annual
scenario for precipitation indicates changes of between 4%/month and -
1%/month for a 1°C change in global-mean temperature. The sub-grid-scale
scenario of Fig. 4.27 has values ranging between +13% and -12%/month.

The annual map indicates that the area expected to experience a decrease
in precipitation is slightly greater than the area expected to show an
increase. Areas of increase are mainly over the northern part of the study
region and over the central Mediterranean between Italy and Tunisia.

In winter (Fig. 4.28), the zone of increased precipitation is larger
than that predicted at the annual level. However, the areas affected are
much the same: the northern part of the study region and an area extending
from Italy and Sardinia south into Tunisia and parts of Algeria and Libya.
In spring (Fig. 4.29), the edge of the area of increased rainfall runs
along the north coast of the Mediterranean Sea, only extending into North

Africa at three spatially-restricted locations. The summer patterns (Fig.
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4.30) indicate an increase in precipitation in only four isolated areas.
In most places, rainfall is expected to decline. However, because of Tow
correlations, no prediction could be attempted for large parts of Spain,
Turkey and North Africa. Autumn precipitation (Fig. 4.31) should decline
over the western Mediterranean and increase over much of the central and

western Mediterranean,

4.4 CONCLUSIONS

We have applied the methods developed by Kim et al. (1984) and Wigley et
al. (1990) to the problem of constructing sub-grid-scale climate change
scenarios for the Mediterranean Basin. Regression equations were developed
to predict station temperature and precipitation anomalies from regionally-
averaged climate anomalies. Of the five predictor variables tested, only
temperature and precipitation were found to contribute usefully to the
prediction of station values.

After verifying the regression equations (one equation for temperature
and one for precipitation for each station and for each season), the
equations were used to derive the detailed scenarios. This was done by
inserting the appropriate interpolated GCM-derived grid point changes into
the regression equation for every station in the data set. The results
were contoured to produce a scenario for the Mediterranean Basin.

Annual and seasonal scenarios for both temperature and precipitation
change were produced. The temperature scenarios should be a considerable
improvement on the direct scenarios developed in Chapter 3. The patterns
were broadly similar, but the greater spatial resolution added
substantially to our knowledge of the changes indicated by the GCMs for
this geographically-complex region. The greatest sensitivity was found in
the area to the north of the Mediterranean Sea, with the northern coastline

picked out as a zone of rapid transition.
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The scenarios for precipitation are much more difficult to evaluate. We
showed in Chapter 3 that the direct scenarios for this climate variable are
conflicting: where the mean change is suggested to be an increase in
precipitation the Tower 90% confidence 1imit is generally negative, and
vice versa. Here we have added a second level of uncertainty, since the
proportion of the variance in the station precipitation anomalies explained
by the regionally-averaged predictor variablies is generally small: less
than 60% for most of the region and most of the year. Therefore, the
confidence that we can place in the sub-grid-scale scenarios of

precipitation must be Tow.
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Fig. 4.1 Variance explained (%) by the regression equations estimating
annual station temperatures and precipitation in the period 1951-
80. Predictor variables temperature and precipitation
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Fig. 4.2 Variance explained (%) by the regression equations estimating
winter station temperatures and precipitation in the period 1951-
80. Predictor variables temperature and precipitation
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Fig. 4.3 Variance explained (%) by the regression equations estimating
spring station temperatures and precipitation in the period 1951-
80. Predictor variables temperature and precipitation
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Fig. 4.4 Variance explained (%) by the regression equations estimating
summer station temperatures and precipitation in the period 1951-
80. Predictor variables temperature and precipitation
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Fig. 4.5 Variance explained (%) by the regression equations estimating
autumn station temperatures and precipitation in the period 1951-
80. Predictor variables temperature and precipitation
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Fig. 4.6 Variance explained (%) by the regression equations estimating
annual station temperatures and precipitation, using five
predictor variables
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Fig. 4.7 variance explained (%) by the regression equations estimating
winter station temperatures and precipitation, using five
predictor variabies
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Fig. 4.8 Variance explained (%) by the regression equations estimating
spring station temperatures and precipitation, using five
predictor variables
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Fig. 4.9 Variance explained (%) by the regression equations estimating
summer station temperatures and precipitation, using five
predictor variables
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Fig. 4.10 Variance explained (%) by the regression equations estimating
autumn station temperatures and precipitation, using five
predictor variables
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Fig. 4.11 Variance explained (%) by the 2-predictor-variable regression
equations estimating annual station temperatures and
precipitation in the 1981-88 period
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Fig. 4.12 Variance explained (%) by the 2-predictor-variable regression
equations estimating winter station temperatures and
precipitation in the 1981-88 period
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Fig. 4.13 Variance explained (%) by the 2-predictor-variable regression
equations estimating spring station temperatures and
precipitation in the 1981-88 period
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Fig. 4.14 Variance explained (%) by the 2-predictor-variable regression
equations estimating summer station temperatures and
precipitation in the 1981-88 period
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Fig. 4.15 Variance explained (%) by the 2-predictor-variable regression
equations estimating autumn station temperatures and
precipitation in the 1981-88 period
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Fig. 4.16 Variance explained (%) by the 5-predictor-variable regression
equations estimating annual station temperatures and
precipitation in the 1981-88 period
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Fig. 4.17 Variance explained (%) by the 5-predictor-variable regression
equations estimating winter station temperatures and
precipitation in the 1981-88 period
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Fig. 4.18 Vvariance explained (%) by the 5-predictor-variable regression
equations estimating spring station temperatures and
precipitation in the 1981-88 period
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Fig. 4.19 Variance explained (%) by the 5-predictor-variable regression
equations estimating summer station temperatures and
precipitation in the 1981-88 period
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Fig. 4.20 Variance explained (%) by the 5-predictor-variable regression
equations estimating autumn station temperatures and
precipitation in the 1981-88 period
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Fig. 4.21 variance (%) of station temperatures and precipitation explained
by regionally-averaged temperature anomalies, 1951-80

124



Temperature
-10 0 10 20 30 40

Precipitation
-10 (] 10 20 30 40

Fig. 4.22 Variance (%) of station temperatures and precipitation explained
by regionally-averaged precipitation anomalies, 1951-80
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Fig. 4.23 Variance (%) of station temperatures and precipitation explained
by regionally-averaged MSL pressure anomalies, 1951-80
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Fig. 4.24 Variance (%) of station temperatures and precipitation explained
by regionaliy-averaged north-south MSL pressure gradient
anomalies, 1951-80
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Fig. 4.25 Variance (%) of station temperatures and precipitation explained
by regionally-averaged west-east MSL pressure gradient
anomalies, 1951-80
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Fig. 4.26 Network of temperature (above) and precipitation (below)
measuring stations
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Fig. 4.27 Sub-grid scale scenarios of annual temperature (°C) and
precipitation (%) change per °C change in global-mean
temperature
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Fig. 4.28 Sub-grid scale scenarios of winter temperature (°C) and
precipitation (%) change per °C change in global-mean
temperature
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Fig. 4.29 Sub-grid scale scenarios of sgring temperature (°C) and
precipitation (%) change per “C change in global-mean
temperature
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Fig. 4.30 Sub-grid scale scenarios of summer temperature (°C) and
precipitation (%) change per °C change in global-mean
temperature
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Fig. 4.31 Sub-grid scale scenarios of autumn temperature (°C) and
precipitation (%) change per °C change in global-mean
temperature
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CHAPTER 5
PRECIPITATION EXTREMES

5.1 INTRODUCTION

We have examined the possible range of impacts of the greenhouse effect
on mean precipitation over the Mediterranean Basin. Of equal importance
are the implications of such changes in the mean precipitation climatology
for extremes - the occurrence of floods and droughts.

Two approaches are possible. The first is to extract extreme-event
detail directly from GCM output, as has been done by Wilson and Mitchell
(1987) using the UKMO model. The second approach is to model present-day
precipitation characteristics statistically and then to perturb the
statistical medel in a way which corresponds to some assumed and realistic
change in the mean climate (as suggested by Waggoner, 1989).

GCM results indicate that mean precipitation amounts should change over
the Mediterranean Basin as a result of the greenhouse effect. However, all
the evidence presented in this Report so far, indicates that their
estimates of the amount, and even the direction of change are very
uncertain. Given this uncertainty at the level of the mean, it is unlikely
that useful information on the behaviour of extreme events can be extracted
from the output of the GCMs used in this study. Nevertheless, in spite of
the uncertainty in the predicted changes in the means, it is of interest to
see how extremes may change using the statistical approach. This analysis
should be considered largely as a sensitivity study, directed at
identifying possibly important non-Tinear relationships between changes in

the means and changes in the frequency of extreme events.
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5.2  THE METHOD
5.2.1 The models

The statistical characteristics of precipitation are described by two
models. The first is a model of the occurrence process, which determines
the sequence of wet and dry days, and the second is a model for the amount
of precipitation on a wet day. Composite models of this kind are quite
common in meteorological and hydrological applications.

A general Markov chain model is used to describe the occurrence process.
Wet and dry day sequences are determined by assigning the conditional
probability of a wet day given the preceding history of wet and dry days.
Here we have considered a first-order chain, where the probability of a wet
day depends only on whether the preceding day was wet or dry. The model is
fully specified by the probability of a wet day following a wet day (pww),
and of a dry day following a dry day (pdd). The probability of a dry day
following a wet day is then given by pwd = 1 - pww, and of a wet day
following a dry day is given by pdw = 1 - pdd.

The unconditional probability of a wet day (i.e. the expected fraction

of wet days) is:

pw = (1-pdd)/{2~-pdd-pww)

and similarly

pd =1 - pw = (1-pww)/(2-pdd-pww)
The expected lengths Aw, Ad of wet and dry spells are:
w = 1/(1-pww)} Ad = 1/(1-pdd)
Other analytical results are given by Gabriel and Neumann (1962).
The amount of precipitation on a wet day is determined by sampling from
a probability distribution. Many different types have been used to model
the distribution of rainfall amounts: for example, exponential, mixed

exponential, gamma and kappa distributions (see, for example, the review by

Woolhiser and Roldan, 1982). In this study, the gamma distribution has
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been used, following Todorovic and Woolhiser (1975), Katz (1977) and many
others.
The probability density function for the gamma distribution is given by:
f{x) = (x*!" e**}/(ck T(k)) for x > 0
where k and ¢ are the shape and scale parameters respectively. The mean,
%, and variance, o, of the distribution are then given by:
r = ke o® = c?k
In the special case k = 1 the gamma distribution reduces to the
exponential. If k < 1, the distribution peaks at x = 0, while if k > 1, it
vanishes when x = 0. In the case presented here, where we are modelling
the distribution of wet days, k should always exceed one. The mean and
variance calculated from ¢ and k apply to the distribution of precipitation
on wet days only, not all days. Thus, for instance, g is not the same as
the mean daily rainfall.
The four parameters (pww,pdd,c,k) were evaluated from the daily rainfall
records of ten stations with suitable data. The Markov chain parameters
are estimated using

pww = number of wet days followed by a wet day
totai number of wet days

and similarly for pdd. A wet day is defined as one where the rainfall is
greater than zero. The shape and scale parameters of the Gamma
distribution were obtained using the maximum 1ikelihood method (Thom, 1958;
Ozturk, 1981). Together, the Markov chain model and the probability
distribution model form the overall precipitation model used to investigate
the behaviour of extreme events.

Simulations were performed as follows. On each day, a random number x
was generated from a uniform distribution on the interval (0,1). The next
day was chosen as wet or dry depending on whether x was less or greater

than pww (if the current day was wet) or pdw = 1-pdd (if it was dry).
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Beginning with an initial wet day, a sequence of 30 days was generated in
this way to erase the memory of the initial cheoice, and the simulation
recorded from the 31st day. Whenever a wet day occurred, another random
number was selected from the above uniform distribution. This was taken to
be the integral of a gamma distribution, which was then inverted to obtain
a random gamma-distributed precipitation amount. In this way, a continuous
sequence of wet and dry days, with precipitation amounts for the wet days,

was simulated.

5.3 THE DATA

The model parameters are derived from observed daily rainfall amounts.
The method was applied at ten stations for which daily data are available,
as shown in Table 5.1.

For each station, the model parameters were used to simulate time series
of the same length as the precipitation record. This was done for each

season, and for each month within a seasen. Then the characteristics of

Table 5.1 Location of daily precipitation stations

Lat Long Ht. Record Length
(°N) (°W) (m)
GREECE
1. Kerkyra 19.9 39.6 2 1955-1987
3. Naxos 25.5 37.1 9 1955-1987
2. Kytuira 23.0 36.2 n/a 1955-1987
4. Heraklion 25.2 35.3 48 1955-1987
YUGOSLAVIA
5. Bugojno 17.5 44.1 562 1951-1980
6. Ulcinj 19.2 41.9 30 1951-1980
7. Prilep 21.6 41.3 661 1951-1980
FRANCE
8. Nimes 4.4 43.9 60 1961-1985
9. St-Raphael 6.8 43.4 n/a 1961-1985
10. Toulouse 1.4 43.6 152 1956-1988
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the simulated time series were compared with observations in order to
validate the performance of the precipitation model. The results are shown
in Table 5.2. In this table, the mean, maximum and minimum daily
precipitation, as calculated from the observed and simulated time series,
are compared. This is done for both seasonal and monthly time series. The
length of the longest wet and dry spells, observed and simuiated, are also
compared.

Table 5.2 shows that the mean daily precipitation is well simulated,
both at the seasonal and monthly level. The error is generally less than
0.05mm. The precipitation model is less effective at repreoducing the daily
maximum and minimum precipitation. It tends to overestimate the size of
the minimum, and underestimate the size of the maximum daily amount. The
difference is, however, seldom greater than 1.5mm, and is usually much
less. The models alsc tend to underestimate the length of the longest dry
spells. The only exceptions are at Naxos, in summer, when the length is
overestimated by eight days, and at HerakTion, where in both seasons the
tength of the longest dry spell is exaggerated, by nine days in winter and
by three days in summer. The simulated longest wet spell in summer is too
Tong at seven of the ten stations. There is a tendency for the modelled

longest wet spell in winter to be too short.

5.4  CLIMATIC PERTURBATIONS

In order to investigate the impact of the greenhouse effect on
precipitation extremes, it is first necessary to determine the size of the
perturbation in the mean and to then estimate consistent perturbations in
the statistical model parameters. To do this, we could use the resuits
from GCMs. However, we have already demonstrated that there is a high

degree of uncertainty associated with grid-point estimates of precipitation
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Table 5.2 Comparison of observed and modelled (control) precipitation

parameters

Seasonal Monthly
Mean Min MHax Hean HMin Max LW LD
Kerkyra Winter Obs. 486 233 831 162 4 504 15 26
Con. 490 267 754 163 28 376 13 19
Summer Obs. 37 1 127 10 0 71 3 85
Con. 37 3 95 12 0 68 4 70
Naxos Winter Qbs. 200 34 429 67 0 234 10 46
Con. 201 90 329 67 8 182 8 25
Summer QObs. 6 0 86 2 0 75 2 77
Con. 5 0 35 2 0 30 3 85
Kytuira Winter Obs. 288 129 523 96 6 333 12 26
Con. 283 153 435 94 17 214 9 22
Summer QObs. 6 0 33 2 0 31 2 90
Con. 7 0 36 2 0 34 2 86
Herak1ion Wint Obs. 102 22 271 34 g 152 8 41
Con. 106 35 210 34 0 128 7 50
Summer Qbs. 6 0 45 2 0 42 2 82
Con. 6 0 35 2 0 29 3 85
Bugojno Winter Obs. 200 72 315 67 2 218 10 30
Con. 199 112 321 66 10 161 8 23
Summer QObs. 201 72 345 65 13 182 6 31
Con. 203 99 329 66 9 163 8 26
Ulcinj Winter Obs. 480 208 900 160 1 412 11 46
Con. 475 236 791 158 21 361 15 23
Summer Obs. 129 17 315 41 0 186 7 64
Con. 130 34 293 43 0 166 6 51
Prilep Winter Obs. 132 56 279 44 1 124 7 35
Con. 128 69 219 43 5 112 8 27
Summer Obs. 117 39 253 38 0 127 6 48
Con. 116 48 213 38 1 118 6 38
Nimes Winter Obs. 199 79 444 67 0 202 6 49
Con. 195 80 347 65 6 190 6 32
Summer Obs. 115 24 248 38 0 149 4 49
Con. 118 31 242 39 0 127 6 49
St Raphael Win Obs. 272 56 575 91 0 270 8 43
) Con. 279 117 475 93 6 258 8 35
Summey Obs. 102 17 292 33 0 221 4 62
Con. 98 27 206 32 0 123 5 49
Toulouse Wint. Obs. 168 64 303 56 3 165 11 37
Con. 168 93 254 5 11 128 g 20
Summer Obs. 157 60 367 51 0 228 7 54
Con. 155 71 268 51 4 147 8 34

N.B. Precipitation amounts in mm x 102
LW = length of the longest wet spell, in days
LD = length of the longest dry spell, in days
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amounts. For this reason, it was considered preferable to conduct a
sensitivity experiment. The parameters of the two models used to describe
precipitation extremes were perturbed arbitrarily, but in some reasonabie
manner, and the changes in model behaviour were evaluated. It was decided
to apply a perturbation equivalent to a change in the mean precipitation of
10% - both an increase and a decrease.

Two experiments were performed. In the first, the perturbation of the
mean was only allowed to affect the scale parameter in the gamma
distributions. A1l other model parameters were constrained to remain
constant. In the second, the mean wet-day and mean dry-day precipitation
amounts were varied, causing pww and pdd to change, whiist the shape and
scale parameters were held constant. For the perturbation towards drier

conditions, pww was decreased and pdd increased, and vice versa.

5.5 THE RESULTS

Following the perturbation, simulated time series of rainfall were
generated from the new model parameters. This was dene for each season as
a whole, and for the individual months in a season. Again, the length of
the simulation in years was the same as that of the initial data set.
Thus, a seasonal simulation of a twenty-year record of observations would
contain 20 x 90 days.

The resuits for the two experiments are shown in Table 5.3. In this
table, a minus sign indicates a 10% decrease, and a plus sign represents a
10% increase. The perturbation of the mean (and the scale parameter) by
10% is indicated by the letter A. The experiment to perturb pww and pdd to
achieve a 10% change in the mean precipitation is designated by the letter
M. The table shows the mean, minimum and maximum seasonal and monthly
precipitation of the perturbed time series and the standard deviation of

the monthly rainfall. Also shown is the length in days of the longest wet
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Table 5.3 Results of the experiments to perturb the precipitation models

France
seasonal monthly wet spells dry spells

mean min max | mean min max sd. |long >10 [long > 10
Nimes
DIF - M 88 98 91 88 50 91 94 | 100 0] 106 110
DIF - A 95 08 92 95 90 91 93 | 113 100 | 104 99
DI + M 113 122 115 113 170 109 106 | 105 0 88 81
DIF 4+ A 112 3122 109 112 98 106 109 ) 114 0 97 99
MAM - M 88 95 89 89 63 90 95 87 0 112 99
MAM - A 90 84 1064 90 120 96 94 106 200 110 101
MAM 4+ M 108 131 101 108 125 108 105 | 106 100 93 88
MAM 4 A 110 98 112 110 128 122 116 | 103 200 97 101
JIA - M 90 120 90 90 100 102 92 91 94 106
JIA - A 93 125 92 93 200 96 90 93 85 100
JiA + M 109 121 100 110 550 113 108 | 102 85 96
JIA + A 106 119 112 106 200 118 110 90 88 100
SON - M 92 T3 104 91 90 100 103 89 106 109
SON -~ A 90 81 94 90 13 86 90| 108 97 29
SON + M 111 111 116 111 170 104 102 | 121 100 99
SON + A 106 101 107 106 137 109 106 09 99 105
Raphael
DJF - M 87 83 90 87 T8 95 95 90 ] 97 125
DJF - A 88 87 88 88 54 9¢ 89 06 100 { 1056 102
DJF 4+ M 109 104 115 108 103 111 112 101 163 88 96
DIJF 4+ A 1056 107 108 105 135 108 106 | 101 163 96 106
MAM - M 86 72 82 86 100 81 86 96 95 126
MAM - A 88 80 92 87 93 84 86 97 97 113
MAM + M 106 116 98 106 211 92 94| 114 91 95
MAM + A 108 105 102 107 176 106 100 | 106 95 102
JIA - M 89 73 101 90 108 101 98 129 98
JIA - A 90 86 97 91 105 95 96 108 100
JIA + M 115 76 115 115 111 111 107 162 103
JIA + A 112 86 124 112 121 120 | 104 105 102
SON - M 91 86 108 91 71 113 101 89 160 [ 102 105
SON - A 38 97 89 88 124 99 91 96 0 81 103
SON + M 111 113 117 111 267 111 106 99 100 77 88
SON + A 102 8§2 113 102 91 97 103 96 100 | 100 101
Toulouse
DIF¥ - M g0 83 90 g0 7b 94 97 1 100 119} 120 129
DIF - A 90 88 92 90 68 84 94 | 104 156 } 132 114
DIF + M 110 115 105 110 126 104 101 { 100 56 o7 72
DJF + A 116 113 114 110 109 107 112 109 156 | 127 104
MAM - M 87 81 96 87 62 94 98 88 100 { 128 133
MAM - A 89 81 91 89 87 88 87 91 40 [ 114 101
MAM + M| 108 103 112 108 120 103 104 ' 98 100; 96 78
MAM + A 109 96 113 109 106 114 115, 104 200 113 108
IJA - M 91 84 93 91 81 81 89 84 0! 93 119
JJA - A 90 85 93 90 79 88 0! 93 0 91 107
JIA + M 112 118 108 111 102 103 101 } 101 0 84 86
JIA + A 110 110 112 110 112 104 106 | 105 200 82 103
SON - M 94 102 87 94 82 93 29 | 102 164 110
SON -~ A 91 103 89 91 91 g5 30 96 89 101
SON 4+ M 114 146 108 114 141 105 104 { 110 88 81
SON + A 108 112 105 108 91 104 106 | 101 107 a7
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Table 5.3 cont.

Greece
seasonal monthly wet spells dry spells

mean min max | mean min max sd. jlong >10long > 10
Kerkyra
DIJF -~ M 91 84 95 91 T 93 100 | 102 80 ] 128 126
DJF ' 92 92 93 92 89 91 94 94 92 | 110 96
DIF + M 109 115 108 109 167 9% 100 | 101 174 89 63
DIF 4+ A 110 106 108 110 148 108 112§ 102 150 | 105 83
MAM - M 87 60 89 87 52 85 91 91 0] 121 116
MAM - A 91 92 87 91 83 78 84 83 0 96 97
MAM + M 109 118 105 109 127 92 97 98 150 91 87
MAM 4+ A 110 113 103 111 112 95 104 93 25 98 94
JIA - M 93 26 108 94 100 101 92 110 96
JJA - A 90 110 102 90 96 91 95 106 103
JIA + M 108 126 111 109 91 101 100 104 104
JJA + A 112 123 122 113 107 111} 100 103 99
SON - M 94 75 104 94 64 105 102 95 83 | 107 108
SON - A 8 86 94 83 85 88 92| 102 117 ] 110 106
SON + M 113 109 123 113 124 116 116 | 103 200 | 112 86
SON 4+ A 111 104 120 111 91 118 115 92 167 ) 101 98
Naxos
DIF - M 88 87 92 88 49 86 94 92 0] 145 121
DJF - A 9 92 88 90 95 82 86} 110 200 120 104
DIF + M 108 121 104 108 154 93 95 1 109 200 94 91
DJF + A 110 110 106 110 126 103 108 | 114 433 | 112 89
MAM - M 90 77 87 90 84 917 100 103 109
MAM - A 88 98 39 88 97 88 98 100 106
MAM + M i08 159 102 108 %4 93 ] 109 85 106
MAM + A 110 138 97 109 99 107 98 99 105
JIA - M 1156 127 111 133 129 ) 108 94 23
JJA - A 121 118 117 120 121 ; 108 97 1909
JIA + M 130 147 128 135 140 | 115 96 98
JJA 4+ A 140 143 128 138 135 85 100 112
SON - M 100 48 103 99 0 102 103 88 01 108 96
SON - A 92 84 84 91 0 93 91 89 0] 100 103
SON + M 115 67 103 115 0 112 108 97 0 93 102
SON + A 100 87 103 108 0 107 110 95 0] 103 98
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Table 5.3 cont.

Kytuirs

DIF - M 21 80 96 91 68 98 100 98 64 { 114 116
DJF - A 92 86 96 92 75 92 96 | 104 100 96 106
DIJF 4+ M| 108 114 112 | 108 117 104 106 | 123 236 90 69
DJF 4+ A 110 98 115 | 110 112 117 117 | 111 164 | 100 96
MAM - M 92 74 o8 93 0 23 95 | 102 115 102
MAM -~ A g6 100 100 96 75 20 91 | 103 98 103
MAM 4+ M 116 119 118 | 117 200 108 108 | 115 110 96
MAM 4 A 110 143 120 111 125 108 111 | 117 111 102
JIA - M 74 78 70 73 74| 88 97 85
JIA - A 69 71 65 73 70 | 106 99 79
JIA 4+ M] 9 94 | 87 82 86 | 118 99 94
JIA + A 99 111 96 92 91 04 a8 98
SON - M 94 88 97 94 0 08 95 a7 125 103
SON - A 89 76 90 89 100 89 88 97 126 99
SON 4+ M| 112 130 103 {112 400 105 100 101 101 97
SON + A | 108 70 112 | 108 0 103 106 | 101 110 99
Hiraklion

DIJF - M 92 76 95 92 44 93 94 o8 67 | 110 117
DIF —- A 90 85 88 90 106 92 90 | 106 244 98 108
DIF 4+ M1}112 105 105 112 110 102 105 | 106 278 86 77
DJF + A 110 93 114 | 110 108 113 111 {108 311 | 104 92
MAM - M 86 66 88 86 0 92 93 94 122 103
MAM - A g0 76 92 91 300 89 93 | 100 100 97
MAM 4+ M| 105 90 113 | 106 700 90 96 | 103 04 97
MAM 4 A | 105 89 117 | 105 0 100 106 92 95 102
JIA - M 68 g0 70 86 81 68 100 79
JIA - A 86 72 85 80 81 838 99 98
JIA + M 89 83 90 93 94 92 98 97
JIA 4+ A | 107 161 | 110 94 104 96 103 101
SON - M 38 62 83 88 100 92 | 104 98 93
SON - A 84 90 85 84 91 83 | 109 96 100
SON + M |[106 124 102 | 106 101 98 | 112 91 98
SON + A |105 99 105 | 105 102 102 | 102 88 102
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Table 5.3 cont.

Yugoslavia
seasonal monthly wet spells dry spells

mean min max [ mean min max s.d.{long >10|long > 10
Bugojno
DJF - M 89 82 90 89 94 92 99 | 115 115 132
DIF - A 91 89 87 91 66 88 91| 115 120 105
DIF + M 112 116 103 112 134 106 103 | 117 105 75
DIF + A 112 109 105 112 140 104 111 ( 117 99 94
MAM - M 90 95 88 90 84 91 g3 92 43 { 103 i22
MAM -~ A 20 85 92 90 85 96 93| 107 243 99 103
MAM + M 111 128 104 111 121 167 105 | 115 286 92 75
MAM 4+ A 113 122 108 113 129 119 114 114 386 96 82
JJA - M 89 83 90 89 62 96 96| 105 125 115
JIA - A 89 84 ] 89 48 89 80| 101 i06 101
JJA + M 107 104 104 107 96 113 104 | 105 86 81
JJA + A 110 102 116 110 70 116 114 103 104 90
SON - M 91 92 98 91 59 94 97 98 56 | 108 118
SON - A 90 95 91 g0 89 87 90| 101 7 95 99
SON + M 112 109 108 112 115 98 1056 | 112 177 86 82
SON + A 109 117 116 169 93 108 112 ) 105 77 95 96
Uleinj
DIF - M 94 88 97 94 81 101 109 82 96 | 116 124
DIF - A 92 88 82 93 92 95 92 99 105 | 100 103
DIF + M 111 129 102 111 135 107 104 85 160 | 101 78
DJF + A 109 108 103 109 96 114 108 8¢ 116 | 100 104
MAM - M 91 81 104 92 67 103 105 ] 100 771 107 119
MAM -~ A 89 94 93 90 105 97T 94 98 67 99 104
MAM 4+ M 109 117 113 110 147 106 107 | 105 157 85 82
MAM + A 109 103 117 109 66 117 115 108 177 g2 96
JIA - M 89 74 95 89 97 98 91 107 100
JJA - A 92 4 85 91 91 87 | 109 97 100
JJA + M 107 110 95 106 98 105 | 111 104 100
JJA + A 108 105 112 107 113 113 | 102 104 98
SON - M 90 97 g8 80 80 103 98 | 112 386 | 103 ii1
SON - A 91 9 91 91 120 95 93} 104 143 [ 102 97
SON 4+ M 110 119 113 116 127 113 112 | 118 429 84 86
SON + A 112 124 114 113 82 114 116 | 128 714 | 101 9T
Prilep
DIF -~ M 93 80 87 93 71 a3 96 93 0 109 125
DIF - A 93 79 86 93 104 89 89 92 233 | 108 99
DIF 4+ M 113 107 107 113 141 95 103 | 107 100 99 83
DIF + A 113 109 104 113 149 104 109 | 111 233 96 89
MAM ~- M 90 75 95 90 80 102 101 100 107 122
MAM -~ A 92 86 92 93 76 95 93 [ 100 102 100
MAM + M 115 107 111 115 107 110 109 ° 119 84 71
MAM 4 A 112 105 118 112 96 122 117 112 96 96 !
JIA - M 9 75 93 91 33 94 98 . 107 111 105
JIA - A 90 91 92 89 75 8z 89 ., 120, 101 100
JIA + M 109 112 108 109 292 102 104 ¢ 115 85 97
JJA + A 110 102 115 110 67 117 111§ 122 110 97
SON - M 88 81 86 87 ' 66 95 94 } 90 100 [ 102 116
SON - A 86 76 84 86 66 87 86 91 0 111 108
SON 4+ M 109 102 104 109 107 104 105 98 0 93 85
SON + A 110 109 107 168 93 106 108 | 100 333 90 98 |
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and dry spell (designated 'long' in the table), and the average number of
spells per year greater than ten days in length (designated >10). A1l
values are expressed in Table 5.3 as a ratio of the control-run amounts.
Where the control-run value was zero, no ratio could be calculated and the
table location is left blank.

The first point of interest in Table 5.3 is that the response of the
model parameters is not always in the expected direction. For example, we
would expect that where the perturbation is a decrease in bww and an
increase in pdd (-M, corresponding to a 10% decrease in precipitation),
then the length of the Tongest wet spell would decrease in comparison to
the control-run value. However, this is not always the case because both
pdd and pww were changed. For example, at Bugojno in the winter season, we
find that the Tlength increases by 15%.

Information on the change in the statistical distribution of rainfall is
given in the first seven columns of Table 5.3. As is to be expected from
the way in which the experiments are designed, the mean precipitation per
wet day is generally around +/-10% of the control-run value. Exceptions to
this rule are wmainly in summer, when precipitation amounts are very low.

In consequence, a small change can have a very large effect on the
perturbed to control run ratio. The effect of the 10% perturbation on the
maximum and minimum amount of rainfall per wet day can be very large. To
take the example of the -M experiment at Prilep in spring, the mean wet-day
precipitation decreases to 90% of the control-run value (as it must), but
the minimum (seasonal) value drops to 75%. The greatest effect appears to
be on the minimum amount of rainfall per wet day. For the same experiment,
this ratio usually changes more than the maximum amount per wet day.

The size of the perturbation is generally greater when the simulation is
performed at the monthly level. For example, at Kerkyra in winter for the

-M experiment, the minimum precipitation per wet day drops to 71% of the
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control~run value for the monthly experiment, but only to 84% for the
seasonal experiment.

The final four columns of the table provide information on the changes
in wet and dry spell lengths for the two experiments. The greatest risks
for the ecologies and economies of the Mediterranean Basin must be
associated with an increase in the number and/or length of dry spells and a
decrease in the number and/or length of wet speils. We find that a 10%
change in the model parameters can lead to a much greater change in the
characteristics of the wet and dry spells. For example, at Naxos, the -M
perturbation leads to a 45% increase in the Tength of the longest dry
spell, and a 21% increase in the number of dry spells of greater than ten

days duration.

5.6 CONCLUSIONS

An important part of any regional impact assessment of the enhanced
greenhouse effect must be the investigation of the implications for
precipitation extremes - the frequency and severity of droughts and floods.
Such information might be obtained from GCMs. However, for the
Mediterranean Basin at least, GCM estimates of the amount, and even the
direction, of precipitation change are very uncertain. We have therefore
adopted an alternative approach based on a two-part statistical model of
precipitation. This combines a first-order Markov chain, to describe
precipitation occurrence, with a gamma function to describe the
distribution of precipitation amounts.

The model was applied to the precipitation records from ten stations in
the Mediterranean Basin. Validation was performed by comparing observed
characteristics of the records with those derived from model simulation
runs. Two groups of experiments were performed using perturbed values of

the model parameters. In the first group, the scale parameter of the gamma
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distribution function was increased and decreased by 10% In the second,
the probability parameters of the Markov chain were altered by plus and
minus 10%.

In order to Took at the implications for extreme events, we examined the
change in the maximum and minimum precipitation amount per wet day, and in
the length of wet and dry spells. It was found that the characteristics of
extremes changed by a much greater amount than the initial perturbation in
the mean. Changes of the order of 20% of the control-run parameters were
not unusual. This has particular implications for the Mediterranean Basin,
where water supplies are already marginal for many agricultural and

industrial activities.
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CHAPTER 6
CONCLUSIONS

The enhanced greenhouse effect is expected to Jead to substantial
changes in climate at the regional level over the next century. The
Mediterranean Basin is vulnerable to climate change, particularly through
changes in rainfall and water supply and their implications for agriculture
and for domestic and industrial water supply. In this study, we have
constructed scenarios of climate change due to the enhanced greenhouse
effect for the region. The principal features of the scenarios are

summarized in Table 6.1 and in the following text.

Table 6.1 Scenarios of climate change over the Mediterranean

Scenario Type Fig. Nos. Pages Variables Information

Composite GCM 3.1-3.5 75-79 Temperature Broad patterns of
change over the
Mediterranean

Composite GCM 3.11-3.15 85-89 Precipitation Broad patterns of
change over the
Mediterranean

Sub-grid-scale 4,27-4.31 130-134 Temperature & Regional/local
precipitation patterns of
change

The basis of these scenarios is the grid-point output from four General
Circulation Models (GCMs): the GFDL, GISS, OSU and UKMO models. The
standard approach is to run the model with a nominal "pre-industriai”
atmospheric C0, concentration (the control run) and then to rerun the model
with doubled CO, (the perturbed run). The models are allowed to reach
equilibrium before the results are recorded. As a test of model accuracy,
we compared the control-run results with observations for grid-points in
the study region. Two climate variables were examined: mean sea level

pressure (MSLP) and precipitation. On the MSLP tests, the most realistic
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models were the GISS and UKMO GCMs. However, the GFDL model produced the
most accurate simulation of precipitation.

Seasonal and annual scenarijos of the regional changes in temperature,
precipitation and MSLP, based directly on GCM grid-point output, have been
developed. Since no single GCM can be identified as being always the best
at simulating current climate, there is little merit in presenting
scenarios of climate change based on any single model. We have therefore
adopted the approach of Wigley et al. (1992), whereby the information from
the four models is combined into a single scenario for each variable. One
problem with this approach is that a bias may be introduced by the
different equilibrium responses of the individual models. To avoid this,
the results are expressed in standardized form, as the change per unit
increase in the annual, global-mean equilibrium temperature.

The direct scenarios indicate that the temperature change due to the
greenhouse effect for the Mediterranean Basin should be similar to the
global response. Precipitation is shown to increase in autumn and winter
but decrease in summer and, particularly in the eastern Mediterranean, in
spring also. The mean change is, in winter, around +3%/°C and, in summer,
around -3%/°C. However, our confidence in the model scenarios of
precipitation is Tow because of the uncertainty associated with the GCM
results.

The degree of regional detail in the direct scenarios of climate change
is constrained by the coarse resolution of the model grid. This is
inadequate for many purposes, especially in areas of high relief. We have
adopted the methods developed by Kim et al. (1984) and Wigley et al. (1990)
in order to produce a set of high resolution scenarios based on the
statistical relationship between grid-point GCM data and observations from

surface meteorological statjons. Temperature and precipitation scenarios,
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based on the combined standardized output from the four GCMs, have been
constructed.

The temperature scenarios constructed in this way are likely to be a
considerable improvement on the direct scenarios. The patterns were
broadly similar, but the greater spatial resolution added substantially to
our knowledge of the changes indicated by the GCMs for this geographically-
complex region. The greatest sensitivity was found in the area to the
north of the Mediterranean Sea, with the northern coastline picked out as a
zone of rapid transition. The scenarios of precipitation are more
difficult to evaluate. We have already noted the high level of uncertainty
associated with the d{rect scenarios for this variable. Here, we have
added a second level of uncertainty, since the relationship between the
point precipitation anomalies and the regionally-averaged predictor
variables is generally weak: less than 60% of the variance in point
precipitation is explained by the predictors over most of the region and
most of the year. Therefore, our confidence in the sub-grid-scale
scenarios of precipitation must be Tow.

So far we have discussed regional scenarios of change in the mean vaiue
of a climate variable. Of equal importance to the impact analyst,
particularly with respect to precipitation, are the implications of these
changes for the occurrence of extremes - the freguency and severity of
droughts and floods. Such information might be obtained directly from
GCMs, but we have already indicated the uncertainties associated with this
approach., We have therefore adopted an alternative approach, based on a
two-part statistical model of precipitation. This combines a first-order
Markov chain, to describe the precipitation occurrence process, with a
gamma function to describe the distribution of precipitation amounts on wet

days.
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The model was applied to the daily precipitation records from ten
stations in the region. Validation was performed by comparing observed
characteristics with those derived from model simulation runs. Then a
perturbation equivalent to a change in the mean precipitation of 10% (both
an increase and a decrease) was applied. In order to examine the
implications for extreme events, we examined the change in the maximum and
minimum precipitation amount per wet day, and in the length of wet and dry
spells. It was found that the characteristics of extremes changed by a
much greater amount than the initial perturbation of 10%. Changes of the
order of 20% were not unusual. This has particular implications for the
Mediterranean Basin, where water supplies are already marginal for many
agricultural and industrial activities.

The study has demonstrated the wealth of regional detail that can be
extracted from coarse resolution GCM grid-point output by synthesizing
modelled and observed data. However, the accuracy of any regional
scenarios so constructed is constrained by the reliability of GCM results.
The GCMs used in the present study are unable to reproduce accurately the
characteristics of present-day regional climates, and this must cast doubt
on their predictions of the future. Furthermore, the model results used
here are derived from equilibrium response predictions, the spatial
patterns of which may differ from the changes that will occur in a real,
transient response world. For this reason, the scenarios presented in this
study can only be taken as an indication of the range of possible changes
that might occur as a result of greenhouse warming. However, the
construction techniques used here are of general applicability, and the
quality of regional scenarios will improve as more accurate GCM predictions

become available in the future.
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APPENDIX 1

TEMPERATURE AND PRECIPITATION STATIONS USED FOR THE

CONSTRUCTION OF THE SUB-GRID-SCALE SCENARIOS
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1951-1988
1951-1989
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1951-1989
1951-1988

1951-1989
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1951-1989

-

1951-1981
1951-1989
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1955-1989
1961-1989
1951-1989
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1960-1989
1960-1989
1960-1989
1961-1989
1960-1989
1961-1989

1951-1985
1951-1985
1951-1980

1954-1960
1951-1960
1951-1960
1954-1988
1951-1960
1951-1960
1951-1988
1954-1988
1951-1960
1954-1988
1951-1988
1985-1988
1954-1988
1954-1960
1851-1988

1951-1975
1951-1988
1954-1988
1964-1988
1951-1988
1669-1988

1951-1988

1951-1963
1961-1983
1962-1983
1963-1983

1961-1983
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87
83

86
86

99
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155
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1951-1981
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1951~-1981
1960-1984
1951-1989
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1951-1989
1951-1989
1951-1982
1951-1989

1951-1981
1951-1984
1951-1981
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1951-1981
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1951-1989

1951-1970
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1951-1988
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1956-1989
1951-1982
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1951-1985
1951-1988
1951-1989
1951-1988
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1960-1983
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1958-1983
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1955-1983
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1966-1989
1966-1989
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313
21

117
738

48

646
40

PRN

1951-1988
1951-1988
1951-1985
1951-1988
1951-1988
1951-1989
1931-1980
1951-1987
1951-1989
1951-1989
1951-1989
1951-1989
1951-1989
1951-1989
1951-1988
1951-1989
1951-1981
1951-~1988
1951~1989
1951-1988

1952-1989
1951-1989
19521989
1951-1989
1955-1989
1951-1989
1959-1988
1955-1988
1955-1988
1955-1988
1955-1988
1958-1988
1958-1988

1951-1988
1951-1988
1951-1988
1951-1988
1951-1988
1951-1988
1951-1988
1951-1972
1951-1988

1951-1989
1951-1989
1951-1989
1951-1989
1951-1989
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TEM

1974-1988
1951-1987
1953-1988
1953-1988
1951-1988
1951-1988
1951-1987
1951-1980
1951-1980
1951-1970

1051-1980
1951-1980
1953-1988
1951-1988
1951-1986
1951-1986
1951-1988
1951-1988

1952-1988
1952-1988
1952-1988
1952-1988
1955-1988
1951-1988
1959-1988
1957-1988
1956-1988
1955-1988
1959-1988
1958-1988
1958-1988

1951-1988
1964-1974
1964-1974
1964-1974

1951-1974

1951-1988
1951-1988
1951-1988
1951-1988
1951-1988

100
100
100

100
100
100
100
100
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1034
1043

799
894
1022
1070
66
44
1285
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547

1215
677

PRN

1951-1989
1951-1989
1951-1989
19511989
1951-1989
1951-1989
1951-1989
1951-1982
1951-1985
1951-1989
1951-1989
19511989
1951~1989
1951-1989
1951-1989
1951-1989

1951-1980
1951-1980
1951-1980
1951-1980
1951~-1980
1951-1980
1951-1980
1951-1980
1951-1980
1951-1980
1951-1980
1951-1980
1951-1980
1951-1980
1951-1980
1951-1989
1951-1970
1951-1989
1951-1989
1951-1970
1951-1989
1951-1989
1951-1989
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TEM

1951~1980
1951-1988
1951-1988
1951-1988
1951-1988
1951-1988
1951-1988
1951-1988
1951-1986
1951-1988
1951-1980
1951-1988
1951-1988
1951-1988
1951-1988
1951-1988

1951-1980
1951-1980
1951-1980
1951-1980
1951~1980
1951-1980
1951-1980
1951-1980
1951-1980
1951-1980
1951-1980
1951-1980
1951-1980
1951-1980
1951-1980
1951-.1988
1951-1970
1951-1988
1951-1988
1951-1970
1951-1988
1951-1988
1951-1988

100
97
97
97



Add.

10.

11.

12

PUBLICATIONS OF THE MAP TECHNICAL REPORTS SERIES

UNEP/IOC/WMO: Baseline studies and monitoring of oil and petroleum hydrocarbons in
marine waters (MED POL I}. MAP Technical Reports Series No. 1. UNEP, Athens, 1986 (96
pages) (parts in English, French or Spanish only).

UNEP /FAQ: Baseline studies and monitoring of metals, particularly mercury and cadmium,
in marine organisms (MED POL Il). MAP Technical Reports Series No. 2. UNEP, Athens,
1986 (220 pages) (parts in English, French or Spanish only).

UNEP/FAQ: Baseline studies and monitoring of DDT, PCBs and other chlorinated
hydrocarbons in marine organisms (MED POL Ill). MAP Technical Reports Series No. 3.
UNEP, Athens, 1986 (128 pages) (parts in English, French or Spanish only).

UNEP/FAQ: Research on the effects of pollutants on marine organisms and their
populations (MED POL IV). MAP Technical Reports Series No. 4. UNEP, Athens, 1986 (118
pages) (parts in English, French or Spanish only).

UNEP/FAQ: Research on the effects of pollutants on marine communities and
ecosystems (MED POL V). MAP Technical Reports Series No. 5. UNEP, Athens, 1986 (146
pages) (parts in English or French only).

UNEP/IOC: Problems of coastal transport of pollutants (MED POL VI). MAP Technical
Reports Series No. 6. UNEP, Athens, 1986 (100 pages) (English only).

UNEP/WHO: Coastal water quality control (MED POL Vil). MAP Technical Reports Series
No. 7. UNEP, Athens, 1986 (426 pages) (parts in English or French only).

UNEP/IAEA/IOC: Bicgeochemical studies of selected pollutants in the open waters of the
Mediterranean (MED POL VIIl). MAP Technical Reports Series No. 8. UNEP, Athens, 1986
(42 pages) (parts in English or French only).

UNEP: Biogeochemical studies of selected pollutants in the open waters of the Mediterra-
nean MED POL VIIlI) Addendum, Greek Oceanographic Cruise 1980. MAP Technical
Reports Series No. 8, Addendum. UNEP, Athens, 1986 (66 pages} (English only).

UNEP: Co-ordinated Mediterranean pollution monitoring and research programme (MED
POL - PHASE I). Final report, 1975-1980. MAP Technical Reports Series No. 9. UNEP,
Athens, 1986 (276 pages) (English only).

UNEP: Research on the toxicity, persistence, bicaccumulation, carcinogenicity and
mutagenicity of selected substances (Activity G). Final reports on projects dealing with
toxicity (1983-85). MAP Technical Reports Series No. 10. UNEP, Athens, 1987 (118 pages)
(English only).

UNEP: Rehabilitation and reconstruction of Mediterransan historic settlements.
Documents produced in the first stage of the Priority Action (1984-1985). MAP Technical
Reports Series No. 11. UNEP, Priority Actions Programme, Regional Activity Centre, Split,
1986 (188 pages) (parts in English or French only).

UNEP: Water rescurces development of small Mediterranean islands and isolated coastal
areas. Documents produced in the first stage of the Priority Action (1984-1985). MAP
Technical Reports Series No 12. UNEP, Priority Actions Programme, Regional Activity
Centre, Split, 1987 (162 pages} (parts in English or French only).
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

UNEP: Specific topics related to water resources development of large Mediterranean
islands. Documents precduced in the second phase of the Priority Action (1985-1988). MAP
Technical Reports Series No. 13. UNEP, Priority Actions Programme, Regional Activity
Centre, Split, 1987 (162 pages) (parts in English or French only).

UNEP: Experience of Mediterranean historic towns in the integrated process of
rehabilitation of urban and architectural heritage. Documents produced in the second
phase of the Priority Actlon (1986). MAP Technical Reports Series No. 14. UNEP, Priority
Actions Programme, Regional Activity Centre, Split, 1987 (500 pages) (parts in English or
French only).

UNEP: Environmental aspects of agquaculture development in the Mediterranean region.
Documents produced in the period 1985-1987. MAP Technical Reports Series No. 15.
UNEP, Pricrity Actions Programme, Regional Activity Centre, Split, 1987 (101 pages)
(English only).

UNEP: Pramotion of soil protection as an essential component of environmental protection
in Mediterranean coastal zones. Selected documents (1985-1987). MAP Technical Reports
Series No. 16. UNEP, Priority Actions Programme, Regional Activity Centre, Split, 1987
(424 pages} (parts in English or French only).

UNEP: Seismic risk reduction in the Mediterranean region. Selected studies and
documents {1985-1987). MAP Technical Reports Series No. 17. UNEP, Pricrity Actions
Programme, Regional Activity Centre, Split, 1987 (247 pages) (parts in English or French
only).

UNEP/FAQ/WHO: Assessment of the state of pollution of the Mediterranean Sea by
mercury and mercury compounds. MAP Technical Reports Series No. 18. UNEP, Athens,
1987 (354 pages) (English and French).

UNEP/IOC: Assessment of the state of pollution of the Mediterranean Sea by petroleum
hydrocarbons. MAP Technical Reports Series No. 18. UNEP, Athens, 1988 (130 pages)
(English and French).

UNEP/WHO: Epidemiological studies related to environmental quality criteria for bathing
waters, shellfish-growing waters and edible marine organisms {Activity D). Final report on
project on relationship between microbial quality of coastal seawater and health effects
(1983-86). MAP Technical Reports Series No. 20. UNEP, Athens, 1988 (156 pages)
(English only).

UNEP/UNESCO/FAQ: Eutrophication in the Mediterranean Sea: Receiving capacity and
monitoring of long-term effects. MAP Technical Reports Series No. 21. UNEP, Athens,
1988 (200 pages) (parts in English or French only).

UNEP/FAQ: Study of ecosystem modifications in areas influenced by pollutants
(Activity ). MAP Technical Reports Series No. 22. UNEP, Athens, 1988 (146 pages) {parts
in English or French only).

UNEP: National monitoring programme of Yugoslavia, Report for 1983-1986. MAP
Technical Reports Series No. 23, UNEP, Athens, 1988 (223 pages) (English only).

UNEP/FAQ: Toxicity, persistence and bicaccumulation of selected substances to marine
organisms (Activity G). MAP Technical Reports Series No. 24. UNEP, Athens, 1988 (122
pages) (parts in English or French only).

UNEP: The Mediterranean Action Plan in a functional perspective: A quest for law and

policy. MAP Technical Reports Series No, 25, UNEP, Athens, 1888 (105 pages) (English
only).

164



26.

27.

28.

29.

30.

a1,

az.

33.

34.

35.

36.

37.

38.

39.

40.

41,

42,

UNEP/IUCN: Directory of marine and coastal protected areas in the Meditetranean
Region. Part | - Sites of biclogical and ecological vaiue. MAP Technical Reports Series No.
26. UNEP, Athens, 1989 (196 pages) (Engdlish only).

UNEP: Implications of expected climate changes in the Mediterranean Region: An
overview. MAP Technical Reports Series No. 27. UNEP, Athens, 1988 (52 pages) (English

only}.

UNERP: State of the Mediterranean marine environment. MAP Technical Reports Series No.
28. UNEP, Athens, 1989 (225 pages) (English only).

UNEP: Bibliography on effects of climatic change and related topics. MAP Technicat
Reports Series No. 29. UNEP, Athens, 1989 (143 pages) (English only).

UNEP: Meteoroiogical and climatological data from surface and upper measurements for
the assessment of atmospheric transport and deposition of pollutants in the Mediterranean
Basin: A review. MAP Technical Reports Seties No. 30. UNEP, Athens, 1989 (137 pages)
{Engiish only).

UNEP/WMO: Airborne pollution of the Mediterranean Sea. Report and proceedings of a
WMO/UNEP Workshop. MAP Technical Reports Series No. 31. UNEP, Athens, 1989 (247
pages) (parts in English or French only).

UNEP/FAQ: Biogeochemical cycles of specific poliutants (Activity K). MAP Technical
Reports Series No. 32. UNEP, Athens, 1988 {139 pages) (parts in English or French only).

UNEP/FAOC/WHO/IAEA: Assessment of organotin compounds as marine pollutants in the
Mediterranean. MAP Technical Reports Series No. 33. UNEP, Athens, 1989 (185 pages)
(English and French).

UNEP/FAQ/WHO: Assessment of the state of pollution of the Mediterranean Sea by
cadmium and cadmium compounds. MAP Technica! Reports Series No. 34. UNEP,
Athens, 1989 (175 pages) (English and French).

UNEP. Bibliography on marine pollution by organotin compounds. MAP Technical Reports
Series No. 35. UNEP, Athens, 1989 (92 pages) (English only).

UNEP/IUCN: Directory of marine and coastal protected areas in the Mediterranean region.
Part | - Sites of biological and ecclogical value. MAP Technical Reports Series No. 36.
UNEP, Athens, 1990 (198 pages) {French only).

UNEP/FAQ: Final reports on research projects dealing with eutrophication and plankton
blooms (Activity H). MAP Technical Reports Series No. 37. UNEP, Athens, 1980 (74
pages) {parts in English or French only).

UNEP: Common measures adopted by the Contracting Parties to the Convention for the
Protection of the Mediterranean Sea against poliution. MAP Technical Reports Series
No. 38. UNEP, Athens, 1990 (100 pages) (English, French, Spanish and Arabic).

UNEP/FAQ/WHO/IAEA: Assessment of the state of pollution of the Mediterranean Sea
by organohalogen compounds. MAP Technical Reports Series No. 39. UNEP, Athens,
1990 (224 pages) (English and French).

UNEP/FAQ: Final reports on research projects (Activities H,| and J). MAP Technical
Reports Series No. 40. UNEP, Athens, 1990 {125 pages) (English and French).

UNEP: Wastewater reuse for irrigation in the Mediterranean region. MAP Technical Reports
Series No. 41. UNEP, Priority Actions Programme, Regional Activity Centre, Split, 1990
(330 pages) (English and French).

UNEPR/IUCN: Report on the status of Mediterranean marine turtles. MAP Technical Reports
Series No. 42 UNEP, Athens, 1920 {204 pages) (English and French).
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48,

46.

47.

48.

49,

50.

51,

52.

53.

54,

55.

56.

57.

UNEP/IUCN/GIS Posidonia; Red Book "Gérard Vuignier", marine plants, populations and
landscapes threatened in the Mediterranean. MAP Technical Reports Series No. 43. UNEP,
Athens, 1990 (250 pages) (French only).

UNEP: Bibliography on aquatic pollution by organophosphorus compounds. MAP
Technical Reports Series No. 44. UNEP, Athens, 1990 (98 pages) (English only).

UNEP/IAEA: Transport of pollutants by sedimentation: Collected papers from the first
Mediterranean Workshop (Villefranche-sur-Mer, France, 10-12 December 1987). MAP
Technical Reports Series No. 45. UNEP, Athens, 1990 (302 pages) (English only).

UNEP/WHO: Epidemiological studies refated to environmental quality criteria for bathing
waters, shelifish-growing waters and edible marine organisms (Activity D). Final report on
project on relationship between microbial quality of coastal seawater and rotarus-induced
gastroenterities among bathers (1986-88). MAP Technical Reports Series No.46, UNEP,
Athens, 1991 (64 pages) (English only).

UNEP: Jellyfish blooms in the Mediterranean. Proceedings of the Il workshop on Jellyfish
in the Mediterranean Sea. MAP Technical Reports Series No.47. UNEP, Athens, 1991 (320
pages) (parts in English or French only).

UNEP /FAQ: Final reports on research projects (Activity G). MAP Technical Reports Series
No. 48. UNEP, Athens, 1991 (126 pages) (parts in English or French only).

UNEP/WHQ: Biogeochemical cycles of specific poliutants. Survival of pathogens. Final
reports on research projects (Activity K). MAP Technical Reports Series No. 49. UNEP,
Athens, 1991 (71 pages) (parts in English or French only}.

UNEP: Bibliography on marine litter. MAP Technical Reports Series No. 80. UNEP, Athens,
1991 (62 pages) (English only).

UNEP/FAQO: Final reports on research projects dealing with mercury, toxicity and
analytical techniques. MAP Technical Reports Series No. 51. UNEP, Athens, 1991 (166
pages) (parts in English or French only).

UNEP/FAQ: Final reports on research projects dealing with bioaccumulation and toxicity
of chemical pollutants. MAP Technical Reports Series No. 52. UNEP, Athens, 1891 (86
pages) (parts in English or French only).

UNEP/WHO: Epidemiclogical studies related to environmental quality criteria for bathing
waters, shellfish-growing waters and edible marine organisms (Activity D). Final report on
epidemiclogical study on bathers from selected beaches in Malaga, Spain (1988-1989).
MAP Technical Reports Series No. 53. UNEP, Athens, 1991 (127 pages) (English only).

UNEP/WHQ: Development and testing of sampling and analytical techniques for
monitoring of marine pollutants (Activity A): Final reports on selected microbiological
projects. MAP Technical Reports Series No. 54. UNEP, Athens, 1991 (83 pages) (English
anly).

UNEP/WHQ: Biogeochemical cycles of specific poliutants (Activity K): Final report on
project on survival of pathogenic organisms in seawater. MAP Technical Reports Series
No. 55. UNEP, Athens, 1981 (95 pages) (English only).

UNEP/IOC/FAQ: Assessment of the state of pollution of the Mediterranean Sea by
persistent synthetic materials which may float, sink or remain in suspension. MAP
Technical Reports Series No. 56. UNEP, Athens, 1991 (113 pages) (English and French).

UNEP/WHOQ: Research on the toxicity, persistence, bioaccumulation, carcinogenicity and
mutagenicity of selected substances (Activity G): Final reports on projects dealing with
carcinogenicity and mutagenicity. MAP Technical Reports Series No. 57, UNEP, Athens,
1991 {59 pages) (English only).
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58.

59,

60.

e1.

62.

63.

64.

5.

UNEP/FAC/WHO/IAEA: Assessment of the state of pollution of the Mediterranean Sea
by organophosphorus compounds. MAP Technicai Reports Series No. 58. UNEP, Athens,
1981 (122 pages) (English and French).

UNEP/FAQ/IAEA: Proceedings of the FAO/UNEP/IAEA Consultation Meeting on the
Accumulation and Transformation of Chemical contaminants by Biotic and Abiotic
Processes in the Marine Environment (La Spezia, Italy, 24-28 September 1990), edited by
G.P. Gabrielides. MAP Technical Reports Series No. §9. UNEP, Athens, 1991 (392 pages)
(English only).

UNEP/WHO: Development and testing of sampling and analytical techniques for
monitoring of marine pollutants (Activity A); Final reports on selected microbiological
projects (1987-1980). MAP Technical Reports Series No. 60. UNEP, Athens, 1991 (76
pages) (parts in English or French only).

UNEP: Integrated Planning and Management of the Mediterranean Coastal Zones.
Documents produced in the first and second stage of the Priority Action (1985-1986). MAP
Technical Reports Series No. 61. UNEP, Priority Actions Programme, Regional Activity
Centre, Split, 1991 (437 pages) {parts in English or French only).

UNEP/IAEA: Assessment of the State of Pollution of the Mediterranean Sea by
Radioactive Substances, MAP Technical Reports Series No, 62, UNEP, Athens, 1992 {133
pages) (English and French).

UNEP/WHGO: Biogeochimical cycles of specific pollutants (Activity K} - Survival of
Pathogens - Final reports on Research Projects (1989-1991). MAP Technical Reports
Series No. 63, UNEP, Athens, 1992 {86 pages) (French only).

UNEP/WMO: Airborne Pollution of the Mediterranean Sea. Report and Proceedings of the
Second WMO/UNEP Workshop. MAP Technical Reports Series No. 64, UNEP, Athens,
1982 (246 pages) (English only).

UNEP: Directory of Mediterranean Marine Environmental Centres. MAP Technical Reports
Series No. 65, UNEP, Athens, 1992 (351 pages) (English and French).
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Add.

10.

11,

12.

PUBLICATIONS "MAP TECHNICAL REPORTS SERIES"

PNUE/COI/OMM: Etudes de base et surveillance continue du pétrole et des
hydrocarbures contenus dans les eaux de la mer (MED POL ). MAP Technical Reports
Series No. 1. UNEP, Athens, 1986 (96 pages) {parties en anglais, frangais ou espagnol
seulement).

PNUE/FAQ: Etudes de base et surveillance continue des métaux, notamment du mercure
et du cadmium, dans les organismes marins (MED POL Il). MAP Technical Reports Series
No. 2. UNEP, Athens, 1986 (220 pages) (parties en anglais, francais ou espagno!
seulement).

PNUE/FAQ: Etudes de base et surveillance continue du DDT, des PCB et des autres
hydrocarbures chlorés contenus dans les organismes marins (MED POL Hll). MAP
Technical Reports Series No. 3. UNEP, Athens, 1986 (128 pages) (partles en anglais,
frangais ou espagnol seulement).

PNUE/FAQ: Recherche sur les effets des polluants sur les organismes marins et leurs
peuplements (MED POL IV). MAP Technical Reports Series No. 4. UNEP, Athens, 1986
(118 pages) (parties en anglais, frangais ou espagnol seulement).

PNUE/FAQ: Recherche sur les effets des polluants sur les communautés et écosystémes
marins (MED POL V). MAP Technical Reports Series No. 5. UNEP, Athens, 1986 (146
pages) (parties en anglais ou frangais seulement).
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