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1.

INTRODUCTION

1.1 The Meeting of Experts on the Sensitivity of Water-resource Systems to
Climate Variability was held at the University of East Anglia, Norwich,
U.K. from 17 to 20 November 1987. It was convened by WMO with the purpose
of reviewing recent developments in the area concerned and formulating
proposals for further work which might be undertaken at national or international level to provide a greater understanding of the sensitivity of
water-resource systems to climate variability and change. The impact of
climate variability on water-resource systems and, through them, on society
was seen as being of considerable importance. However, in view of recent
predictions of possible changes in climate, the potential impact of such
changes were seen as being of even greater importance.
1.2 The meeting was opened by Dr. A. Askew, Chief, Water-resource Projects
Division of the WMO Secretariat. In his opening remarks he referred to the
purpose of the meeting and regretted that it had not been possible for Drs.
M. Glantz (USA), M. Parry (UK), I. Shiklomanov (USSR) and a representative
from IIASA to attend as had originally been planned.
He expressed the
appreciation of WMO to Professor T. Wigley of the Climatic Research Unit at
the University for offering to host the meeting and to Dr. J. Palutikof and
Mr. M. Beran for their assistance in its organization.
1.3 Mr. M. Beran, Rapporteur on World Climate Programme - Water of the WMO
Commission for Hydrology, acted as chairman/moderator of the meeting. A
full list of participants is given in Annex 1 to this report and the agenda
followed by the meeting is contained in Annex 2.
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2.

REVIEW OF WCP - WATER PROJECT D.l

2.1 It was recalled that the World Climate Conference had been held in
1979 (WMO, 1979) and that, later the same year, the Eighth WMO Congress had
adopted the World Climate Programme (WCP) as a major international and
inter-agency undertaking. The WCP had been continued and developed over
the past eight years and had retained its original sub-division into four
components, the responsibility for which is as indicated, namely:
World
World
World
World

Climate
Climate
Climate
Climate

Data Programme (WMO);
Applications Programme (WMO);
Research Programme (WMO and ICSU);
Impact Studies Programme (UNEP).

The water-related activities related to each component were grouped under
the heading World Climate Programme - Water (WCP-Water), plans for which
were developed jointly by WMO and Unesco.
2.2
WCP-Water Project D.l - Sensitivity of water-resource systems to
climate variations - had been implemented principally at the national level
through research undertaken by various national institutions.
Comparatively few papers on the subject had been written by the mid-1980s when WMO
issued a report authored by Dr. V. Klemes (Klemes, 1985).
In November
1985, the Third Planning Meeting on WCP-Water (WMO, 1985a) proposed that
further research be undertaken and that efforts focus on preparations for
the IAHS Symposium on the Influence of Climate Changes and Climatic Variability on the Hydrological Regime and Water Resources planned for Vancouver
in August 1987.
2.3 The period from 1985 to 1986 saw a distinct growth of interest in the
subject and, in a paper to the WCP-Water co-ordination meeting held in
November 1986 (WMO, 1986), Mr. M. Beran was able to quote a number of
examples of new projects. By the time of the Vancouver symposium referred
to above (Solomon et al., 1987), it was evident that a large number of
institutions in many countries of the world were studying the possible
effects of climate change on water-resource systems. This rapid expansion
of interest was seen as resulting from the statements of the Villach
Conference of 1985 (WMO, 1985b) and related public pronouncements on the
possible consequences of increases in the concentrations of greenhouse
gases in the atmosphere.
2.4 It was recalled that, when proposals for WCP-Water Project D.l were
first developed, climate change was largely in the realm of speculation and
hence attention focussed on sensitivity to climate variability. When plans
for the project were up-dated in 1985, reference was made to climate change
as well as variability. Since then, governments, industry and the general
public have become aware of the possibility for climate change and have
every right to expect the scientific community to offer advice, not only as
to the extent and nature of such changes, but also their likely impacts on
society. Consequently, it was anticipated that the further development of
WCP-Water activities in this field would embrace both variability and
change in climate and extend to impacts and not just sensitivity. How this
would be accommodated within the structure of WCP-Water would be a matter
for investigation by the next planning meeting on WCP-Water.
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2.5 It was recognised that further progress in this field would continue
to rely on projects undertaken by national or regional research institutes
or universities, fed in large part by the predictions and information
provided by those involved in studies of the climate and its variability.
The international organizations were seen as playing an important role in
bringing together the results of these various studies, in sponsoring
symposia and other international meetings and in providing a mechanism
through which institutes from many countries could co-ordinate their
activities and, if appropriate, undertake joint projects.
It was with
these thoughts in mind that the participants undertook the review of the
state-of-the-art presented in sections 4 to 7 below and developed the
proposals for future activities contained in section 8.
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3.

TECHNICAL PRESENTATIONS BY PARTICIPANTS

3.1 The first part of the meeting was devoted to technical presentations
in which each of the participants provided information on current developments in their own particular fields of interest and in the subject area as
a whole. Discussions during and following each presentation were very wide
ranging and provided a valuable basis for the preparation of the material
contained in sections 4 to 7.
3.2
The presentations focussed on the most recent developments and
referred extensively to papers that had either been published within the
past year or were expected to appear in print in the near future. Annex 3
to this report contains an annotated bibliography of the papers quoted.
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4.

RECENT CLIMATIC CHANGE AND VARIABILITY

Future changes in climate can be set in context by a brief description
of changes which have occurred over the past 100 years. Both regionally
the globe, and in terms of global mean values, climatic conditions have
fluctuated noticeably on annual to decadal and longer time scales.
Consider the largest spatial scales first.
The near-surface air temperature averaged over the Earth's surface has
increased by about 0.5°C since the late 19th century (Jones et al.,
1986a,b,c). This warming has not been a steady upward trend, nor has it
been spatially homogeneous.
Fig. 1 shows hemispheric and global mean
changes, while Fig. 2 shows annual-mean temperature trends for the land
areas of the Northern Hemisphere over 1967-86. Concomitant changes in free
atmosphere temperature have also occurred since such data became available
in the early 1950s (and, doubtless, before then, even though the data are
lacking); see Wigley et al. (1985) for a recent review.
Noticeable changes in precipitation have also occurred this century on
spatial scales from hemispheric downwards. Large-scale area-average
precipitation changes are more difficult to quantify than temperature
changes because of the higher spatial variability of precipitation and
because of data homogeneity problems which are more difficult to overcome.
For land-based data, Bradley et al. (1987) show an upward trend from 1920
to the present in mid-to-high latitudes (35-70°N) and a marked downward
trend in tropical-to-subtropical latitudes (5-35°N) of the Northern Hemisphere (Fig. 3 ) .
Trends over the ocean are extremely difficult to
establish (Barnett, 1985a). On smaller spatial scales, some regions of the
world have experienced marked changes on decadal time scales. The Sahel
region of Africa is a particularly striking example (Fig. 4 ) .
Almost all other climate variables show evidence of a continually
changing climate. For example, there have been noticeable changes in the
atmospheric circulation of the North Atlantic as measured by the pressure
gradient between the Azores High and Iceland Low - a trend towards a
decreasing gradient. The extent of mountain glaciers has decreased over
the 20th century (Meier, 1984), albeit with marked regional differences and
inter-decadal variations. This has contributed noticeably to a general
rise in sea level (Gornitz et al., 1982; Barnett, 1985b). Of the 10-15cm
estimated global-mean rise, roughly one third can be attributed to each of
mountain glacier melting, oceanic thermal expansion and melting from the
large ice sheets over Greenland and Antarctica (Wigley and Raper, 1987).
In parallel with these changes in mean conditions, most measures of
climate show changes in variability (as measured by variance and/or the
frequencies of extreme events). Very few of these changes (in contrast to
changes in means) have been statistically significant.
A noteable
exception is England and Wales area-average precjpitatipn, where there has
been a significant trend towards more wet extremes in spring qnd more dry
extremes in summer (Wigley and Jones, 1987).
A leading question is: What is/are the cause/causes of these changes?
In the absence of changes in external forcing factors, the climate system
would be expected to show considerable natural variability simply because
of the complexity of interactions between the oceans, cryosphere, atmosphere and land surface and the range of time scales associated with these
components.
In addition, forcing undoubtedly occurs due to changes in
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planetary albedo (volcanic effects, cloud and surface changes), changes in
solar irradiance, and changes in the concentrations of greenhouse gases
(CO2, CH4, N2O, O3 and CFCs). For the latter, the global-mean radiative
forcing over the past 100 years has been large (around 2Wm~2) and this
would be expected to cause a global-mean warming. Although a warming has
occurred, and its magnitude is compatible with that expected to have
resulted from the greenhouse effect, we are not yet able to positively
relate cause and effect. Nevertheless, the qualitative agreement and the
realistic physical basis of current climate models demands that the
possibility of future greenhouse-gas-induced global-mean warming, and the
multitude of regional changes that would accompany such a warming, must be
taken seriously.
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Figure 1: Observed changes in temperature relative to the 1950-79
reference period mean, for the Northern Hemisphere, Southern Hemisphere and
the globe. The values shown are averages over both land and ocean areas.
The smooth curves are obtained by applying a 20-year Gaussian filter
designed to show the longer time scale changes more clearly. Values prior
to about 1900 are less reliable than those after 1900. (Modified and
updated from Jones et al. (1986c).)
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Figure 2:
Linear trend in temperature
masses, 1967-86 (units, °C per decade).
cooling (from Jones, 1988).

over Northern Hemisphere land
Shaded areas show regions of
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Figure 3:
Precipitation indices showing changes in area-averaged
precipitation over the land areas in the zones 35° to 70°N, 5° to 35°N, and
0° to 5°N (from Bradley et al.# 1987).
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Figure 4: Time series of May-October rainfall at stations in the western
Sahel for the period 1896 to 1987. Rainfall is expressed as a normalised
anomaly from the 1941-70 base period. The smooth line is obtained using a
ten-term gaussian filter and the bar chart shows the number of stations
included each year. (Modified and updated from Farmer and Wigley, 1985.)
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5.

FUTURE CLIMATIC CHANGE

The dominant factor in determining changes in climate over the next
50-100 years is expected to be the greenhouse effect caused by changes in
the atmospheric concentrations of CO2 and other trace gases. This may well
cause an unprecedented global-mean warming, whose magnitude will depend on
future atmospheric trace gas concentrations and on the sensitivity of the
climate system to external forcing.
The greenhouse effect will cause
changes in global-mean temperature on time scales of decades to centuries,
with associated trends in all climate variables at smaller spatial scales.
These changes will also have, superimposed on them, inter-annual to interdecadal variability which is a natural characteristic of the unperturbed
climate system.
5.1

Global scale

In considering future climatic change, it is important to distinguish
the equilibrium and transient response of the climate system. We consider
the equilibrium response first.
For any given future greenhouse-gas
forcing, AQ, there will be a corresponding equilibrium global-mean
temperature change, AT e , which is the temperature change that would finally
be achieved when the climate system reached a new steady state.
The
relationship between AQ and AT e is determined by the climate sensitivity.
CO? forcing, which is logarithmic in concentration, can be described
by (Wigley, 1988, based on Kiehl and Dickinson, 1987)
AQ = 6.333 ln(C/C 0 )

... (1)

where AQ is the forcing due to a concentration change from C 0 to C.
2xC02 (C = 2xC 0 ), therefore,
AQ E A Q 2 x = 6.333 In 2 = 4.39 Wm" 2

For

... (2)

(there is an uncertainty of at least +10% in this figure).
If the
equilibrium temperature change corresponding to a C0?-doubling is AT2x»
then the equilibrium change for an arbitrary concentration C is
A T e = AT 2 x(AQ/AQ 2 x)
or
A T e = AT 2x (ln(C/C 0 )/ln2)

... (3)

The value of AT 2 x is uncertain, but it is thought to lie in the range 1.54.5°C (MacCracken and Luther, 1985; Bol in et al., 1986).
Since CO? is not the only greenhouse gas that must be considered in
the forcing (the others are CH4, N2O, O3 and the CFCs), it is often
convenient to express the total forcing (AQj) in terms of an equivalent CO2
concentration (C ). This is defined by inverting equ.(l) to give
C* = C 0 exp(AQT/6.333)
where, by convention, C 0 is taken to be the pre-industrial level of C0 2
alone (i.e. the other greenhouse gases are not considered in defining this
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reference level).
Relative to conditions in the late 18th century (1765), AQj is about
2.2 Wm"2 today (1985), with about 1.4 Wm~2 of this being due to CO2 changes
and the rest due to changes in the other trace gases, mainly methane and
the CFCs (Wigley, 1988). Thus, the 1985 equivalent CO2 concentration is
just over 390 ppmv (relative to a base level of 279 ppmv) compared with a
CO2 alone concentration of 346 ppmv. A further forcing change of about
2.1 Wnr 2 is expected between 1985 and 2025 (Wigley, 1988, based on
Ramanathan et al., 1985, but with future CFC concentrations modified to
account for the Montreal Protocol to reduce future CFC production levels).
This corresponds to an equivalent CO? concentration of 550 ppmv in 2025,
approximately double the pre-industrial CO2 level.
Using AT2x = 1.5-4.5°C, these values imply an equilibrium warming of
0.7-2.2°C over 1765-1985.
Over the period 1880-1985, for which AQj =
1.80 Wm-2, AT e is 0.61-1.84°C. For a forcing of 2.1 Wm"2 over 1985-2025,
the implied AT e is 0.7-2.2°C.
Allowing for uncertainties in future
forcing, A T e over 1985-2025 would lie in the range 0.5-3.3°C. This is a
very large range of uncertainty, but even the low end corresponds to a much
faster rate of change than experienced previously.
These temperature changes are not the changes that would actually be
observed over these time intervals (viz. the transient-response changes).
Observed changes lag behind the equilibrium changes by an amount which is
determined by the thermal inertia of the oceans, by the climate sensitivity
and by the rate of change of forcing. Because of this thermal inertia
effect, only about 50-90% of the equilibrium warming may be observed at any
given time. Over 1880-1985, the predicted transient warming lies in the
range 0.4-l.l°C (Wigley and Raper, 1987). The differences between these
values and the AT e values of 0.6-1.8°C represents a "hidden warming", or
warming commitment, in the sense that it would result even if the concentrations of all greenhouse, gases could be held constant at their 1985
values. Over 1985-2025, the transient-response changes lie in the range
0.4-1.8°C (using the model of Wigley and Raper, 1987).
The transient change over 1880-1985 of 0.4-l.l°C can be compared with
the observed warming of about 0.5°C. Since 0.5°C lies at the lower end of
the predicted range, one might conclude that the climate sensitivity lies
at the lower end of the range 1.5-4..5°C. There are, however, a number of
other ways to explain this discrepancy.
For instance, other forcing
factors may have acted to partially offset the greenhouse effect over the
past century. Although we have no direct evidence of this, the existence
of such a possibility means that we cannot yet dismiss the higher values of
the climate sensitivity.
5.2

Regional scale
c

In the above, we have concentrated on global-mean temperature as a
measure of the state of the climate system.
Changes in all climate
variables, precipitation, evaporation, wind patterns and strengths, cloudiness, etc., will necessarily accompany changes in global-mean temperature.
These changes will differ noticeably from region to region.
Thus, for
assessing water-resource (and other) impacts, global mean quantities are
mainly of academic interest. They do show, however, that future climatic
changes will probably be large and will probably occur more rapidly than
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any previous changes.
For direct assessments of impacts and realistic
evaluations of the climate sensitivities of water-resource systems,
regional-scale (or smaller) details of future changes are needed - not only
for temperature, but for a variety of climate variables. At present, our
capability for predicting these details is limited and we must resort to
the use of scenarios.
5.3

Climate scenarios

The most important method for obtaining information on possible future
climates is to use an atmospheric General Circulation Model (GCM). However, because of deficiencies in current GCMs (described in more detail
below), their outputs should only be considered as possible scenarios for
future climatic change. A climate scenario, as defined in the literature,
is intended to be an internally consistent picture of future climatic conditions.
The condition of internal consistency is not always given
sufficient consideration. In addition to the use of GCMs, scenarios may be
constructed by a number of other means. The various methods are listed
below.
(1) The use of GCMs.
(2) The use of past instrumental data. The method here is to consider
times in the period of instrumental record which were globally warm
and cold relative to the long-term mean, and to use the differences
between these periods as indicators of future changes.
(3) The use of paleoclimatic analogues. The most commonly used analogue
is the early Holocene warm period (the "Hypsithermal" or
"Altithermal"). Since the seasonal cycle of incoming solar radiation
differed radically from today at this time (+6% in summer, -6% in
winter), and since water-resource problems are most frequently
concerned with intra-annual detail, this analogue appears to be
inappropriate for water-resource studies.
(4) The use of spatial analogues. If climatic changes were to occur as a
broad latitudinal shift or expansion of prevailing weather systems,
then the future climate at point X might become similar to that
currently existing at some other point Y. If so, then one could use
the current climate at Y as a scenario for the future climate at X.
Although this approach has not been explored, it does have some
obvious limitations. In particular, in many parts of the world the
climate at Y is noticeably conditioned by the surrounding topography.
These characteristics are clearly non-transportable.
(5)

Synthesis scenarios, or
experts might examine the
try to decide on a range
features from some or all

scenarios by committee.
Here, a group of
results of a number of different methods and
of most reasonable possibilities, combining
of the individual results.

(6) Arbitrary change scenarios. Here, arbitrary changes are made spanning
ranges of possible future values; e.g. +0, +2, +4"C temperature change
combined with -20%, 0%, +20% change in precipitation.
In such
scenarios, some combinations might be considered less likely because
of a perceived lack of internal consistency.
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(7)

Scenarios based on physical or statistical arguments. These methods,
which rely on an understanding of present climate conditions, allow
one to estimate the consequences at the regional level of expected
large-scale changes in the atmospheric circulation (e.g. the effect of
a shift in the prevailing winds). Essentially, in this method the
more believable aspects of method (1) are supplemented by physically
or statistically based knowledge of climate at a smaller spatial
scale. This method is discussed further below in dealing with the
sub-grid scale problem.
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6.

USES OF GENERAL CIRCULATION MODELS
FOR ASSESSING HYDROLOGIC IMPACTS OF CLIMATIC CHANGES

Because of these different scenario approaches, there are many methods
for evaluating the sensitivity of the hydrological cycle and water
resources to changes in climatic conditions. GCM output data have, for
example, been used directly by the U.S. Environmental Protection Agency
(1984) and Manabe and Wetherald (1986).
Purely hypothetical climatic
changes have been used to drive deterministic or stochastic hydrologie
models by Stockton and Boggess (1979), Nemec and Schaake (1982), and
Revel le and Waggoner (1983). Selected GCM output has been used as input to
more detailed regional hydrologie models by Gleick (1986, 1987a), Cohen
(1986), Mather and Feddema (1986), Flaschka et al. (1987), and Bultot et
al. (1988a,b).
It must be noted that GCMs were not originally designed for climate
impact assessments. Yet without a clear indication of the direction of
future changes in temperature, precipitation, and other variables, it is
difficult to come up with appropriate institutional responses for
preventing or adapting to climatic changes.
Thus, there is a growing
interest in using GCMs for impact assessment. As a result, extreme care
must be taken in the application of GCM output. This section describes the
different methods that might be used to evaluate climatically-induced
changes in water resources even in the face of uncertainties about details
of future climate. Careful consideration must be given to the appropriateness of each approach, given the present level of GCM development.
6.1

Direct Use of GCM Hvdrolooic Output

General Circulation Models provide the best (albeit limited)
information on the overall response of the atmosphere to increasing concentrations of carbon dioxide and other trace gases (see Dickinson, 1982 and
Meehl, 1984). In theory, GCM estimates of changes in hydrologie variables
might be used directly to estimate changes in water availability and
quality, changes in the operation of water-supply facilities, and future
water-resource needs.
But it is important to note that GCM-generated
hydrologie variables such as "runoff" and "soil moisture" are extremely
simplified representations of these quantities, and that they only
represent some hypothetical large-scale area average, possibly with little
relevance to specific regions or drainage areas.
As an example of this type of work, the U.S. Environmental Protection
Agency (1984) used coarse
resolution GCM output (8° latitude by
10° longitude) to estimate possible hydrologie impacts directly for large
areas of the United States. They compared GCM-generated annual average
precipitation, runoff, and soil moisture for the model control runs with
estimates after a doubling of atmospheric carbon dioxide.
As another
example, Manabe and Wetherald (1986) looked at changes in GCM soil
moisture.
In the Manabe and Wetherald study, significant reductions in
soil moisture in mid-latitude, mid-continental regions were identified, but
in some other studies opposite results appear (Schlesinger and Mitchell,
1985; Mitchell and Warrilow, 1987).
Two major limitations of general circulation models make the direct
use of the hydrologie variables generated by GCMs a risky proposition.
First, GCM-derived hydrologie variables (such as runoff and soil moisture)
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are computed as secondary variables (Manabe, 1969; Hansen et al., 1983,
1984; Washington and Meehl, 1983, 1984). They are calculated from simple
difference equations set up to manipulate the first-order climatological
variables computed by GCMs, such as temperature, humidity, and transfers of
energy. Because of the simple methods used to calculate secondary hydrologic variables, their realism is limited. Second, the limited spatial
resolution of the models makes the direct use of GCMs for hydrologie
assessments unreliable. GCMs use highly-smoothed orography and are limited
in their ability to resolve small-scale meteorological processes. Because
most important hydrologie phenomena occur on scales far smaller than the
spatial resolution of a GCM, these models cannot at present provide the
regional-scale information needed by water-resource planners. Significant
improvements in resolution will only come about slowly.
Improving the
horizontal resolution by a factor of two increases by a factor of eight the
computer time needed to produce a forecast (Somerville, 1987).
We also note the following additional limitations of GCMs
restrict their usefulness for sub-grid scale hydrologie assessments:

that

(1) Published GCM studies of the greenhouse effect consider only the
equilibrium response to a doubled or quadrupled concentration of
carbon dioxide. It is not yet known whether the regional patterns of
climatic change for the transient response will correspond to those
given by equilibrium studies (Webb and Wigley, 1985).
A full
transient study would require a realistic ocean GCM coupled to an
atmospheric GCM. Ocean GCMs are still in their early developmental
stages.
(2) Atmospheric GCMs are currently coupled to much simpler (mixed layer)
ocean models in order to account for some of the ocean's effects. In
this mode, these GCMs still have a number of recognized deficiencies
in the way they model clouds, sea-ice effects, and land surface
processes.
(3) Different GCM studies which attempt to describe the climate of a highCO2 world show regions of agreement and disagreement. Since regions
of agreement can occur by chance, they cannot necessarily be accepted
as regions where the predictions are more reliable. On the global
scale, most recent models give a similar value for AT£x (of around
4°C).
This should not necessarily create confidence, since the
different models may give these similar answers for different reasons.
The same problem applies to similarities at the regional level.
(4) The atmospheric models currently used in greenhouse-gas studies are
unable to simulate the current (lxCO?) atmospheric circulation at the
regional level with any realism, although they do perform reasonably
well in describing some of the large-scale features of the general
circulation. A reliable "control-run" simulation,is thought to be a
necessary condition for reliability in any perturbation experiment.
(5) While GCMs can produce output with very short time steps (~10
minutes), the realism of these short time results is in doubt.
A
rough estimate of the smallest time scale for which model
precipitation results might be realistic can be obtained by dividing
the spatial resolution by the characteristic speed of hydrologically
important weather systems. For current models this gives a time scale
of the order of one day. However, some models currently in use do not
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have a diurnal insolation cycle, which necessarily precludes realism
even at the daily time scale. Furthermore, because of the way clouds
and precipitation are modelled, and because of the coarse resolution,
GCMs tend to produce unrealistic simulations of day-to-day rainfall
variations (i.e. model-generated sequences of dry or wet days are
unlikely to be realistic). A more realistic minimum time scale on
which one could expect to obtain realistic GCM output for hydrologie
purposes is probably of the order of one week or more.
Within the modelling community these are we11-recognized problems.
They are often, however, not realised by analysts who make use of GCM output.
Despite the deficiencies, there are some broad-scale GCM results
which can be accepted with some confidence as predictions of future
climate. These are summarized in Table 1.
An alternative - and at present preferred - approach to the direct use
of GCM runoff or soil moisture output is to use information on first-order
hydrometeorological variables, such as precipitation, temperature, relative
humidity, and (less confidently) évapotranspiration, to drive hydrological
models to estimate changes in runoff, soil moisture, and other variables of
interest. This method is better, but it still suffers from the spatial
resolution problem.
Thus, various methods to obtain sub-grid scale
information to supplement the coarse resolution output of GCMs are being
explored.
6.2

Modifications to GCM Output

One option is to generate higher resolution details by directly interpolating from existing coarse resolution data. This has been done by Bach
(1988) using data from an 8°xl0° model to synthesize 4°x5° data. These
data, in turn, have been used in a number of hydrologie assessments,
including an evaluation of the effect of climatic change on the water level
of the Great Lakes (Cohen, 1986; Sanderson and Wong, 1987).
This type of interpolation is risky, rarely justified, and can lead to
obviously anomalous precipitation results. A primary goal of such data
manipulation is to improve the regional precipitation predictions.
Yet
simple interpolation between GCM grid points will not improve the regional
precipitation estimates because small-scale precipitation patterns are
driven by complex geographic and climatic behaviour not captured by the
interpolation process.
A better means of developing sub-grid scale information from GCM output data is to use regression-based methods. The approach is analogous to
the way meteorologists provide local weather information in their longrange forecasts.
Using existing instrumental data bases, regression
relationships can be developed and verified between local station data
(e.g. temperature and precipitation) and large-scale grid-point values of
surface pressure, upper-air heights (or gradients of these variables),
temperature and precipitation.
The regression equations so derived can
then be applied to GCM results from doubled CO2 scenarios to produce subgrid scale information. The method assumes that the relationship between
the regional and local scale climate will remain unchanged in a high-C02
world. It is not yet clear whether this is a reasonable assumption.
Another possibility for obtaining sub-grid scale detail is to either
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Table 1: A selection of model results from equilibrium GCM experiments for
a doubling or quadrupling of atmospheric CO2 concentration, together with
an estimate of the confidence that can be placed in these results.
"Unknown" indicates that knowledge of possible future changes is zero.
This applies to all items not mentioned. This list is not meant to be
specifically oriented towards water resources. Its purpose is to give a
general idea of the current state of knowledge.

MODEL RESULTS

CONFIDENCE

Global scale (i.e. global mean values)
Warming of lower troposphere

High

Increased precipitation

High

Cooling of stratosphere

High

Warming of upper troposphere
(especially the tropics)

Moderate

Zonal-mean to regional scale
Reduced sea ice

High

Enhanced polar warming in Northern Hemisphere
(especially winter half year)

High

Increased P-E (precipitation minus
évapotranspiration) in high latitudes

High

More absolute high temperature extremes

High

Increased continental summer dryness

Moderate

Stronger monsoons

Moderate

More tropical storms

Unknown

More/less blocking

Unknown

Greater/less interannual variability

Unknown

Spatial detail in general

Unknown

Rainfall extremes

Unknown
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embed a higher-resolution model within the coarse resolution GCMs (see
Figure 5), or to develop a stand-alone, intermediate-scale (mesoscale)
model. Mesoscale models can be used either separately, using GCM data as
driving forces but without climate feedbacks, or embedded into a coarserscale model with feedbacks. Among the advantages of these options is the
ability to look at regional details without the great increase in computer
time that would be required to improve the resolution over the entire model
domain. A major drawback to this approach, however, is that it requires
importing coarse resolution model data into the fine-resolution model (see
Figure 5;. Thus, the fine-resolution model could be driven by poor quality
input data. This problem is a major limitation in those circumstances
where high-resolution data are required, such as details of storm-track
locations, small precipitation or wind-storm events, and so on.
A final option is to markedly improve the resolution of existing
models or to specifically develop new high-resolution GCMs. In both cases,
the model would have to incorporate better hydrologie parameterizations and
regional topographical detail. This option, however, requires considerable
effort and the increase in computer time with increasing resolution discussed above - will limit the rate of development. More detailed hydrologic parameterizations will require large amounts of additional data on
regional vegetation distributions, soil types, and geography.
Such data
are becoming increasingly available on geographical information systems
(GIS).
The scientific effort in the area of GCM modelling and climate impact
assessment is presently focussed in many directions in addition to that of
improving model resolution. These include coupling ocean general circulation
models
with
the
atmospheric
models,
improving
cloud
parameterizations, improving sea-ice parameterizations, etc. Redirecting
this effort would require a change in opinion about the critical modelling
issues and a change in perception regarding the probable severity of the
different societal impacts of climatic changes discussed in Section 7.
Progress j_s being made on improving the internal hydrologie
parameterizations in GCMs, with a focus on improving soil-moisture
dynamics, vegetative responses, cloud dynamics, and évapotranspiration
processes (Dickinson, 1984, 1986).
As GCMs incorporate more realistic
hydrologie processes, better and more detailed regional hydrologie output
will become available and direct use of GCM data will be more realistic.
In the meantime, other methods for developing hydrological assessments need
to be explored and developed in conjunction with GCM-based studies.
6.3

Linking GCMs with Hydrologie Models

Given the limitations on the direct use of GCMs to evaluate hydrologie
effects of climatic change, methods are being developed" to combine output
from GCMs with more detailed hydrologie models.
Estimates of daily,
monthly, seasonal, or annual temperature changes can be produced by GCMs,
as can information on changes in precipitation patterns, windspeeds and
humidity on a variety of temporal and spatial scales. These data can then
be used by hydrologie models external to GCMs to evaluate hydrologie
variables of interest such as runoff, soil moisture and groundwater
characteristics. Efforts are also being made to develop hydrologie models
(so-called "macroscale models") specifically designed to use GCM output
(Becker and Nemec, 1987). However, GCM data should be used selectively
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Figure 5: Embedding a high-resolution model (B) into a coarse-resolution
GCM (A) may permit more detailed hydrologie impacts to be studied without
vastly increasing the required computer time.
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with consideration given to the relative reliability of different types of
GCM output.
The use of hydrologie models offers important advantages over the
direct use of hydrologie output from GCMs. The choice of models is wide
and the operating requirements are modest. The effects of a variety of
climate scenarios can be modelled, including equilibrium and transient
responses, and hypothetical responses.
The 1985 WMO report (Klemes, 1985) discusses in detail
of developing hydrological models with a sound physical
necessity of testing the adequacy of these models. This
already had a significant impact on the methods used
researchers interested in climate-related problems.

the importance
basis and the
WMO report has
by hydrologie

Several different hydrologie models have already been used to evaluate
changes in important hydrologie parameters such as runoff and soil moisture
(for summaries of methods and approaches, see Gleick (1986) and Beran
(1986a,b)). These models include empirical and statistical models (such as
Stockton and Boggess (1979), Revel le and Waggoner (1983) and Palutikof
(1987)), and more physically-based analyses (such as Wigley and Jones
(1985), Cohen (1986), Gleick (1986, 1987a), Flaschka et al. (1987), and
Buitot et al. (1988a,b)). These approaches are summarized in Table 2.
While empirical and statistical models are often simpler to design and
manipulate, deterministic, physically-based models permit the direct study
of specific watersheds and an evaluation of the sensitivity of the watershed to changes in a number of climatic forcing variables, such as
temperature and precipitation.
Despite the uncertainties about future regional climatic changes, some
of the studies above have identified some hydrologie impacts that are
insensitive to variations in input assumptions.
In general, annual runoff
has been shown to be more sensitive to changes in precipitation than to
temperature changes (Gleick, 1987b; Flaschka et al., 1987; Karl and
Reibsame, 1988), an effect described theoretically in Wigley and Jones
(1985) and Glantz and Wigley (1987). In contrast, however, the seasonal
distribution of runoff and soil moisture in watersheds with snowpack and
snowmelt is more sensitive to temperature than precipitation.
In such
regions, higher temperatures decrease the snowpack and lead to earlier and
faster snowmelt and changes in the timing of peak and low flows (Gleick,
1987a,b). Bultot et al. (1988b), in addition to finding results similar to
the above, identify the importance of inter-basin differences related to
sub-surface soils for the behaviour of groundwater storage and base runoff
in Belgium. Other generalizations can be made by expanding the types of
watersheds studied. However, there may be significant departures from any
generalizations and these can only be discovered by specific, detailed
watershed studies.
The different modelling approaches described above produce different
types of information about hydrologie changes. The choice of hydrologie
model, therefore, depends on many different factors, including the
characteristics of the watershed to be studied, the hydrologie variables of
interest to water-resource managers, and the availability of regional data.
For example, managers of reservoirs or water-supply systems require
information on changes in the timing and magnitude of flows, whereas
engineers concerned with irrigation requirements and scheduling need
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information on changes in the timing and quantity of available soil
moisture.
These d i f f e r e n t societal i n t e r e s t s are discussed in the
following section.
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Table 2:

Hydrological and water-resource models for impact studies.

NAME OR CATEGORY OF
MODEL, FIRST AUTHOR
AND YEAR

TIME SERIES
OR MEAN
VALUE(S)

INPUT1

OUTPUT

APPLICATION

Causal/Phvsics based
Energy balance
Buitot, 1987

T.S.

(2)

Evap.,
Water
balance

Seasonal water
and energy
budget

Conceptual
EGMO
Becker, 1987

T.S.

(1)

Water
balance

Solution of grid
scale problem

IRMB
Bultot, 1988a,b

T.S.

(2)

Water
balance

Catchment
response contrasts

WARRM/BRM
Fitzgerald, 1987

T.S.

(1)

Runoff,
Irrigable
area

Sensitivity of
irrigable area to
climate change

Thornthwaite
Flaschka, 1987

T.S.

(1)

Runoff

Runoff sensitivity

Thornthwaite
Gleick, 1986

T.S.

(1)

Runoff

Runoff sensitivity

Thornthwaite
Gleick, 1987b,d

T.S.

(2)

Runoff

Runoff sensitivity

-

(1)

Flood
peak

Design criteria
for extreme floods

Regression
Cohen, 1987

M.V.

(2)

Demand

Municipal water
withdrawals

Regression
Palutikof, 1987

M.V.

(1)

Runoff

Warm world scenario,
runoff and water supply

Various
Verhoog, 1987

Both

(1.2)

Various

Assessment of
various impacts

Water budaet
Q=P-E
Liebscher, 1987

M.V.

(1)

Runoff

National overview of
runoff sensitivity

Morton model
Olejnik, 1987

M.V.

(2)

Runoff

Morton model
Sanderson, 1987

M.V.

(2)

Runoff

Great Lakes water
levels

Water balance
Singh, 1987

M.V.

(2)

Runoff

Hydro-power output

Empirical
PMP
Clark, 1987

*

European scale. Precip.
' but no temp, change

(1) = Observed meteorological data, (2) = GCM output data
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7.

IMPACT ON WATER RESOURCES AND THE SOCIO-ECONOMIC ENVIRONMENT

7.1

Basic considerations

Changes in climate, whether linked to an anthropogenic forcing such as
increasing atmospheric concentrations of the greenhouse gases or through
natural variability, will have a socio-economic impact. One such family of
impacts will arise through changes in hydrological regimes.
As discussed in the preceding sections, the present accuracy of
predictions of regional climates in, for example, a high-C02 world is
insufficient for use in hydrological simulation studies. In this situation
of uncertainty, it is best to see where and in what circumstances possible
climate changes may be expected to have the most serious consequences.
Probably the most important implications of climate change for water
resources arise through the effects on droughts and floods, both their
frequency of occurrence and their severity.
Such changes could have
potentially devastating results. A gradual change in mean run-off, by
comparison, will probably be accompanied by a progressive adaptation by the
economic sectors affected, such as agriculture. However, for such sectors
as agriculture, large changes in the seasonal distribution of hydrological
variables might create problems that could only be adapted to at great
expense, if at all.
The primary areas of impact may be categorized under five headings:
physical security, drinking water supply, agriculture, energy supply, and
international (political) security. These are considered in turn below.
Some of the most serious consequences of climate change are related to
physical security.
Changes in hydrological regimes which would have
implications for physical security are those which relate to dam safety and
flood protection works such as dikes.
As regards dam safety, it is
essential to know the sensitivity of spillway design parameters to possible
climate changes. Present spillway dimensions may well prove to be
inadequate for the runoff regimes which may be experienced under warm-world
conditions. The vital questions regarding dam safety, therefore, relate to
the determination of the critical runoff thresholds which a particular
spillway design could withstand, and the frequency of occurrence of these
thresholds under a particular, new, climate regime.
With respect to flooding, it is necessary to distinguish between
upland areas and coastal lowlands. The latter are more vulnerable. The
combination of possible sea-level rise, an increased run-off from upstream,
and an increased frequency and severity of onshore winds, could prove
particularly dangerous. In such an environment, the critical question must
be: For what kind of climate change does the design height of the flood
protection structures have to be changed?
Regarding drinking water, we can distinguish two vulnerable
environments; areas which have minimal recourse to groundwater reserves,
and coastal regions where sea level or climate change might increase the
risks, of salinization of water supplies. Some of the questions to be
addressed here are as follows. If climate change implies longer periods
without rainfall, what (if any) problems will this pose in a particular
region? If there is a gradual increase in the frequency of longer dry
spells, where will shortages occur first, how will the shortages spread,
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and how quickly? What particular circumstances of climate change are most
likely to cause problems? Salinization possibilities provide an additional
perspective to these questions in low-lying coastal areas.
Agricultural food production is particularly vulnerable to climate
change in those areas which presently have a high water use ratio and a
high relative variability of annual rainfall.
It is necessary to
distinguish two different types of climate region: one where the rainfall
occurs outside the growing season, as in the winter wet season of the
Mediterranean region, and one where the rainfall coincides with the growing
season, as in the Sahel.
In regions like the Sahel, low-technology
agriculture is practised and there are no widespread water storage
facilities.
When a drought occurs, adaptation is difficult, and food
production levels may be very low for several years. Actions to reduce the
vulnerability of such areas include the use of existing storage (groundwater) and newly-created storage (groundwater and surface water).
The
exploitation of new resources may, however, in itself have disruptive
influences (as has occurred in the Sahel) and a balanced approach is
required.
Many of the activities described above depend on a regular power
supply. The questions are: When and how, and in what circumstances, could
climate change increase the risk of disruption to energy sources? Areas
that are particularly vulnerable are those that are heavily dependent on
hydro-power. Problems might also arise at thermal and nuclear power plants
due to changes in cooling water availability.
Finally, there is the possibility that international security may be
stressed by climate-change-induced changes in water supply.
This is
possible, for example, in cases where rivers cross national boundaries and
where climate stresses induce an upstream country to exploit a resource to
the detriment of the downstream country's supply (Gleick, 1987c, 1988).
7.2

Primary Issues

Hydrology is concerned with terrestrial waters generally, whereas
water-resources relate to water which is available for human exploitation;
i.e. water at the right time and place and in the right quantity and
quality. Consideration of impacts of climatic change involves the
following activities which depend upon water:
(a)
(b)
(c)
(d)
-(e)
(f)
(g)

Water treatment and domestic drinking water supply.
Supply for industry, irrigation and power production.
Agricultural water use.
Sewage, sewage treatment, effluent disposal and dilution.
Land drainage and flood protection.
Navigation.
Fisheries, conservation and recreation.

In many cases the water sources for these activities will be from
rivers, but a full analysis requires consideration also of aquifers, soil
moisture, lakes and glaciers.
In discussing management response and research
following key factors need to be borne in mind:

requirements,

the
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(i) The impact of climatic change is likely to be most adversely felt
in regions which presently use a high proportion of available
water.
(ii) Water supply systems which are, under the current climate,
resilient with respect to adverse weather conditions, will be
more able to meet changed climate conditions.
(iii) Water resources whose physical properties are well understood and
whose exploitation is based on this understanding will be capable
of being reorganised most rapidly to accommodate new conditions.
(iv) One should avoid making unattainable demands on climate and
hydrological modellers. They will never be able to supply data
equivalent to instrumental records. While advice will have to be
offered to governments, and to planners and operators of waterresource systems, it must be recognised that such advice will be
derived from an uncertain factual base.
Excessive claims to
accuracy and precision must be avoided.
The practical consequences of these factors may be stated as follows.
Regions of high present exploitation - perhaps simply indexed as the
proportion of mean annual runoff (or P-E) which is utilized - will be most
at risk from change.
Regions of high intrinsic variability - perhaps
indexed in terms of interannual variability and seasonal contrast - will
also be at risk, though possibly to a lesser extent. These conditions may
be found, for example, in the dry regions of the world and also in regions
with very high population density.
Another consequence is that climatic change requires an increased
understanding of existing hydrological systems, both those currently
exploited and others in the neighbourhood that may be brought into use. To
this extent, climatic change gives rise to recommendations which are
precisely aligned with current, often-repeated, calls for increased
knowledge and observational networks.
Politicians and planners require education about water-resource
impacts, the reasonableness of the predictions, and the risks, in order to
allow them to judge the need for action without giving the impression that
future climate can be specified accurately. The consequences of global
warming need not all be negative, however.
For example, warming will
increase the period when ice-bound rivers remain navigable, and, as in 1976
in western Europe, the enhanced biological activity may allow relaxation of
some regulations concerning effluent dilution.
7.3

State-of-the-Art

There has been little research on water-resource impacts of climatic
change, since most effort has focussed on more direct hydrological impacts.
Similarly, there are few examples where the further socio-economic impacts
of altered water-resources have been considered. Of studies that may be
described as related specifically to water resources, it is notable that
they have all concerned surface water resources, rivers and lakes.
Beran (1986) reported on studies of reservoir reliability by Schwarz
(1977) and Nemec and Schaake (1982). Beran (1984) also gave consideration
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to this same problem using a more statistical approach.
While such
information is highly relevant at the project level, it is equally true
that those concerned with water resources at a more strategic level can
make use of much simpler data.
Useful insights can be obtained, for
example, by analyzing the differences in water-resource potential within
the instrumental record, using its different segments as scenarios. Thus
Klemes (1979) found that, for instance, to sustain a given constant draft
(35% of long-term mean was used) with a 97% reliability, a reservoir on the
Elbe. River (Czechoslovakia) would need a carry-over storage capacity
ranging from zero to 3 x lO^m^, depending on which of the four consecutive
25-year periods from a 100-year instrumental flow record (1851-1950) is
used as a scenario.
In a more recent study, Palutikof (1987) uses
scenarios constructed from the instrumental record to map out the possible
change in UK water resources in the early years of a climatic change
through average seasonal adjustments.
She also demonstrates, through
consideration of the annual mean, the critical role that might be played by
the direct effect of CO2 on vegetative water use in possibly reversing the
climate-induced reduction (see also, Wigley and Jones, 1985).
Other recent papers by Glantz and Wigley (1987), Callaway and Currie
(1985) and Laurenson (1987) are useful in identifying the various aspects
of the problem and in setting out a framework for study and enumerating
information needs. Such studies, as did Lofting and Davis (1977), point to
features that are specific to the water supply case. The most obvious of
these is that, unlike other commodities, water availability often leads
demand.
Recent consideration was given to this issue at a UK (NERC/UKDOE)
meeting in April, 1987 concerned with priorities for research into climate
impacts. At the meeting it was recognised that the considerable data base
required, the long lead time, and high construction costs involved in
water-resource projects all mean that incremental adaptation to climate
change, while possible in some spheres of human activity, is not generally
feasible in water resources. Research into forward planning needs must
therefore have high priority.
Another meeting with similar objectives on the European scale
(European Workshop on Bioclimatic and Land Use Changes, Noordwijkerhout,
The Netherlands, 16-21 October, 1987), divided the study area into the
Mediterranean region and the cool temperate region.
The former was
recognised as a region of considerable water-resource sensitivity, but
currently not particularly active in relevant research. Priority subjects
identified for this region were the sensitivity of lake eco-systems and
coastal aquifers. Water conservation measures and practices for countering
salinization were also considered important. The group concerned with the
cool temperate region concentrated on the general need for improved
knowledge of the hydrological cycle and listed projects relating to
specific water-resource problems with a high utilitarian profile in
particular regions - e.g. hydroelectricity in Norway, navigation in the
Rhine basin.
Finally, a
currently being
the Advancement
aspects of the
aspects.

book on climate change and United States water resources is
prepared under the auspices of the American Association for
of Science (AAAS). Due in 1989, this book will cover all
problem, from modelling to socio-economic and political
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7.4

Information requirements

There are several levels at which data are required for water-resource
purposes. At the planning and policy level for national and international
comparisons, it is often sufficient to know future changes in mean values
of hydrological and climate variables. This type of data is the most
readily available and presumably also the least uncertain.
Regional and large basin studies demand information on future interannual variations and seasonal contrasts (e.g. the proportion of runoff
occurring in the winter and summer half years). Such data, if obtained
from existing scenario studies based on GCMs, are less reliable than annual
data, but values can be extracted from other sources such as palaeo- and
warm-world scenarios and from regional analogues. The particular variable
whose future value is required has to be selected in the light of the
water-resource problem. The warm-world estimate must be thought of as a
working hypothesis and not as a prediction.
At the project level, the information needed is, ideally, that which
is used for design and operation under the current climate. Often this
will relate to extreme events over short time periods. Present-day GCMs
are unable to give useful information on such events. This deficiency is
commonly overcome by using an input series based on current observations
which is then adjusted to post-change seasonal means.
However, it was
recognised that attempts to superimpose a daily time variation on a monthly
or seasonal average often did not use all the information that is available
or inferable from models or from first principles.
The group recognised a tendency in past studies to focus on surface
water resources, presumably because of the ready availability of transfer
functions for converting climate inputs to river flow outputs. However, it
is clear that in many parts of the world such sources are of less
importance than groundwater, for example, for drinking water. As listed in
Section 2, many important problems relate to water quality, sediment load,
and especially soil moisture.
The group also discussed the usefulness of the "breakpoint" approach.
In this, the resilience of the water-resource system is tested against
entirely hypothetical adjustments to climatic inputs. For example, it may
be determined that the existing arrangements will continue to provide
acceptable service up to particular values for changes in precipitation and
temperature.
These changes can then be inspected in the light of the
various scenarios of future climate to ascertain the degree of need for
concern.
7.5 -Problem areas
Action may best be considered in relation to particular water-resource
problems and the following paragraphs identify areas where such problems
arise.
7.5.1

Surface runoff resources

There will be a very direct impact on river flow from any climate
change. This will not only affect direct extractions but also other uses
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of rivers, i.e. effluent dilution, cooling, navigation, fisheries. These
uses are also sensitive to water quality, sediment load, and temperature.
Only in humid temperate regions, or from exceptionally large watercourses, can run-of-river flows alone supply a totally reliable resource.
Even here, and certainly over the greater part of the globe, storage must
play some part in the exploitation of surface resources.
The analysis of storage requirements and of river flows requires
climate information at a short time step; monthly is just acceptable and
daily data are ideal. The evaluation of flood hazard, and its adjustment
due to climate change, require data at an even shorter time step, or more
realistically, some knowledge of the alteration to the frequency of storm
events.
7.5.2

Sea level rise

This is an impact area in its own right which is receiving a great
deal of international attention. Hydrologists and water-resource planners
must be aware of work in this area because of its close connection to
hydrological issues. This link arises because of the tendency for
populations to concentrate in coastal regions with consequent pressure on
coastal aquifers and watercourses.
Increased food production and water withdrawals are already giving
rise to saline intrusion. Any sea level rise can only aggravate this.
Concerning coastal watercourses, changes can be expected in the physical
characteristics and hydrodynamics of estuaries, and increased brackishness
can be expected in the lower reaches of rivers.
This can be further
aggravated if climatic change leads to reduced summer river flows, and
intakes may have to be abandoned in favour of new ones at a higher point.
It should not be forgotten that flooding is often a risk along coastal
rivers especially if these flow between levees.
The problems of the
Netherlands and Bangkok came to mind where land levels are below high tide
level and, in the latter case, are subsiding due to aquifer pumping. In
the estuary zone, flood risk is often an existing problem and a deepened
estuary may allow surges to penetrate further upstream.
7.5.3

Land degradation

Desertification and degradation of land due to unwise management
practices are already a very severe problem around the world. Salinization
of irrigated areas is another aspect of this problem.
It was felt that
climatic change may aggravate some of these trends.
For example, an
increase in rainfall intensity would accelerate soil denudation and lead to
further problems.
Sediment flows in rivers would increase leading to
increased flood risk as bed levels rise (Verhoog, 1987) and to reduced
storage and power output as lakes and reservoirs fill. The capacity of
soils to retain soil moisture would diminish and this would have adverse
effects on agriculture. Lack of soil cover would also favour more rapid
runoff and reduce soil and groundwater recharge. All these phenomena are
well known and all too prevalent at the present time. Their reversal is
made more urgent by the prospect of climatic change.
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The group welcomed the news that Unesco had included a topic in its
future draft programme for IHP on the relationship between hydrology, river
morphology, and water-based ecosystems in the light of climatic change. It
appeared here, as elsewhere, that improvements in current practices would
have major benefits for post-change climatic conditions. Water harvesting
and soil conservation measures were an obvious response.
7.5.4

Water quality

Other physical attributes of water such as temperature, acidity,
oxygen content and biological aspects also need to be considered. Many of
these would be controlled primarily by the temperature and modified by the
pattern of flow and its division between base flow and the more immediate
response to rainfall. Similar rules would apply to soil and groundwater.
The group felt itself unable to comment from its own experience and
knowledge on such matters, beyond observing that water temperature would
follow any upward march of air temperature. While locally no doubt of
critical importance - e.g. cooling water, fish stocks - the effect of water
temperature increases might also be beneficial and overall may be less
severe in water-resource terms than quantitative aspects of water
availability. Nevertheless, the group felt that some international effort
would be justified to review knowledge on the subject.
7.5.5

Soil moisture

The discussion group agreed that this subject deserved special
attention, as water in the unsaturated zone was vital to food production,
vegetation and the integrity of the surface layers. As a hydrological
variable, crude soil moisture values are available as output from many
GCMs, and soil moisture level changes can also be computed using off-line
transfer functions with, as input, more fundamental variables from the GCM
output (Gleick, 1987b). Since soil moisture levels are dependent on runs
of rain free days, this type of information should be given special
attention by modellers. Plant-water relations, biome responses to altered
climate and phenology, and the "fertilizer" effect of CO2 were also
research areas that were relevant to post-change soil moisture studies.
7.5.6

Groundwater resources

All areas of the globe make considerable use of groundwater as a
source of drinking water and for agricultural and industrial use. In dry
regions, it is the sole resource over large parts of the year and its
sensitivity to climate change is therefore critical.
Under a global
warming the groundwater resource will increase in importance. Models for
studies of aquifers require climatic inputs as well as knowledge of the
properties of the sediments and rocks. Hydrogeological studies can often
make use of runoff characteristics from rivers fed by groundwater to obtain
information about such geological properties. The climatic inputs required
by these models will usually relate to changes in precipitation and
evaporation changes, often averaged over quite long time periods.
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7.5.7

Water for food

While rain-fed agriculture is the norm in temperate regions, over
large parts of the Earth's surface, rainfall must be supplemented by
irrigation from rivers, reservoirs and groundwater. Hydrologists have a
role here in studying such resources.
Although a vital area for
consideration, in scientific terms the topic could be regarded as similar
to other water supply problems, although there are important differences in
the seasonality of demand and the direct effects of an altered climate and
atmosphere on the plants.
7.6

General lessons for water-resource impacts

The group considered what general lessons might be learned from
existing and future studies, particularly those lesson that would aid
decisions for particular cases and which may be translated into actions
even in advance of an uncertain climate change.
Firstly, it was very clear that all information was potentially
valuable and need not be quantitative or finely disaggregated spatially or
temporally. Qualitatively expressed trends in, for example, mean values,
seasonal breakdowns, directions of changes in the frequencies of extremes,
were all points which could be used by planners in arriving incrementally
at a practical response to new risks.
Breakpoint analysis was felt to be valuable as a management aid in
determining the level of risk that a particular system faced. In order to
spread the risks, future water-resource schemes may have to concentrate
more on utilizing large numbers of smaller sources and, where possible,
make increased use of widely dispersed sources and inter-basin transfers.
There could be more regions in a warm world where reservoirs would not be
viable and other water harvesting measures would become more important.
Planners should, however, be ready to take advantage of possible beneficial
changes as well as guarding against the negative aspects.
On the research front, consideration was given to data requirements
for climate change impact analyses in the sensitive areas outlined above.
As discussed in Section 6, even direct meteorological output from GCMs is
currently of minimal predictive value.
For planning purposes, and for
obtaining insights into future erosion and reservoir sedimentation
problems, more complex descriptors of the rainfall climatology are
required; such as changing frequencies of droughts and floods, seasonal
values for the number of dry and wet days, lengths of dry-day runs, rainfall amount per day, rainfall intensity, etc. It will be some time before
utilizable, regional-scale output of such rainfall-related variables
becomes available.
In Section 6, some of the possible methods for
obtaining information on the changes in these variables in a warm world are
discussed.
Even though regional-scale GCM output data currently have little
predictive value, exploratory uses of these data can be valuable.
For
example, recent papers have demonstrated the feasibility of obtaining
hydrographs of riverflow from GCM output.
From a hydrograph, standard
hydrological diagrams can be derived. For example, several analysts have
explored the sensitivity of the storage-yield diagram.
The independent
derivation of the same diagram by a number of different researchers enables
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GCMs results and applications to be compared across scientific
contributions, and it is hoped that this trend towards standardization will
continue. However, this particular diagram is relevant only to reservoir
problems and other summaries of hydrological data should also be
considered.
Those that came to mind were flood and low flow frequency
curves, flow duration curves, and seasonal summaries of mean values and
proportions. It was appreciated that those measures which required shorttime-step information for their calculation, particularly the flood
frequency curve, must be subject to even more uncertainty than parameters
based on coarser temporal resolution GCM output. This, however, might be
outweighed by the importance of the information from a practical point of
view.
Measures should also be devised which relate to other aspects such as
those referred to in 7.1 to 7.5. Furthermore, it is important to integrate
water-resource aspects into more globally encompassing socio-economic
studies of regions (Askew, 1987). In general, this is a difficult task,
but it can be relatively simple when water plays a critical role such as in
energy production (Cohen, 1986).
The main lesson seems to be that water management practices which are
well understood and attuned to water availability, which are resilient to
present-day climate variability, and which are well-supported by correct
land management practices will be most able to accommodate foreseeable
climatic change. This means that ongoing international programmes in water
resources and/or climate such as those of WMO, Unesco, FAO, UNEP, etc.
which support such management practices are of continuing and increasing
importance in the context of climatic change.
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8.

PROPOSAL OF FUTURE ACTIVITIES

8.1

Introduction

Future activities within WCP-Water Project D.l should, in general, be
governed by the needs of water-resource planners and managers for
assessments of the sensitivity of water-resource systems (WRS) to climate
variability and change. In this general sense, these future activities
should be directed towards the needs of the user and may vary according to
the requirements of different types of WRS.
To be able to implement the above rationale, two questions have to be
answered first,
(1) What specific aspects of climate are most relevant to the specific
WRS?
(2) What problems can be solved on the basis of present knowledge?
Question (1), while looking rather straightforward, may in fact be
quite complicated and may depend on the extent of the climate change and/or
changes in variability. It can seldom be answered by the WRS technologist
alone, but calls for the involvement of climatologists, hydrologists and
other non-water-resource experts.
It therefore opens up a stream of
activities aimed at in-depth analyses of the dominant inter-related aspects
of climate and the specific WRS under examination.
To give a simple
example, consider a water-supply storage reservoir built (or to be built)
on a stream under present conditions of climate and demand. It may be a
reservoir operating on a seasonal basis so that the most important climatic
aspects are the seasonal distribution of its inflows, precipitation,
temperature, evaporation, and other seasonal effects. Hence, the waterresource planner may be interested in the effect of climatic variability on
the seasonal fluctuation of these parameters. However, should the climate
become drier, the reservoir - in order to satisfy the existing, or possibly
increasing, demand - may require long-term storage capacity and hence the
long-term climatic patterns such as trends, persistence in annual flows,
etc., may become more important than the short-term patterns important for
seasonal regulation under present climate conditions. If such a change of
emphasis is not given sufficient attention, the WRS planner may end up
having answers to problems that may not be relevant under the new
conditions.
Problems of this nature may arise in many other WRS and should be
analysed in depth before an appropriate course of action is adopted. It is
suggested that the linkages between various types of WRS and the
determining climate variables are analysed and compiled for different
geographical areas in order to elucidate the locally most important
climatic aspects to be considered in the various sensitivity analyses.
Question (2) is equally crucial since it will be the starting point
for many new activities in modelling research, data collection systems,
etc. It is also perhaps the more difficult one since it requires an honest
assessment of the state of the art, a separation of facts from assumptions,
a critical assessment of existing modelling capabilities, adequacy of data
bases, and theories. The difficulty is increased by at least two factors:
(a) the pressure from the water-resource community (which often controls
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the funding of related hydrological and climatic studies) to obtain
answers at least cost and within shortest deadlines;
(b) the tendency on the part of the analyst to inflate his own
capabilities, knowledge and competence in order to protect and advance
his standing, improve chances to obtain contracts, etc.
It is only after answering question (2) that fruitful courses of
action can be identified more specifically. These may be categorized as:
(i)

State of the art pro.iects (within present technological and other
capabilities);

(ii)

Soft research projects substituting plausible but unverified
assumptions for unknown scientific facts in order to create
scenarios, demonstrate or improve methodologies and modelling
technologies in the absence of real data and/or knowledge of
process mechanisms in order to produce simulated results as
provisional substitutes for the real ones;

(iii)

Hard research pro.iects addressing the weak links in the state of
knowledge, testing new theories on existing data, designing field
experiments requiring new types of data, new observations and
data processing technologies, etc.

(iv)

Dissemination of information through education- and training and
the provision of information to relevant professions concerning
the possible impacts of climate change and variability on water
resources•

8.2

State-of-the-art pro.iects

(a) Compilation and continual updating of data sets, information and
analyses concerning climatic, hydrological, soil, ecological,land-use
and other conditions on regional, national, continental and global
scales*
(b) Compilation and quality control of "bench mark" historical data sets
for periods and regions that could serve for the production of
scenarios for any presently-foreseeable climatic change, or covering
periods of significant climatic fluctuations in general.
(c) Testing of current climatic, hydrologie and water-resource impact
models on the data sets mentioned in 8.2(b) for their capabilities to
simulate conditions different from those for which they have been
calibrated, as recommended in the 1985 WMO report (Klernes, 1985).
(d) Documentation and analyses of societal impacts', responses and
effectiveness of remedial measures to large-scale, historicallydocumented climatic fluctuations.
(e) Analyses of the operational flexibility and structural adaptability of
key existing water-resource systems and their ability to absorb
changes in external conditions.
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8.3

Soft research projects

(a) Use of bench mark data sets (8.2(b)) as scenarios (directly or
indirectly through simulation of similar conditions) for assessments
of various WRS.
(b) Construction of climatic and hydrological scenarios using models
selected after appropriate testing (8.2(c)) for assessment of various
WRS including those other than reservoir systems.
(c) Periodic reviews of scenarios and their use.

8.4

Hard research projects

(a) Development of methods for estimating sub-grid scale climate details
from coarse resolution GCM output for inputs to hydrological models.
(b)

Spatial and temporal dynamics of water and energy balances on
regional, continental and global scales as a basis for new and better
macro-scale hydrological models. (As envisaged for the WCRP Global
Energy and Water Cycle Experiment - GEWEX.)

(c) Role of the biosphere in the spatial and temporal dynamics of water
and energy balances, with special attention to the effect of changes
in CO2 levels (research projects could be initiated within the framework of the ICSU International Geosphere-Biosphere Project (IGBP)).
(d) Modelling of feedbacks from land processes to climatic forcing and
their incorporation into GCMs (as envisaged in GEWEX).
(e) Examination of internal consistency of
especially those based on GCM outputs.

future

climate

scenarios,

(f) Areal precipitation and vapour flux measurements over land surfaces.
(g) Role of storage mechanisms in producing quasi-periodic patterns in
geophysical and ecological processes, and their relation to the
interpretation of hydrological and other geophysical series (see
Klemes and Klemes, 1988).
(h) Effects of geophysical processes on climate and the hydrological
regime (volcanic eruptions, tectonics, deep groundwater interactions
with the lithosphère, ocean heat storage, effect of solar activity on
atmospheric processes, heat redistribution through ocean currents,
water as carrier and redistributor of trace elements, toxic substances
and other chemicals, etc.).
(i) Water and energy fluxes along and across boundaries between different
environments and interfaces, and in areas of steep gradients of
climatic variables.
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8.5

Dissemination of information

Workshops, symposia, publications, training courses, recommended
curricula, etc. (in collaboration with IAHS, Unesco, WMO and other
international bodies).
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ANNEX 2
PROVISIONAL AGENDA
1.

Opening.

2.

Review of WCP-Water Project D.l.

3.

Technical presentations by participants on current developments in the
subject area.

4.

Preparation of summaries of the current state-of-the-art with regard
to the various components of the subject area:
(a) climate change and variability
(b)

impact on the hydrological regime

(c)

impact on water-resource systems

(d)

impact through the hydrological regime and waterresource systems on the wider natural and socioeconomic environment.

consideration being given to the following aspects:
nature of the impact
extent of the impact
means of assessment and prediction
5.

Proposals for future activities, including studies that might be
undertaken at the national level and complementary section at the
international level.

6.

Close of meeting.
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ANNEX 3
ANNOTATED BIBLIOGRAPHY

Bradley, R.S., Diaz, H.F., Eischeid, J.K., Jones, P.D., Kelly, P.M. and
Goodess, C M . , 1987: Precipitation fluctuations over Northern
Hemisphere land areas since the mid-19th century. Science 237. pp.
171-175.
An extensive array of measurements extending back to the mid-19th
century was used to investigate large-scale changes in precipitation over
Northern Hemisphere land areas.
Significant increases in mid-latitude
precipitation and concurrent decreases in low-latitude precipitation have
occurred over the last 30 to 40 years. Although these large-scale trends
are consistent with General Circulation Model projections of precipitation
changes associated with doubled concentrations of atmospheric carbon
dioxide, they should be viewed as defining large-scale natural climatic
variability. Additional work to refine regional variations and address
potential network inhomogeneities is needed. This study attempts to show
secular precipitation fluctuations over hemispheric- and continental-scale
areas of the Northern Hemisphere.

Bultot, F., Coppens, A., Dupriez, G.L., Gellens, D. and Meulenberghs, F.,
1988: Repercussions of a CO2 doubling on the water cycle and on the
water balance. A case study for Belgium. Journal of Hydrology 99.
pp. 319-347.
The impact of the climate change induced by a doubling of the CO2
atmospheric concentration on the hydrologie system is investigated.
For this purpose, a daily step conceptual hydrological model
(developed at the Royal Meteorological Institute of Belgium) was run for
present-day climatic conditions and for the expected 2 x CO2 conditions
over an eighty-year period. Potential and effective évapotranspiration,
soil moisture, snow cover episodes, groundwater storage, flow components at
the outlet and water budget were simulated.
Three drainage basins in Belgium, namely the Zwalm river, the Dyle
river and the Semois river, were chosen to evaluate the common responses to
a CO2 doubling and to bring out also differences ascribable to the specific
characteristics of each basin.
In the 2 x CO2 conditions, the following features could be expected:
1.

A strengthening of the potential and effective' évapotranspiration
throughout the year (about 9% for the annual
potential
évapotranspiration; about 7% for the annual effective one).

2.

A decrease in soil moisture during all seasons (except in winter) to a
maximum at the end of the summer. An increased frequency of daily
values of the water content of the aeration zone of the soil below 60
or 40 per cent of its capacity at saturation.
Consequently, an
occasional diminution of meadow and crop yield.
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3.

A shortening of the spells with snow cover. Consequently, lower cost
of snow clearing and reduction of the pollution risks inherent in the
spreading of chemicals to induce snowmelt.

4.

In catchments where the infiltration rate is high (e.g. the Dyle river
with its thick aquifer in sandy-loamy soil) an increase of the
groundwater storage and then an increase of the baseflow and of the
total flow throughout the year. Consequently, a reduction of the
river pollution risks during summer and a possible increase of the
water supply from the aquifer.

5.

In catchments where surface flow prevails (e.g. the rock-bottomed
Semois catchment, and the Zwalm catchment with its impermeable clay
layer near the surface)
an increase of flood frequencies during winter months leading to
modifications of the extreme hydrological conditions;
new design of hydrologie engineering structures could be
required;
a decrease of the streamflow during the summer season leading to
increased river pollution risks;
possible restraints, in summer and autumn, on water supply from
local groundwater storage.

Glantz, M.H. and Wigley, T.M.L., 1987:
Climatic variations and their
effects on water resources.
In: Resources and World Development,
(D.J. McLaren and B.J. Skinner, eds.). John Wiley and Sons Ltd., pp.
625-641.
Climatic variability and change affect water resources on both the
supply and demand sides. This paper concentrates on the supply side. The
annual budget equation, which relates runoff (R) to precipitation (P),
évapotranspiration (E) and other losses (L), is used to show that changes
in both P and E can have amplified expressions in runoff changes,
especially at low runoff ratios. Arid and semiarid regions are therefore
most sensitive to climatic variability. The budget equation also shows
that, if hydrologie models are to be used to predict the runoff changes
that might occur in response to prescribed changes in climate, then the
results can be very sensitive to model errors. The sensitivity of runoff
to P and E changes, and the possibility that future P and E changes may be
large, demands that they be considered in water resources planning. To
illustrate the need for such consideration, three case studies are
described in which existing climate information was incorrectly used. In
drawing up the Colorado River Compact, decadal time-scale fluctuations were
ignored, thereby placing an undue burden on the Upper Basin in dry periods.
In the Yakima River basin in 1977, model-based forecasts of water supply
were ignored because of incorrect perceptions of the likelihood of drought,
leading to unnecessary hardship and expenses for junior water-rights
holders. In recent studies of future drawdown of the Ogallala aquifer,
future climatic change has not been considered, in spite of the probability
of increasing dryness in the U.S. Great Plains.
In general, decision
makers tend to focus on only the most recent climate, ignoring past changes
and possible future changes. Future climatic changes due to increasing
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concentrations of carbon dioxide and other "greenhouse" gases are likely to
be both larger and more rapid than those that have occurred in the past,
and the possible implications of these changes, and of changes in
variability and the frequencies of extremes, should not be ignored.

Gleick, P.H., 1986: Methods for evaluating the regional hydrologie impacts
of global climatic changes. Journal of Hydrology 88, pp. 97-116.
Concern over changes in global climate caused by rising atmospheric
concentrations of carbon dioxide and other trace gases has increased in
recent years as our understanding of atmospheric dynamics and global
climate systems has improved.
Yet despite a better understanding of
climatic processes, many of the effects of human-induced climatic changes
are still poorly understood. The most profound effect of such climatic
changes may be major alterations in regional hydrologie cycles and changes
in regional water availability. Unfortunately, these are among the least
we11-understood impacts.
This paper reviews approaches for evaluating the regional hydrologie
impacts of global climatic changes and presents a series of criteria for
choosing among the different methods. One approach - the use of modified
water-balance models - appears to offer significant advantages over other
methods in accuracy, flexibility, and ease of use. Water-balance models
are especially useful for identifying the regional hydrologie consequences
of changes in temperature, precipitation, and other climatic variables.
The ability of water balance models to incorporate month-to-month or
seasonal variations in climate, snowfall and snowmelt algorithms,
groundwater fluctuations, soil moisture characteristics, and natural
climatic variability makes them especially attractive for water-resource
studies of climatic changes. Furthermore, such methods can be combined
with state-of-the-art information from general circulation models of the
climate and with plausible hypothetical climate-change scenarios to
generate information on the water-resource implications of future climatic
changes.

Gleick, P.H.f 1987: The development and testing of a water balance model
for climate impact assessment: modeling the Sacramento Basin. Water
Resources Research 23, pp. 1049-1061.
Within the next few decades, changes in global temperature and
precipitation patterns caused by increasing atmospheric concentrations of
carbon dioxide and other trace gases are likely to appear. At present, we
are unable to evaluate the regional hydrologie impacts of such climatic
changes with any certainty. Using modified water balance methods, a model
of a critical hydrologie basin, the Sacramento Basin in California, is
developed and tested for the purposes of investigating the effects on water
availability of changes in climate. This basin was chosen because of the
importance of its water supplies to agricultural and industrial
productivity and because of the quality and quantity of the hydrologie data
available. The water balance model is capable of reproducing both the
magnitude and the timing of monthly and seasonal runoff, as well as changes
in soil moisture conditions. The results suggest that the application of
such models may provide considerably more information on regional
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hydrologie effects of climatic changes than is currently available. Such
information is likely to have important ramifications for long-range water
resource planning, for agricultural water development and conservation, and
for industrial water use over the next several decades.

Gleick, P.H., 1987:
Regional hydrologie consequences of increases in
atmospheric CO2 and other trace gases. Climate Change 10, pp. 137161.
Concern over changes in global climate caused by growing atmospheric
concentrations of carbon dioxide and other trace gases has increased in
recent years as our understanding of atmospheric dynamics and global
climate systems has improved.
Yet despite a growing understanding of
climatic processes, many of the effects of human-induced climatic changes
are still poorly understood.
Major alterations in regional hydrologie
cycles and subsequent changes in regional water availability may be the
most important effects of such climatic changes. Unfortunately, these are
among the least well-understood impacts.
Water-balance modeling techniques - modified for assessing climatic
impacts - were developed and tested for a major watershed in northern
California using climate-change scenarios from both state-of-the-art
general circulation models and from a series of hypothetical scenarios.
Results of this research suggest strongly that plausible changes in
temperature and precipitation caused by increases in atmospheric trace-gas
concentrations could have major impacts on both the timing and magnitude of
runoff and soil moisture in important agricultural areas. Of particular
importance are predicted patterns of summer soil-moisture drying that are
consistent across the entire range of tested scenarios. The decreases in
summer soil moisture range from 8 to 44%. In addition, consistent changes
were observed in the timing of runoff - specifically dramatic increases in
winter runoff and decreases in summer runoff. These hydrologie results
raise the possibility of major environmental and socioeconomic difficulties
and they will have significant implications for future water-resource
planning and management.

Jones, P.O., Wigley, T.M.L. and Wright, P.B., 1986: Global temperature
variations between 1861 and 1984. Nature 322. pp. 430-434.
Recent homogenized near-surface temperature data over the land and
oceans of both hemispheres during the past 130 years are combined to
produce the first comprehensive estimates of global mean temperature. The
results show little trend in the nineteenth century, marked warming to
1940, relatively steady conditions to the mid-1970s and a subsequent rapid
warming. The warmest three years have all occurred in the 1980s.
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Olejuik, J., 1987: A study of the present and future condition of actual
évapotranspiration and runoff for Europe considering future scenarios
of precipitation. Paper to Young Scientists Summer Programme. 1987,
ECS Biosphere Project.
The purpose of the paper is to show "not-impossible" shifts in
hydrologie cycles on the European continent due to a change in climate. A
model was therefore developed to determine the actual and potential
évapotranspiration in a year.
Both hydrological characteristics are
determined by precipitation, latitude and altitude. Runoff is based on the
water balance equation, and simply defined as the difference between
precipitation and actual évapotranspiration.
The model is applied to the European continent, and is based on grids
of size 0.5° latitude by 1° longitude. The results that are obtained for
the present climatic conditions are in accordance with measured
hydrological variables. They also suggest that a considerable shift in
runoff and évapotranspiration may result from a change in climate.

Palutikof, J.P., 1987: Some possible impacts of greenhouse gas induced
climatic change on water resources in England and Wales.
In: The
Influence of Climate Change and Climatic Variability on the Hydrologie
Regime and Water Resources, (S.I. Solomon, M. Beran and W. Hogg, eds.)
IAHS Publ. No.168, pp. 585-596.
Two methods are employed to derive scenarios of runoff changes in ten
drainage basins in England and Wales due to increasing atmospheric
concentrations of the greenhouse gases. The first method compares
reconstructed riverflow data for the warmest and coldest twenty-year
periods this century.
It suggests riverflow will decrease in southern
England and Wales and increase in northern areas.
The second method
attempts to introduce the direct effects of CO2 on plant transpiration into
the analysis. In this scenario, riverflow could be expected to increase
throughout the country. The results from the two analyses are compared and
discussed in the context of changing water use patterns in England and
Wales.

Palutikof, J.P., Wigley, T.M.L. and Lough, J.M., 1984: Seasonal Climate
Scenarios for Europe and North America in a Hiqh-CO?, Warm World.
United States Department of Energy, Carbon Dioxide Research Division,
Technical Report No.TR012, Washington, D.C., 70 pp.
As a result of Man's activities, the concentration of CO2 in the
atmosphere has risen substantially since pre-industrial times.
Future
increases in atmospheric carbon dioxide may be expected to cause extensive
disruptions of the global circulation system, accompanied by continuing and
eventually substantial changes in climate.
One of the most pressing
concerns of climatologists today is to determine the scale of these
climatic changes. Will they be sufficient to disrupt Man's climate-related
economic activities, such as agriculture, water resources and energy
consumption?
If so, can we determine the likely regional and seasonal
patterns of these changes in climate, and so provide some forecast of the
areas which will be most affected?
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This report presents work done in the Climatic Research Unit to
determine possible patterns of climatic change in Europe and North America
associated with a global C02-induced warming. Although numerical models
and analogues based on warm periods in the geological past have been used
to simulate the effects of increasing CO2 on climate, they cannot provide
the necessary detail to allow scenario development on a regional scale.
The scenarios presented here are based on warm and cold periods from the
twentieth-century instrumental record. Four sets of scenarios were
prepared, each using different criteria for the selection of data used in
the construction process.
One of these sets is based on twenty-year time scale data from the
period of warming which occurred during the early twentieth century. Since
this warming may be partly attributed to increasing CO2, and since the
warming effect of CO2 is a medium to long time scale phenomenon, this
particular scenario is preferred over the others.
The regional patterns of three surface parameters are discussed for
the different scenarios: sea level pressure, temperature and precipitation.
Contrasts which arise between the scenarios because of differences in the
construction method are critically examined.
Where the construction
process allows, maps are also presented of the change in temperature and
rainfall variability. The results for Europe are presented first, followed
by those for North America.
Although contrasts do occur between the patterns of the four scenarios
for Europe, there are also some notable similarities. Winters are expected
to become colder (and more variable) over large parts of the continent.
This cold zone is associated with an increase in blocking frequency.
Rainfall should decrease overall in spring and summer, whereas autumn and
winter should be wetter in a warm world. The changes for both temperature
and rainfall can be related to the scenario pressure patterns.
The North American scenarios for temperature and pressure exhibit much
less inter-seasonal contrast than is the case for Europe. Temperatures are
shown to be generally higher throughout the year in a warm world. Of the
three scenarios for which temperature maps are presented here, only that
based on long time scale changes during the early twentieth century warming
(Scenario C) shows any extensive development of cooler conditions over
continental areas. Temperature variability should be lower. North America
shares with Europe indications that winters will be wetter, but autumns are
expected to be mainly drier.
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