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ABSTRACT: This paper provides a comprehensive overview of the state of the science in estimating 
potential effects of climate change on the human environment. The paper provides an  overview of the 
state of effects research and outlines the analyses required in order to make adaptive policy. It compares 
approaches that have been taken for measuring the human consequences of climate change, and 
outlines the results of climate change impact studies that have been performed both on individual 
sectors and entire regions. The paper also discusses both the results of studies of historical environ- 
mental changes that serve as analogs for potential future climate change and the major sources of 
uncertainty. The paper concludes with a summary of effects, knowns and unknowns, and directions for 
future research. In general, future effects research needs to be targeted on regions rather than 
individual resources; it must take the timing of resource effects and technological change explicitly into 
account; and it must dlrectly address uncertainty using new and more efficient computational tech- 
niques, as opposed to brute-force Monte Carlo estimation. 

INTRODUCTION 

This paper is concerned with the potential effects of 
climate change on the human environment. Although 
much has been written in both the scientific literature 
and popular press concerning the 'greenhouse effect' 
and its potential consequences for natural and human 
resources, and although other overviews of impact 
studies exist (e.g. hebsame 1989 reviews many of the 
studies and methods used in assessing the impact of 
climate on human society, and Topping 1989 contains a 
large number of papers on impacts and planning and 
energy policy responses), we have yet to see a short, 
comprehensive overview of the state of the science that 
fully explains the existing gaps in our knowledge of 
these effects. Also, while much has been written on 
policy to control the greenhouse effect, we believe that 
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existing emissions rates and limited prospects for their 
early control already may have ensured that some 
climate change will take place sometime in the next 
century, increasing the urgency of effects research. 
However, we have yet to see serious policy discussions 
of how societies might reasonably adapt to a warmer 
world, or a review of research may be needed to guide 
such adaptations. This paper attempts to fill both needs 
by providing an overview of the state of effects 
research and outlining the analyses required to make 
adaptive policy. It compares approaches that have 
been taken for measuring the human consequences of 
climate change (Section 1); outlines the results of cli- 
mate change impact studies that have been performed 
both on individual sectors (Section 2) and on entire 
regions (Section 3); discusses the results of studies of 
historical environmental changes resembling the 
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effects of potential future climate change (Section 4) 
and the major sources of uncertainty (Section 5);  and 
concludes with a discussion and summary of effects, 
knowns and unknowns, and directions for future 
research (Section 6). 

1. APPROACHES TO EXAMINING 
CONSEQUENCES 

Several approaches have been taken in the attempt 
to anticipate the possible effects of global climate 
change on the human environment. The development 
of climate impact assessment has incorporated increas- 
ing sophistication in our projections of future climate 
and in our understanding of the relationship between 
climate and the human environment. 

Some of the first assessments of climate impacts (e.g. 
Waggoner 1983) were based on arbitrary 'scenarios' of 
climate change, intended primarily to demonstrate the 
sensitivity of many resources to such change. The next 
generation of analyses (e.g. Rosenzweig 1985, Cohen 
1986) used month-by-month or season-by-season 
simulations of climate from general circulation models 
(GCMs) for various points or gridcells on the surface of 
the earth. Most recently, analyses such as  that of Wilks 
(1988) have used weather-generating techniques to 
produce realistic scenarios of daily weather series from 
the temporally aggregated GCM output that is made 
available for climate impact studies. Gates (1985) sug- 
gested the use of spatially nested models or empirical 
orthogonal functions to relate the spatially coarse GCM 
output to local weather, but such techniques have not 
yet been incorporated in climate impact assessment. 
With a few minor exceptions (e.g. some sections of 
Smith & Tirpak 1988) most studies have analyzed only 
steady state effects of climate change (typically the 
radiative equivalent of a doubling of atmospheric CO2 
concentration - hereafter called 2 X CO2) with today's 
technology. There is a general need to examine the 
consequences of time-dependent warming scenarios 
under the technological regime that would prevail 
when the warming occurs. ' 

The feedback reactions of human institutions on 
biophysical environmental relationships may largely 
ameliorate or may exacerbate the effects of climate 
alone (Glantz 1988). Some studies, e.g.  some of those of 
drought in the Sahel in Africa in the 1970s (Garcia 
1981), sea level rise (e.g.  Titus 1988), agriculture (Parry 
et  al. 1988a, b),  and whole regions (Smith & Tirpak 
1988), have recognized these feedbacks. A fully inte- 
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grated approach that also recognizes interactions 
between sectors was proposed by Callaway et  al. 
(1982), was partially implemented by Parry et  al. 
(1988a, b) for agriculture m some reglons, and is now 
being implemented for a single region in a Department 
of Energy (DOE)-sponsored study of the effects of cli- 
mate change (Cushman et  al. 1989). 

Without a truly coordinated national or international 
program in climate impact assessment, most of the 
studies have focused on particular aspects of individual 
resource sectors in individual regions (e.g. Blasing & 
Solomon 1984, Rosenzweig 1985, Cohen 1986, Gleick 
1987a, Miller et  al. 1987, Pastor & Post 1988). These 
sectoral studies are described in Section 2. Recent 
attempts focus on potential climate impacts in entire 
regions, as  described in Section 3. 

Another approach has been to examine the actual 
response of the human environment to actual past 
climatic variation, the so-called analog approach (see 
Section 4). It is not known whether past climate 
patterns are a good proxy for greenhouse-induced 
changes in the future; and because of data limitations, 
such studies are usually very restricted in their tem- 
poral and spatial extent. 

2. FINDINGS FROM SECTORAL STUDIES 

The results of existing studies for individual sectors 
have taught us much about the probable impacts of 
climate change and have identified many of the major 
remaining unknowns. Many of the unknowns, such as 
the effects of climate change on local weather, are 
common to several of the sectors. 

Energy 

The state of knowledge regarding the sensitivity of 
energy systems to climate change is primitive. Jaeger 
(1983) surveys the subject of climate effects on energy 
systems in a short chapter, and the US Environmental 
Protection Agency (EPA) (Smlth & Tirpak 1988) 
reviews potential effects of climate change on US 
electric utilities. In general, the field is still in the 
process of cataloging the nature of C02/climate sen- 
sitivities and developing crude measures of sensitivity. 

Most present short- and medium-term U.S. energy 
forecast models of the residential and commercial sec- 
tors use heating and cooling degree-day vanables to 
forecast energy demand. Statistically derived measures 
of this weather sensitivity vary from small (DOE 1989), 
to relatively large (Klan et  al. 1989). However, these 
models generally do not capture the long-term 
response of energy consumption patterns to climate. In 
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the long term, residential and commercial winter heat- 
ing demand likely would decrease with higher average 
winter temperatures, reducing oil, gas and electricity 
consumption. Higher average summer temperature 
would mainly increase the demand for electricity as the 
use of air conditioning increases. In the agricultural 
sector, higher temperatures would likely result in 
increased energy demand for irrigation pumping, but 
reduced demand for crop drying. Industrial energy 
demand is largely insensitive to either weather or cli- 
mate, although industrial output (and actual energy 
usage) may be supply-constrained by severe weather. 
Existing statistical analyses have not explored the rela- 
tionship of transportation energy demand to climate, 
but warmer winters should increase transport activity 
and energy demand. Warmer summers should tend to 
increase the use of mobile air conditioners and energy 
demand [as well as the demand for chlorofluorocarbons 
(CFCs) or CFC substitutes]. 

The production of conventional oil, gas and coal is 
unlikely to be affected by climate, although less severe 
winter conditions could lower Arctic region supply 
costs. One effect that could increase Arctic costs is 
permafrost decay, which could create problems for 
infrastructure such as pipelines (e.g. Maxwell & Barrie 
1989). The availability and operation of hydroelectric 
power could be indirectly affected by climate through 
precipitation and evaporation patterns. Changes in 
hydrology and average climate could similarly affect 
the availability and design of power plant cooling 
systems. 

The production capacity of renewable energy sup- 
plies, such as solar, wind, ocean thermal energy con- 
version (OTEC), and biomass, is potentially more sensi- 
tive to climate change than conventional energy sup- 
plies. Temperature, cloud cover, wind vectors, and 
their associated variances affect the production of solar, 
wind, and OTEC energy. It is unclear whether the 
combination of increased CO2 and changed climate 
would increase or decrease total energy productivity 
from biomass. Biomass waste as an energy source could 
be affected by productivity of forests. Average temper- 
ature and pressure conditions can also affect the availa- 
bility of recoverable methane release from land fills. 

pective gains in worldwide productivity from even 
modest rates of technical advance (Easterling et al. 
1989). This would especially be true if increased atmos- 
pheric CO2 proves to be as effective a fertilizer in the 
field as it has in laboratory experiments. Thus, it 
appears likely that, overall, the future rate of growth in 
the worldwide demand for food and fiber can be met 
(Crosson & Rosenberg 1989), even with most commonly 
projected climatic changes. 

At the regional scale, the nature of changes in 
agiicultural capacity in a biophysical sense is uncertain 
because GCMs disagree about the effects of 2 X CO2 
warming on regional climates (Schlesinger & Mitchell 
1985). Shifts among regions in agricultural comparative 
advantage could present some affected countries with 
difficult adjustment problems, while others, such as 
Canada, might benefit from comparative advantage 
(Smit 1989). For example, some of the GCMs indicate 
both hotter and drier conditions in midlatitudes. 
Studies based on that scenario (e.g. Blasing & Solomon 
1984) conclude that the American cornbelt would shift 
far to the north and east. 

Countries losing agricultural comparative advantage 
because of climate change can be expected to either: 
(1) protect their agriculture by restricting imports from 
newly advantaged producers (despite the economic 
cost); (2) support research to develop appropriate tech- 
nologies including better adapted crop varieties and 
animals; or (3) import more of the needed food and 
fiber while diverting investment from agriculture to 
other more productive sectors (Easterling et al. 1989). 
The first option may be invoked for reasons of national 
food security. The second option requires that national 
and international agricultural research institutions con- 
tinue to develop and transfer new varieties and tech- 
nologies to the farm sector. The third option requires 
confidence in the stability of the international trading 
system. 

Warming greater than that predicted to result from 
2 X CO2 or occurring in a much shorter time frame than 
the second third of the next century would pose more 
difficult problems for world agriculture than discussed 
above. Global agricultural capacity would not keep 
pace with rising demand, with the result that economic 
and environmental costs would be sharply higher. 

Agriculture 
Water resources 

Current projections of world population and income 
suggest that in the 50 to 75 yr expected for 2 X CO2 Global warming will accelerate the hydrologic cycle 
warming to occur (Bolin et  al. 1986) global demand for with a resulting increase in average global precipita- 
food and fiber will grow at an annual percentage rate tion and evaporation estimated at between 7 and 15 O/O 

about half that of the last 30 to 40 yr (World Bank 1984). (e.g. Bolin et al. 1986). However, because climate mod- 
If changes are as gradual as most studies suggest, the els do not agree even on the direction of change in 
negative impacts would likely not overwhelm the pros- annual precipitation for many regions, the impacts on 



66 Climate Research 1. 63-79, 1990 

regional water supplies are  highly uncertain (Fredenck 
& Gleick 1989). In areas such as northern California 
where precipitation is currently dominated by winter 
snowfall and runoff is dominated by spring snow melt, 
warmer temperatures could produce dramatic relative 
increases in winter rain, earlier spring melting, and 
changes in seasonal runoff patterns, even with constant 
annual precipitation (Gleick 1987a, b). 

The impacts of climate change on regional water 
supply and demand are uncertain. GCMs indicate 
possible changes in average annual precipitation for 
any given region on the order of plus or minus 20 O/O. 

Since runoff is essentially the difference between pre- 
cipitation and evapotranspiration (which increases 
with higher temperatures), impacts on runoff can be 
even greater. Where runoff decreases, water quality in 
streams and rivers will decline unless pollutant loads 
also decrease. Water use in urban and suburban areas 
will probably increase with increasing temperature. In 
agriculture, irrigators would tend to use more water to 
compensate for higher transpiration rates, although 
higher COz levels reduce transpiration increasing the 
plant's resistance to vapor transfer into the air (Rosen- 
berg 1981). Transpiration rates may also be raised or 
lowered as  a result of (as yet unpredictable) changes in 
cloudiness, humidity and windiness (Martin et  al. 1989, 
Rosenberg et al. 1989). 

The relative values of water for alternative uses will 
Likely change. Drinlung and domestic uses will remain 
top priorities, but changes in seasonal and annual sup- 
plies may alter the relative benefits of allocating water 
and reservoir capacity to flood control, power genera- 
tion, fish habitat, or consumptive uses such as irriga- 
tion. Hydroelectric power might become more attrac- 
tive as a means of both abating the greenhouse effect 
and adapting to increased power demands that might 
accompany it (Frederick & Gleick 1989). However, 
supplying this increased hydroelectric power would 
depend upon the availability of water at  existing hy- 
droelectric sites and/or appropriate new sites, which 
are becoming increasingly scarce in many parts of the 
world. 

Adaptations to climate change could involve con- 
struction of new dams and reservoirs, interbasin trans- 
fers of water, and development of 'unconventional' 
sources of water - e.g. desalinization; recycling of 
industrial, municipal, and agricultural waste water; 
and weather modification. Lacking sufficient guidance 
on the specifics of future climatic conditions, water 
managers and planners are unlikely to invest in any of 
these measures unless factors other than climate 
change already justify them. However, water managers 
may already be willing to invest in techniques that 
improve the operation of existing infrastructure and in 
research and technological innovations to accomplish 

this end. The prospect of future climate change might 
hasten such investments (Frederick & Kneese 1989). 

Forests, unmanaged ecosystems, and biodiversity 

Anticipated global warming could occur in a matter 
of decades, possibly outrunning natural rates of forest 
migration, which occur on millennia1 time scales (Batie 
& Shugart 1989). If so, existing forests will become 
increasingly stressed and more susceptible to pest 
iefestation, disease, and eventually, fire (Clark 1988). 
Gradually, existing forests will be replaced by other 
forms of vegetation or by forests with a different 
species mix (Sedjo & Solomon 1989). 

Tree growth is generally limited by lack of summer 
warmth in the high latitudes and by heat and lack of 
water in the mid-latitudes. The effects on forests 
would likely be modest in the tropics, where tempera- 
ture changes are expected to be least. With global 
warming, the boreal forests would likely migrate north- 
ward onto the currently unforested tundra, provided 
adequate precipitation and soils exist. Simulations (Sol- 
omon 1986, Pastor & Post 1988) indicate that the great- 
est transitions occur at  the boreal/cool temperate bor- 
der. Some mid-latitude forests could disappear, espe- 
cially if the projected increases in tree growth and 
moisture-saving effects of high CO2 and improved 
plant water use efficiency (Rosenberg 1981) do not 
materialize. Warming in mountainous terrain would 
cause species to move to higher elevations (Sedjo & 

Solomon 1989). 
Rapid change in climate threatens to reduce ecosys- 

tem biodiversity (Batie & Shugart 1989). Some existing 
species of plants and animals would be unable to adapt 
because they are not sufficiently mobile to migrate at 
the rate required for survival (Davis 1989a, b). While 
the economic value of biodiversity is difficult to quan- 
tify, it is undoubtedly substantial. 

Adaptation of the forest sector to changing climate 
will not be simple, but would likely include earlier 
harvests of unsuited species and salvage operations in 
older stands; seeding and thinning (which are costly) in 
younger stands; and active planting of trees adapted to 
hotter and drier (or wetter - it is not clear which) 
climates in harvested stands (Sedjo & Solomon 1989). 
Introduction of new varieties is a much slower process 
in forestry than in agriculture. At least in the first 
decades, adaptation may involve changes in the 
species mix that could require costly adjustments in the 
logging and processing industry. Also, the long grow- 
ing periods for trees add the economic risk of inappro- 
priate species choice for changing climate conditions, 
inhibiting investment in trees and mills to process 
them. The geography of production forestry will 
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change, with some regions becoming increasingly 
important sources of forest products while others 
decline. Active management of forests will be limited to 
those areas where high yield plantation forestry can 
continue to be practiced profitably. 

Other unmanaged terrestrial and freshwater ecosys- 
tems have nonmarket value to humans because of their 
uniqueness (e.g. they may be protected in national 
parks), their value in maintaining genetic and biotic 
diversity (Peters & Darling 1985, Graham 1988, Wilson 
1988), and the general ecological context they provide 
for natural resources exploited by humans. Analyses 
have suggested that greenhouse warming may affect 
worldwide distribution of vegetative life zones and 
biotic communities, including not only forests (Pickett & 
White 1985, Overpeck et  al. 1990), but also grasslands 
and tundra (Emanuel et al. 1985), and arid communities 
(Neilson 1986, 1987). Arid lands are considered par- 
ticularly sensitive (Adams et al. 1978, Dregne 1983). In 
paleoecological studies, changes in past climates have 
been found to strongly influence vegetative patterns 
(Davis & Botkin 1985, Prentis 1986, Webb 1986, Wood- 
ward 1987, Davis 1989a, b). Concern is growing over 
the effects of global warming on highly specialized 
terrestrial species, species with poor dispersal mecha- 
nisms, and alpine and arctic communities (Peters & 
Darling 1985). Effects of global warming on aquatic 
communities are currently unknown, but because these 
communities are strongly tied to their terrestrial set- 
tings through energy, nutrients, and water (Likens 
1985, Minshall et al. 1985), changes in terrestrial vege- 
tation could have pronounced effects on freshwater 
systems (Minshall et  al. 1983). 

Air quality 

Global warming is expected to affect regional and 
global air quality by action of a number of primary and 
secondary mechanisms. Primary interactions, such as 
direct surface warming and the resultant off-gassing of 
pollutants, are not as important from an  air quality 
standpoint as  secondary interactions, which result from 
meteorological phenomena indirectly related to tem- 
perature change. Examples of secondary interactions 
include 
- alteration of the wind patterns, with resultant 

changes in ambient pollutant concentrations in some 
localities 

- modification of stagnation periods and associated 
pollutant mixing parameters, with associated 
changes in pollutant levels 

- changes of the hydrological cycle and associated 
storm climatology, with corresponding changes in 
pollutant wet-removal 

- climatological modifications in levels of the solar 
actinic flux, which affects photochemical conversion 
rates (and thus the fate) of many key pollutants 

- associated modification of climatic regimes, the 
associated vegetation, and thus the dry-deposition 
rates of key pollutant species. 

Although there is a consensus that these features are 
apt to affect ambient air quality profoundly under the 
scenario conditions suggested by current GCM out- 
puts, few direct or substantive predictions to this effect 
have appeared in the literature. A number of stochastic 
models of wet-removal have been published (e.g. 
Rodhe & Grandell 1972), which demonstrate the strong 
general dependency of pollution residence times and 
concentrations on rainfall statistics. A variety of low- 
dimensional chemical models (e.g. Bruhl & Crutzen 
1988) have provided some indication of this effect 
under clear-air conditions. In general, these statistical 
and low-dimensional deterministic models can be  
expected to give only a quahtative indication of air- 
quality consequences of climate change. 

Major barriers to more detailed and quantitative 
evaluations include our present inability to execute 
comprehensive global chemical models within the 
computational constraints that currently exist and the 
coarse spatial resolution of the current GCMs. The first 
of these problems can be expected to be  alleviated with 
faster computers and the coming generation of compu- 
ter codes in chemical models. The second barrier is 
particularly important because many of the meteor- 
ological phenomena in the above list occur on scales 
that are too small to be  resolved within this structure. 
Many of the existing regional chemical model com- 
puter codes could, for example, be adapted to provide 
useful air-quality predictions for global change 
scenarios if only they were provided sufficiently re- 
solved meteorological fields by the GCMs. Since such 
GCM outputs will not be  forthcoming for several years, 
one can expect correspondingly high levels of uncer- 
tainty in estimates of related air quality. This timeframe 
might be shortened somewhat by so-called limited area 
models, which may soon be  available to provide physi- 
cal interpolations of GCM output (Giorgi et  al. 1989). 

Fisheries 

While there have been a number of studies of the 
relationship between past climatic variations and 
marine fisheries (e.g. Southward 1988), there have 
been fewer projections tied to global warming. Accord- 
ing to Sibley & Strickland (1985), the distributions of 
most fish species are expected to move poleward, but 
the magnitude of the shift and in~plications for yields 
are not known. The effect of abiotic factors on the food 
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supplies of immature fish was seen as a major source of 
uncertainty. 

Recently, a number of papers have addressed global 
warming and freshwater fisheries. Meisner et al. (1988) 
described how increased groundwater temperatures 
could affect survival and growth of salmonines (salmon, 
char, and trout) by altering temperature and dissolved 
oxygen in redds (nests). Areas having optimal summer 
conditions could shrink at low alt~tudes and latitudes 
and expand at high altitudes and latitudes. 

The recent report to Congress by the US EPA (Smith 
& Tirpak 1988) included an analysis of potential effects 
of global warming on fisheries of the Great Lakes, 
California, and the Southeast. In the Great Lakes re- 
gion, more favorable fish habitats are expected in fall, 
winter, and spring with enhanced productivity of open 
water fish (bass, lake trout, and pike), which would 
more than offset less favorable summer conditions 
(decreased habitat, dissolved oxygen, and wetlands). 
Both commercial and sport fishing would benefit. In 
California, salinity increases in the San Francisco Bay 
could enhance the abundance of marine fish species, 
while species breeding in freshwater areas could be 
adversely affected. The species composition in sub- 
alpine lakes could be changed by higher temperatures 
and resulting increases in algal productivity. Negative 
effects were anticipated for coastal fisheries of the Gulf 
of Mexico, as finfish, shellfish, and crustaceans could 
be impacted by loss of coastal wetlands, temperatures 
above thermal tolerances, and increased salinity. 

The prediction of climate change impacts on fisheries 
(especially marine fisheries) is crude at this time, rela- 
tive to more well-studied sectors such as agriculture, 
for several reasons: the physical changes in habitat 
(e.g. water temperature and circulation patterns) are 
less predictable at this time than are air temperature 
and precipitation; fisheries, other than aquaculture, 
combine elements of both managed resources (i.e. 
economics, catch limits, and harvest technology are all 
important factors) and unmanaged ecosystems; and 
basic life-history and population-dynamics information 
is often inadequate because of the vastness of the seas 
and sampling difficulty. It is also difficult to anticipate 
how abiotic conditions in inland waters could be 
affected by global climate change because it is not yet 
possible to relate the output from GCMs, with their 
coarse spatial resolution and crude approximation of 
surface hydrology, to the flow, water temperature, and 
water quality information needed for fisheries assess- 
ment. 

A recent symposium on climate change and fisheries 
(Regier 1988) explored a wide array of methodologies 
for forecasting the effects on marine and freshwater 
fish species and communities. The use of computer 
data bases on fish thermal tolerances, bioenergetic 

models, early response indicator species, and large- 
scale experimental studies were among the forecasting 
approaches discussed. There was a consensus that 
there are long and complex causal chains linking 
climatic change with ultimate effects on fisheries stocks 
(e.g. DeAngelis & Cushman 1989). A combination of 
methodologies can provide a range of possible futures 
but cannot be viewed with confidence as a source of 
'predictions'. 

Coastal zone 

Early assessments of coastal zone impacts focused on 
rising sea level, based on relatively simple analyses of 
topographic data (Schneider & Chen 1980 for the USA, 
Henderson-Sellers & McGuffie 1986 for the world). 
European and North American sites have provided 
most sea level data with which these analyses have 
been done (Robin 1986.) The kinds of resources at risk 
from rising sea level include both natural ecosystems 
such as wetlands (e.g. Armentano et al. 1986) and 
coastal structures (e.g. Kyper & Sorensen 1985). 
Increased salinization of ground- and surface-water 
supplies (e.g. Hull & Titus 1986) could be aggravated 
by precipitation and runoff decrease and threats to the 
operation of coastal sewage and drainage systems (e.g. 
Wilcoxen 1986, Titus et al. 1987). Coastal storms, such 
as tropical and extratropical cyclones and monsoons, 
can cause loss of life and considerable damage to 
coastal structures. The occurrence of tropical cyclones 
has been linked to sea surface temperature, which is 
expected to rise during a global warming. Although the 
effect on storm frequency and severity is highly uncer- 
taln, there is concern that sea surface warming could 
increase the frequency and severity of such storms as 
climate changes (e.g. Holland et al. 1987). 

Smith & Tirpak (1988) concluded that a sea-level rise 
of 1 m by the year 2100 could drown from 25 to 80 % of 
the nation's coastal wetlands and could cost the USA 
about 7000 square miles of dry land. Possible responses 
to rising sea level, in developed areas, could include 
renourishment of beaches with sand pumped from off- 
shore and construction of levees and bulkheads (with 
some cost to coastal plant and animal communities 
whose habitat may be adversely affected). Based on a 
predicted rise in sea level of about 1 m in the next 50 yr, 
other locations with concerns include the Netherlands, 
Bangladesh, the mouth of the Nile River in Egypt, 
coastal areas of Japan, the coastal mangrove swamps of 
Indonesia and Malaysia, the area of Thailand around 
Bangkok, and Vilan Plain in northeast Taiwan (Hekstra 
1989). Calculations of the probable cost to society have 
been done in a few instances. For example, structural 
adjustments to dikes, harbors, etc., for a 1 m increase in 
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sea level in the Netherlands would cost about $10 
billion guilders (US $5 billion) over about 100 yr (de 
Ronde 1989). Major uncertainties in costing studies 
concern the impacts on the ecological systems in 
estuaries and at coastal margins, the rate of net sea 
level change, and the potential rate of increase in sea 
level after the year 2050 (Hekstra 1989). The cost- 
benefit evaluation of protective measures is unresol- 
ved, depending in part on the value asslgned to wet- 
lands. 

Uncertainty limits our ability to predict the mag- 
nltude and rate of rising sea level froin global warming. 
In particular, it is known that coastal wetlands (Steven- 
son et al. 1986) and coral (Grigg & Epp 1989) can 
accrete vertically and can keep up with rising sea level 
if the rise is not too rapid; beyond a critical rate, these 
systems would be inundated and destroyed. In terms of 
engineered systems, sea-level nse can be accommo- 
dated if not too rapid because location, planned 
lifetime, and maintenance of coastal structures can be 
adjusted (National Research Council (NRC) 1987). 
However, a variety of coastal processes (such as tides, 
storm surges, and sediment transport) and coastal 
ecosystem dynamics must be better understood before 
it is possible to predict the response of the coast to 
rising sea level (Mehta & Cushman 1989). For example, 
in recent decades 28 '10 of the USA mid-Atlantic coast 
has actually been accreting, rather than eroding (Dolan 
et al. 1989). Gornitz & Kanciruk (1989) have described 
an ongoing project to identify those areas of the world 
at highest risk from rising sea level based on a combi- 
nation of variables, including geology, geomorphology, 
tidal range, wave height, elevation, and regional trends 
in relative sea level and erosion/accretion. 

Efforts continue to quantify the current rate of global 
sea-level rise and underlying processes (e.g.  NRC 
1985, Peltier & Tushingham 1989). Currently, estimates 
through the year 2100 run from 0.5 to 2 m, with most 
analyses providing estimates on the order of l m 
through the end of the next centuiy. 

Infrastructure 

No credible estimates exist for the overall infrastruc- 
ture requirements related to climate change. Issues 
surrounding the provision of infrastructure can be 
divided into 3 categories. First, there may be existing 
infrastructure which will simply have to be moved; e.g. 
it may be in the way of rising seas or it may be in place 
to service certain markets and populations that will 
migrate in response to changing climate. Second, there 
may exist infrastructure which will have to be modfied 
in some way or maintained differently (e.g.  storm 
drains may have to be enlarged, or river channels 

dredged more frequently). Third, new types of infra- 
structure may be required - some based on tech- 
nologies which already exist (e .g .  new canals, new 
bulkheads) and some based on technologies which are 
yet to be developed (e.g. new transportation tech- 
niques, new energy sources). 

In all of these cases, changes in infrastructure may 
have to be designed more flexibly than in the past to 
anticipate and reduce social, economlc and political 
displacements that could result from changing climate. 
Long-lived capital investments will require creative 
reactlon well in advance of climate change and will 
therefore be  possible only if we develop decision- 
making structures which can cope with enormous 
uncertainty, large expense, and lengthy time periods. 
A new understanding of intertemporal decision pro- 
cesses is thus required, supported by research directed 
toward uncovering information that is most valuable. 

Health effects 

Potential effects of climate change on human health 
have been inferred from correlation of health condi- 
tions with weather variables or seasonality. Recent 
studies include White & Hertz-Picciotto (1985), Haile 
(1988), Kalkstein (1988), Smith & Tirpak (1988), and 
Wiseman & Longstreth (1988). 

Links have not been scientifically and uncontrovert- 
ibly established between climate change and human 
health. Effects on human health, however, could occur 
through (1) the direct impacts of temperature (heat 
stress and cardio- and cerebrovascular conditions 
related to both summer and winter temperature 
extremes coupled, perhaps, with increased relative 
humidity); (2) climate-related chronic, contagious, 
allergic, and vector-borne diseases (e.g. influenza and 
pneumonia, linked to the winter seasons; asthma and 
hay fever, linked to plants or fungi whose ranges and 
life cycles are strongly affected by climate and 
weather; and mosquito and tick-borne diseases, such 
as encephalitis and Lyme disease); (3) premature birth, 
which has an  adverse effect on human reproduction; 
and (4)  pulmonary conditions such as bronchitis and 
asthma related to urban and rural smog that may 
increase with climate change (Raloff 1989). 

Climate-induced impacts on agriculture, fisheries, 
water and coastal resources, and social and economic 
conditions might also affect human health. Decreases 
in food production might result in poorer diets; or rising 
sea levels and changed precipitation patterns might 
result in the deterioration of water supplies or drainage 
systems, with significant health and economic conse- 
quences (Harrington et al. 1989). Greater numbers of 
humans may migrate from one area to another, chang- 
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ing the geographic ranges and susceptibility of human 
populations to many diseases. In general, any event 
that reduces standards of living will have an adverse 
impact on human health (Chappie & Lave 1982). 

A number of issues have yet to be resolved. Predic- 
tions of the health effects cannot be made without good 
predictive data on local temperatures, humidities, and 
levels of precipitation. Confounding factors, some 
much more important than weather, affect human 
health. The relationship of these factors (both with 
weather and each other) is complex, and, in many 
instances and global climate change might affect 2 or 
more factors simultaneously. We do not have the infor- 
mation required to accurately assess all the synergistic 
and offsetting effects. 

Finally, we do not have much information on the 
social and economic impacts that climate- or ozone- 
induced changes in mortality and morbidity might, in 
turn, generate. Nor do we have much information on 
the social and economic costs of such impacts. Informa- 
tion on the out-of-pocket medical costs and the produc- 
tivity losses associated with increases in morbidity, in 
particular, is not readily available. 

3. FINDINGS FROM REGIONAL STUDIES 

A number of studies have attempted to produce an  
overall assessment of the effects of significant aspects 
of climate change on regional economies and societies. 
The US EPA's report to Congress (Smith & Tirpak 1988) 
focused on 4 regions of the USA: California, the Great 
Lakes, the Southeast, and the Great Plains. In each 
region, separate (and somewhat independent) studies 
examined the response of different sectors to climate 
change. Common climate projections were taken from 
the GCMs of the Geophysical Fluid Dynamics Labora- 
tory, Goddard Institute for Space Studies, and Oregon 
State University; sea-level rises of 50 to 200 cm by the 
year 2100 were assumed. 

The following findings are taken from EPA's report to 
Congress. In California, global warming could cause 
higher winter and lower spring runoff; hurt water sup- 
plies, change the salt water/fresh water mix and the 
relative abundance of marine species in the San Fran- 
cisco Bay; degrade water quality in alpine lakes; raise 
ambient ozone levels; and increase electricity demand. 
In the Great Lakes states global warming might lower 
lake levels, reduce the ice cover, and degrade water 
quality in rivers and shallow areas of the lakes. It could 
also expand agriculture in the north, change forest 
composition, decrease regional forest productivity in 
some areas, increase open water fish productivity, and 
alter energy demand and supply. In the Southeast, 
climate warming could cause forests to shift to grass- 

lands, losses of agricultural productivity and farms, fish 
and shellfish populations, and increased electricity 
demand. In addition, ca 90 % of the national coastal 
wetland loss and two-thirds of the national shoreline 
protection costs due to climate change could occur in 
the Southeast. Finally, EPA found that global warming 
in the Great Plains might reduce agricultural output, 
increase irrigation demand, change water quality, and 
increase electricity needs. 

The 'state of the art' in climate impact assessment 
has some significant methodological limitations. One 
limitation of special significance to the regional studies 
in the EPA report to Congress is that the regional 
interactions between sectors are not fully accounted 
for. For example, in the California regional study, the 
effects of changes in agriculture on water resources 
and of changes in water costs on agriculture are not 
considered. Therefore, the findings of the EPA report 
should be interpreted as a statement of the possible 
responses or vulnerability of some resource sectors to 
climatic change, rather than as a prediction. Ideally, a 
regional study should incorporate the many interac- 
tions and feedbacks that link the various sectors within 
the region. 

Other regions of the USA have been examined by 
other researchers, in studies of particular resource sec- 
tors. For example, Flaschka et al. (1987) studied the 
response to climatic change of the Great Basin, while 
Idso & Braze1 (1984) and Callaway & Currie (1985) 
studied basins in the Lower Colorado region. Linder & 

Gibbs (1986) analyzed how electric utilities in New 
York State could be affected by climate change. In no 
case has a complete regional study been done. The first 
attempt to perform such a study is outlined in Cushman 
et al. (1989). 

Potential effects of global climate warming also have 
been studied outside the USA, most particularly in the 
Netherlands, Canada, and the Soviet Union. Impacts 
on agriculture, forestry, and sea-level rise have 
received the most attention. 

An IIASA worldwide case study of climate variations 
on agriculture (Parry et al. 1988a, b) also studied effects 
on timber markets. The study demonstrated economic 
benefits to consumers of wood products from increased 
boreal timber supply. It also demonstrated economic 
damage to supplying regions that experience only 
small increases in production (Sweden), that have only 
marginal production, or that have made large invest- 
ments to grow trees (Brazil, Chile, New Zealand). 
Absolute values of the results were considered highly 
speculative owing to climatic, biological, and economic 
uncertainties as well as long forecast periods. More 
detailed study of the forest product industry is undoub- 
tedly required. 

Agriculture has been a major area of emphasis in 
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international effects studies. The IIASA project pur- 
sued 11 agricultural case studies in temperate, high 
latitude, and semi-arid regions (Parry et al. 1988a, b) .  
Some of the agricultural case studies were integrated 
into studies of the surrounding regional economies. 
The case studies examined the impact of variations in 
climate using both climate anomalies (e.g. historical 
single-year droughts or historical series of several cold 
or warm years) and synthetic estimates of climate 
warming from GCMs. In general, the case studies of 
cooler regions such as Saskatchewan (Canada), Ice- 
land, northern agricultural areas of the Soviet Union, 
Finland, and Hokkaido (Japan) showed some benefits 
to agriculture from warmer growing season weather in 
cold-limited areas. If, however, precipitation also 
decreases, production in some of these areas (such as 
southwestern Saskatchewan) would be damaged by 
lack of moisture, moisture deficits over several years, or 
moisture at the wrong time. In general the IIASA 
studies of semi-arid regions show that interannual and 
intraseasonal variability in precipitation are extremely 
important factors in the productivity of agriculture, 
both in subsistence agricultural areas such as Kenya, 
northeast Brazil, and Ecuador, and in commercial 
agricultural areas such as the southern USSR and 
stralia. 

The Canadian Climate Centre of Environment 
Canada has recently published a series of regional 
studies of the effects of climate change on various 
individual resource sectors in the Canadian economy, 
together with an assessment of sector interactions in 
Ontario (DPA 1988) and multiple resources in Quebec 
(Singh 1988). A 2 X CO2 climate change forecast from 
the Goddard GISS GCM was used to drive the ana- 
lyses. Almost all components of the climate system and 
resource use in the province were affected, including 
municipal water use, hydroelectric power, tourism and 
recreation, food production, forest resources, health, 
and residential heating and cooling requirements. In 
Quebec, for example, water supply to the James Bay 
area was projected to increase by 7 to 20 %, while 
heating degree-days would fall by 25 % in Montreal, 
and by 35 % in Quebec City. The agricultural sector 
would see increases in  growing seasons ranging 
between 22 and 72 d ,  depending upon the scenario. 
The forestry sector would experience a loss of boreal 
softwood forest of around 20 %, but an  increase of 
200 % in hardwood acreage. Overall, the Ontario 
studies were less optimistic, pointing out (for example) 
a decrease in net basin supply of water to the Great 
Lakes on the order of 15 %, which in turn negatively 
impacts water quality, tourism, hydroelectric power, 
and navigation on the Great Lakes (the latter some- 
what offset by increased length of the ice-free shipping 
season). The Canadian studies also examined agricul- 

tural impacts in Ontario and the prairie provinces, sea- 
level rise in the maritime provinces, and the skiing 
industry in Ontario. None of the regional studies was a 
fully integrated regional analysis. 

4.  FINDINGS FROM ANALOG STUDIES 

A number of studies have been conducted to learn 
the effects and responses of global climate change on 
human and natural systems. Early studies by historians 
have provided assessments of the impact of climate on 
human societies, for example Rotberg & Rabb (1981), 
Wigley et  al. (1981), and Lamb (1982). A fairly lengthy 
list of early analog climate impact studies is provided 
by Kates (1985). Properly qualified, these 'semi-descrip- 
tive' case studies may shed useful light on the relation- 
ships between society and climate change. Some of the 
most thorough and interesting recent assessments have 
been provided by Glantz and his coauthors (Glantz e t  
al. 1987, Glantz 1988), and by the IIASA study on the 
impacts of clinlate variations on agriculture (Parry 
1988a, b).  

Glantz (1988) provides a number of case studies of 
the responses of USA and other institutions to environ- 
mental changes similar to those expected from climate 
change, including areas as diverse as: fluctuations in 
the level of the Great Salt Lake and the Great Lakes; 
decline in the flow of the Colorado River and drought in 
California; repeated freeze periods in citrus agriculture 
in Florida; sea-level rise in Charleston, South Carolina, 
and Louisiana; and variations in the navigability of the 
Mississippi River. Parry et  al. (1988a, b )  cover foreign 
societal responses to past historical climate-related 
fluctuations in agriculture. This includes relatively suc- 
cessful risk-minimizing cropping patterns and  other 
institutional adaptations of indigenous peoples to cli- 
mate variability of the Ecuadorian Andes, the success- 
ful food purchase programs of the Kenyan government 
in response to drought, and  the reliance of Icelandic 
farmers on fodder reserves to guard against cold 
summers. In some cases, such as  India, ad hoc or 
emergency responses have themselves been institu- 
tionalized to the point where the population has come 
to expect them (Gadgil e t  al. 1988). In other cases, such 
as  the Colorado River Compact, the institutions are 
rigid to the point that surface water is used to grow low 
value crops while cities in the region are mining 
ground water a t  a high cost (Brown 1988). 

In general, case studies have demonstrated how 
societies can respond to climate variability. For exam- 
ple, coalition-building among governn~ents and inter- 
est groups has been shown to be important if action is 
to be  taken in the face of uncertainty. All of the case 
studies raise the issue of intergenerational equity. The 
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studies show that ad hoc responses and traditional 
approaches usually have been the preferred initial 
mode of adaptation, which in turn often added an 
element of rigidity to further response. Some of the 
studies show that once the regional winners and losers 
from environmental change have been identified, the 
winners have little incentive to compensate the losers. 
The analog studies contain a wealth of detail, integrate 
a broad range of knowledge, provide a multiplicity of 
perspectives, and  are easy to communicate and use. 
The disadvantages of analog studies include lack of 
definite causes for environmental change that can be 
related to greenhouse warming (the cause is not always 
known) and simple failure of the analogy to be apt for a 
warmer world with elevated COn (many of the studies 
concern cooling and none is concerned with elevated 
( 3 3 2 ) .  

5. UNCERTAINTIES AND INFORMATION NEEDS 

This section deals with limitations on effects estima- 
tion that are posed by uncertainty or lack of information 
concerning biophysical and  socioeconomic relation- 
ships, models, and data required to estimate the effects 
of climate change on the human environment. Both 
limitations in existing methodologies and problems 
with available data are addressed. 

Limitations in methodology 

Climate problems dominated by enormous uncer- 
tainty have, in the past, been handled by sensitivity 
analysis (Smith & Tirpak 1988) and Monte Carlo simu- 
lation techniques (Nordhaus & Yohe 1983, Edmonds & 
Reilly 1985, Reilly et al. 1987). Structural uncertainty 
has usually been handled by examining the outputs of 
alternative model structures (Bolin et  al. 1986). The 
climate change system related to biophysical and 
soc~oeconomic effects is, however, so complex that 
'brute force' application of any of these techniques is 
not likely to be productive in providing significant 
insight into the important causes of certain effects or 
the value of information in foreseeing their potential 
ranges. New methods based on sound statistical theory 
are thus required to sort through the myriad of relevant 
variables if the state of the art is to be  advanced in 
application to climate change effects. 

Several criteria can be used to accomplish this sort- 
ing. Potential response variables should be  included 
(Brajnard 1967). It may, however, be posslble to iden- 
tify sets of collinear vanables which would allow 
researchers to focus their attention on only one of the 
vanables as they construct their models (see Fair 1980, 

Box et al. 1987). Input designs to meet specific model- 
ing objectives are being developed and may prove 
useful for sortlng or ranking input variables (Sacks et 
al. 1989). Uncertainty about sorne other variables may. 
in addition, not be important even though their future 
trajectories are not well known; median or mean values 
of their trajectories can thus be assumed with little cost. 

It can be expected that any model which provides 
access to social and economic effects will be composed 
of many sub-modules, and the relative importance of 
these modules can be  critical. The potential range of 
values for variables which have a small effect on the 
output of an  important module might be investigated 
thoroughly while the range of a variable which has a 
large effect on the output of a relatively unimportant 
module might be given low priority. A new methodol- 
ogy based on hierarchical modeling that systematically 
sorts on the basis of these and other criteria is currently 
under development as part of the DOE program 
described in Cushman et al. (1989). Similar method- 
ologies are being developed in other areas that may be 
useful in the global modeling arena [Chapter 6 of 
Reimus et al. (1989) for geologic storage of nuclear 
waste; Gilbert et al. (1990) for an application to 
radioactive dose estimation]. 

Limitations in information 

Environmental assessments of impacts from climate 
change have focused on individual resource sectors in 
selected regions of the USA. A major reason is that 
regional studies require a major commitment of time 
and money and a 'truly integrated assessment' requires 
a very significant commitment, such as that devoted to 
the National Acid Precipitation Assessment Program 
(NAPAP 1989). 

This section focuses on the general limitations in 
information available for environmental assessments 
at the regional and national scales; detailed lists of 
data needs have been prepared for individual re- 
sources (White 1985). Numerically and geographically 
integrated data sets for environmental data do not 
exist for large regions (Olson 1984) - let alone 
economic data sets that are geographically aligned 
with environmental data. Economic and social data 
are usually collected and reported by political unit 
(county, census district, state), while natural resources 
data are often collected and reported by habitat type 
in physically defined areas such as watersheds or soil 
map units. No standard methods exist for integrating 
data collected for different spatial units or for defining 
study regions to minimize uncertainties caused by 
boundary heterogeneity. Large, integrated data base 
systems that provide data stored in compatible spatial 
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and temporal formats, with associated analysis and 
mapping capabilities to conduct integrated studies, 
are rare. 

This is partially true because the USA lacks a hlstory 
of consistent regional and national data acquisition 

planning between federal and state agencies. Also, 
long-term maintenance of integrated data bases is dif- 
ficult because of funding cycles and changes in per- 
ceived need. Examples of existing integrated data sys- 
tems include the Department of Energy's GEOECOL- 
OGY and SEEDIS, the Council of Environmental Quali- 
ty's UPGRADE, the EPA's GEMS and ADDNET, and 
DATAGRAF (Merrill 1982, Olson 1987). Typically one 
third to one half of the effort spent on regional studies is 
devoted to developing an  integrated and quality- 
assured data base. 

Although regional studies have been performed for 
many years, the ecosystem properties that are impor- 
tant for regional scales are still poorly understood 
(Hunsaker et al. 1989). Few regional-scale biological 
models exist. In most instances, either local models will 
have to be  scaled up with attendant scale-effect risks 
(Solomon 1986) or entirely new models will have to be 
built (Emanuel et  al. 1985). The number of available 
models for physical processes can also be limited. For 
example, models are not available to adequately assess 
the impact of climate change on water resources at  the 
local, regional, and national scales. Resource and 
economic models with input and output parameters 
that facilitate the linking of several resource models for 
the assessment of regional impacts have not been 
developed. 

Data manipulation and extrapolation can contribute 
to uncertainty because of inadequate spatial or tem- 
poral resolution, or both. Point data for large geo- 
graphical regions are often uneven in quality and dis- 
tribution. Often it is difficult to find time series data for 
the same period of record for several environmental 
parameters. This can be  especially limiting if the 
analog approach to assessment of impacts is being 
used. Some data such as land use and soil chemistry 
are available for only a few points in time. Com- 
puterized, digital terrain data that are of sufficient 
spatial resolution to be useful for coastal studies (such 
as land inundation from a sea-level rise of 1 m) are only 
available for limited areas (Durfee et  al. 1986, Bright 
1988). The classification of geographic areas according 
to the relative homogeneity of one or more environ- 
mental attributes can be  useful in reducing uncertainty 
if the classification scale is appropriate to the disturb- 
ance; however, the contribution to assessment uncer- 
tainty from such classification needs further investiga- 
tion. Research is needed to assess the effects of land- 
scape patterns in regional assessments. Some of the 
more recent technological tools - such as geographic 

information systems, satellite sensors that capture 
biologically significant spectral patterns, and super- 
computers that can process large spatial arrays 
- will be useful for addressing the theoretical and 
applied research challenges that the regional scale 
poses (Hunsaker et al. 1989). 

The goal of a current DOE study (Cushman et al. 
1989) is to show how an integrated regional assessment 
of climate change can be performed. During the first 
year of the study, data sets and models are being 
developed for agriculture, water use and supply, forest 
resources, and economlc factors. A goal of the second 
phase will be integration across natural resource 
models. 

Dependence on  forecasting future developments and  
interactions 

Understanding the potential effects of climate 
change is based on subjective views of the likely dis- 
tributions of a myriad of random variables. Our ability 
to foresee future developments is dependent upon both 
temporal changes in these distributions and the 'gen- 
eral equilibrium' interactions among them, which work 
across the entire system. Bolin et  al. (1986) observe that 
no existing model could have predicted the develop- 
ment of the global energy system in the 1970s using 
data available in the 1950s and  1960s; simple statistical 
extrapolation of price data from those years does, how- 
ever, capture the 1973 and 1979 oil price shocks in the 
8O0/0 confidence interval (Glynn & Manne 1988). We 
need to understand that learning process as well as we 
understand the system itself. 

Some of our learning will be Bayesian in nature - 
simply improving our understanding of possible ranges 
of critical state variables by observing how they move 
into the future. We will learn more quickly about some 
variables than others, and w e  will need to assess the 
value of resources devoted to the process, weighing the 
relative ease of learning about each variable against its 
relative importance in affecting human existence. 
Other learning will be derived by improved under- 
standing of underlying driving variables and the pro- 
cesses by which they affect the critical state variables. 
Recognizing, as a result, that the subjective distribu- 
tions of state variables are really conditional distribu- 
tions, we must also assess the value of resources 
devoted to investigating these variables and interac- 
tions. Still more learning will occur as we discover 
entirely new interactions and uncertainties. This sort of 
new insight can be  expected to expand the range of 
uncertainty with which we view the future and  thereby 
increase the value of the other types of learning. Inves- 
tigation into all of these processes in the context of the 
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type of long-term uncertainty of climate change effects have not addressed many of the key issues, which 
is under way as  part of the DOE effort described in include 
Cushman et al. (2989). - Time Resource effects will not take place in today's 

world with today's technology, nor will the effects 
occur for the most part in a world that is steady state. 

6. DISCUSSION AND SUMMARY Some human responses to climate change (particu- 
larly those easy to change) will be  influenced at least 

To summarize, the state of science with respect to partly by current climate conditions, not those that 
the effects of global climate change on the human might eventually come to pass. Second, human 
environment is still in its infancy. While considerable response to the change in climate and its environ- 
work has been done on the impacts of climate mental effects will be determined in part by the 
change scenarios and historical weather on selected technology available at the time -which is, in turn, a 
natural resources, the resultant economic and social function of learning over time. The rate and timing of 
consequences have not been thoroughly examined. In C02/climate change may be as  important to deter- 
general, research has revealed probable qualitative mining consequences as the characteristics of an 
effects for selected historical and synthetic climate eventual steady-state C02/climate. 
patterns thought to be illustrative of future climate - Simultaneous multiple resource analysis. Methods 
change. However, forecasting the quantitative effects must be developed to address the interactions of 
of climate change remains an elusive goal for the human and natural systems, including methods to 
moment. There are methodological and data-related simultaneously analyze the interaction of multiple 
problems of quantitatively characterizing the complex resources within a systems framework, quantify the 
underlying interactions between man and his combined C02/climate change interactions, and 
environment. More important, the current capability forecast trends in exogenous system variables such 
of climate models to predict climate change is limited as technological change and population growth. 
to continental-scale effects, while events important Because many economic agents in a region may 
for impact on humans occur at much smaller regional compete for the same regional resource (e.g. surface 
level. Table 1 summarizes the general state of the water), the indirect market effects of climate change 
science or 'knowns', as  well as the significant uncer- may either exacerbate or mitigate the direct effects. 
tainties. Unlike the specific rates of emission for cer- This implies that the analysis of impacts in a region 
tain of the greenhouse gases or specific parameters in must integrate all the significant environmental, 
equations for GCMs, where a range of values some- economic, and social interactions. 
times can be stated to quantify the degree of uncer- - Geographic disaggregation and integration. To be 
tainty, many of the uncertainties in the area of effects meaningful, effects studies must select appropriate 
on human society are still at the conceptual or proc- geographical entities for analysis - site, region, 
ess level and are site-specific. For example, in the global - and because of the interactions between re- 
area of agriculture, where some of the most extensive gions, must conduct simultaneous multiple region 
work has been done, only the basic models of the analysis. These effects occur either through inter- 
physical mechanisms of climate change have been regional trade and market responses or through hu- 
worked out. It is not yet clear how significant the man migration. It may not be computationally feasi- 
timing of weather events and CO2 fertilization will ble to directly link individual regions into a grand 
be. In addition, it is not yet clear what the reactions world model, but regional analyses must be con- 
of the agricultural sector (e.g. choice of crops, irriga- ducted with awareness of the potential impacts on 
tion, and pesticide and herbicide use, planting dates) competing and neighboring regions. 
will be to weather events, though these factors will - Uncertainty. Studies must develop and apply 
likely have a major influence on the size of impacts. appropriate uncertainty analysis techniques. Be- 
The lack of detailed regional climate forecasts is a cause future climate change will be experienced as 
major source of uncertainty; nevertheless, there is day-to-day changes in weather - temperature, pre- 
still major uncertainty that needs to be resolved. cipitation, wind speed, humidity, etc. -it is uncertain 
within the models themselves. what the physical consequences of climate change 

These studies have not addressed many of the key will be. Because we are also uncertain about both the 
problems in predictin.9 the effects of climate, however, rate of increase in greenhouse gas emissions and the 
in that for analytical convenience they have focused on resultant rate of temperature change, climate models 
deterministic long run effects o f  climate change equi- are not accurate enough to predict weather. Because 
valent to a doubling o f  atmospheric CO2 in the steady future economic growth, populations, and tech- 
state, typically for a f e w  resources in isolation. They nologies are also uncertain, any analysis of the 
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Agriculture 

Water resources 

Forestry and unmanaged 
ecosystems 

Fisheries 

Coastal zone 

Infrastructure 

Human health 

Table 1. Summary of state of the science and uncertainties in effects of global climate change on the human environment 

Parameter or area of inqulry Knowns Uncertainties 

Findings of sectoral studies. 
Energy Probable general direction of effects on con- Regional effects of climate change on weather 

ventional energy supply (except hydro) and variables. Effect of climate changes on hydro- 
demand, given a level of average tempera- electric supply. Effect of climate change on 
ture increase. Models and methods for short- biomass supply and productiv~ty of u lnd  ener- 
term weather vanations gy, ocean thermal, and other unconventional 

resources 

Mechanisms of climate change Physical Necessary detailed regional climate forecasts 
crop models with some CO2 fertilization from are very uncertain. Farmer responses to 
laboratory experiments weather under changed chmate are not clear. 

Because of these and other considerations, 
even the direchon of effects on specific crops 
in given locations is uncertain 

Models of watersheds, ground water supply Necessary detailed regional and temporal 
and some river basins. Relationship of pre- forecasts of temperature, precipitation, and 
cipitation to run-off and water supply for other weather variables. Relationships be- 
today's climate tween small area precipitation and large basin 

water supply. Effects of changed seasonality of 
precipitation. Human institutional response 

Mechanisms of climate impacts. Physical Regional weather Inputs for forest succession 
models of forest succession for small plots. models. Existence of a CO2 fertilization effect. 
Estimates and models of world wood pro- Response of the forest industry and ecosys- 
ducts markets. Some vegetation change tems to hlgh rates of cLimate change. Changes 
based on fossil record in terrestrial - aquatic linkages. Role of distur- 

bances like drought and wildfire 

General effects of temperature on severity of Likelihood of inversions (requires weather 
inversion episodes, changes in wind field forecasts). Synergistic and offsetting effects of 
patterns, and other features of air quality pollutant emissions. Sufficient spacial resolu- 

tion of meteorology 

General movement of manne fisheries pole- Quantitative influence of warming on currents 
ward. General influence of temperatures on and abiotic processes. Influence of warming 
freshwater species on precipitation, ground water, and surface 

water 

Probable rates of sea-level nse In many loca- Impact on, and value of, coastal wetland re- 
hons, given a scenario of temperature sources. Effects on land subsidence and coast- 
change. Costs of coastal defense a1 fresh ground water. Effects of coastal pro- 

cesses such as sediment transport 

Some data on the influence of weather Relationship of global warmlng to local weath- 
phenomena on road and building malnte- er Quantitative estimates of infrastructure 
nance requirements, u th ty  demand, hy- requirements 
droelectric supply, irrigation works. Influ- 
ence of sea level on coastal infrastructure 

Some inferential data on the relationship of Influence of global warming on proximate 
health conditions to weather episodes, dis- causes of disease and health conditions. Influ- 
ease vectors, and climate ence of synergistic and offsetting factors 

Findings of regional studies: 
Impact of global warming scenarios (usually Realistic warming scenarios. Scientific basis of 
2 X CO2) on individual regional resources, resource effects (e.g.  open-air CO2 fertiliza- 
given current technology. Some discussion tion). Influence of human adaptation and tech- 
of intersectoral links. CO2 fertilization, and nological change on impacts. Effects of realis- 
sensitivity of impacts to human adaptation tic intersectoral and interreglonal economic 

and social llnkages 
Findings of analog studies: 

Impact of inshtutional adaptation on en-  Appropriateness of the analogs studied to a 
vironmental impacts. Reactions of human in- global climate change situation 
stitutions to complex environmental prob- 
lems with interregional, intersectoral, and 
intergenerational implications 
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env i ronmenta l  consequences  of climate c h a n g e  will 

h a v e  to  d e a l  explicitly with uncer ta inty .  It is likely tha t  

this w o r k  will r equ i re  a d v a n c e s  in analyt ical  a n d  com- 

putat ional  t echn iques  
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