The Greenhouse Effect and the Ecological Consequences of Climate Change 

	

	Rio Negro region in Brazil seen from space (NASA). 


"We think we have been much wronged and are entitled to compensation for the damage and distress caused by making so many roads through our country, and driving off and destroying the buffalo and game. My heart is very sad, and I cannot talk on business; I will wait and see the counselors the Great Father will send...". 
Spotted Tail, 1965, quoted in Bury My Heart at Wounded Knee, by Dee Brown 
Suggested Readings:

· "The Urban Environment", Chapter 14, World Resources Guide to the Global Environment, 1996-97, Oxford Press, 1996 

· James C. White., "Global Climate Change Linkages", Elsevier, 1989. 

· "Our Changing Planet", Report by the Subcommittee on Global Change Research, National Science and Technology Council, Supplement to the President's Fiscal Year 1997 Budget, 1997. 

· R. Socolow, C Andrews, F. Berkhout, and V. Thomas, eds., Industrial Ecology and Global Change", Cambridge, 1994, 

· John Gribbon, ed., "Climatic Change, Cambridge University Press, 1978. 

We wish to study:

· What climatic changes have been - or are likely to be - influenced by humans? 

· What ecological changes have occurred and might occur in the future due to climatic change? 



1. Climate Change and Global Warming
It has become increasingly obvious that humankind has the potential to change the course of the global climate system. In fact, most scientists would probably now agree that sufficient evidence has been gathered to prove that global climate has already been modified by anthropogenic means. There is absolutely no doubt that regional climates have been and are affected profoundly - for example in areas of intensive urbanization. 

The evidence for past climate change and the forcing mechanisms thought to be responsible for such paleoclimate changes have been reviewed in earlier sections of this course sequence. It is known that certain trace gases play a major role in determining the climate system - far in excess of what might be thought based on their small numbers. Carbon Dioxide is perhaps the principal culprit for potential global warming, but it is by no means the only one. 
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	Figure 1. Relative importance of the five most important greenhouse gases. 


Figure 1 shows the relative contribution to tropospheric warming due to the greenhouse effect of various gases. 

Our studies of ancient climate changes and, in particular, the evidence of the ice core studies from Greenland and Antarctica, have shown us that the global temperature and the abundance of atmospheric carbon dioxide have always varied together. Figure 2 illustrates the strong correlation between atmospheric carbon dioxide and global temperature during the past 160,000 years. The record over the past 160,000 years shows that, whenever global temperatures have been relatively high, the carbon dioxide concentration has also been high. The converse is also true. Moreover, if we look at the most recent 100 years, we again see the correlation - temperatures have slowly increased while carbon dioxide concentrations have also increased due to fossil fuel burning. It is not unreasonable to expect that the world will continue to become a warmer place as the carbon dioxide abundance continues to grow. 
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	Figure 2. Carbon dioxide-temperature correlations. 


A large number of models of the coupled atmosphere/ocean/climate system have been developed in recent years. These models are used to explain and predict the physical processes and chemical reactions that occur in the atmosphere and ocean. Models can be one-, two-, or three-dimensional in nature and can be either steady-state or time- dependent. The most sophisticated models are 3-D, time dependent models and are called GCM's or general circulation models. GCM's that incorporate ocean and atmosphere effects can be very powerful tools for climate studies. 

Nearly all models suggest that substantial warming of the atmosphere (by ~1.5° - 5.5°) will accompany increased concentrations of carbon dioxide and other greenhouse gases. The warming is predicted to be greatest near the poles. The circulation of water in the hydrologic cycle will intensify - the Earth will become a warmer and more humid planet overall. However, unpredictable (or poorly predicable) regional and local changes in climate will occur. 

Although there is wide variation among the model predictions, all tend to support increased temperature and increase sea surface level. Figure 3 shows a predicted set of scenarios for temperature changes projected into the future. The "business-as-usual" scenario assumes unrestricted growth in the use of fossil fuels. 

The Business as Usual scenario implies a temperature increase of about 4 degrees during the next century. While this may seem a small number, it represents a tremendous rate of change. The question must therefore be asked - what is the ecological consequence of such a change? 
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	Figure 3. Predicted temperature increases for different fossil-fuel use scenarios. 


From our knowledge of geophysics, we can say that the a global temperature change of 3-5 degrees will lead to: 

  shifts in prevailing wind systems 

  greater evaporation and precipitation 

  changes in agricultural productivity 

  rising sea level (perhaps as much as one foot in the next quarter century) 

  stress on forests and ecosystems 

  cooling of the upper atmosphere 

  changes in clouds - which might induce a feedback on global warming 

All these changes are of significant concern. We can only address a few of the issues during this lecture period. 
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	Figure 4. Top Ten Greenhouse Emitters. 


It is important to recognize the source of the potential global warming due to an enhanced greenhouse effect. The World Resources Institute has estimated the percentage contribution to greenhouse warming for the various Nation States of the world. The U.S. is the top contributor to global warming, accounting for about 20% of the total emission of greenhouse gases. Figure 4 indicates the top ten greenhouse gas emitting nations. Data such as these raises the question of responsibility - should those nation-states which emit more greenhouse gases bear a disproportionate responsibility for the negative economic impacts of resulting ecological changes felt across the whole world? What do you think? 



2. Predicted Regional Changes
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	Figure 5 Expected Regional Changes in Temperature (Wang et al., 1992). 


While the global mean temperature will rise, the models predict substantial regional variation in the overall response to global warming. Figure 5 illustrates one example calculation. This is a model prediction for the year 2050, made using the standard assumption of a doubling in carbon dioxide levels. The contours show temperature changes with respect to the current climate. All the numbers are positive, indicating an overall warmer planet everywhere. However, the highest perturbations occur near the polar regions, reaching as much as 12 degrees in the far north. This latitudinal distribution of the warming implies that there will be more melting of the polar ice caps than if the temperature change were to be more evenly distributed around the globe. 

The changed global climate is predicted to lead to severe droughts in some regions and increased rainfall and flooding in others. The complexity of the atmospheric response to the changed climate is due to the non-linear way in which the planet redistributes energy through atmospheric and ocean circulatory systems. Although much has been learned about these systems, the exact response is hard to predict with any degree of certainty and much remains to be studied to improve our estimates of the effects of global warming. 

Figure 6 shows a model prediction of the regional response in terms of rainfall. Many of the areas of projected drier climates are prime agricultural regions - examples being central North America, the Middle East, Western Europe, etc. The effects of global warming on the food supply, therefore, is likely to be severe. 

The tendency towards increased prevalence of drought conditions is a major concern for North America. Figure 7 shows plots of the percentage variation in rainfall in the mid-west since 1720. As can be seen, the conditions that led to the dust bowl period in the 1930's (a 15-20% decrease in rainfall for several years) has occurred several times since the early 18th century. It is to be expected that these conditions will occur with greater frequency in the decades to come due to global warming. 
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Figure 6. Expected Regional Changes in Temperature. Wetter regions are shown in blue; drier regions as yellow to red. Much of the Earth's arable lend will probably lead to more droughts than today (Wang et al., 1992). 
	[image: image7.png]




Figure 7. Dust bowl conditions have occurred in the mid-west several times since the 1700' s. These data are obtained from tree rings and indicate annual precipitation changes (MacKenzie and MacKenzie). 




3. Ecological Consequences 

The ecological consequences of the global and regional changes outlined above will be profound. We discuss some of the most important expected effects. 

Atmosphere-Land Response
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The atmosphere-land response will depend on a number of factors including the following: 

· Terrestrial ecosystems take up about 120 million metric tons of carbon in gross primary production each year and release about the same in respiration and decay. 

· Photosynthesis and plant and bacterial respiration increase with increasing temperature. 

· At higher temperatures, respiration is generally more sensitive to temperature increase than photosynthesis and this difference may alter a fundamental ecosystem balance, perhaps accelerating warming trends. 

· Increase in atmospheric carbon dioxide is linked to increased growth rates - some of the fundamental research in this areas being done at the U-M's Biological Station in Northern Michigan. Such growth rate increases will store more carbon in litter, plants and soils - a negative feedback effect on global warming. 

· The distribution of plant species will change due to soil moisture changes. 

· Some plants and animals will decrease in numbers - others will increase. 

· It is likely that some species of trees will not be able to migrate quickly enough to avoid extinction. 

Atmosphere-Ocean Response
The atmosphere-ocean response will depend on a number of factors including the following: 

· Sea level rise will result from global warming 

· Each century, the sea level currently rises by about one foot. This corresponds to a motion of the coastline of Southern Florida inland by about 10 miles. Global warming will accelerate this effect, perhaps it will take as little as 25 years for 10 miles of Florida to be lost to the sea! 

· 20% of the world's population lives on land likely to be inundated for a sea level rise of only 1 meter. 

· Areas most affected will be regions of high productivity (mangroves, etc.) 

· Coral is likely to keep pace with sea level rise. 

· Possible changes in the rate of upwelling due to thermal changes in the oceans might affect rates of biological productivity. 

· Impacts of fisheries will be profound as regions of upwelling change 

· Global oceanic warming will lead to increased rate of release of biologically-produced greehouse gases from the waters - due to changes in respiration and photosynthesis.

Figure 8. Conceptual model of the effects of human-induced perturbations on biodiversity and ecosystem functioning. Changes in land and water use directly affect biodiversity and simultaneously modify the composition of the atmosphere, altering the climate system (UNEP: Global Biodiversity Assessment, pp 318) 
The ecosystem-biodiversity linkage is complex and dependent on the details of land and water usage and how these will vary with time. Multiple feedback mechanisms are undoubtedly at work and many surprises are undoubtedly in store for us as global warming proceeds at unprecedented rates. 

The classical example of ecosystem effects is seen in the response of trees to climate change. Here, we are fortunate to have a tremendous resource in pollen studies that have provided a record of tree habitats in North America and Europe. The response of trees to the gradual warming trend at the end of the most recent glacial period (circa 14,000 years ago) is instructive. 
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	Figure 9. Pollen studies have provided the history of tree migration during the gradual period of warming at the end of the last glaciation. This figure shows how Spruce, Hemlock and Elm all migrated northwards as the Ice retreated in North America. (after Skinner and Porter). 


As can be seen from the examples shown in Figure 9, various trees survived the end of the last glacial period through slow migration northwards. Since trees can only migrate by dropping seeds in the preferred direction, tree migration is a painfully slow business - with maximum rates of about 40 km per century. In North America, the migration northwards was unimpeded by the mountains which run north-south. In Western Europe, on the other hand, the mountain ranges run east-west. This fundamental difference accounts for the poorer diversity of naturally-occurring tree types in Europe (about 30 types as opposed about 130 types in North America). 

Models of tree migration have been developed to study what might happen due to global warming. Once again, we expect a northwards migration, but forced by more rapidly changing climate than the rates of change that occurred at the end of the last glacial period. An example of a model scenario is shown in Figure 10 for the Beech tree. As can be seen, the tree will migrate towards the Hudson Bay and will become extinct in the southern part of its range today. 
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	Figure 10. Modeling studies of Beech tree retreat according to two climate models. The tree will probably extend its range northwards and reduce its southwards extent dramatically. 


As we have seen with our tree example, changes in climate will directly affect biodiversity. Although the biodiversity changes driven by global warming are likely to be profound, it is sobering to recognize that human activities affecting habitat loss are much more important for biodiversity today than climate change. 

Biotic diversity is particularly vulnerable to global climate change because much of the species richness occurs in association with marginal habitats (e.g., coral reefs, mangrove swamps, etc.) It is precisely these marginal habitats that are most vulnerable to changes in climate. 

Climate Prognosis 

The climate record of the past 150,000 years shows repeated glacial periods followed by interglacial periods such as the one we are now experiencing. It is possible to speculate on how the combination of natural and unnatural climate changes might affect the earth for the next several millenia. Figure 11 shows the recent climate record and (speculatively) projects it into the future. The Milankovitch cycles (changes in the shape of the Earth's orbit around the Sun) are trying to cool the global climate. The anthropogenically-induced global warming may well lead to an extension of the current interglacial period - perhaps to a future "super-interglaciation" that will delay the onset of the next glacial period by several thousands of years. 
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	Figure 11. Past and possible future climate scenario. Are we creating a Super- Interglaciation through our use of fossil fuel? 




Summary

Global Warming due to increased levels of carbon dioxide is predicted to change the world's atmospheric temperature by about 4 degrees over the next century, accelerating the trend already observed in the past 100 years. 

The climate change will not be uniform across the globe. Some areas will experience more drought conditions and some more rainfall. Also, the polar regions will be disproportionately warmed, leading to accelerated melting of the ice caps and a rise in the sea level of about a over the next quarter century. 

Trees migrate at about 40 km per century. Many trees survived the end of the last glacial period 10,000-18,000 years ago by migrating slowly northwards to fill opening niches. In Europe, because the mountain ranges run east-west, many tree species became extinct at the same time 

The combination of global warming and the natural tendency of the earth to relapse back into a glacial state might lead to a future "Super-Interglaciation" - a period of several thousands of years with a warmer climate than at any time in the last 200,000 years. 
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