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Prologue

Our awareness of possible human impacts on the earth’s climate system dates back to the early 19th century. In 1827, the renowned French mathematician Jean-Baptiste Fourier recognized that the atmosphere acts like a ‘glass vessel’ by trapping heat energy derived from sunlight. This idea later evolved into the concept of ‘greenhouse effect’ as the principal cause for global warming. The marked increase in the burning of fossil fuels (mainly coal and petroleum) since the Industrial Revolution has led to emissions of large amounts of carbon dioxide (CO2) to the atmosphere. In 1896, the Swedish chemist Svante Arrhenius first noted that the rising level of this gas could warm our climate. Systematic efforts to monitor the atmospheric concentration of CO2 and various indicators of the global environment (such as temperature, precipitation, ice cover, etc.) were launched in the 20th century. The emerging scientific evidence has caused sufficient concern that the Massachusetts Institute of Technology (MIT) sponsored a month-long study in the summer of 1970. More than forty eminent scientists and professionals contributed their knowledge on the emission rates, pathways and global impacts of various pollutants
. 
1. The IPCC Process

Through coordinated international efforts, our understanding of the earth’s climate system and the potential impacts of human activities has expanded tremendously since the MIT study. The series of assessments performed by the Intergovernmental Panel on Climate Change (IPCC) represent the most comprehensive and authoritative synthesis of our knowledge of these issues. The IPCC was established in 1988 by the United Nations (UN) Environment Programme and the World Meteorological Organization. The task of this body is to provide the world community with objective and transparent advice on the technical and societal dimensions of climate change. This panel consists of three working groups, which are devoted to scientific information, socio-economic impacts, and formulation of response or mitigation strategies. The IPCC does not conduct research on its own, but its participants are actively engaged in a broad range of climate-related investigations at their home institutions. At intervals of 5-6 years, the IPCC has published four successive assessment reports, in 1990, 1995, 2001 and 2007. Vigorous procedures have been established for the preparation of these documents.  The individual chapters were drafted by teams of experts familiar with the subject matter. These preliminary versions were subjected to a two-stage review, firstly by other experts, and secondly by both experts and governments. The final reports were accepted at  plenary sessions attended by the contributing authors and government representatives. These participants also scrutinized every word in the Summary for Policymakers, before approving it for public release.
The IPCC assessment reports, which comprise contributions from each of the working groups, represent major milestones in international cooperation to address global issues related to climate change. The findings of the first assessment report served as the basis for negotiating the UN Framework Convention on Climate Change (UNFCCC), which was opened for signature at the 1992 UN Conference on Environment and Development in Rio de Janeiro. The second assessment report provided the impetus for the Kyoto Protocol, which was negotiated in 1997 and commits the signatory nations to specific targets of reductions in their emissions of CO2 and other greenhouse gases. The updated information in the third assessment report has been used on a routine basis by the annual Conference of Parties to the UNFCCC.
The fourth assessment report (AR4) of IPCC by working groups I, II and III was released in February (Paris), April (Brussels), and May (Bangkok) of 2007, respectively. This state-of-the-art exposition of our knowledge of climate change is the product of the broadest collaborations within the research community thus far. As an illustration of the immensity of the efforts involved, the report of working group I (WGI, on physical science basis) was jointly written by 150 lead authors and 450 contributing authors, who were nominated by 40 governments. The drafts of these authors were examined by more than 600 reviewers, who submitted 30,000 comments. Every comment has been addressed by the authors to the reviewer’s satisfaction. Finally, the precise wording of the Summary for Policymakers was debated and polished by 300 representatives from 113 countries.
The full AR4 report of WGI is a voluminous document with a total length of almost a thousand pages. Its 11 chapters cover the full range of scientific issues pertaining to climate change. An attempt is made in this short article to summarize those findings that are of most interest to the readership of the Bulletin. Specifically, this overview is mainly concerned with the increasing levels of atmospheric constituents that have climatic implications, observed changes in different components of the climate system, efforts aimed at linking these changes to human activities, and projections of future climate changes based on the output from an ensemble of model simulations. All numerical data cited here are extracted from the AR4 report of WGI. Readers who wish to explore the pertinent issues in greater depth are urged to refer to the original AR4 documents
. 

2. Anthropogenic Drivers of Climate Change

The fundamental physical principles of the greenhouse effect and its role in climate change are rather simple. In brief, our planet receives its energy from the sun, which emits most of its radiation in the visible portion of the light spectrum. In order to achieve a state of equilibrium, this solar input is balanced by the emission of light energy from the earth back to space. This energy loss from the earth is mostly attained by radiation in the ‘infrared’ portion of the spectrum, due to its much lower temperature as compared to the sun. Certain gaseous species in the earth’s atmosphere act differently on the visible and infrared radiation: they are transparent to the incoming visible sunlight, but intercept the outgoing infrared rays and re-emit them back to the earth’s surface. Hence these atmospheric constituents serve a function analogous to that of the glass casing of a greenhouse (as noted by Fourier), which allows the sunshine to warm its interior, but prevents the escape of energy from that structure through blockage of heat transfer to the ambient environment. It is therefore anticipated that increased loading of the ‘greenhouse gases’ in the earth’s atmosphere will lead to rising temperatures in a globally averaged sense. Although this basic mechanism is well understood, active research continues on many aspects of the consequences of greenhouse warming. The scientific community still faces formidable challenges in its attempts to quantify the details of greenhouse responses in various geographical regions. These difficulties are primarily linked to the complexity of highly interactive processes operating in our climate system. Such interactions occur on various time and space scales in the atmosphere, ocean, cryosphere (e.g., continental and sea ice), and land surface (e.g., vegetation cover, groundwater storage, river discharge), as well as within the hydrological cycle (e.g., cloud formation and precipitation). 

The most important greenhouse gases of anthropogenic origin are CO2, methane and nitrous oxide. The variations of atmospheric concentrations of these gases during the past 2000 years are summarized in Fig. 1. The primary sources of CO2 are consumption of fossil fuel [amounting to 6.4 billion metric tons of carbon (GtC) per year in the 1990s and 7.2 GtC per year in 2000-2005] and land use change due to deforestation and biomass burning (about 1.6 GtC per year in the 1990s). These inputs are accompanied by an increase of the global atmospheric CO2 concentration from the pre-industrial (circa 1750) level of 280 parts per million (ppm) to the 2005 level of 379 ppm, which far exceeds the range of natural variability over the past 650,000 years (180-330 ppm), as estimated from ice-core records. The contemporary rate of CO2 increase is 1.9 ppm per year. The dominant human sources of methane are agricultural activities and use of fossil fuel, which contribute to the observed rise in concentration of this gas from the pre-industrial level of 715 parts per billion (ppb) to 1774 ppb in 2005, which also stands far beyond the range of natural fluctuations (320-790 ppb). The anthropogenic origin of nitrous oxide, mostly associated with agricultural practices, contributes to about one-third of the observed increase in the atmospheric level of this gas from the pre-industrial value of 270 ppb to 319 ppb in 2005. In addition to the three gases noted above, tropospheric ozone (which results from emissions of nitrogen oxides and carbon monoxide, and their subsequent chemical transformations) and various halocarbons (mostly found in industrial solvents, refrigerants and plastics) are also known to have warming effects on the earth’s climate.
The AR4 report has published quantitative measures of the radiative effects of different greenhouse gases, so as to facilitate assessments of their relative importance. These ‘impact factors’ are formulated in terms of the time rate of perturbed energy flow through a surface of unit area due to the presence of a given atmospheric constituent at the concentration level detected in 2005. Such comparisons indicate that the CO2 is the strongest contributor to greenhouse warming, with an impact factor of 1.66 watts per square meter. This effect is comparable to the warmth felt by a person standing at a distance of about 1.5 m from a 40-watt electric light bulb. The warming effect of CO2 may also be contrasted with the total direct energy flow rate from the overhead sun, which has a much larger magnitude of 1380 watts per square meter. The corresponding magnitudes of the warming due to methane, nitrous oxide, tropospheric ozone and halocarbons are 29, 10, 21 and 20% of the CO2 impact as cited above.
In addition to the emission of various greenhouse gases, human activities have also led to the injection of increasingly large amounts of particulate matter into the atmosphere. These substances, which exist in solid, liquid, or mixed solid-liquid forms, are sufficiently light to be suspended in air, and are collectively referred to as ‘aerosols’. Their main ingredients are sulfates, nitrates, various forms of carbon, and dust. The notable increase in the frequency of hazy skies in many population centers of the world (including Hong Kong) during recent years may largely be attributable to elevated levels of these atmospheric aerosols. Such trace constituents influence the climate system in multiple ways. Their most direct effect is to reflect a larger portion of the incoming sunlight back to space, thus reducing the amount of solar energy arriving at the earth’s surface, and thereby lowering its temperature. Hence this cooling effect partially offsets the temperature increase due to the greenhouse gases. It is estimated that the magnitude of the aerosol-induced direct cooling is about 30% of the warming associated with CO2. The aerosols also participate in nucleation processes that lead to cloud formation. Increased aerosol levels could enhance the reflectivity of clouds, which results in additional cooling of the earth’s surface. This indirect effect could cancel about 42% of the warming associated with CO2. The magnitudes of both the direct and indirect aerosol effects are still subject to large uncertainties.
3. Observed Climate Changes in the Recent Past

Painstaking efforts have been made to reconstruct the recent climate history of the earth. These investigations are hampered by many obstacles. Most components of the climate system (the atmosphere and ocean in particular) exhibit a high degree of internal (or ‘natural’) variability, which is present even when no changes in external conditions are applied. The turbulent behavior of these subsystems introduces a substantial level of noise to the climate records, thus leading to considerable difficulties in detecting various response signals of interest. The amplitude of such background noise is particularly high when climate variations over smaller geographical regions are considered. Moreover, the observational networks for monitoring past climate changes is far from ideal, with prominent data gaps in both space and time. Such inhomogeneities in data coverage complicate the estimation of many standard indicators of climate change, which often entail the computation of averages over large spatial domains (e.g., a certain continent, ocean basin, or the entire globe) during extended periods of time (e.g., a century or longer). Changes in measurement techniques (e.g., thermometer readings versus temperatures inferred from satellite platforms) also lead to artificial discontinuities in the data records, which can only be partially resolved through careful cross-calibrations among different instruments.

Notwithstanding the afore-mentioned challenges, much progress has been made in documenting the evolution of critical climate indices based on the existing observational records. Of  particular note are the following long-term trends:

• The globally averaged surface temperature has increased by 0.74°C during the 1906-2005 period. The warming trend has undergone noticeable acceleration in the course of the 20th century, with the trend value for the last 50 years being double that for the entire century (see Fig. 2). Among the 12 years in the most recent period (1995-2006), 11 years rank among the warmest years in the instrumental temperature record commencing in 1850. Similar warming rates are detected during recent decades in the atmospheric layer extending to several kilometers above the earth’s surface. Warming has also occurred within the global oceans, with rising temperatures being observed at depths of at least 3000 m.
• The extent of snow and ice cover in land regions, including mountain glaciers and ice caps, has decreased. Losses from the ice sheets of Greenland and Antarctica through increased ice flow to the oceans and excessive melting have been detected.
• The global sea level has risen by 0.17 m during the 20th century. This rising trend has noticeably accelerated during the 1993-2003 period. Within that decade, thermal expansion of sea water due to increasing temperatures accounts for 57% of the sea level rise, whereas the contributions from melting glaciers/ice caps and from the Greenland/Antarctica ice sheets are 28 and 15%, respectively.
On the basis of this observational evidence, as well as their mutual consistency, the AR4 report characterizes the recent warming of the climate system as ‘unequivocal’. These findings are further buttressed by comparing the above instrumental climate records with indicators of the climate history dating back to the more distant past. The latter information has been inferred from proxy data such as tree-ring widths and ice cores. Such paleoclimatic studies suggest that the warmth of the past half century exceeds any other 50-year period in at least the past 1300 years. During the last prominent warm period about 125,000 years ago, the 3-5°C temperature increase over the polar regions was accompanied by a global sea level rise of 4-6 m, with the Greenland ice sheet and other Arctic ice fields contributing to no more than 4 m of that signal.
Besides the global measures described above, the following climate changes on smaller regional scales are also noteworthy:

• Warming of the Arctic basin has proceeded at a rate which is two times that of the global average. Since 1974, the sea ice extent in this region has shrunk at a rate of 7.4% per decade during the summer season. In the past two decades, the temperature of the permafrost layer (long-lasting frozen soil) in this region has risen by as much as 3°C. The enhanced warming in high-latitude regions is in part the consequence of a positive feedback loop: greenhouse warming accelerates the melting of ice and snow; removal of the snow or ice cover leads to reduction in the degree of reflectivity of the land and ocean surface; the increased absorption of the incoming solar radiation results in still further warming, thus reinforcing the original perturbation that initiated this chain of processes, and amplifying the changes in subsequent iterations of the loop . 
• Century-long precipitation trends have been observed in many regions. Of special interest to the readers of the Bulletin are the increased precipitation over parts of northern and central Asia, and decreased precipitation over parts of southern Asia. Droughts with stronger severity and longer duration have occurred in the past three decades, especially in the tropical and subtropical zones. Frequency of heavy precipitation events has increased over land areas. These secular precipitation changes are accompanied by perturbations of wind patterns, which are in turn linked to altered surface conditions of the oceans and continents in response to rising levels of greenhouse gases and aerosols.
• In association with the general rising temperature trend, extremely hot episodes (such as prolonged heat waves) have become more frequent, whereas cold events have become less frequent.
• Observational evidence indicates an increase in activities of intense tropical cyclones (hurricanes and typhoons) over the North Atlantic in recent decades. This enhanced degree of storminess is coincident with rising sea surface temperature. The resulting increases in evaporation and water vapor content in the atmosphere lead to stronger latent heat release in the tropical convective zones, thereby promoting the formation and growth of cyclones.
4. Attribution of the Recent Climate Changes to Anthropogenic Causes
  The extent to which the myriad signals of climate change in the recent past may be attributed to anthropogenic emissions of greenhouse gases and aerosols has been investigated extensively. A valuable tool in such studies are the climate models developed at various participating institutions, including research centers in China, Japan and Korea. In essence, these models are very complex computer algorithms incorporating the physical laws and mathematical equations that govern the mechanisms operating in, and interactions among, various components of the climate system. They provide simulations of a large variety of phenomena and processes, such as atmospheric and oceanic motions, flow of radiative energy at different wavelengths, cloud cover and precipitation, energy and momentum transfers at air-sea and air-land interfaces, vegetation, ground hydrology, and dynamics of land and sea ice. Some of the more comprehensive models encompass the exchange and transport of trace constituents in various atmospheric, hydrospheric and biospheric reservoirs. Marching (or ‘integrating’) these models forward in time yield detailed information on the three-dimensional structure of an extensive suite of physical variables (including winds and ocean currents, temperature, pressure, atmospheric humidity, oceanic salinity, etc.), with typical grid spacings of 50-500 km and 1 km in the horizontal and vertical directions, respectively, and on the temporal development of these fields, at intervals of minutes or hours. The speed and memory requirements of the more advanced climate models can only be accommodated by some of the most powerful electronic computers in the world. In spite of the tremendous resources invested in the development of these models, there is still considerable room for improvement in the simulation of various facets of the climate system. Model-based findings must therefore be interpreted with such imperfections in mind.
Since the model settings could be adjusted at will to correspond to various climate ‘scenarios’ with specified levels of greenhouse gases and aerosols, these models are well suited for a wide range of studies on climate change. Two suites of model experiments are especially relevant to the identification of causes for the observed climate change. These integrations extend from the early 20th century to the present. In the course of both experiments, the year-to-year variations of certain sets of conditions are prescribed. For the first suite, only the influences (or ‘forcings’) due to naturally occurring processes are considered. The time sequence of such forcings primarily reflects the variations of two principal drivers of natural variability as observed during the past century: solar activity and volcanic eruptions. Changes in energy input to the climate system from the sun are modulated mostly by the sunspot cycle and fluctuations in the earth’s orbit around the sun. Sporadic volcanic eruptions at varying sites lead to injections of dust particles to the atmosphere, which reflect more sunlight back to space, thus resulting in cooling at the earth’s surface. The second suite of experiments entails the insertion of conditions with both natural and human origins in the climate models. The anthropogenic forcings are deduced from the progression of estimated atmospheric loadings of greenhouse gases and aerosols during the past 100 years (e.g., see Fig. 1). This pair of experimental designs has been implemented using different climate models. For some of the models, the suite of integrations is repeated several times by initiating the integrations with distinct sets of conditions, but subjecting the models to the identical sequence of forcings. Ensemble averages over the output from these multiple, independent realizations allow for a more reliable assessment of the sensitivity of individual models to climate forcings. 
Time series of the range of model responses in surface temperature to natural forcings only, and to the sum of natural and anthropogenic forcings, are shown using blue and red shaded bands, respectively, in Fig. 3. The black curves in the individual panels indicate the corresponding observed temperature variations. Results are displayed for each of the continents except Antarctica. It is apparent from Fig. 3 that, for all continental sites considered here, none of the model simulations subjected to natural forcings only (see blue bands) is capable of reproducing the observed warming trends since the mid-20th century. On the other hand, the observational data (black curves) lie well within the envelope of model responses to the combination of natural and anthropogenic forcings (see red bands). These results hence offer convincing evidence on the crucial role of human activities in the warming trend as observed in recent decades. Analogous comparisons between the simulations for ‘natural only’ and ‘natural plus anthropogenic’ forcings have also been performed for other climate indices besides surface temperature. This exercise indicates that the observed changes in oceanic temperature, sea level, frequency of extreme precipitation and temperature episodes, wind patterns, and tropical cyclone activity are to varying degrees attributable to human influences. Model experiments have also been conducted to assess the contributions of greenhouse gases and aerosols separately. These additional integrations confirm that the warming effects of greenhouse gases are partially offset by the cooling due to aerosols.  Furthermore, detailed diagnoses of the output from these or other experiments have enhanced our scientific understanding of the physical mechanisms linking various forcings to specific climate responses.
5. Projections of Future Climate Changes

The computer models used in retrospective simulations of the climate of the past century (see previous section) may also be deployed as a prediction tool for making projections of climate changes in the future. In the latter application, the climate models are initiated at near-present conditions, and are marched through the 21st century and beyond. In the course of such experiments, the time evolution of the atmospheric levels of greenhouse gases and aerosols are set according to different emission ‘storylines’ or ‘scenarios’. These scenarios are constructed using various assumptions on future economic development, population pattern, relative mix of fossil and non-fossil energy uses, and degree of convergence among regions in economic structures and environmental policies. Results for the following three scenarios will be highlighted:

• B1 (‘low’): rapid change toward a service and information economy; with global population peaking in mid-21st century, and declining thereafter; emphasis on global solutions to socio-economic and environmental sustainability; introduction of clean and resource efficient technologies; equivalent CO2 concentration in 2100 is estimated at 600 ppm.

 • A1B (‘balanced’): rapid economic growth; same population trends as B1; increased cultural and socio-economic convergence among regions; balanced mix of usage of fossil and non-fossil fuels; equivalent CO2 level in 2100 is about 850 ppm.
• A2 (‘high’): regionally oriented and fragmented economic and technological development; continuously increasing population; emphasis on self reliance and preservation of local identities; equivalent CO2 loading reaches 1250 ppm in 2100.
 The reliability of the model projections is dependent on the accuracy of forcings associated with these scenarios. The lack of measurements of the initial (i.e., present-day) conditions of some slowly-varying components of the climate system (e.g., ocean, land and cryosphere), as well as deficiencies of the model themselves, also introduce uncertainties to the model projections. Notwithstanding these obstacles, model projections made in the previous three IPCC assessments for the period from 1990 to present are in general agreement with the observational data that have become available after the projections were made. This verification exercise enhances the credibility of the projections for the near future.
Projections of the various global measures of climate changes, as deduced from multiple simulations using a large number of participating models, may be summarized as follows:
• The total increase in globally averaged surface temperature during the 21st century is estimated to be 1.8, 2.8 and 3.4°C for the B1, A1B and A2 scenarios, respectively (see blue, green and red curves in Fig. 4). During the next two decades, the warming trend is about 0.2°C per decade for all scenarios. Even if the anthropogenic forcings were held fixed at the levels in year 2000, the temperature rise would still proceed at a rate of about 0.1°C per decade in the coming two decades (see orange curve in Fig. 4), due mainly to the slow response of the oceans. If the forcings were stabilized in year 2100 at the B1 or A1B levels, a further warming of about 0.5°C would still occur by year 2200 (see green and blue curves for time periods beyond 2100).
• The projected total rise in sea level in the 21st century lies within the ranges of 0.18-0.38, 0.21-0.48 and 0.23-0.51 m for the B1, A1B and A2 scenarios, respectively. If anthropogenic forcings were stabilized at the A1B levels in 2100, thermal expansion of seawater would continue due to slow penetration of heat to the deep ocean. This delayed effect could lead to a further rise of sea level by 0.3-0.8 m by 2300. Complete elimination of the Greenland ice sheet after a long period of sustained warming could result in an additional sea level rise of about 7 m. An elevation of sea level of that magnitude will inundate many low-lying areas along the eastern and southern coasts of China, including those neighboring the population centers of Hong Kong-Guangzhou, Shanghai and Tienjin.
• Due to the long lifetime of CO2 in the atmosphere (as much as 200 years), and the slowness of oceanic responses to the greenhouse effect, the rises in temperature and sea level due to both past and future human emissions of CO2 will be sustained for longer than a millennium from present.
Beyond the global averages quoted above, the model experiments also provide data on the geographical distributions of the projected changes. The patterns of increases in the surface temperature during the decades of 2020-2029 and 2090-2099, as estimated by averaging the output from several models based on the B1, A1B and A2 scenarios, are displayed in Fig. 5. The general character of the patterns for various scenarios is similar to each other. It is evident from the charts for the 2090-2099 era that the amplitude of the model responses increases progressively from the ‘low’ scenario B1 to the ‘balanced’ and ‘high’ scenarios A1B and A2. Due to the larger heat capacity of seawater as compared to land surfaces, the temperature rise over continents is noticeably higher than that over oceans. The most acute warming is projected over the Arctic region and the high-latitude zones of Eurasia and North America, primarily due to the positive feedback chain linking greenhouse warming, ice- and snow-melt, decrease in surface reflectivity, and increase in absorption of sunlight (see Section 3). The weak warming over the Southern Ocean and parts of the North Atlantic is due to the special structure of the oceanic circulation in those regions, which is conducive to conditions that tend to oppose greenhouse-induced warming. Time series of projected temperature change in various continents for the 2001-2050 period of the A1B scenario are also shown in Fig. 3 (see yellow bands). The projected trends over all six continents clearly rise above the estimated level of variability due to natural causes (indicated by green bars).
The projections shown in Fig. 5 indicate a warming of 2-4°C over most parts of China by the end of the 21st century. An appreciation of the climatic impacts in this region may be gained by comparing the current climatological data for various Chinese cities. With a temperature rise of the magnitude as cited above, the annual mean temperature in Qingdao a century from now will be approximately equal to that in present-day Shanghai. Analogously, the future summertime temperature in Harbin will approach that in contemporary Beijing; whereas winters in Fuzhou will be similar to those in today’s Guangzhou.

The patterns of the anticipated precipitation change during the 21st century for the December-January-February and June-July-August seasons, as obtained from averages of the output from several models for the A1B scenario, are illustrated in Fig. 6. Stippling indicates those features for which different models exhibit strong agreement. A majority of the models project increased precipitation in high-latitudes by 10% or more. This response is partly due to the poleward shifts in the strong eastward wind belt and in the trajectories of extratropical storms, and to enhanced warming in these regions (see Fig. 5), which allows the local air masses to hold more water vapor. Also evident in Fig. 6 are the narrow zone of positive rainfall changes near the equator, and broader belts of reduced precipitation over the subtropics of both hemispheres. These features may be related to alterations in the intensity and spatial extent of large-scale atmospheric circulation cells over these regions in response to greenhouse warming. The most noteworthy signal in the Chinese sector is the precipitation increase over northern China, especially during the winter season.
In addition to the temperature and precipitation changes highlighted in Figs. 5 and 6, the models also project further contraction of snow cover, continued shrinking of the sea ice in both the Arctic and the Antarctic (to such an extent that Arctic sea ice may disappear completely during late summer at the end of this century), still more frequent events of extreme high temperatures and precipitation amounts, and increased intensity of tropical cyclones. 
The model projections indicate that, as our climate warms, the uptake of atmospheric CO2 by the oceanic and land reservoirs is reduced. As a result, a larger fraction of the emitted CO2 will stay in the atmosphere. It is estimated that this feedback between climate change and the earth’s carbon cycle could lead to an additional warming of more than 1°C by 2100.
Climate scientists have long been concerned with the future course of a massive oceanic circulation loop in the Atlantic basin. Historical climate records suggest that variations in the intensity of this current system could be accompanied by abrupt climate changes in different parts of the globe. It has been speculated that greenhouse warming could reduce the northward flow of warm waters near the surface of the North Atlantic, thereby leading to cooling of northern Europe and parts of the Arctic basin. Model projections performed for the AR4 report indicate that the slowing-down of the Atlantic circulation loop in the 21st century will be rather modest (by about 25%), and the attendant cooling tendencies will be more than compensated by the general warming trend due to the greenhouse effect. 
6. Certainties and Unknowns  
Comparison between the findings presented in AR4 and the previous three IPCC reports reveals that substantial progress has been achieved in our scientific understanding and prediction capability of climate change. Such advances are made possible by the availability of more extensive observational and model-generated datasets, more incisive diagnoses and intercomparisons of the information contained therein, improved model simulations of the pertinent processes, and more definitive measures of the reliability of the projected climate changes based on the range of responses in multiple models. These developments have led to increased confidence in some of the conclusions highlighted in AR4, and in some of the quantitative estimates of past and future climate changes. For instance, the report is virtually certain (i.e., with more than 95% probability of being correct) that the warming trend will continue in the 21st century, and that the observed global climate change of the past 50 years cannot be solely attributed to natural forcings. It also claims with a very high degree of confidence or regards as very likely (i.e., with more than 90% probability of being correct) the following results:
• The observed temperature rise since the mid-20th century is due to observed increase of greenhouse gas emissions from human activities. The projected warming and other changes in the climate system in the 21st century will be larger than those observed in the 20th century.

• In the post-1960 era, frequency of cold days and nights has decreased, whereas frequency of warm days and nights have increased. Frequency of warm spells and heat waves is projected to increase in the 21st century.
• Frequency of heavy precipitation events over most areas, as well as total precipitation amounts in high-latitude zones, are projected to increase in the 21st century. 
• Losses from the Greenland and Antarctica ice sheets have contributed to the rise of sea level during 1993-2003.
Despite the considerable expansion of our scientific knowledge of climate change, large uncertainties remain in several aspects of this complex problem. More accurate and reliable assessments in the future will depend on progress along the following avenues of research:

• The magnitudes and spatial distribution of the cooling due to direct and indirect effects of aerosols (see Section 2) are still poorly known. The estimated upper bound of globally averaged cooling is larger than the lower bound by a factor of 9 and 6 for the direct and indirect (related to cloud reflectivity) effects, respectively. These broad ranges of the possible climate responses to aerosol forcing reflect our limited understanding of the interactions between aerosols, radiative transfer and various cloud processes. 
• Our understanding is still lacking on the impacts of greenhouse warming on various cloud-related characteristics (e.g., cloud type, altitudes of cloud top and cloud base, reflectivity and absorptivity of radiative energy, form and intensity of precipitation, etc.) in different geographical locations, and the manner in which the cloud and precipitation changes are coupled with the ambient atmospheric circulation.
• The nature of the processes contributing to the surface mass balance of land ice, as well as the dynamical mechanisms related to ice flow, are critical for projecting the future states of the Greenland and Antarctic ice sheets, which in turn have a strong impact on the magnitude of sea level changes.
• The need for information on regional details of climate change calls for continued efforts to understand and project climate responses to various forcings on small spatial scales. Such efforts entail a fuller understanding of the interactions between the climate processes on a local context, and experimentation with climate models with increasing spatial resolution.

• The implications of climate change on the statistical behavior of weather phenomena (such as the distribution of probability of events in various categories of severity) at different locations need to be assessed in greater detail. Such investigations provide information on the shifts in frequency and intensity of extreme weather episodes (e.g., floods, dry spells, heat waves, severe tropical storms) associated with climate change, which have stronger socio-economic consequences than shifts in the longer-term averages (e.g., monthly and seasonal means). 
Epilogue

The much greater breadth and depth of the IPCC assessment reports, as compared with the MIT study mentioned at the beginning of this article, is testimony to the maturation of climate science during the past several decades. Such scientific advances have greatly heightened the awareness of human impacts on our environment, to the extent that global climate change issues are now brought to the forefront of the political agendas of world governments. The notion that human-induced climate change is one of the most critical issues facing humanity in the 21st century has gained increasing acceptance. In recognition of the efforts of IPCC to disseminate the knowledge on climate change, this panel was named as a co-recipient of the 2007 Nobel Peace Prize. 
The excitement and potency of various climate issues, as conveyed in the comprehensive and thorough IPCC documents, will hopefully motivate more scientists to join in this effort. In view of the strong cross-disciplinary nature of this field, preparations of these future climate scientists necessitate educational infrastructures that span across traditional academic boundaries. The global nature of various climate issues also requires the nurturing of broad world views and a strong spirit of international cooperation among the scientists in this endeavor.
It is worth noting that, in order to ensure freshness and independence of the findings and viewpoints expressed in the report of WGI of AR4, three quarters of it 150 lead authors have not been involved in the preparation of previous reports, and one-third of them received their last academic degree within the past decade. In effect, the torch of climate change research has been passed to a younger generation of scientists. There is much optimism that, when the time comes to compile the fifth assessment report, probably in about 2013, yet another cohort of even younger and well-trained climate scientists will step up to the challenge of presenting to the world the best possible assessment of the current and future course of the Earch’s climate system. 
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Figure Captions
Fig. 1. Variations of atmospheric concentrations of carbon dioxide, methane and nitrous oxide during the last 2000 years, in units of parts per million (ppm) or parts per billion (ppb). Source: IPCC AR4 Report.
Fig. 2. Variations of annual global mean surface temperatures (black dots) as observed from 1850 to present. Left axis shows departures from 1961-1990 average. Right axis shows actual temperatures. Blue curve indicates smoothed variations with time scales longer than a decade. Pale blue band centered on that curve indicates the extent of the 5-95% decadal error bars. Yellow, orange, magenta and red segments represent slopes of linear trends for the last 25, 50, 100 and 150 years, respectively. Source: IPCC AR4 Report.
Fig. 3. Variations of decadal mean surface temperatures over different continents, as deduced from observations and model simulations for 1906-2005, and from model projections for 2001-2050. All values represent departures from 1901-1950 average. Black lines indicate observations. Blue bands show the 5th-95th percentile range of responses in different models to natural forcings only. Red bands show the corresponding range of model responses to anthropogenic and natural forcings. Yellow bands depict the 5th-95th percentile range of model projections based on the A1B emission scenario.  Green bars provide a measure of natural variability, as inferred from model simulations for the 20th century with natural forcings only. Source: IPCC AR4 Report.
Fig. 4. Variations of annual global mean surface temperatures, as simulated by various models using natural and anthropogenic forcings for the 20th century (black curve), and as projected by some of these models on the basis of 21st century scenarios B1 (blue curve),  A1B (green curve) and A2 (red curve). Projections based on the B1 and A1B scenarios, with forcings fixed at the 2100 level, are extended to the 22nd and 23rd centuries. Projections for the 21st century, with forcings fixed at the 2000 level, are shown using the orange curve. All temperature values represent departures from the 1980-1999 average. Curves show averages over all available model simulations or projections. Shaded bands centered on these curves indicate the ranges for ± one standard deviation of the results from individual models. Source: IPCC AR4 Report.
Fig. 5. Distributions of the projected surface temperature changes in 2020-2029 (left panels) and in 2090-2099 (right panels), as obtained by averaging the results from individual models based on emission scenarios B1 (top), A1B (middle) and A2 (bottom). All values represent departure from the 1980-1999 average. Source: IPCC AR4 Report.
Fig. 6. Distributions of the projected precipitation changes (in percent) in 2090-2099, as obtained by averaging the results from individual models for the December-January-February (left panel) and June-July-August (right panel) seasons in the A1B scenario. All values represent departure from the 1980-1999 average. Regions where more than 90% of the models project changes with the same polarity are stippled. Regions where less than 66% of the models project the same polarity are left blank. Source: IPCC AR4 Report.
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Fig. 1. Variations of atmospheric concentrations of carbon dioxide, methane and nitrous oxide during the last 2000 years, in units of parts per million (ppm) or parts per billion (ppb). Source: IPCC AR4 Report.
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Fig. 2. Variations of annual global mean surface temperatures (black dots) as observed from 1850 to present. Left axis shows departures from 1961-1990 average. Right axis shows actual temperatures. Blue curve indicates smoothed variations with time scales longer than a decade. Pale blue band centered on that curve indicates the extent of the 5-95% decadal error bars. Yellow, orange, magenta and red segments represent slopes of linear trends for the last 25, 50, 100 and 150 years, respectively. Source: IPCC AR4 Report.
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Fig. 3. Variations of decadal mean surface temperatures over different continents, as deduced from observations and model simulations for 1906-2005, and from model projections for 2001-2050. All values represent departures from 1901-1950 average. Black lines indicate observations. Blue bands show the 5th-95th percentile range of responses in different models to natural forcings only. Red bands show the corresponding range of model responses to anthropogenic and natural forcings. Yellow bands depict the 5th-95th percentile range of model projections based on the A1B emission scenario.  Green bars provide a measure of natural variability, as inferred from model simulations for the 20th century with natural forcings only. Source: IPCC AR4 Report.
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Fig. 4. Variations of annual global mean surface temperatures, as simulated by various models using natural and anthropogenic forcings for the 20th century (black curve), and as projected by some of these models on the basis of 21st century scenarios B1 (blue curve),  A1B (green curve) and A2 (red curve). Projections based on the B1 and A1B scenarios, with forcings fixed at the 2100 level, are extended to the 22nd and 23rd centuries. Projections for the 21st century, with forcings fixed at the 2000 level, are shown using the orange curve. All temperature values represent departures from the 1980-1999 average. Curves show averages over all available model simulations or projections. Shaded bands centered on these curves indicate the ranges for ± one standard deviation of the results from individual models. Source: IPCC AR4 Report.
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Fig. 5. Distributions of the projected surface temperature changes in 2020-2029 (left panels) and in 2090-2099 (right panels), as obtained by averaging the results from individual models based on emission scenarios B1 (top), A1B (middle) and A2 (bottom). All values represent departure from the 1980-1999 average. Source: IPCC AR4 Report.
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Fig. 6. Distributions of the projected precipitation changes (in percent) in 2090-2099, as obtained by averaging the results from individual models for the December-January-February (left panel) and June-July-August (right panel) seasons in the A1B scenario. All values represent departure from the 1980-1999 average. Regions where more than 90% of the models project changes with the same polarity are stippled. Regions where less than 66% of the models project the same polarity are left blank. Source: IPCC AR4 Report.

� The findings of this study have been summarized in the document Man’s Impact on the Global Environment: Assessment and Recommendations for Action. Report of the Study of Critical Environmental Problems. MIT Press, 1970.


� The entirety of the IPCC AR4 report of WGI, including the Summary for Policymakers, Technical Summary and the 11 individual chapters, can be viewed at, or downloaded from, the electronic website � HYPERLINK "http://www.ipcc.ch" ��http://www.ipcc.ch�
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