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A Process-Based Modeling Analysis of Methane Exchanges Between
Alaskan Terrestrial Ecosystems and the Atmosphere

Qianlai Zhuang*, Jerry M. Melillo*, David W. Kicklighter*, Ronald G. Prinn†,
A. David McGuire‡, Paul A. Steudler‡, Benjamin S. Felzer* and Shaomin Hu‡

Abstract

We developed and used a new version of the Terrestrial Ecosystem Model (TEM) to study how
rates of methane (CH4) emissions and consumption in Alaskan soils have changed over the past
century in response to observed changes in the state’s climate and are likely to change with
projected climate changes over this century. We estimate that the current net emissions of CH4

(emissions minus consumption) from Alaskan soils are about 3 Tg CH4 yr–1. We project that net
CH4 emissions will almost double by the end of the century in response to high-latitude
warming and associated climate changes. If CH4 emissions from soils of the pan-Arctic region
respond to climate changes in the way we project for the Alaskan soils, the net increase in high
latitude CH4 emissions could lead to a major positive feedback to the climate system.
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1. INTRODUCTION

Soils have the capacity to both produce and consume CH4, a powerful greenhouse gas. A

special group of soil microorganisms, the methanogens, is responsible for CH4 production, while

another special group, the methanotrophs, is responsible for CH4 consumption. Recent estimates

put CH4 emissions from the world’s soils at about 150 to 250 Tg CH4 yr–1 [IPCC, 2001], with

between about 1/3 and 1/4 (about 65 Tg CH4 yr–1) emitted from the wet soils of high latitudes

[Walter et al., 2001a]. Estimates of CH4 consumption by soil microbes are in the range of 10 to

30 Tg CH4 yr–1, an order of magnitude lower than the emission estimates [IPCC, 2001]. Most of

the CH4 consumption occurs in well-drained soils of temperate and tropical areas.

Terrestrial ecosystems in high latitudes are predicted to experience earlier and more dramatic

environmental changes from global warming compared with lower latitude ecosystems [IPCC,
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2001] including the lengthening of the growing season and permafrost melting [Romanovsky et

al., 2001; Vitt et al., 2000]. Furthermore, a substantial part of the global natural wetlands occur

in northern high latitudes and form the largest single source of atmospheric CH4 [e.g., Cao et al.,

1996; Christensen et al., 1996; Melillo et al., 1996]. Changes of CH4 emissions and consumption

due to warming and alterations of hydrology in the region have been observed [e.g., Friborg et

al., 1997; Whalen and Reeburgh, 1992; West and Schmidt, 1998].

Many of the regional and global estimates of CH4 fluxes between the land and the atmosphere

have been based on limited site measurements and simple extrapolation procedures [e.g., Whalen

and Reeburgh, 1990; Whalen et al., 1991]. Recently, several large-spatial-scale models [e.g., Cao

et al., 1996; Liu, 1996; Potter et al., 1996; Prinn et al., 1999; Ridgwell et al., 1999; Walter and

Heimann, 2000; Walter et al., 2001a,b] have been developed to estimate current and future

methane exchanges between the land and the atmosphere. For example, it is estimated that a 26%

increase in global wetland CH4 emissions will occur for a global 1990–2100 warming of 2.5oC

[Liu, 1996; Prinn et al., 1999]. While these models have incorporated some of the factors that

control CH4 fluxes, they have ignored key aspects of the water and soil thermal regimes in high

latitudes [e.g., see Goodrich, 1978; Zhuang et al., 2001, 2003] that are critical to the timing and

magnitude of CH4 exchanges between the land and the atmosphere in northern ecosystems.

Furthermore, most of these models have not been coupled with well-validated terrestrial

ecosystem models, and so do not simulate the important links among plant productivity, the

availability of labile carbon compounds to microorganisms, and CH4 emissions. To examine the

responses to climate change of methane fluxes between soils and the atmosphere at high

latitudes, we have modified our process-based biogeochemistry model, the Terrestrial Ecosystem

Model [TEM; Zhuang et al., 2003], and here we present our simulation results for Alaska over

the period from 1922 to 2099.

2. MODEL FRAMEWORK AND INPUT DATASETS

We developed a CH4 dynamics module for TEM that explicitly considers the processes of

methanogenesis and methanotrophy, and the important CH4 transport mechanisms including

diffusion and plant-mediated emissions through hollow stems. We then linked the CH4 dynamics

module to two other modules within TEM: (1) a soil-thermal module that simulates daily soil

thermal regime, including soil temperature profile, active layer depth, and permafrost dynamics

for the soils [Zhuang et al., 2001]; and (2) a multiple-layer soil water module of moss, organic

soil, and mineral soils layers [Zhuang et al., 2002] that has been enhanced to consider

fluctuations in water-table depth.

We calibrated the model using CH4 flux measurements made at the two major field sites of

the Boreal Ecosystem-Atmosphere Study (BOREAS) [Sellers et al., 1997; Newcomer et al.,
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2000], and at the tundra sites at Toolik Lake Field Station, Alaska (68o38"N, 149o38'W)

[http://ecosystems.mbl.edu/ARC/, unpublished data]. We used the data set of Matthews and

Fung [1987] to define the distribution of wet soils in Alaska, and a data set from the International

Geosphere-Biosphere Programme (IGBP) to assign spatially-specific soil-water pH [Carter and

Scholes, 2000]. In addition, we used data on daily air temperature, precipitation, and vapor

pressure from the Vegetation Ecosystem Modeling and Analysis Project [VEMAP; see

http://www.cgd.ucar.edu/vemap]. We refer to the period from 1922 to present as the “historical

period,” and the period now until 2099 as the “future period.”

3. HISTORICAL NET METHANE EMISSIONS

Over recent decades, we estimate that Alaskan soils have been a net source of about

3 TgCH4 yr–1 to the atmosphere (Table 1); that is state-wide emissions of about 4 Tg CH4 yr–1,

and uptake of 1 Tg CH4 yr–1. Across Alaska, we simulated significant spatial variability in net

CH4 emissions (Figure 1). In our simulations, positive net CH4 emissions mainly occurred in

tundra of northern Alaska (latitudes higher than 67oN) and the western coastal region of the state.

Uptake of CH4 (i.e. negative net CH4 emissions) mostly occurred in the drier forest areas of

interior Alaska (latitudes between 62o and 67oN) and the southern Alaskan forested areas. The

simulated spatial patterns of methane emissions during the growing season (May to September)

are generally similar to those estimated by Matthews and Fung [1987] (Fig. 1c,d). When we

checked our modeled emissions against measurements we found that the mean modeled

estimates (20 mg CH4 m
–2 day–1) for forested areas during the growing season are higher than the

measurements for forested areas (11 mg CH4 m
–2 day–1) [Whalen and Reeburgh, 1990]. On the

other hand, we found that the mean modeled estimates (60 mg CH4 m
–2 day–1) for the tundra

during the growing season agreed well with the measured values (52 mg CH4 m
–2 day–1). Because

the number of sites with flux measurements is relatively small, we are attempting to obtain

additional data for further comparisons to help refine our model.

Table 1. Contribution of tundra and taiga ecosystems to net methane
emissions (Tg CH4 yr–1) from 1980 to 1999 and from 2080 to 2099 in Alaska.

1980-1999 2080-2099

Tundra Taiga Total Tundra Taiga Total

Northern Alaska 1.40 0.05 1.45 2.21 0.08 2.29
Interior Alaska 0.37 0.73 1.10 0.65 1.30 1.95
Southern Alaska 0.60 –0.02 0.58 1.36 0.11 1.47
Alaska 2.37 0.76 3.13 4.22 1.49 5.71

* Positive values indicate methane emission to the atmosphere, while negative values
indicate methane uptake by the soils.
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Figure 1. Spatial patterns of simulated annual net methane emissions across Alaska during (a) 1980s,
and (b) 2080s. The spatial patterns of net monthly methane emissions during the growing
season (May to September) of the1980s (c) estimated by Matthews and Fung [1987], and (d)
estimated by TEM. Positive values indicate net release of methane to the atmosphere and
negative values indicate net uptake of atmospheric methane by soils.

4. FUTURE NET METHANE EMISSIONS

We project that the annual rates of net CH4 emissions from Alaska will increase dramatically

in the future (Figure 2a). Our simulations show that net CH4 emissions will about double by the

end of this century (6 Tg CH4 yr–1) relative to current emission rates (3 Tg CH4 yr–1, Table 1).

Although CH4 consumption will increase slightly (Fig. 2b), future net CH4 emissions will be

dominated by enhanced CH4 production.
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Figure 2. Inter-annual variations of simulated (a) net methane emissions and (b) methane
consumption from 1922 to 2099. Solid lines indicate the historical period and dotted lines
indicate the future period. The thin solid lines indicate the negative exponential smoothed data
for each time series to show the trend with the time. Positive values indicate net releases of
methane to the atmosphere and negative values indicate methane uptake by methanotrophs.

Our analyses indicate that increases in soil temperature and labile carbon availability associated

with climate change in high-latitude ecosystems are the major factors that cause an increase in net

CH4 emissions. A lowering of water table depth in some parts of Alaska due to the rising of air

temperatures and increased evapotranspiration result in the slight increase of CH4 consumption.

Our preliminary analyses suggest that the projected changes in net CH4 emissions for Alaska

in response to climate change are likely to be typical of the response of the entire pan-Arctic

region. If this is correct, then climate change at high latitudes could lead to a major positive
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feedback to the climate system by causing a continuous cycle of increased CH4 emissions from

the vast area of wet soils in the Arctic and Boreal regions and further warming. Currently,

high-latitude CH4 feedbacks to the climate system are not included in most coupled

atmosphere-land-ocean general circulation models that are framing the policy debate on future

climate change. Inclusion of these feedbacks would likely increase the projections of the globally

averaged surface temperature at the end of this century, with the upper end of the range

exceeding the current IPCC estimate of 5.8oC [IPCC, 2001].

Acknowledgements

Discussions of the analyses presented here with Edward Rastetter, Anne Giblin, and Al Chan were very
helpful. This work was supported by a NSF biocomplexity grant (ATM-0120468) and by the NASA Land
Cover and Land Use Change Program (NAG5-6257).

5. REFERENCES

Cao, M., S. Marshall, and K. Gregson, Global carbon exchange and methane emissions from
natural wetlands: Application of a process-based model, J. Geophys. Res., 101(D9),
14,399-14,414, 1996.

Carter, A.J., and R.J. Scholes, SoilData v2.0: Generating a global database of soil properties,
Environmentek CSIR, South Africa, 2000.

Christensen, T.R., I.C. Prentice, J. Kaplan, A. Haxeltine, and S. Sitch, Methane flux from
northern wetlands and tundra, Tellus, Ser. B., 48, 652-661, 1996.

Friborg, T., T.R. Christensen, and H. Soegaard, Rapid response of greenhouse gas emission to
early spring thaw in a subarctic mire as shown by micrometeorological techniques,
Geophysical Research Letters, 24, 23, 3061-3064, 1997.

Goodrich, L.E., Efficient numerical technique for one-dimensional thermal problems with phase
change. Int. J. Heat Mass. Transfer, 21, 615-621, 1978.

IPCC, Climate Change 2001: The Scientific Basis. Contribution of Working Group I to the Third
Assessment Report of the Intergovernmental Panel on Climate Change [Houghton, J.T.,
Y. Ding, D.J. Groggs, M. Noguer, P.J. van der Linden, X. Dai, K.Maskell, and C. A.
Johnson (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York,
NY, 881pp, 2001.

Liu, Y., Modeling the emissions of nitrous oxide (N2O) and methane (CH4) from the terrestrial
biosphere to the atmosphere, Ph.D thesis, MIT, pp. 219, 1996.

Matthews, E., and I. Fung, Methane emissions from natural wetlands: Global distribution, area,
and environmental characteristics of sources, Global Biogeochem. Cycles, 1, 61-86, 1987.

Melillo, J.M., I.C. Prentice, G.D. Farquhar, E.-D. Schulze, and O.E. Sala, Terrestrial biotic
responses to environmental change and feedbacks to climate. In: Climate Change 1995: The
Science of Climate Change, Contribution of Working Group I to the 2nd Assessment Report
of the Intergovernmental Panel on Climate Change, Edited by J.T. Houghton et al., pp.
445-482, Cambridge U. Press, 1996,



7

Newcomer, J., D. Landis, S. Conrad, S. Curd, K. Huemmrich, D. Knapp, A. Morrell, J. Nickeson,
A. Papagno, D. Rinker, R. Strub, T. Twine, F. Hall, and P. Sellers (eds.), Collected Data of
The Boreal Ecosystem-Atmosphere Study. NASA. CD-ROM. NASA, 2000.

Potter, C.S., E.A. Davison, and L.V. Verchot, Estimation of global biogeochemical controls and
seasonality in soil methane consumption, Chemosphere, 32, 2219-2246, 1996.

Prinn, R., H. Jacoby, A. Sokolov, C. Wang, X. Xiao, Z. Yang, R. Eckaus, P. Stone, D. Ellerman,
J. Melillo, J. Fitzmaurice, D. Kicklighter, G. Holian, Y. Liu, Integrated Global System
Model for Climate Policy Assessment: Feedbacks and Sensitivity Studies, Climatic Change,
41, 469-546, 1999.

Ridgwell, A.J., S.J. Marshall and K. Gregson, Consumption of atmospheric methane by soils:
A process-based model, Global Biogeochemical Cycles, 13(1), 59-70, 1999.

Romanovsky, V.E., N.I. Shender, T.S. Sazonova, V.T. Balobaev, G.S. Tipenko and V.G.
Rusakov, Permafrost Temperatures in Alaska and East Siberia: Past, Present and Future.
Proceedings of the Second Russian Conference on Geocryology (Permafrost Science),
Moscow, June 6-8, 301-314, 2001.

Sellers, P.J., F.G. Hall, R.D. Kelly, A. Black, D. Baldocchi, J. Berry, M. Ryan, K. Jon Ranson,
P.M. Crill, D.P. Lettenmaier, H. Margolis, J. Cihlar, J. Newcomer, D. Fitzjarrald, P.G.
Jarvis, S.T. Gower, D. Halliwell, D. Williams, B. Goodison, D.E. Wickland and F.E.
Guertin, BOREAS in 1997: Experiment overview, scientific results, and future directions.
J. Geophys. Res. 102(D24), 28,731-28,769, 1997.

Vitt, H.D., L.A. Halsey, and S.C. Zoltai, The changing landscape of Canada’s western boreal
forest: the current dynamics of permafrost. Can. J. For. Res. 30: 283-287, 2000.

Walter, B.P., and M. Heimann, A process-based, climate-sensitive model to derive methane
emission from natural wetlands: Application to five wetland sites, sensitivity to model
parameters, and climate, Global Biogeochemical Cycles, 14(3), 745-765, 2000.

Walter, B.P., M. Heimann, and E. Matthews, Modeling modern methane emissions from natural
wetlands 1. Model description and results, J. Geophys. Res., 106(D24), 34,189-34,206, 2001a.

Walter, B.P., M. Heimann, and E. Matthews, Modeling modern methane emissions from natural
wetlands 2. Interannual variations 1982-1993, J. Geophys. Res., 106(D24), 34,207-34,219,
2001b.

West, A.E., and S.K. Schmidt, Wetting stimulates atmospheric CH4 oxidation by alpine soil,
FEMS Microbiol. Ecol., 25, 349-353, 1998.

Whalen, S.C., and W.S. Reeburgh, A methane flux transect along the Trans-Alaska Pipeline
Haul Road, Tellus, 42B, 237-249, 1990.

Whalen, S.C., W.S. Reeburgh, and K. Kizer, Methane consumption and emission by taiga,
Global Biogeochem. Cycles, 5, 261-274, 1991.

Whalen, S.C., and W.S. Reeburg, Interannual variations in tundra methane emissions: A four-
year time series at fixed sites, Global Biogeochem. Cycles, 6, 139-159, 1992.

Zhuang, Q., V.E. Romanovsky, A.D. McGuire, Incorporation of a permafrost model into a large-
scale ecosystem model: Evaluation of temporal and spatial scaling issues in simulating soil
thermal dynamics, J. Geophys. Res., 106, D24, 33,649-33,670, 2001.

Zhuang, Q., A.D. McGuire, K.P. O’Neill, J.W. Harden, V.E. Romanovsky, J. Yarie. Modeling
the soil thermal and carbon dynamics of a fire chronosequence in Interior Alaska, J. Geophy.
Res., 107, D1, 8147, doi:10.1029/2001JD001244, 2002.

Zhuang, Q., A.D. McGuire, J.M. Melillo, J.S. Clein, R.J. Dargaville, D.W. Kicklighter,
R.B. Myneni, J. Dong, V.E. Romanovsky, J. Harden, and J.E. Hobbie, Carbon cycling in
extratropical terrestrial ecosystems of the Northern Hemisphere during the 20th Century:
A modeling analysis of the influences of soil thermal dynamics, Tellus, 55B, 751-776, 2003.   



REPORT SERIES of the MIT Joint Program on the Science and Policy of Global Change

Contact the Joint Program Office to request a copy. The Report Series is distributed at no charge.

1. Uncertainty in Climate Change Policy Analysis Jacoby & Prinn December 1994

2. Description and Validation of the MIT Version of the GISS 2D Model Sokolov & Stone June 1995

3. Responses of Primary Production & C Storage to Changes in Climate and Atm. CO2 Concentration Xiao et al. Oct 1995

4. Application of the Probabilistic Collocation Method for an Uncertainty Analysis Webster et al. January 1996

5. World Energy Consumption and CO2 Emissions: 1950-2050 Schmalensee et al. April 1996

6. The MIT Emission Prediction and Policy Analysis (EPPA) Model Yang et al. May 1996

7. Integrated Global System Model for Climate Policy Analysis Prinn et al. June 1996 (superseded by No. 36)

8. Relative Roles of Changes in CO2 & Climate to Equilibrium Responses of NPP & Carbon Storage Xiao et al. June 1996

9. CO2 Emissions Limits: Economic Adjustments and the Distribution of Burdens Jacoby et al. July 1997

10. Modeling the Emissions of N2O & CH4 from the Terrestrial Biosphere to the Atmosphere Liu August 1996

11. Global Warming Projections: Sensitivity to Deep Ocean Mixing Sokolov & Stone September 1996

12. Net Primary Production of Ecosystems in China and its Equilibrium Responses to Climate Changes Xiao et al. Nov 1996

13. Greenhouse Policy Architectures and Institutions Schmalensee November 1996

14. What Does Stabilizing Greenhouse Gas Concentrations Mean? Jacoby et al. November 1996

15. Economic Assessment of CO2 Capture and Disposal Eckaus et al. December 1996

16. What Drives Deforestation in the Brazilian Amazon? Pfaff December 1996

17. A Flexible Climate Model For Use In Integrated Assessments Sokolov & Stone March 1997

18. Transient Climate Change & Potential Croplands of the World in the 21st Century Xiao et al. May 1997

19. Joint Implementation: Lessons from Title IV’s Voluntary Compliance Programs Atkeson June 1997

20. Parameterization of Urban Sub-grid Scale Processes in Global Atmospheric Chemistry Models Calbo et al. July 1997

21. Needed: A Realistic Strategy for Global Warming Jacoby, Prinn & Schmalensee August 1997

22. Same Science, Differing Policies; The Saga of Global Climate Change Skolnikoff August 1997

23. Uncertainty in the Oceanic Heat and Carbon Uptake & their Impact on Climate Projections Sokolov et al. Sept 1997

24. A Global Interactive Chemistry and Climate Model Wang, Prinn & Sokolov September 1997

25. Interactions Among Emissions, Atmospheric Chemistry and Climate Change Wang & Prinn September 1997

26. Necessary Conditions for Stabilization Agreements Yang & Jacoby October 1997

27. Annex I Differentiation Proposals: Implications for Welfare, Equity and Policy Reiner & Jacoby October 1997

28. Transient Climate Change & Net Ecosystem Production of the Terrestrial Biosphere Xiao et al. November 1997

29. Analysis of CO2 Emissions from Fossil Fuel in Korea: 1961−1994 Choi November 1997

30. Uncertainty in Future Carbon Emissions: A Preliminary Exploration Webster November 1997

31. Beyond Emissions Paths: Rethinking the Climate Impacts of Emissions Protocols Webster & Reiner November 1997

32. Kyoto’s Unfinished Business Jacoby, Prinn & Schmalensee June 1998

33. Economic Development and the Structure of the Demand for Commercial Energy Judson et al. April 1998

34. Combined Effects of Anthropogenic Emissions & Resultant Climatic Changes on Atmosph. OH Wang & Prinn April 1998

35. Impact of Emissions, Chemistry, and Climate on Atmospheric Carbon Monoxide Wang & Prinn April 1998

36. Integrated Global System Model for Climate Policy Assessment: Feedbacks and Sensitivity Studies Prinn et al. June 1998

37. Quantifying the Uncertainty in Climate Predictions Webster & Sokolov July 1998

38. Sequential Climate Decisions Under Uncertainty: An Integrated Framework Valverde et al. September 1998

39. Uncertainty in Atmospheric CO2 (Ocean Carbon Cycle Model Analysis) Holian October 1998 (superseded by No. 80)

40. Analysis of Post-Kyoto CO2 Emissions Trading Using Marginal Abatement Curves Ellerman & Decaux October 1998

41. The Effects on Developing Countries of the Kyoto Protocol & CO2 Emissions Trading Ellerman et al. November 1998

42. Obstacles to Global CO2 Trading: A Familiar Problem Ellerman November 1998

43. The Uses and Misuses of Technology Development as a Component of Climate Policy Jacoby November 1998

44. Primary Aluminum Production: Climate Policy, Emissions and Costs Harnisch et al. December 1998

45. Multi-Gas Assessment of the Kyoto Protocol Reilly et al. January 1999

46. From Science to Policy: The Science-Related Politics of Climate Change Policy in the U.S. Skolnikoff January 1999

47. Constraining Uncertainties in Climate Models Using Climate Change Detection Techniques Forest et al. April 1999

48. Adjusting to Policy Expectations in Climate Change Modeling Shackley et al. May 1999

49. Toward a Useful Architecture for Climate Change Negotiations Jacoby et al. May 1999

50. A Study of the Effects of Natural Fertility, Weather & Productive Inputs in Chinese Agriculture Eckaus & Tso July 1999

51. Japanese Nuclear Power and the Kyoto Agreement Babiker, Reilly & Ellerman August 1999

52. Interactive Chemistry and Climate Models in Global Change Studies Wang & Prinn September 1999

53. Developing Country Effects of Kyoto-Type Emissions Restrictions Babiker & Jacoby October 1999

54. Model Estimates of the Mass Balance of the Greenland and Antarctic Ice Sheets Bugnion October 1999



REPORT SERIES of the MIT Joint Program on the Science and Policy of Global Change

Contact the Joint Program Office to request a copy. The Report Series is distributed at no charge.

55. Changes in Sea-Level Associated with Modifications of Ice Sheets over 21st Century Bugnion October 1999

56. The Kyoto Protocol and Developing Countries Babiker, Reilly & Jacoby October 1999

57. Can EPA Regulate GHGs Before the Senate Ratifies the Kyoto Protocol? Bugnion & Reiner November 1999

58. Multiple Gas Control Under the Kyoto Agreement Reilly, Mayer & Harnisch March 2000

59. Supplementarity: An Invitation for Monopsony? Ellerman & Sue Wing April 2000

60. A Coupled Atmosphere-Ocean Model of Intermediate Complexity Kamenkovich et al. May 2000

61. Effects of Differentiating Climate Policy by Sector: A U.S. Example Babiker et al. May 2000

62. Constraining Climate Model Properties Using Optimal Fingerprint Detection Methods Forest et al. May 2000

63. Linking Local Air Pollution to Global Chemistry and Climate Mayer et al. June 2000

64. The Effects of Changing Consumption Patterns on the Costs of Emission Restrictions Lahiri et al. August 2000

65. Rethinking the Kyoto Emissions Targets Babiker & Eckaus August 2000

66. Fair Trade and Harmonization of Climate Change Policies in Europe Viguier September 2000

67. The Curious Role of “Learning” in Climate Policy: Should We Wait for More Data? Webster October 2000

68. How to Think About Human Influence on Climate Forest, Stone & Jacoby October 2000

69. Tradable Permits for GHG Emissions: A primer with reference to Europe Ellerman November 2000

70. Carbon Emissions and The Kyoto Commitment in the European Union Viguier et al. February 2001

71. The MIT Emissions Prediction and Policy Analysis Model: Revisions, Sensitivities and Results Babiker et al. Feb 2001

72. Cap and Trade Policies in the Presence of Monopoly and Distortionary Taxation Fullerton & Metcalf March 2001

73. Uncertainty Analysis of Global Climate Change Projections Webster et al. March 2001

74. The Welfare Costs of Hybrid Carbon Policies in the European Union Babiker et al. June 2001

75. Feedbacks Affecting the Response of the Thermohaline Circulation to Increasing CO2 Kamenkovich et al. July 2001

76. CO2 Abatement by Multi-fueled Electric Utilities: An Analysis Based on Japanese Data Ellerman & Tsukada July 2001

77. Comparing Greenhouse Gases Reilly, Babiker & Mayer July 2001

78. Quantifying Uncertainties in Climate System Properties using Recent Climate Observations Forest et al. July 2001

79. Uncertainty in Emissions Projections for Climate Models Webster et al. August 2001

80. Uncertainty in Atmospheric CO2 Predictions from a Global Ocean Carbon Cycle Model Holian et al. Sep 2001

81. A Comparison of the Behavior of AO GCMs in Transient Climate Change Experiments Sokolov et al. December 2001

82. The Evolution of a Climate Regime: Kyoto to Marrakech Babiker, Jacoby & Reiner February 2002

83. The “Safety Valve” and Climate Policy Jacoby & Ellerman February 2002

84. A Modeling Study on the Climate Impacts of Black Carbon Aerosols Wang March 2002

85. Tax Distortions and Global Climate Policy Babiker, Metcalf & Reilly May 2002

86.  Incentive-based Approaches for Mitigating GHG Emissions: Issues and Prospects for India Gupta June 2002

87. Sensitivities of Deep-Ocean Heat Uptake and Heat Content to Surface Fluxes and Subgrid-Scale Parameters in an
Ocean GCM with Idealized Geometry Huang, Stone & Hill September 2002

88. The Deep-Ocean Heat Uptake in Transient Climate Change Huang et al. September 2002

89. Representing Energy Technologies in Top-down Economic Models using Bottom-up Info McFarland et al. Oct 2002

90. Ozone Effects on NPP and C Sequestration in the U.S. Using a Biogeochemistry Model Felzer et al. November 2002

91. Exclusionary Manipulation of Carbon Permit Markets: A Laboratory Test Carlén November 2002

92. An Issue of Permanence: Assessing the Effectiveness of Temporary Carbon Storage Herzog et al. December 2002

93. Is International Emissions Trading Always Beneficial? Babiker et al. December 2002

94. Modeling Non-CO2 Greenhouse Gas Abatement Hyman et al. December 2002

95. Uncertainty Analysis of Climate Change and Policy Response Webster et al. December 2002

96. Market Power in International Carbon Emissions Trading: A Laboratory Test Carlén January 2003

97. Emissions Trading to Reduce GHG Emissions in the US: The McCain-Lieberman Proposal Paltsev et al. June 2003

98. Russia’s Role in the Kyoto Protocol Bernard et al. June 2003

99. Thermohaline Circulation Stability: A Box Model Study Lucarini & Stone June 2003

100. Absolute vs. Intensity-Based Emissions Caps Ellerman & Sue Wing July 2003

101. Technology Detail in a Multi-Sector CGE Model: Transport Under Climate Policy Schafer & Jacoby July 2003

102. Induced Technical Change and the Cost of Climate Policy Sue Wing September 2003

103. Past and Future Effects of Ozone on Net Primary Production and Carbon Sequestration Using a Global
Biogeochemical Model Felzer et al. October 2003

104. A Process-Based Modeling Analysis of Methane Exchanges Between Alaskan Terrestrial Ecosystems and the
Atmosphere Zhuang et al. November 2003




