
 

MIT Joint Program on the  
Science and Policy of Global Change 

 
 
 
 
 
 
 
 

 
 
 
 
 

 

Future Yield Growth:  What Evidence from 
Historical Data 

Xavier Gitiaux, John Reilly and Sergey Paltsev 

 
 

Report No. 199 
May 2011 

 
 
 



  

 
 
The MIT Joint Program on the Science and Policy of Global Change is an organization for research, independent policy 
analysis, and public education in global environmental change. It seeks to provide leadership in understanding scientific, 
economic, and ecological aspects of this difficult issue, and combining them into policy assessments that serve the needs 
of ongoing national and international discussions. To this end, the Program brings together an interdisciplinary group 
from two established research centers at MIT: the Center for Global Change Science (CGCS) and the Center for Energy 
and Environmental Policy Research (CEEPR). These two centers bridge many key areas of the needed intellectual work, 
and additional essential areas are covered by other MIT departments, by collaboration with the Ecosystems Center of the 
Marine Biology Laboratory (MBL) at Woods Hole, and by short- and long-term visitors to the Program. The Program 
involves sponsorship and active participation by industry, government, and non-profit organizations.  

To inform processes of policy development and implementation, climate change research needs to focus on improving 
the prediction of those variables that are most relevant to economic, social, and environmental effects. In turn, the 
greenhouse gas and atmospheric aerosol assumptions underlying climate analysis need to be related to the economic, 
technological, and political forces that drive emissions, and to the results of international agreements and mitigation. 
Further, assessments of possible societal and ecosystem impacts, and analysis of mitigation strategies, need to be based 
on realistic evaluation of the uncertainties of climate science.  

This report is one of a series intended to communicate research results and improve public understanding of climate 
issues, thereby contributing to informed debate about the climate issue, the uncertainties, and the economic and social 
implications of policy alternatives. Titles in the Report Series to date are listed on the inside back cover. 

Ronald G. Prinn and John M. Reilly 
Program Co-Directors 
 
 

For more information, please contact the Joint Program Office 
 Postal Address: Joint Program on the Science and Policy of Global Change 
  77 Massachusetts Avenue 
   MIT E19-411 
  Cambridge MA 02139-4307 (USA) 
 Location: 400 Main Street, Cambridge 
  Building E19, Room 411 
  Massachusetts Institute of Technology 
 Access: Phone: +1(617) 253-7492 
  Fax: +1(617) 253-9845 
  E-mail: g lob a lch a n g e @mit.e d u  
  Web site: h ttp ://g lob a lch a n g e .mit.e d u /   

 Printed on recycled paper 
 
 
 



1 
 

Future Yield Growth: What Evidence from Historical Data? 

Xavier Gitiaux*, John Reilly† and Sergey Paltsev† 

Abstract 

The potential future role of biofuels has become an important topic in energy legislation 
as it is seen as a potential low carbon alternative to conventional fuels. Hence, future yield 
growth is an important topic from many perspectives, and given the extensions of the period 
over which data are available a re-evaluation of yields trends is in order. Our approach is to 
focus on time series analysis, and to improve upon past work by investigating yields of many 
major crops in many parts of the world. We also apply time series techniques that allow us to 
test for the persistence of a plateau pattern that has worried analysts, and that provide a 
better estimate of forecast uncertainty. The general conclusion from this time series analysis 
of yields is that casual observation or simple linear regression can lead to overconfidence in 
projections because of the failure to consider the likelihood of structural breaks. 
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1. INTRODUCTION 

The second half of the century has been characterized by a rapid increase of crop yields in 
most countries. However, there is debate about the sustainability of such growth rates amid some 
evidence that yield growth may be slowing. Limits on yield growth and implications for food 
supply have been concerns that seem to repeat on a cycle of a decade or so. As of the mid 1990s 
there had been a decade or two of relatively low commodity prices, and some evidence of 
slowing yield growth. This led to various efforts to investigate yield growth and debates on either 
side. Borlaug and Dowswell (1993) and Bump and Dowswell (1993) saw significant yield gaps 
between high productivity regions and other regions as evidence for much opportunity for further 
improvement if lower productivity regions could just adopt best varieties and practices. Oram 
(1995) and Brown (1994) both saw slowing yield growth. Rosegrant (2001) accepted evidence 
on the then recent slowdown but offered reasons why it might be temporary, suggesting policy 
measures (environmental regulation on fertilizers and pesticides, reduction of cereals stocks, 
scaled back price supports), declining world prices in the 1980s, and, in the case of developing 
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countries, lack of incentives to apply inputs needed to sustain yield gains combined with natural 
resource issues (water shortage, soil salinity, and decline in soil nitrogen).  

Statistical examination of trends in the U.S. data around this time showed little support for a 
plateau assumption, whether the regression was performed against time alone (Reilly and Fuglie, 
1998; for 1939-1994 U.S. field crops) or when controlling for weather conditions and nitrogen 
consumption (Offutt et al., 1987; for U.S. corn, 1931-1982 at the farm, state and county level).  

Since then commodity prices have firmed and 2006 marked the start of another agricultural 
market crisis in 2006, with commodity prices rising dramatically as they had in the early 1970s. 
That run-up in prices may be attributable to a number of factors but some authors point a finger 
strongly to a boom in ethanol production in the U.S. that diverted a large portion of the U.S. corn 
crop (Mitchell, 2008). The potential future role of biofuels has become an important topic in 
energy legislation as it is seen as a potential low carbon alternative to conventional fuels. 
However, the impact of biofuels on agricultural markets as it affects commodity prices, land use, 
and emissions associated with land use change may undermine their value as a low carbon 
alternative (e.g., Searchinger et al., 2008). As shown by Tyner et al. (2010), continuing yield 
growth can reduce estimates of the indirect emissions of GHGs associated with biofuels 
expansion. Hence, future yield growth is an important topic from many perspectives, and, given 
the extensions of the period over which data are available, a re-evaluation of yields trends is in 
order.  

Of course yield growth is almost certainly some function of economic factors. In the short 
run, higher crop prices might be expected to provide incentives for additional management using 
known technologies (more careful nutrient and pest management, optimized choice of varieties, 
irrigation, etc.), and in the longer run research and development has clearly contributed to 
increasing yields. In one way or another such R&D is likely motivated by economic incentives 
(or somewhat equivalently, concerns about food shortages). However, given the long and 
variable lags in these processes, and difficulty of identifying expectations that drive longer term 
investments in R&D it is very difficult to statistically relate yields to economic incentives for 
increasing them. 

Our approach is thus, to focus on time series analysis, and to improve upon past work by 
investigating yields of many major crops in many parts of the world. Instead of comparing the 
goodness of fit of different types of regression, here we measure how large is the uncertainty 
around the forecasts of future yields that we can derive from these models. We contribute to the 
literature first, by applying time series techniques that show how standard time regressions may 
end up with misleading predictions, as most of the crop yields exhibit a unit root. Although 
papers looking for trend in crop yields are abundant (see articles cited above), the literature has 
been quite silent on the unit root issue; exceptions are Liu and Shumway (2008) at the state level 
in the U.S. for corn, Lin and Seavey (1978) for 19 crops in the U.S., Chen and Chang (2005) in 
Taiwan. Here, we test for the presence of unit root more comprehensively, as we include many 
crops in many regions of the world. Secondly, we conclude from our analysis of historical data 
for the period 1961-2006 that the behavior of crop yields is partly driven by a random component 
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that obscures any long-term forecast. This analysis sheds new light on the evaluation of yields 
trend; for example, we infer that a current plateau is not a robust indication of a persistent slow-
down.  

 

Figure 1. U.S. maize, barley, oats, sorghum and wheat yields. Source: NASS (2008). 

Yield growth is a phenomenon of the last 50 to 80 years. Figure 1 shows little change in 
yields in U.S. wheat, maize and barley from 1866 until a take-off period for yield growth 
beginning in the 1930-1940s: since then, maize yields display a more than fivefold increase from 
2 ton/ha to 10 ton/ha and wheat and barley an almost threefold increase, respectively from 1.0 
ton/ha to 2.7 ton/ha and from 1.2 to 3.2 ton/ha. U.S. improvements have spread across the world 
to Europe and through the Green Revolution in India and China (e.g., Griffon, 2006). From 1961 
to 2006, maize yields increased in Europe from 2.8 ton/ha to 8.7 ton/ha, in China from 1.2 ton/ha 
to 5.4 ton/ha; wheat yields from 1.9 ton/ha to 5.9 ton/ha in Europe, from 0.9 ton/ha to 2.6 ton/ha 
in India, from 0.5 ton/ha to 4.5 ton/ha in China; rice from 2 ton/ha to 6 ton/ha in China, from 1.5 
ton/ha to 3 ton/ha in India.  

Figure 1 suggests that sharp breaks have characterized by the evolution of crop yields over the 
last hundred and fifty years in the U.S. Second, the presence of a plateau may be due to the 
choice of the period of interest; if we select end points carefully, we actually see the plateau 
behavior in the period from about 1985 through 2000 that worried analysts of the time. The post-
2000 evidence seems to suggest a resumption of yield growth. Thereby, because of sharp 
changes in the behavior of yields, a specific pattern for a limited time span might not be very 
informative about future yields. The problem with a simple time trends approach is the failure to 
account for structural changes in the behavior of crop yields. If the crop yields are modeled as 
stationary processes about a deterministic trend as in most past work, the variance of the forecast 
error is bounded in the far future by the in-sample variance of the residuals provided by the 
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regression. Then, we show that this may underestimate uncertainty, even if the fit is very good. 
To illustrate, we develop best linear fits for sub-periods of historical data and produce out of 
sample forecasts that can be compared against actual data. For example, in Figure 2, the upper 
panel estimates trends in China’s rice yields based on 1965-1975, 1975-1985, and 1985-1995 
data and then uses these trends to forecast ahead to 2006. Figure 2, the lower panel, uses data for 
the full 1965-1995 to forecast ahead to 2006. The forecasts err in being either too high or too low 
depending on the period over which the model is estimated. Moreover, the forecast error, shown 
by the dashed line, fails to provide an indication of the true forecast error. The error ranges from 
all of these approaches do not include the true value, and error bars from the different periods do 
not overlap. At issue is the failure to capture the next plateau or resumption of yield growth, or at 
least to account in the forecast error for such sharp changes. The objective of the remaining 
sections is to construct appropriate error estimates that reflect this feature of the data. 

  

Figure 2. Rice yields in China. Source: FAO (2008). The straight solid lines represent the 
long-run linear projections for yields using data from 1965-1975, 1975-1985, 1985-
1995 (panel (a)) and from 1961-1995 (panel (b)). The forecasts result from the 
extrapolation of a linear deterministic trend. The dotted lines represent a long run 
95% confidence interval for the respective rice yields forecasts. 
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The remaining sections of this paper are organized as follows. Section 2 tests for the presence 
of unit roots in crop yields and provides evidence for modeling them as stochastic trends. That is 
why section 3 decomposes crop yields as the sum of a stationary component and a random walk 
component and then, estimates the size of the random walk component that may represent the 
shift in the long-term trend. Based on these estimates, section 3 also builds forecast intervals and 
shows that historical data do not allow us statistically to discriminate between models with 
constant growth rate growth or without growth.  

2. TESTING FOR UNIT ROOT IN CROP YIELDS 

2.1 Data 

The analysis is based on FAO data (FAO, 2010) provided from 1961 to 2009. We aggregate 
countries following Rosegrant (2001). Specifically, we single out two countries, China and the 
U.S., and two political identities for convenience: the European Union with 15 countries (as in 
1995) and the former soviet block (USSR). Other countries are aggregated in South Asia 
(dominated by India), Latin America, South-East Asia, Western Asia and Northern Africa 
(WANA), Sub-Saharan Africa and Eastern Europe. Details about this aggregation are given in 
Appendix A. The USSR numbers come from the former Soviet Union until 1991 and since then, 
result from the aggregation of the data from countries formerly part of the USSR. As for the 
crops, we only investigate the yields of the major crops (in terms of acreage) in each region. 
Table 1 summarizes the data considered in this paper. 

Table 1. Regions and crop aggregation 

                                                 
1 Excluding former Soviet Republics (Azerbaijan, Armenia and Georgia). 

Regions Crops 

USA Barley, Maize, Oats, Seed cotton, Sorghum, Soybean, Wheat 

South America Maize, Rice, Seed cotton, Sorghum, Soybean, Sunflower, Wheat 

Sub-Saharan Africa Maize, Millet, Rice, Seed cotton, Sorghum, Wheat 
Western Asia1 / 

North Africa 
(WANA) 

Barley, Maize, Seed cotton, Sorghum, Sunflower, Wheat 

South Asia Maize, Millet, Rapeseed, Rice, Seed cotton, Sorghum, Soybean, 
Wheat 

South-East Asia Maize, Rice 
China Maize, Millet, Rapeseed, Rice, Seed cotton, Soybean, Wheat 

USSR Barley, Maize, Millet, Oats, Rye, Sunflower, Wheat 

EU15 Barley, Maize, Oats, Rapeseed, Rye, Sunflower, Wheat 

Eastern Europe Barley, Maize, Oats, Rapeseed, Rye, Sunflower, Wheat 
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 2.2 Unit Root Tests 
Most of the crop yields exhibit strong trends that are not stationary. Stationarity can be 

achieved either by regressing the dependent variable on time or by taking its first difference. The 
former transformation produces a stationary process for time series that results from movements 
along a time trend. The latter transformation works only for time series that contain a unit root, 
i.e. whose model should include a random walk, possibly with drift).  

In most previous work, as in Reilly and Fuglie (1995) or Brown (1994), crop yields have been 
assumed to be trend stationary, but no evidence have been provided to support this assumption. 
However, it should be one of the primary concerns when dealing with crop yields as time series. 
This is the powerful message of Granger and Newbold (1974): 

 
 “In our opinion the econometrician can no longer ignore the time series properties of the 

variables with which he is concerned - except at his peril. The fact that many economic levels are 
near random walks or integrated processes means that considerable care has to be taken in 
specifying one’s equations.” 

 
Indeed, unit root processes and trend stationary processes have very different implications in 

terms of analysis of time series. On one hand, if a crop yield is trend stationary, it exhibits a long 
run growth with short-term transitory shocks that are dampened over time. Effort to extract a 
trend in crop yields are fruitful and are rewarded with bounded forecast intervals. On the other 
hand, if crop yields’ behavior reflects a unit root, shocks have a permanent effect: a decrease in 
the current yields implies that forecasts should be decreased for an indefinite future. Then, 
trending techniques are misleading and any future extrapolation is complicated, as forecast 
intervals are now growing unbounded. 

Therefore, it is crucial to first determine to which regimes the crop yields pertain, before 
projecting yields in the future. We test the presence of unit root against one of the two following 
hypotheses: a trending behavior or a stationary behavior. We use the procedure proposed by 
Elliot, Rosenberg and Stock (1996) to conduct this test. Crop yields tY  are first detrended 
(demeaned, if we test the presence of a unit root against a stationary process) by generalized least 
squares: 

  Yt
GSL Yt 

T Zt . 

For detrending, Zt  (1, t)T and   is obtained by regressing (Y1,Y2 Y1,...,Y49 Y48) on 
(Z1,Z2 Z1,...,Z49 Z48), where  113.5 49, given that we dispose of 49 observations. For 
demeaning, Zt  (1)T  and the same regressions as previously are run with  1 7 49 . The 
values of   are from Stock (1994). Then, we apply a standard augmented Dickey-Fuller 
regression, using the transformed series Yt

GSL . That is, for the crop yields that do not exhibit a 
clear trend, we test the null hypothesis   0  in the regression: 

  Yt
GLS    Yt1

GLS  c j

j1

k

 Yt j
GLS  t , 
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where Yt
GSL  has been demeaned only. For crop yields with a trending behavior, we use the 

regression  

   Yt
GLS    t  Yt1

GLS  c j

j1

k

 Yt j
GLS  t , 

where Yt
GSL  has been detrended. In both formulations, Ys

GLS Ys
GLS Ys1

GLS  and k  is the order 
of the autoregressive process necessary to accommodate serial correlations of the disturbances 
and whiten the errors. In the first approach, this truncation lag is determined by sequentially 
examining the t statistic on the coefficient of higher order. We test the null hypothesis of the 
absence of a unit root by considering a t test on  , with a set of critical values proposed in Elliot, 
Rosenberg and Stock (1996).  

The column “Model I” of Table 2 shows results for this procedure. Out of 63 crops, the 
presence of a unit root can be rejected at the 99% level for only 17 crops (at 95% for 22 crops). 
At first glance, there is no clear pattern across countries or crops. Although in the U.S. all the 
crops but cotton seeds do not appear to exhibit a unit root, we cannot infer that crop yields in 
developed countries, are more likely to be trend stationary, as the null hypothesis is mostly not 
rejected in Europe. From Table 2, the key message is that for two thirds of the crop yields 
considered, we cannot statistically reject the presence of a unit root and that great care is 
necessary before regressing historical data on time.  
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Table 2. ERS Unit root test. Truncation lags are chosen in Model I by a sequential t-test on 
the coefficient of higher order; in Model II, by a MAIC criterion; in Model III, by a SIC 
criterion. t-ratios in bold characters indicate that the null hypothesis is rejected at the 99% 
(95% in italics) confidence level. 

Region Crops DM or DT2 
Model I Model II Model III 
k t-ratio k t-ratio k t-ratio 

USA Barley DT 0 -4.209 1 -4.012 2 -3.266 
Maize DT 0 -8.465 1 -5.224 9 -1.249 
Oats DT 0 -6.309 1 -4.574 1 -4.574 
Seed cotton DT 1 -2.834 1 -2.834 2 -2.094 
Sorghum DT 0 -6.037 1 -3.564 6 -1.648 
Soybeans DT 0 -6.975 1 -4.034 9 -0.977 
Wheat DT 0 -4.899 1 -3.773 1 -3.773 

Latin 
America 

Maize DT 2 -0.711 1 -1.403 2 -0.711 
Rice DT 7 -1.136 1 0.268 1 0.268 
Seed cotton DT 8 -1.622 1 -2.77 1 -2.77 
Sorghum DT 5 -2.053 1 -2.667 4 -1.554 
Soybeans DT 2 -0.348 2 -0.348 2 -0.348 
Wheat DT 0 -3.89 1 -2.702 3 -1.708 

Sub 
Saharan 
Africa 

Maize DT 0 -5.488 1 -4.347 2 -2.801 
Millet DT 7 -2.505 1 -1.859 2 -1.208 
Rice DT 3 -2.151 1 -2.379 2 -1.728 
Seed Cotton DT 5 -1.756 1 -2.038 4 -1.15 
Sorghum DT 0 -3.392 1 -2.824 2 -2.338 
Wheat DT 2 -5.486 1 -5.687 7 -1.562 

Western 
Asia / North 
Africa 
(WANA) 

Barley DT 9 -1.821 1 -4.496 1 -4.496 
Maize DT 5 -0.778 1 -1.246 1 -1.246 
Seed cotton DT 0 -2.75 1 -2.792 1 -2.792 
Sorghum DT 2 -1.481 2 -1.481 2 -1.481 
Sunflower seed DT 9 -1.506 1 -3.13 8 -1.097 
Wheat DT 0 -5.292 1 -3.142 3 -1.977 

South Asia Maize DT 9 -0.955 1 -1.322 2 -0.511 
Millet DT 9 -0.922 1 -3.79 6 -0.533 
Rapeseed DT 4 -1.164 1 -2.55 4 -1.164 
Rice DT 2 -1.182 1 -1.858 2 -1.182 
Sorghum DT 4 -2.842 2 -2.097 2 -2.097 
Soybeans DT 0 -3.811 1 -2.514 1 -2.514 
Wheat DT 6 -1.172 2 -1.18 2 -1.18 

South-East 
Asia 

Maize DT 5 -0.911 5 -0.911 5 -0.911 
Rice DT 7 -1.27 1 -1.801 1 -1.801 

China Maize DT 2 -1.103 2 -1.103 2 -1.103 
Millet DT 1 -2.272 1 -2.272 1 -2.272 
Rapeseed DT 5 -4.42 1 -2.845 1 -2.845 

                                                 
2 DM: demeaned; DT: detrended. 
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Rice DT 0 -1.372 1 -1.128 1 -1.128 
Seed cotton DT 7 -3.163 1 -2.421 1 -2.421 
Soybeans DT 4 -2.559 1 -2.095 2 -1.645 
Wheat DT 6 -1.753 1 -2.44 1 -2.44 

USSR Barley DT 0 -5.873 1 -3.533 3 -2.287 
Maize DT 9 -2.901 1 -1.824 3 -1.319 
Millet DM 0 -5.967 1 -2.48 4 -1.234 
Oats DT 6 -2.333 1 -4.216 6 -2.333 
Rye DT 5 -2.427 1 -2.985 4 -1.869 
Sunflower seed DT 0 -3.211 1 -1.814 1 -1.814 
Wheat DT 0 -5.538 1 -3.307 2 -2.666 

EU15 Barley DT 0 -5.872 1 -3.343 5 -1.368 
Maize DT 0 -4.403 1 -3 2 -2.302 
Oats DT 5 -0.51 2 -0.951 2 -0.951 
Rapeseed DT 7 -1.79 1 -2.308 4 -1.439 
Rye DT 7 -3.656 1 -3.013 2 -2.416 
Sunflower seed DM or DT 0 -1.667 1 -0.952 1 -0.952 
Wheat DT 1 -1.824 5 0.82 1 -1.824 

Eastern 
Europe 

Barley DM 7 -1.479 1 -1.71 2 -1.288 
Maize DM 8 -0.937 1 -1.607 2 -1.176 
Oats DM 10 -0.456 1 -1.611 2 -1.16 
Rapeseed DT 0 -5.23 1 -3.248 2 -2.535 
Rye DT 0 -4.203 1 -2.568 5 -1.3 
Sunflower seed DM 3 -0.954 1 -1.469 3 -0.954 
Wheat DM 7 -0.831 2 -0.732 8 -0.599 

We look at the robustness of our findings in relation to the sample size and the choice of the 
truncation lag. First, the number of observations (1961-2009) provided by the FAO is small, 
especially because truncation lags should be selected at an order high enough to avoid serial 
autocorrelation in the ERS procedure. With a truncation lag order equal to 5, the number of no 
overlapping data is reduced to between 9 and 10. Such a small number may cast doubt on the 
solidity of our previous results in Table 1, especially on the power of the unit root test. We test 
the unit root hypothesis with the much longer time series for U.S. data provided by NASS 
(2008). Two sets of data are considered: barley, maize, oats from 1866 to 2008; barley, maize, 
oats and sorghum from 1929 to 2008. With this expanded dataset, the ERS procedure concludes 
that all crops but oats between 1929 and 2008 behave as a unit root. Therefore, not only does a 
longer time horizon not contradict the presence of unit root, it also reinforces this pattern, at least 
in the U.S., since we did not find a unit root for maize, barley and oats previously with the 
shorter time series.  
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Table 3. Unit root test for U.S. crops from 1866 to 2009 and from 1929 to 2009. Truncation 
lags are chosen in model I by a sequential t-test on the coefficient of higher order; in model 
II, by a MAIC criterion; in model III, by a SIC criterion. t-ratios in bold characters indicate 
that the null hypothesis is rejected at the 99% (95% in italic) confidence level. 

  
Crops DM or 

DT 
Model I Model II Model III 

  k t-ratio k t-ratio k t-ratio 
1866 -2008 Barley DT 9 -0.284 2 -0.866 2 -0.866 
  Maize DT 11 -0.848 11 -0.848 4 0.488 
  Oats DT 8 -0.988 6 -0.829 2 -1.576 
1929-2008 Barley DT 10 -1.279 10 -1.279 1 -3.81 
  Maize DT 10 -1.108 4 -1.021 4 -1.021 
  Oats DT 0 -6.902 6 -1.946 1 -4.21 
  Sorghum DT 1 -2.531 5 -1.438 1 -2.531 

Secondly, Ng and Perron (2001) argue that the choice of a truncation lag may distort the size 
of the ERS test. Specifically, they show that small k may be inadequate and lead to an over-
rejection of the null hypothesis. To improve the size of the test, they propose to choose the 
truncation lag k that minimizes a modified Akaike’s information criterion (MAIC) defined by: 

  MAIC(k)  ln( k
2) 

2( k  k)

49  kmax

, 

  where  k
2 

t
2

kmax 1

49


49  kmax

,  k 

 2 (Yt1
GLS )2

kmax 1

49


 k

2  and kmax 12*
491
100









0.25

.  

Results from the ERS procedure using this criterion are reported in the column “Model II” of 
Table 2 and Table 3. The unit root hypothesis is rejected for only 9 yields at the 99% confidence 
level (at 95% for 13 yields). Therefore, an improvement in our selection of truncation lags turns 
out to reinforce our previous conclusion that crop yields contain a unit root. It does not come as a 
surprise, as the MAIC procedure is designed to increase the size of the test. The last column of 
Table 2 and Table 3 relies on another selection criterion, the Schwarz information criterion (SIC) 
that determines k, as the lag that minimizes: 

  SIC(k)  ln(

t
2

kmax 1

49


49  kmax K

)  (k  K)
ln(49  kmax K)

49  kmax

, 

with K 1 if the yields are demeaned only, and K  2  if they are detrended. Our key results 
still hold, as the unit root hypothesis is rejected in only 3 situations at the 99% level. 

2.3 Can We Explain Unit Root Behavior as a Consequence of Structural Break? 

Looking back at Figure 1, one of the most striking features is a sharp change in the behavior 
of crop yields in the U.S. at the beginning of the 1930s for maize, barley and oats and at the end 
of the 1950s for sorghum. It may give us a reasonable interpretation for the presence of unit roots 
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in crop yields. Intuitively, a structural break implies one permanent shock that masks a collection 
of permanent small innovations and therefore biases the ERS procedure toward a non-rejection 
of the unit root. Following Zivot and Andrews (1992), we consider these jumps as realizations 
from the tail of the distribution of the underlying data-generating process. Thereby, the null 
hypothesis of a unit root model should be tested against the alternative hypothesis of a trend-
stationary model with one structural break occurring at a date determined endogenously. We 
consider the regression  

Yt    t  DIt (tB )  DSt (tB )  Yt1  c j

j1

k

 Yt j  t  

where k  is a truncation lag defined as in section 2.2, tB is the time of the break. DIt  is the 
indicator dummy variable for shift in the intercept occurring at time tB : DIt  0  for t  tB  and 
DIt 1 otherwise. DSt  is the corresponding trend shift variable such that DSt  t  if t  tB  and 
zero otherwise. We test for the presence of a unit root with a null   0 . The alternative 
hypothesis is a trend stationary process with a break in the intercept and the slope at time tB . 
The date of this structural change is allowed to vary from tB  2 to tB  48 , therefore we do not 
allow break at the beginning and the end of the period. Zivot and Andrews (1992) select the 
break point that least favors the null hypothesis i.e. that minimizes the t-ratio corresponding to 
the coefficient  . Critical values corresponding to this t-ratio are from Zivot and Andrews 
(1992). In Table 4, we report the results of this procedure: for 31 crop yields, the unit root 
hypothesis can be rejected at the 99% (at 95% for 34 crop yields) level. When we admit 
structural break, we have less support to conclude that crop yields behave as a unit root process. 
It is particularly true for the former Soviet Union (USSR), the EU15 and Eastern Europe, where 
out of 21 crops, only 4 yields are not trend stationary. Moreover, in the former communist 
regions (USSR and Eastern Europe), the date of break coincides with the change of regime 
(beginning of the nineties), which was followed by a restructuring in the agriculture sector. 
However, our procedure provides still little support for a trend stationary model of crop yields in 
the developing countries: out of 34 crops, the presence of a unit root is rejected for only 11crops 
at the 99% level (13 crops at the 95% level). One of the likely reasons is that we allow for only 
one structural break. Lumsdaine and Papell (1997) argue that considering one break may be 
insufficient and leads to a loss of information if there is actually more than one break in the data 
generating process.  
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Table 4. ERS Unit root test. Truncation lags are chosen by a sequential t-test on the 
coefficient of higher order. t-ratios in bold  characters indicate that the null hypothesis is 
rejected at the 99% (95% in italic) confidence level. 

Regions Crops tB k t-statistic 
USA Barley 1985 0 -4.81 

Maize 1988 0 -9.874 
Oats 1987 0 -7.322 
Seed cotton 1981 1 -4.345 
Sorghum 2001 0 -7.391 
Soybeans 1990 0 -8.202 
Wheat 1986 0 -5.554 

Latin America Maize 1991 2 -5.687 
Rice 1988 1 -2.992 
Seed cotton 1982 0 -3.565 
Sorghum 1979 0 -5.927 
Soybeans 1995 2 -2.482 
Wheat 1969 0 -5.213 

Sub Saharan Africa Maize 1976 0 -7.588 
Millet 1991 2 -3.098 
Rice 1984 2 -2.805 
Seed Cotton 1985 0 -5.874 
Sorghum 1974 0 -4.255 
Wheat 1970 2 -7.591 

West Asia/North Africa 
(WANA) 

Barley 2002 0 -8.405 
Maize 1984 0 -3.955 
Seed cotton 2000 0 -6.022 
Sorghum 1983 2 -5.03 
Sunflower seed 1990 0 -7.326 
Wheat 1986 0 -6.199 

South Asia Maize 1987 2 -3.094 
Millet 1985 0 -9.124 
Rapeseed 1984 0 -7.547 
Rice 1983 0 -7.932 
Sorghum 1974 2 -3.059 
Soybeans 1979 1 -4.606 
Wheat 1995 2 -3.999 

South-East Asia Maize 1991 1 -1.775 
Rice 1980 2 -4.712 

China Maize 1990 2 -3.833 
Millet 1993 1 -4.201 
Rapeseed 1981 0 -4.309 
Rice 1982 0 -5.122 
Seed cotton 1992 0 -3.775 
Soybeans 1993 1 -4.463 
Wheat 1982 0 -5.153 
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USSR Barley 1995 0 -7.362 
Maize 1992 0 -5.85 
Millet 1991 0 -6.875 
Oats 1972 0 -5.95 
Rye 1998 0 -6.503 
Sunflower seed 1993 0 -4.796 
Wheat 1994 0 -7.146 

EU15 Barley 1984 0 -7.797 
Maize 1996 0 -5.741 
Oats 1995 2 -4.294 
Rapeseed 1984 0 -5.92 
Rye 1995 0 -6.552 
Sunflower seed 1970 2 -4.466 
Wheat 1984 1 -4.575 

Eastern Europe Barley 1992 1 -6.46 
Maize 1987 0 -5.661 
Oats 1991 0 -6.248 
Rapeseed 1992 0 -6.532 
Rye 1992 0 -6.884 
Sunflower seed 1992 0 -5.669 
Wheat 1992 2 -4.825 

In practice, with finite samples, it is nearly equivalent to consider a unit root process with fat 
tail disturbances or a trend stationary process with structural break. The key consequence of both 
interpretations is that a part of the long-run response of crop yields is driven by current shocks, 
which complicates any predictions of future yields based on the extrapolation of past or current 
trends. 

3. PERSISTENCY IN CROP YIELDS AND FORECAST INTERVALS 

3.1 A Measure of Persistency: The Variance Ratio 

The presence of unit root in crop yields shows that at least a part of the shocks has a 
permanent effect on crop yields. Therefore, we follow Cochrane (1988) and decompose our time 
series into a stationary component and a random walk component3: the latter represents 
permanent changes and the former temporary fluctuations. It can be shown that in the presence 
of a unit root, such decomposition does not add any structure. As in Cochrane (1988), we 
propose a measure of persistency that considers at lag k  the variance ratio: 

  VR(k) 
var(Yt Ytk ) k

var(Yt Yt1)
. 

                                                 
3 The decomposition is not unique; however, Cochrane argues that the innovation variance of the random component 

does not depend on the decomposition. 
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Then, we exploit the fact that on one hand, if a crop yield tY  is a pure random walk, the 

variance of its k differences grows linearly with the lag k  and lim
k

var(Yt Ytk )

k


2 , where 

2
  is the variance of the random walk component. Hence, the variance ratio converges to unity. 

On the other hand, if tY  is stationary about a trend, the variance of its k differences converges 

to a constant when k  increases, and the variance ratio converges to zero. In an intermediate case, 
if the fluctuations in crop yields are partly temporary and partly permanent, the variance ratio 
converges to the fraction of the variance in the crop yields that is explained by the random walk 
component4. A value larger than one suggests that crop yields exhibit more shock persistence 
than a random walk. In contrast, values significantly lower than one indicate that the time series 
is mostly mean reverting. 

To avoid small sample bias, we estimate the variance ratio by: VR(k)
________


 k

2
_

1
2

_  , where 

 k
2


T

k(T  k)(T  k 1)
Yj Yjk  k 

j k

T


2

, 1
2


1

(T 1)
Yj Yj1  

j 2

T


2

 and  is the sample 

mean of the first difference Yt Yt1.  

 
 

                                                 
4 Provided that the random walk component and the stationary component are not correlated. 
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Figure 3. Estimates of variance ratio. 

Table 5. Variance ratio computed at lag 16.  

Regions Crops σ2
16 VR(16)=σ2

16/σ2
1 

USA Barley 0.0352 0.472 
Maize 0.2994 0.256 
Oats 0.0195 0.352 
Seed cotton 0.0175 0.269 
Sorghum 0.1045 0.273 
Soybeans 0.0185 0.264 
Wheat 0.0123 0.258 

Latin 
America 

Maize 0.0605 1.003 
Rice 0.1514 4.804 
Seed cotton 0.0436 0.879 
Sorghum 0.0977 0.945 
Soybeans 0.1048 4.075 
Wheat 0.0288 0.583 

Sub 
Saharan 
Africa 

Maize 0.0177 0.443 
Millet 0.0036 1.008 
Rice 0.0024 0.449 
Seed Cotton 0.0018 1.105 
Sorghum 0.0042 1.46 
Wheat 0.0117 0.302 

West Asia / 
North Africa 
(WANA) 

Barley 0.0085 0.141 
Maize 0.0651 1.336 
Seed cotton 0.0098 0.907 
Sorghum 0.0101 0.42 
Sunflower seed 0.0068 0.312 
Wheat 0.0061 0.249 

South Asia Maize 0.026 1.17 
Millet 0.0046 0.243 
Rapeseed 0.0034 0.277 
Rice 0.0092 0.328 
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Sorghum 0.0023 0.18 
Soybeans 0.0249 0.785 
Wheat 0.0027 0.379 

South-East 
Asia 

Maize 0.0658 11.751 
Rice 0.0072 2.263 

China Maize 0.0587 0.581 
Millet 0.0245 0.343 
Rapeseed 0.012 0.759 
Rice 0.0688 2.782 
Seed cotton 0.0655 0.935 
Soybeans 0.0076 0.487 
Wheat 0.0277 0.674 

USSR Maize 0.0587 0.581 
Millet 0.0245 0.343 
Rapeseed 0.012 0.759 
Rice 0.0688 2.782 
Seed cotton 0.0655 0.935 
Soybeans 0.0076 0.487 
Wheat 0.0277 0.674 

EU15 Barley 0.0245 0.221 
Maize 0.0766 0.292 
Oats 0.0432 0.462 
Rapeseed 0.0653 0.959 
Rye 0.0536 0.249 
Sunflower seed 0.2708 8.991 
Wheat 0.067 0.447 

Eastern 
Europe 

Barley 0.1542 0.963 
Maize 0.6434 0.548 
Oats 0.0559 0.668 
Rapeseed 0.0447 0.308 
Rye 0.0453 0.444 
Sunflower seed 0.0357 0.648 
Wheat 0.3154 1.285 

Figure 3 suggests three different behaviors: for most of the crops, the ratio settles between 0.2 
and 0.4 for large k , indicating that the random walk component explains only between 20% and 
40% of the total variation; for some crops (cotton in West Asia/North Africa, millet and cotton in 
Sub Saharan Africa, cotton and soybeans in South Asia, cotton in China, maize and sunflower 
seeds in USSR), the variance reaches a plateau at the variance ratio closer to unity, showing 
evidence for a stronger random walk component; finally, yields for rice and soybean in LAM, 
maize in West Asia/North Africa, sorghum in Sub Saharan Africa, maize and rice in South East 
Asia, maize in South Asia, sunflower seeds in EU15, rice in China, barley and wheat in Eastern 
Europe, appear to be mean averting, in the sense that they exhibit more shocks persistence than a 
random walk. At lag 16 most of the variance ratios do settle down; the ones that do not, exhibit 
an explosive behavior that would not be likely to be moderate at larger lags anyway. Moreover, 
the larger the lags, the smaller the size of the sample we analyze: with a lag 16, the sample is 
already reduced to 33 observations. Hence, results obtained with large lags may be doubtful, due 
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to potential distortions arising in small samples. Beyond lags 16, it might be reasonable to 
assume that temporary shocks have been sufficiently dampened and that resilient shocks operate 
through the random walk component. Therefore, the figures reported in Table 5 at lag 16 should 
be an approximation of the size of this component. They suggest that there are substantial 
differences across regions and crops with a variance ratio varying between 0.117 and 11.751.  

3.2 Forecast Intervals 

The persistency of shocks that we measured in the previous section, is an indicator to what 
extent crop yields are predictable in the long run. A low variance ratio at lag 16 means that future 
crop yields could reasonably be extrapolated from past data, since shocks do not affect 
substantially the long run behavior of the time series. In contrast, a value larger than unity is the 
sign that a process is highly unpredictable, as future values are mostly built from current shocks 
that are, in essence, not foreseeable. To illustrate, we show in this section, how the random walk 
component affects the quality of projections by 2025.  

As in section 3.1, we use a decomposition of crop yields into a stationary component and a 
random walk and look at the width of forecast intervals around projections by 2025. We first 
consider forecasts that assume no growth from 2009 onward. To derive the size of a 95% 
forecast intervals, we consider only the variance in the data explained by the random walk 
component. Specifically, we look at crop yields once purged of temporary fluctuations, and then 
we compute a forecast interval [Y

_

1.9616

_

17;Y
_

1.9616

_

17], where Y
_

 is the projected crop 
yield by 2025 and 16

_

 are from the second column of Table 5. The rationale behind this 
construction is that 16

_

is a consistent estimator of the variance of the random walk component. 
Although this approach underestimates the true size of the interval, as it discards the variability 
implied by the stationary component, it has the merit of simplicity and it provides a reasonable 
idea of how predictable or not crop yields are. The column for Model A of Table 6 shows the 
projected value of crop yields by 2025, given our no growth assumption for the average crop 
yield over the last five years of the time series. The last two columns display the lower and upper 
bound of the associated forecast interval. On average, the uncertainties on 2025 projections are 
about 70%  of the forecast. This average hides diverse behaviors among crop yields: rice in Sub 
Saharan Africa, cotton in West Asia/North Africa, rice and wheat in South Asia, rice in South 
East Asia, maize in EU15 have less than 25%  of uncertainties on their predicted yields; for 
soybeans in LAM, sorghum in West Asia/North Africa, soybeans in South Asia, sunflower seeds 
in EU15, maize and wheat in Eastern Europe, these uncertainties are higher than 100% . 

The conclusion is that the historical data imply large forecast intervals. From this foundation 
and in light of concerns about the slowing growth of yields, we next assess how different 
assumptions about the functional form of yield growth affect 2025 projections. In addition to our 
previous projections, two additional projections are considered: we assume that crop yields grow 
from 2009 to 2025 at a constant rate equal to the average growth rate from 1961 to 2009 in 
Model B and from 1990 to 2009 in Model C. Model A is an extreme representation of a plateau; 
Model B is an optimistic perspective that considers sustainable the growth observed in the last 
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fifty years; Model (C) reflects a more recent trend in the growth rate. It can be noticed in Table 
6, that Model C is not always more pessimistic than Model B. The striking result is that for 40 
crops, projections from Model B (36 crops for projections from Model C) lie within the forecast 
intervals associated with our projections without growth. This means that for almost two thirds 
of the crops, we cannot statistically distinguish the projections from a model without growth and 
the ones from a model with a constant growth rate. Here the random walk extracted from 
historical data dominates the uncertainties related to the choice of forecast model.  

Hence, a slowdown today is not a strong indication of a continued plateau in the future as the 
uncertainty of crop yields, embedded in the random walk, prevents us from pursuing such an 
extrapolation. As argued in section 2.3, one of the reasons for this difficulty is that historical data 
exhibit structural breaks that we cannot rule out in the future. For example, Figure 4 looks back 
at the example of rice in China and sheds new light by adding a 95% forecast interval that take 
into account a random shift in the long run trend. These bands are constructed by using our 
previous methodology but with two differences: we use only data from 1961 to 1995 and we 
forecast rice yields in 2009, based on a linear projection. First, this forecast interval performs 
better than the one provided by a purely deterministic approach. Unlike the latter, the former is 
wide enough to encompass the actual variations of rice yields between 1996 and 2009. Secondly, 
despite this width, rice yields cross nearly the lower confidence bound at the end of the period. 
Random trend shifts do not allow for ruling out completely the possibility for yields to catch up 
with the linear projections level. But the persistency of the proximity between actual yields and 
lower confidence bands may indicate that, in the last 14 years, the productivity of rice land is 
driven by patterns that are not captured in the historical data and that are not taken into account 
by the amplitude of the past trend shifts. Thirdly, both projections implied by a model without 
growth and by a model with a constant growth rate based on 1961-1995 data lies within the 95% 
forecast interval around a linear projection. In comparison, the slowdown pattern is not clear for 
wheat in India, since the 1996-2009 observations do not escape the 95% forecast intervals. Sharp 
shifts in trend may be still expected to allow wheat yields to catch up with linear extrapolations. 
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Table 6. Projections of crop yields by 2025. Model (A) proposes the average from 2005 to 
2009 as forecast by 2025; Model (B) assumes a constant growth rate equal to the average 
growth rate from 1961 to 2009; Model (C) assumes a constant growth rate equal to the 
average growth rate from 1990 to 2009.  

Regions Crops 
Forecasts by 2025  Forecast 

intervals 
Model 
A 

Model 
B 

Model 
C 

Lower 
bound 

Upper 
bound 

USA Barley 3.52 5.13 5.20 2.00 5.03 
Maize 9.69 16.32 14.86 5.27 14.12 
Oats 2.26 2.97 2.96 1.14 3.39 
Seed cotton 2.26 3.04 2.84 1.19 3.33 
Sorghum 4.20 5.93 6.30 1.59 6.82 
Soybeans 2.84 3.82 4.01 1.74 3.94 
Wheat 2.84 3.73 3.99 1.94 3.74 

Latin 
America 

Maize 3.90 5.93 6.91 1.91 5.89 
Rice 4.47 6.52 7.92 1.33 7.62 
Seed cotton 1.75 2.47 2.20 0.07 3.44 
Sorghum 3.09 4.34 4.03 0.57 5.62 
Soybeans 2.59 4.53 6.26 -0.02 5.21 
Wheat 2.39 3.32 2.77 1.02 3.76 

Sub 
Saharan 
Africa 

Maize 1.60 2.37 2.04 0.53 2.68 
Millet 0.90 1.15 1.15 0.41 1.38 
Rice 1.74 2.02 1.88 1.34 2.13 
Seed Cotton 0.88 1.32 1.01 0.54 1.23 
Sorghum 1.00 1.20 1.26 0.48 1.53 
Wheat 1.99 3.33 3.29 1.11 2.86 

Western 
Asia / 
North 
Africa 
(WANA) 

Barley 1.40 2.56 2.68 0.66 2.15 
Maize 5.65 9.52 8.73 3.59 7.71 
Seed cotton 3.14 4.75 4.56 2.34 3.94 
Sorghum 0.79 0.94 1.29 -0.02 1.61 
Sunflower seed 1.54 2.08 1.76 0.88 2.21 
Wheat 2.30 3.69 3.26 1.67 2.93 

South Asia Maize 2.37 3.42 3.47 1.07 3.67 
Millet 0.91 1.57 1.54 0.36 1.46 
Rapeseed 1.10 1.87 1.66 0.63 1.57 
Rice 3.30 4.44 4.02 2.52 4.07 
Sorghum 0.86 1.31 1.13 0.47 1.25 
Soybeans 1.08 1.86 1.82 -0.20 2.35 
Wheat 2.52 3.86 3.34 2.10 2.94 

South-East 
Asia 

Maize 3.35 5.64 6.27 1.27 5.42 
Rice 3.94 5.48 5.06 3.25 4.63 

China Maize 5.30 9.48 7.34 3.34 7.26 
Millet 1.93 2.76 2.65 0.66 3.19 
Rapeseed 1.84 4.22 3.05 0.95 2.72 
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Rice 6.40 9.76 7.49 4.28 8.52 
Seed cotton 3.68 7.97 6.87 1.61 5.75 
Soybeans 1.67 2.58 2.22 0.96 2.37 
Wheat 4.54 10.24 6.76 3.19 5.88 

USSR Barley 2.05 4.30 3.42 1.18 2.91 
Maize 3.89 3.89 5.60 0.80 6.98 
Millet 1.14 1.14 3.64 0.22 2.07 
Oats 1.67 1.67 2.51 0.86 2.49 
Rye 1.96 1.96 2.90 1.01 2.91 
Sunflower seed 1.18 1.18 1.19 0.16 2.20 
Wheat 2.08 2.08 3.03 1.05 3.11 

EU15 Barley 4.24 5.51 5.51 2.98 5.51 
Maize 9.10 14.12 14.12 6.87 11.34 
Oats 2.65 3.17 3.17 0.97 4.33 
Rapeseed 3.45 4.62 4.62 1.39 5.52 
Rye 4.03 6.28 6.28 2.15 5.90 
Sunflower seed 1.76 1.70 1.70 -2.45 5.96 
Wheat 5.44 8.32 8.32 3.35 7.53 

Eastern 
Europe 

Barley 3.22 4.25 3.09 0.04 6.39 
Maize 3.32 6.10 9.74 -3.16 9.81 
Oats 2.14 2.63 2.81 0.23 4.05 
Rapeseed 2.63 4.37 5.40 0.92 4.34 
Rye 2.50 3.41 3.40 0.78 4.22 
Sunflower seed 1.60 2.19 2.38 0.07 3.13 
Wheat 3.15 4.45 4.56 -1.38 7.69 
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Figure 4. Rice yields in China (lower panel) and wheat yields in India (upper panel). The 
solid vertical line represents the width of 95% confidence forecast for 2009 based on 
linear projections from 1961-1995. The model without growth is based on the 1991-
1995 yield average; the model with constant growth rate is based on the average 
growth rate from 1961 to 1995. 
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4. CONCLUSION 

Concerns about a yield plateau and a failure of yield growth to keep up with population 
growth and other demands have been a recurring issue. In recent times, these concerns arose in 
the mid-1990s after yield growth rates appeared to slow in the 1980s. These concerns led to 
fairly pessimistic projections based on a variety of approaches, ranging from expert judgment to 
regression models. In this paper, we re-evaluate crop yields with a new approach. We do not 
focus on the determination of the trend that best fits the time series, but instead we wonder how 
useful such trends are in order to forecast future yields. The main result is that trending these 
time series may be a misleading technique, since we show that among all the crops we 
investigated, at least two thirds behave as a unit root. Furthermore, one likely explanation for 
these unit roots is the failure to account for structural breaks that characterize yields in the last 
fifty years. What we can learn from past data is that long run behavior of crop yields is shaped by 
either a multitude of small shocks or by a few structural changes. Given the uncertainty entailed 
with both types of fluctuations, it seems reasonable to add a random walk component into our 
representation of crop yields. We introduce a measure of the resiliency of shocks and show that 
very few crop yields are mean reverting. We also construct forecast intervals to account for the 
presence of a random walk component into the time series. As a result, for almost two thirds of 
the crops, historical data do not provide us with any reason to favor a model without growth over 
a model with a constant growth rate.  

Our findings shed new light on the issue of possible slowdown in agricultural yields. 
Conclusions about a current plateau effect may be reversed in the future by shocks that will 
affect permanently the long run behavior of yields. In other words, more than future trends, past 
data suggest that we should use extrapolations with very great caution, given the inherent 
randomness of crop yields.  

The addition of these uncertainties allows us to reconsider the question of whether there is a 
plateau in yield growth. For most of the crops, forecasts based on a constant growth rate or no 
annual increment are not significantly different given the uncertainties in these forecasts. Data 
for the period 1961-2009 do not provide strong support for choosing one model over another. 
There is no statistical evidence to distinguish the forecasts provided by a model without growth 
or by a model with constant growth rate, because of our inability to rule out a structural shift 
from one path of agriculture development to another. The general conclusion from this time 
series analysis of yields is that casual observation or simple regression can lead to 
overconfidence in projections because of the failure to consider the likelihood of structural 
breaks. 

Two possible avenues can be suggested to pursue this analysis. The first is to use a Bayesian 
estimation and prediction procedure, as in Pesaran et al. (2006), to allow for possible future 
breaks over the forecast time horizon, based on the distribution of historical breaks. The second 
is to provide a causal model of yield growth and thereby explain structural breaks as a function 
of economic conditions or other factors. The difficulty is that we have a relatively short time 
series and many potential explanatory variables. Moreover, the lag between the events that might 
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explain changes in yield and the observation of change is likely long and variable. We have 
taken a first step by simply investigating the time series behavior of yields. The very long time 
series that exists for the U.S. indicates a very different pattern of yield growth (i.e. very little if 
any) in the period of about 1930-40, followed by rapid growth. The period of rapid growth 
coincides and is likely explained by advances in plant breeding and the widespread availability 
of fertilizers and other chemicals. However we mostly have good data only for the period 
spanning 1960 to the present.  
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APPENDIX A 

Countries Included in the Analysis 
 
European Union (EU 15): Austria, Belgium, Denmark, Finland, France, Germany, Greece,  
Ireland, Italy, Luxembourg, the Netherlands, Portugal, Spain, Sweden, and the United  
Kingdom. 
 
United States 
 
Eastern Europe: Albania, Bosnia-Herzegovina, Bulgaria, Croatia, Czech Republic,  
Hungary, Macedonia, Poland, Romania, Slovakia, Slovenia, and Yugoslavia. 
 
USSR: Armenia, Azerbaijan, Belarus, Estonia, Georgia, Kazakhstan, Kyrgyzstan, Latvia, 
Lithuania, Moldova, Russian Federation Tajikistan, Turkmenistan, Uzbekistan and Ukraine 
 
 
Central and Latin America: Antigua and Barbuda, Argentina, Bahamas, Barbados, Belize, 
Bolivia, Brazil, Chile, Colombia, Costa Rica, Cuba, Dominica, Dominican Republic, Ecuador, El 
Salvador, French Guiana, Grenada, Guadeloupe, Guatemala, Guyana, Haiti, Honduras, Jamaica, 
Martinique, Mexico, Netherlands Antilles, Nicaragua, Panama, Paraguay, Peru, Saint Kitts and 
Nevis, Saint Lucia, Saint Vincent, Suriname, Trinidad and Tobago, Uruguay, and Venezuela. 
 
South Asia: Afghanistan, Bangladesh, India, Maldives, Nepal, Pakistan and Sri Lanka. 
 
Southeast Asia: Brunei, Cambodia, Indonesia, Laos, Malaysia, Myanmar, Philippines, Thailand 
and Viet Nam.  
 
China 
 
Sub-Saharan Africa: Angola, Botswana, Benin, Burkina Faso, Burundi, Cameroon, Chad, 
Central African Republic, Comoros Island, Congo Democratic Republic, Congo Republic, 
Djibouti, Eritrea, Ethiopia, Gabon, Gambia, Ghana, Guinea, Guinea-Bissau, Ivory Coast, Kenya, 
Lesotho, Liberia, Madagascar, Malawi, Mali, Mauritania, Mauritius, Mozambique, Namibia, 
Niger, Nigeria, Réunion, Rwanda, Sao Tome and Principe, Senegal, Sierra Leone, Somalia, 
Sudan, Swaziland, Tanzania, Togo, Uganda, Zambia, and Zimbabwe. 
 
West Asia/North Africa (WANA): Algeria, Cyprus, Egypt, : Iran, Iraq, Jordan, Kuwait, 
Lebanon, Libya, Morocco, Saudi Arabia, Syria, Tunisia, Turkey, United Arab Emirates, and 
Yemen. 



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 and Carbon Storage 
to Changes in Climate and Atmospheric CO2 
Concentration Xiao et al. October 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 (superseded by No. 125) 

7. Integrated Global System Model for Climate Policy 
Analysis Prinn et al. June 1996 (superseded by No. 124) 

8. Relative Roles of Changes in CO2 and Climate to 
Equilibrium Responses of Net Primary Production and 
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 and CH4 from the 
Terrestrial Biosphere to the Atmosphere Liu Aug. 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. November 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 and 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 Subgrid Scale Processes 
in Global Atm. 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 
and their Impact on Climate Projections  
Sokolov et al. September 1997 

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

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

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

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

28. Transient Climate Change and 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 et al. 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 and 

Resultant Climatic Changes on Atmospheric 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 Oct. 1998 (superseded by No. 80) 

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

41. The Effects on Developing Countries of the Kyoto 
Protocol and 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 
and 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 



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. 

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 Oct 1999 

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 et al. October 1999 

57. Can EPA Regulate Greenhouse Gases 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. Aug 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 Greenhouse Gas Emissions:  
A primer with reference to Europe Ellerman Nov 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. February 2001 (superseded by No. 125) 

72. Cap and Trade Policies in the Presence of Monopoly 
and Distortionary Taxation Fullerton & Metcalf March ‘01 

73. Uncertainty Analysis of Global Climate Change 
Projections Webster et al. Mar. ‘01 (superseded by No. 95) 

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 et al. 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. September 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 et al. May 2002 

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

87. Deep-Ocean Heat Uptake 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 Information  
McFarland et al. October 2002 

90. Ozone Effects on Net Primary Production and Carbon 
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 Greenhouse Gas 
Emissions in the United States: The McCain-Lieberman 
Proposal Paltsev et al. June 2003 

98. Russia’s Role in the Kyoto Protocol Bernard et al. Jun ‘03 
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. (revised) January 2004 



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. 

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

105. Analysis of Strategies of Companies under Carbon 
Constraint Hashimoto January 2004 

106. Climate Prediction: The Limits of Ocean Models  
Stone February 2004 

107. Informing Climate Policy Given Incommensurable 
Benefits Estimates Jacoby February 2004 

108. Methane Fluxes Between Terrestrial Ecosystems 
and the Atmosphere at High Latitudes During the 
Past Century Zhuang et al. March 2004 

109. Sensitivity of Climate to Diapycnal Diffusivity in the 
Ocean Dalan et al. May 2004 

110. Stabilization and Global Climate Policy  
Sarofim et al. July 2004 

111. Technology and Technical Change in the MIT EPPA 
Model Jacoby et al. July 2004 

112. The Cost of Kyoto Protocol Targets: The Case of 
Japan Paltsev et al. July 2004 

113. Economic Benefits of Air Pollution Regulation in the 
USA: An Integrated Approach Yang et al. (revised) Jan. 2005 

114. The Role of Non-CO2 Greenhouse Gases in Climate 
Policy: Analysis Using the MIT IGSM Reilly et al. Aug. ‘04 

115. Future U.S. Energy Security Concerns Deutch Sep. ‘04 
116. Explaining Long-Run Changes in the Energy 

Intensity of the U.S. Economy Sue Wing Sept. 2004 
117. Modeling the Transport Sector: The Role of Existing 

Fuel Taxes in Climate Policy Paltsev et al. November 
2004 

118. Effects of Air Pollution Control on Climate  
Prinn et al. January 2005 

119. Does Model Sensitivity to Changes in CO2 Provide a 
Measure of Sensitivity to the Forcing of Different 
Nature? Sokolov March 2005 

120. What Should the Government Do To Encourage 
Technical Change in the Energy Sector? Deutch May ‘05 

121. Climate Change Taxes and Energy Efficiency in 
Japan Kasahara et al. May 2005 

122. A 3D Ocean-Seaice-Carbon Cycle Model and its 
Coupling to a 2D Atmospheric Model: Uses in Climate 
Change Studies Dutkiewicz et al. (revised) November 2005 

123. Simulating the Spatial Distribution of Population 
and Emissions to 2100 Asadoorian May 2005 

124. MIT Integrated Global System Model (IGSM)  
Version 2: Model Description and Baseline Evaluation 
Sokolov et al. July 2005 

125. The MIT Emissions Prediction and Policy Analysis 
(EPPA) Model: Version 4 Paltsev et al. August 2005 

126. Estimated PDFs of Climate System Properties 
Including Natural and Anthropogenic Forcings  
Forest et al. September 2005 

127. An Analysis of the European Emission Trading 
Scheme Reilly & Paltsev October 2005 

128. Evaluating the Use of Ocean Models of Different 
Complexity in Climate Change Studies  
Sokolov et al. November 2005 

129. Future Carbon Regulations and Current Investments 
in Alternative Coal-Fired Power Plant Designs  
Sekar et al. December 2005 

130. Absolute vs. Intensity Limits for CO2 Emission 
Control: Performance Under Uncertainty  
Sue Wing et al. January 2006 

131. The Economic Impacts of Climate Change: Evidence 
from Agricultural Profits and Random Fluctuations in 
Weather Deschenes & Greenstone January 2006 

132. The Value of Emissions Trading Webster et al. Feb. 2006 
133. Estimating Probability Distributions from Complex 

Models with Bifurcations: The Case of Ocean 
Circulation Collapse Webster et al. March 2006 

134. Directed Technical Change and Climate Policy  
Otto et al. April 2006 

135. Modeling Climate Feedbacks to Energy Demand: 
The Case of China Asadoorian et al. June 2006 

136. Bringing Transportation into a Cap-and-Trade 
Regime  Ellerman, Jacoby & Zimmerman June 2006 

137. Unemployment Effects of Climate Policy Babiker & 
Eckaus July 2006 

138. Energy Conservation in the United States: 
Understanding its Role in Climate Policy Metcalf Aug. ‘06 

139. Directed Technical Change and the Adoption of CO2 
Abatement Technology: The Case of CO2 Capture and 
Storage Otto & Reilly August 2006 

140. The Allocation of European Union Allowances: 
Lessons, Unifying Themes and General Principles  
Buchner  et al. October 2006 

141. Over-Allocation or Abatement? A preliminary 
analysis of the EU ETS based on the 2006 emissions 
data 
Ellerman & Buchner December 2006 

142. Federal Tax Policy Towards Energy Metcalf Jan. 2007 
143. Technical Change, Investment and Energy Intensity 

Kratena March 2007 
144. Heavier Crude, Changing Demand for Petroleum 

Fuels, Regional Climate Policy, and the Location of 
Upgrading Capacity Reilly et al. April 2007 

145. Biomass Energy and Competition for Land  
Reilly & Paltsev April 2007 

146. Assessment of U.S. Cap-and-Trade Proposals  
Paltsev et al. April 2007 

147. A Global Land System Framework for Integrated 
Climate-Change Assessments Schlosser et al. May 2007 

148. Relative Roles of Climate Sensitivity and Forcing in 
Defining the Ocean Circulation Response to Climate 
Change Scott et al. May 2007 

149. Global Economic Effects of Changes in Crops, 
Pasture, and Forests due to Changing Climate, CO2 
and Ozone Reilly et al. May 2007 

150. U.S. GHG Cap-and-Trade Proposals: Application of a 
Forward-Looking Computable General Equilibrium Model 
Gurgel et al. June  2007 

151. Consequences of Considering Carbon/Nitrogen 
Interactions on the Feedbacks between Climate and 
the Terrestrial Carbon Cycle Sokolov et al. June  2007 



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. 

152. Energy Scenarios for East Asia: 2005-2025 Paltsev & 
Reilly July 2007 

153. Climate Change, Mortality, and Adaptation: 
Evidence from Annual Fluctuations in Weather in the U.S. 
Deschênes & Greenstone August 2007 

154. Modeling the Prospects for Hydrogen Powered 
Transportation Through 2100 Sandoval et al. 

  February 2008 
155. Potential Land Use Implications of a Global Biofuels 

Industry Gurgel et al.  March 2008 
156. Estimating the Economic Cost of Sea-Level Rise 
 Sugiyama et al.  April 2008 
157. Constraining Climate Model Parameters from 

Observed 20th Century Changes Forest et al. April 2008 
158. Analysis of the Coal Sector under Carbon 

Constraints McFarland et al. April 2008 
159. Impact of Sulfur and Carbonaceous Emissions from 

International Shipping on Aerosol Distributions and 
Direct Radiative Forcing Wang & Kim April 2008 

160. Analysis of U.S. Greenhouse Gas Tax Proposals 
Metcalf et al.  April 2008 

161. A Forward Looking Version of the MIT Emissions 
Prediction and Policy Analysis (EPPA) Model 

 Babiker et al. May 2008 
162. The European Carbon Market in Action:  Lessons   

from the first trading period  Interim Report 
 Convery, Ellerman, & de Perthuis June 2008 
163. The Influence on Climate Change of Differing 

Scenarios for Future Development Analyzed Using 
the MIT Integrated Global System Model Prinn et al. 
September 2008 

164. Marginal Abatement Costs and Marginal Welfare 
Costs for Greenhouse Gas Emissions Reductions: 
Results from the EPPA Model Holak et al. November 
2008 

165. Uncertainty in Greenhouse Emissions and Costs of 
Atmospheric Stabilization Webster et al. November 
2008 

166. Sensitivity of Climate Change Projections to 
Uncertainties in the Estimates of Observed Changes 
in Deep-Ocean Heat Content Sokolov et al. November 
2008 

167. Sharing the Burden of GHG Reductions Jacoby et al. 
November 2008 

168. Unintended Environmental Consequences of a 
Global Biofuels Program Melillo et al. January 2009 

169. Probabilistic Forecast for 21st Century Climate 
Based on Uncertainties in Emissions (without Policy) 
and Climate Parameters Sokolov et al. January 2009 

170. The EU’s Emissions Trading Scheme: A Proto-type 
Global System? Ellerman February 2009 

171. Designing a U.S. Market for CO2 Parsons et al. 
February 2009 

172. Prospects for Plug-in Hybrid Electric Vehicles in the 
United States & Japan:  A General Equilibrium Analysis 
Karplus et al. April 2009 

173. The Cost of Climate Policy in the United States 
Paltsev et al. April 2009 

174. A Semi-Empirical Representation of the Temporal 
Variation of Total Greenhouse Gas Levels Expressed 
as Equivalent Levels of Carbon Dioxide Huang et al. 
June 2009 

175. Potential Climatic Impacts and Reliability of Very 
Large Scale Wind Farms Wang & Prinn June 2009 

176. Biofuels, Climate Policy and the European Vehicle 
Fleet Gitiaux et al.  August 2009 

177. Global Health and Economic Impacts of Future 
Ozone Pollution Selin et al.  August 2009 

178. Measuring Welfare Loss Caused by Air Pollution in 
Europe: A CGE Analysis Nam et al.  August 2009 

179. Assessing Evapotranspiration Estimates from the 
Global Soil Wetness Project Phase 2 (GSWP-2) 
Simulations Schlosser and Gao September 2009 

180. Analysis of Climate Policy Targets under 
Uncertainty Webster et al.  September 2009 

181. Development of a Fast and Detailed Model of 
Urban-Scale Chemical and Physical Processing Cohen 
& Prinn  October 2009 

182. Distributional Impacts of a U.S. Greenhouse Gas 
Policy: A General Equilibrium Analysis of Carbon Pricing 
Rausch et al.  November 2009 

183. Canada’s Bitumen Industry Under CO2 Constraints 
Chan et al.  January 2010 

184. Will Border Carbon Adjustments Work? Winchester et 
al.  February 2010 

185. Distributional Implications of Alternative U.S. 
Greenhouse Gas Control Measures Rausch et al.  June 
2010 

186. The Future of U.S. Natural Gas Production, Use, and 
Trade Paltsev et al.  June 2010 

187. Combining a Renewable Portfolio Standard with a 
Cap-and-Trade Policy: A General Equilibrium Analysis 
Morris et al.  July 2010 

188. On the Correlation between Forcing and Climate 
Sensitivity Sokolov August 2010 

189. Modeling the Global Water Resource System in an 
Integrated Assessment Modeling Framework: IGSM-
WRS Strzepek et al. September 2010 

190. Climatology and Trends in the Forcing of the 
Stratospheric Zonal-Mean Flow Monier and Weare 
January 2011 

191. Climatology and Trends in the Forcing of the 
Stratospheric Ozone Transport Monier and Weare 
January 2011 

192. The Impact of Border Carbon Adjustments under 
Alternative Producer Responses Winchester February 
2011 

193. What to Expect from Sectoral Trading: A U.S.-China 
Example Gavard et al. February 2011 

194. General Equilibrium, Electricity Generation 
Technologies and the Cost of Carbon Abatement 
Lanz and Rausch February 2011 

195. A Method for Calculating Reference 
Evapotranspiration on Daily Time Scales Farmer et al. 
February 2011 



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. 

196. Health Damages from Air Pollution in China Matus et 
al. March 2011 

197. The Prospects for Coal-to-Liquid Conversion: A 
General Equilibrium Analysis Chen et al. May 2011 

198. The Impact of Climate Policy on U.S. Aviation 
Winchester et al. May 2011 

199. Future Yield Growth: What Evidence from Historical 
Data Gitiaux et al. May 2011 




