
Climate Change Impacts
for the Conterminous USA
An Integrated Assessment

Edited by 

Norman J. Rosenberg and James A. Edmonds



CLIMATE CHANGE IMPACTS
FOR THE CONTERMINOUS USA

An Integrated Assessment

Edited by

Norman J. Rosenberg and James A. Edmonds

Joint Global Change Research Institute,
Pacific Northwest National Laboratory,

University of Maryland,

College Park, MD, USA

Reprinted from Climatic Change

Volume 69, No. 1, 2005



A C.I.P. Catalogue record for this book is available from the Library of Congress.

ISBN 1-4020-3255-2

Published by Springer,
P.O. Box 17, 3300 AA Dordrecht, The Netherlands.

Sold and distributed in North, Central and South America
by Springer,

101 Philip Drive, Norwell, MA 02061, U.S.A.

In all other countries, sold and distributed
by Springer,

P.O. Box 322, 3300 AH Dordrecht, The Netherlands.

Printed on acid-free paper

All rights reserved
c© 2005 Springer and copyright holders as specified

on appropriate pages within.
No part of this work may be reproduced, stored in a retrieval system, or transmitted
in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording, or otherwise, without written permission from the Publisher, with the

exception of any material supplied specifically for the purpose of being entered and
executed on a computer system, for exclusive use by the purchaser of the work.

Printed in the Netherlands



Contents

Editor’s Note v

NORMAN J. ROSENBERG and JAMES A. EDMONDS / Climate Change Impacts for
the Conterminous USA: An Integrated Assessment: From Mink to the ‘Lower 48’.
An Introductory Editorial 1–6

STEVEN J. SMITH, ALLISON M. THOMSON, NORMAN J. ROSENBERG,
R. CESAR IZAURRALDE, ROBERT A. BROWN and TOM M. L. WIGLEY /
Climate Change Impacts for the Conterminous USA: An Integrated Assessment.
Part 1. Scenarios and Context 7–25

ALLISON M. THOMSON, NORMAN J. ROSENBERG, R. CESAR IZAURRALDE
and ROBERT A. BROWN / Climate Change Impacts for the Conterminous USA: An
Integrated Assessment. Part 2. Models and Validation 27–41

ALLISON M. THOMSON, ROBERT A. BROWN, NORMAN J. ROSENBERG, R.
CESAR IZAURRALDE and VEREL BENSON / Climate Change Impacts for the
Conterminous USA: An Integrated Assessment. Part 3. Dryland Production of Grain
and Forage Crops 43–65

ALLISON M. THOMSON, ROBERT A. BROWN, NORMAN J. ROSENBERG,
RAGHAVAN SRINIVASAN and R. CESAR IZAURRALDE / Climate Change
Impacts for the Conterminous USA: An Integrated Assessment. Part 4. Water
Resources 67–88

ALLISON M. THOMSON, NORMAN J. ROSENBERG, R. CESAR IZAURRALDE
and ROBERT A. BROWN / Climate Change Impacts for the Conterminous USA:
An Integrated Assessment. Part 5. Irrigated Agriculture and National Grain Crop
Production 89–105
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EDITOR’S NOTE

Climatic Change is pleased to acknowledge that this Special Issue is the fifth
such effort by guest editor Norman Rosenberg, who has recently “retired” (at least
officially). On behalf of the Climatic Change production team and readers, I wish
to thank Norm for his yeoman service to the scientific community in general and to
this journal in particular. However, Norm, don’t think that retirement will exempt
you from more refereeing and editing for the journal!

STEPHEN H. SCHNEIDER

Editor

Climatic Change (2005) 69: v



CLIMATE CHANGE IMPACTS FOR THE CONTERMINOUS USA:
AN INTEGRATED ASSESSMENT: FROM MINK TO THE ‘LOWER 48’

An Introductory Editorial

A decade ago this journal published a special issue “Towards an Integrated Impact
Assessment of Climate Change: The MINK Study” (Rosenberg, ed., 1993), an
early attempt to explore the possible impacts of climate change on the resources,
resource-based industries and economy of a distinct and important agricultural
region of the United States (Missouri–Iowa–Nebraska–Kansas or simply MINK).
The title was in fact suggested by Stephen H. Schneider, then and now Editor of
this journal. An integrated assessment is, indeed, what the scholars involved in the
MINK study had done, but none of us were familiar with the term at that time.
Integrated Assessment (IA) came to be recognized in the 1990s as an important
unifying tool, almost a sub-discipline of climate change research, even to the extent
of generating new journals to cover the intellectual gap left by the multiplicity
of disciplinary publications. Two, for example, that have joined this journal in
encouraging IA research are Integrated Assessment – An International Journal and
Environmental Modeling & Assessment.

Integrated Assessment is an analytical approach that knits together knowledge
derived from a variety of disciplinary sources to gain insights from the analysis
of interactions. It is being increasingly applied to complex environmental issues
having natural science, social science and economic dimensions. As applied to the
climate change problem, IA provides a framework for examination of how derivative
changes in climate that result from greenhouse warming might affect natural and
unmanaged ecosystems, and how these effects might ramify to the economic sector.
The application of IA approaches can aid in understanding the complexities and
inter-relatedness of anthropogenic forcing of climatic change, changes in the natural
environment brought about by human appropriation and manipulation of water and
land resources and the changing sensitivity of managed and unmanaged ecosystems
to extremes of weather and climate.

Progress has been made during the past decade in developing IA frameworks and
tools for application to environmental problems, viz. MERGE (Manne et al., 1995),
IMAGE 1.0 (Rotmans et al., 1990), IMAGE 2.0 (Alcamo et al., 1994a, b), RICE
and DICE (Nordhaus, 1996; Nordhaus and Boyer, 1994), ICAM (Dowlatabadi
and Morgan, 1993; Morgan and Dowlatabadi, 1996; Dowlatabadi and Ball, 1994),
MIT Integrated Global System Model (Prinn et al., 1999), AIM (Morita et al.,
1994), MARIA (Mori and Takahashi, 1999; Mori, 2000), ASF (Sankovski et al.,
2000), TARGETS (Rotmans and de Vries, 1997), GCAM (Edmonds et al., 1994).
With greater or lesser detail each of these frameworks attempt to describe and
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2 INTRODUCTORY EDITORIAL

quantify the impacts of human activity on land, ocean, atmosphere, and managed
and unmanaged ecosystems. The natural and social sciences describe the causes and
effects and the linkages, interactions and feedbacks that characterize the dynamics
of human/environmental interactions. Simulation models of various kinds are used
to quantify the relevant phenomena.

The problems to which IA is currently applied are of such complexity that
comprehensive modeling dealing with all (to the extent that they are known), or
even most of the relevant phenomena and processes in a meaningful way is as yet
impossible. For example, demographics and economic conditions determine the
rates of fossil fuel emissions to the atmosphere; these emissions affect chemistry of
the atmosphere as it is currently constituted; changing atmospheric chemistry causes
deviations from current climate; these climate changes affect current agriculture,
forestry, water resources and unmanaged ecosystems. At the same time, of course,
changes in the human condition, such as numbers of people and their economic
well-being, are changing the use of natural resources (e.g., the allocation of land
between agriculture, urban, and unmanaged states). Changes in land use, whatever
their cause, also affect natural emissions of radiatively active trace gasses, changes
in surface properties such as reflectivity, and changes in the hydrological cycle.

With these challenges in mind a group of natural scientists and economists
in the Joint Global Change Research Institute (JGCRI; a cooperative endeavor
of the Pacific Northwest National Laboratory and the University of Maryland at
College Park) has undertaken to extend and improve IA methodology to facilitate
understanding of the complex problems described above. As a demonstration of
the use of IA, we apply this methodology to the scale of the conterminous United
States or the ‘Lower 48’.

We have developed a set of climate change scenarios and used them to drive
process models of crop production, water resource and unmanaged ecosystem dy-
namics. The results have been integrated into an economic model of global agri-
culture, forestry, and land use developed at Pacific Northwest National Laboratory
that simulates world demand and supply of agricultural, energy and forest products
over one century and allocates land between competing uses. Results across cli-
mate scenarios on crop yield, irrigation demand, water supply, and productivity of
unmanaged ecosystems are combined to alter simulated agricultural productivity
in the United States.

First a set of 12 climate change scenarios were developed based on three General
Circulation Models (GCMs), the Australian Bureau of Meteorology Research Cen-
tre (BMRC), the University of Illinois Urbana-Champagne (UIUC) and a version
of UIUC that considers the effects of sulfate aerosols (UIUC + Sulfates). Two rela-
tively conservative climate sensitivities were assumed for each GCM – global mean
temperature (GMT) change of +1.0 and +2.5 ◦C. Two levels of atmospheric CO2

concentration ([CO2]) to represent the absence and presence of a “CO2-fertilization
effect” were also used (365 and 560 ppmv). In Part 1 of this series, the resulting set
of 12 scenarios are placed in the context of recent work on climate-change scenarios
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developed by the IPCC for the whole of the 21st century (Cubasch et al., 2002).
Scenario development is described in Part 1.

The regionalized climate change scenarios and their spatial variations are de-
scribed in Part 2, as are two of the ecosystem process models. These are the Erosion
Productivity Impact Calculator (EPIC) crop growth and yield model and the Hydro-
logic Unit Model of the United States (HUMUS) hydrology model. Comparisons
with historical crop yields and streamflow data were made to establish the utility
of these models for application to the conterminous U.S. The 12 climate change
scenarios (plus a baseline scenario) are used in Part 3 to drive the EPIC model in
order to simulate climate change impacts on yields of dryland crops. These were
done for 204 ‘representative farms’ distributed one to each of the USGS 4-digit
hydrologic unit areas (HUAs) in the conterminous U.S. Three major grain crops
(corn, soybean, winter wheat) and two forage crops (alfalfa and clover hay) were
modeled and the results reported in terms of total national production. The regions
most likely to experience significant change in yield, positive or negative, and in
which production of the individual crops studied would likely be lost or gained
are identified. The amounts of water needed for irrigation of each crop on each
farm are also simulated in this exercise, but are reported in a subsequent paper
(Part 5).

In Part 4, we apply the HUMUS model to examine the sufficiency of water
supply to meet changing demands in the face of climate change as represented by
the 12 scenarios (3 GCM × 2 GMT × 2 [CO2]). The HUMUS model simulates
hydrologic processes including evapotranspiration, runoff, soil profile recharge,
and lateral flow to streams. In this case the simulations are made on the scale of the
2,101 8-digit (USGS classification) HUAs in the country. Results are aggregated
for various calculations and consistency with the EPIC modeling to the scale of the
204 4-digit HUAs. The primary purpose of Part 4 is to provide information bearing
on the sufficiency of future water resources to meet changing demands of irrigated
agriculture under climate change.

Many researchers who have dealt with this question conclude that agriculture
is one (perhaps the major) economic sector in the U.S. likely to be affected by
climatic change (e.g., Rosenberg, 1982; National Academy of Sciences, 1992;
IPCC, 2001; Reilly et al., 2003). There are many possible modes of agricultural
adaptation to climatic change if it cannot be avoided (Rosenberg, 1992). These
include introduction of new, better-adapted crops, development of new cultivars
for current crops, changes in tillage practices to optimize changes in season length
and other fairly obvious adjustments. Irrigation would be the most effective way
to compensate for rising temperatures, greater evapotranspiration and, in some
regions, reduced precipitation. This assumes, of course, that there will be water
available to irrigate where dryland yields fall below standards of economic viability.
But will the water actually be there?

In Part 5 we draw information on climate change impacts on dryland agriculture
and on the water resources necessary for crop production from the prior papers to
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assess the overall impacts of changes in water supply on national grain production.
We calculate national production in current crop growing regions by applying ir-
rigation where it is needed and where water is available. One interesting finding:
irrigation on a national level (under the assumptions and constraints applied) de-
clines under all of the climate change scenarios. In certain regions and scenarios,
precipitation declines so much that water supplies are too limited; in other regions
precipitation is so plentiful that little value is derived from irrigation. The foregoing
analyses provide information on areas in the country where dryland and irrigated
crop production might be abandoned (for lack of profitability) and on areas into
which production might expand. But if the former, what types of unmanaged veg-
etation would encroach? And if the latter, what types of unmanaged vegetation
would be displaced? These questions are addressed in Part 6.

The biogeography and productivity of terrestrial ecosystems has changed over
time as the result of normal climatic variability and change and also because of
human activity. They are likely to change still more with greenhouse warming and
its attendant climatic changes. Part 6 reports the results of an analysis in which
the ecological model BIOME3 was used to characterize the range in response of
unmanaged ecosystems to the 12 climate change scenarios. The BIOME3 model
provides information on net primary productivity (NPP) and geographical distri-
bution of major biomes of the conterminous U.S. The model provides information,
then, on the vegetation that exists where the land is not farmed and, by inference,
what kinds of vegetation would colonize agricultural lands that are abandoned. This
analysis also provides surrogate information on forest productivity and the potential
for biomass production to offset some portion of current and future fossil fuel use.
Validations show that under the current (baseline) climate, BIOME3 captures the
potential distribution of major biomes across the U.S. and reproduces the general
trends of observed NPP acceptably.

Changes in crop productivities, water availability, and the natural ecosystem will
affect human activities and welfare over time and space. Additional tools are needed
to assess some of the implications of such changes and the adaptations that markets
could engender. Information provided in the previous papers is incorporated into
JGCRI’s Agriculture and Land Use Model (AgLU) in Part 7. AgLU is an economic
model with 14 world regions and a century time scale and is used to simulate
the supply of and demand for four aggregate crop types, three aggregate animal
products, and one aggregate forest product. Key drivers include food demand,
trends in regional population, and trends in income. At low per capita income
levels increasing wealth increases the demand for both animal products for grains
consumed directly. As per capita incomes increase that pattern changes to one in
which the demand for animal products increases, but the demand for grains to be
consumed directly by humans saturates and even declines. Agricultural and forest
production are constrained by land productivity in each region, while international
trade allows agricultural production to shift among world regions according to
their comparative advantage. Data from the preceding papers in this series provide
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information on potential changes in agricultural yield due to climate change in the
United States. This data is aggregated to a national index and then applied to an
autonomous baseline trend of increasing yield in AgLU. In the absence of climate
change, agricultural yields are anticipated to continue to increase with time. Land
is allocated among competing uses in AgLU in response to changes in the expected
economic performance of each hectare in its alternative uses. Implications of all
the changes documented in these papers for global food supply, land rents and the
economic well-being of farmers and land owners in the U.S. are analyzed in this
final paper of the series.

And so, with this roadmap to guide us, we proceed to the details, considering a
future touched by both human development and climate change. On to the Lower
48!!
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CLIMATE CHANGE IMPACTS FOR THE CONTERMINOUS USA:
AN INTEGRATED ASSESSMENT

PART 1. SCENARIOS AND CONTEXT

STEVEN J. SMITH1, ALLISON M. THOMSON1, NORMAN J. ROSENBERG1,
R. CESAR IZAURRALDE1, ROBERT A. BROWN2 and TOM M. L. WIGLEY3

1Joint Global Change Research Institute, 8400 Baltimore Ave. Suite 201, College Park,
Maryland 20740, U.S.A.
E-mail: ssmith@pnl.gov

2Independent Project Analysis, 11150 Sunset Hills Rd. Suite 300, Reston, Virginia 20190, U.S.A.
3National Center for Atmospheric Research, 1850 Table Mesa Drive, Boulder,

Colorado 80307, U.S.A.

Abstract. As carbon dioxide and other greenhouse gases accumulate in the atmosphere and contribute
to rising global temperatures, it is important to examine how derivative changes in climate may affect
natural and managed ecosystems. In this series of papers, we study the impacts of climate change on
agriculture, water resources and natural ecosystems in the conterminous United States using twelve
scenarios derived from General Circulation Model (GCM) projections to drive biophysical impact
models. These scenarios are described in this paper. The scenarios are first put into the context of
recent work on climate-change by the IPCC for the 21st century and span two levels of global-mean
temperature change and three sets of spatial patterns of change derived from GCM results. In addition,
the effect of either the presence or absence of a CO2 “fertilization effect” on vegetation is examined
by using two levels of atmospheric CO2 concentration as a proxy variable. Results from three GCM
experiments were used to produce different regional patterns of climate change. The three regional
patterns for the conterminous United States range from: an increase in temperature above the global-
mean level along with a significant decline in precipitation; temperature increases in line with the
global-mean with an average increase in precipitation; and, with a sulfate aerosol effect added to in the
same model, temperature increases that are lower than the global-mean. The resulting set of scenarios
span a wide range of potential climate changes and allows examination of the relative importance
of global-mean temperature change, regional climate patterns, aerosol cooling, and CO2 fertilization
effects.

1. Introduction

Atmospheric concentrations of carbon dioxide and other heat-trapping gases
have been increasing over the past century, enhancing the atmosphere’s natural
greenhouse effect. This increase is thought to be the major cause of the measured
increase in surface temperatures over the last 50 yr (Mitchell et al., 2002). Fur-
ther climate changes over this century are nearly certain, although of uncertain
magnitude.

While global-mean temperatures are a useful measure of the overall magnitude
of possible anthropogenic influence, it is regional climate changes that will produce

Climatic Change (2005) 69: 7–25 c© Springer 2005



8 S. J. SMITH ET AL.

impacts on both human and natural systems. Further, it is not necessarily average
changes but changes in seasonality, variability and extremes that will be more
disruptive. Changes in climate will translate to changes in other important natural
processes, notably the hydrologic cycle. In addition to climate changes, increasing
atmospheric carbon dioxide concentrations ([CO2]) will likely affect plant growth
and water balance.

This series of papers presents a coordinated set of climate impact studies that
examine the responses of agriculture, water resources, and natural ecosystems to a
set of climate change scenarios. The biophysical models used are the EPIC model for
agriculture (Williams, 1995), the HUMUS model for water resources (Arnold et al.,
1999), and the BIOME3 model for natural ecosystems (Haxeltine and Prentice,
1996). These are fully described and validated in Parts 2 and 6.

Using a range of future climate scenarios, we simulated the impacts on dryland
agriculture (Part 3) and on water resources (Part 4). Next, we examined the degree
of change of water demand by irrigated crops, the amount of water available to
meet that demand, and how total potential crop production in the United States
might be affected (Part 5). We then assessed, under the same climate scenarios,
the possible magnitude of changes in natural ecosystems (Part 6). The series ends
with an economic analysis of the impacts of the various climate change scenarios
on agriculture and water resources (Part 7). In this, the first of the papers, we
present the climate change scenarios used for these analyses, discuss the changes
projected over the United States and provide some context for the sectoral impact
studies.

2. Climate Change Scenario Descriptions

A set of climate scenarios projecting how temperature and precipitation will change
due to anthropogenic influences is one of the fundamental inputs needed for bio-
physical impact models. These models also require future CO2 concentrations to
evaluate the impact of CO2-fertilization on vegetation. The magnitude of these
changes is not known, however, due to uncertainties in both the climate response to
anthropogenic influences and the extent of future emissions of greenhouse gases.
Thus, we conduct our analyses over a matrix of scenarios that covers a wide range
of possible future climatic conditions in order to examine the range of possible
impacts.

The impact models used in this study require inputs of climate parameters such
as temperature and precipitation; for this reason the scenario descriptions also
focus on physical rather than socio-economic parameters. This is not to say that
socio-economic factors are irrelevant to impacts analysis. Different assumptions for
driving forces such as population levels and income, for example, can lead to dras-
tically different demands for agricultural goods, which would imply quite different
implications for climate impacts on agriculture. In this analysis socio-economic
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effects and physical changes are separated. We first calculate impacts such as agri-
cultural productivity changes for a matrix of physical climate change scenarios. The
last paper (Sands and Edmonds, 2004) in this series then conducts an analysis that
examines the impact of these physical changes in a larger socio-economic context
using an integrated assessment model.

Ideally, an end-to-end analysis would include all of these factors simultane-
ously, considering a self-consistent set of impact inputs from global-mean-climate
changes, rates of climate change, carbon dioxide concentrations, regional climate
changes, and regional (and global) socio-economic factors. Developing such a study
would likely require a spatially disaggregated representation of driving forces such
as population, income, and other social-economic indicators. Just as the uncertainty
in climate changes increases with decreasing spatial scale the same is also true for
socio-economic driving forces, even if larger-scale values are taken as given. Such
an end-to-end analysis would provide useful insights and self-consistent results,
but would be one of a wide range of possible results given the uncertainty in each
of the factors in the causal chain.

The present study is, instead, structured to examine a range of possible outcomes
in a conceptually (and computationally) straightforward framework. We, therefore,
will proceed below to examine the variables that define the inputs needed for each
of these analyses. Each scenario consists of the following three sets of input data:
(1) a specification the magnitude of future anthropogenic climate change in terms
of global-mean temperature change, (2) the strength of the effect of increasing CO2

concentrations on plant processes, and (3) the spatial pattern of these changes in
temperature and precipitation as simulated by GCM models. No changes in climate
variability are considered: the absolute values of inter-annual changes are assumed
to be identical to those in the 30-yr reference period (see below). Each of these
variables is discussed below. The result is a grid of twelve climate change scenarios
along with a baseline case of no further climate changes (Table I).

2.1. GLOBAL-MEAN TEMPERATURE CHANGE

The global-mean temperature change due to anthropogenic influences is the most
widely used measure of the magnitude of future climate change. There are two
primary determinants of the overall level of future climate changes, the level of
greenhouse gas emissions, including the influence of aerosols, and the climate
sensitivity (see below). Neither the future emission levels nor the climate sensitivity
are known, which means that there is a wide range of possible changes in global-
mean temperature.

For this study two values of global-mean temperature (GMT) change are used:
+1 ◦C and +2.5 ◦C . The temperature changes here, and henceforth, are relative to
a 1990 base year.1 As with most climate impact analyses, this one was done with
a discrete set of input parameters. In all likelihood, future climate changes will not
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TABLE I
Scenario matrix: A baseline climate plus 12 combinations of climate
model, global-mean temperature projection, sulfate aerosols and CO2

fertilization effects

CO2 concentration
GCM GMT (◦C) (ppmv)

Baseline 365
BMRC 1 365

560
2.5 365

560
UIUC 1 365

560
2.5 365

560
UIUC + Sulfates 1 365

560
2.5 365

560

Note. The CO2 concentration levels are meant as proxies for the strength
of the fertilization effect and not as specific concentration levels asso-
ciated with the given temperature change values (Section 6).

be stationary but will change over time, so that any specific set of parameters will
occur only once (or perhaps not at all).

2.1.1. SRES Context
To put these changes into context, first consider the simplified range of future
changes given in Figure 1, which shows the global-mean changes projected for six
illustrative emission scenarios from the IPCC Special Report on Emission Scenarios
(SRES) using a central value for the climate sensitivity (Cubasch et al., 2002). The
SRES scenarios cover a wide range of driving forces, which result in a range
of emissions. As demonstrated in Figure 1, these emissions result in a range of
future climate changes (although note that different sets of driving forces can result
in similar emissions; Nakicenovic and Swart, 2000). We see that a global-mean
temperature change of 1 ◦C occurs in these scenarios as a transient point, which is
exceeded in all of these cases. The case for a 2.5 ◦C change is less certain. Both
in scenarios with high emissions or with elevated climate sensitivity (not shown),
this level of climate change can be exceeded. There are also scenarios in which this
level of climate change is not reached.

The picture given in Figure 1 is, however, incomplete. The range of future
climate changes is determined by emissions, the behavior of the climate system,
and the behavior of gas cycles. Uncertainty in all of these contributes to the spread in
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Figure 1. Global-mean temperature change, relative to 1990, under six different scenarios for future
emissions under the assumption of a climate sensitivity of 2.5 ◦C. These six emissions scenarios
span a range of future assumptions for global socio-economic development in the absence of climate
policy (Nakicenovic and Swart, 2000). See Cubasch et al. (2002) for details of the temperature change
calculations.

possible future climate change (Wigley and Raper, 2001). A particularly important
parameter is the climate sensitivity, which is an aggregate measure of how much
the climate will respond to changes in radiative balance, such as those caused by
changes in greenhouse gas concentrations. The climate sensitivity is conventionally
given as the equilibrium global-mean warming associated with a doubling of carbon
dioxide concentrations.

2.1.2. Probabilities and Scenarios
In order to present a fuller picture considering variation in multiple parameters we
will turn to probabilistic estimates of future temperature change, using the results
from the analysis of Wigley and Raper (2001). In using these results we wish to
put the discrete scenarios used in this study into some context. Any probabilistic
calculation is, however, itself subject to uncertainty and we will discuss below how
the uncertainties in these calculations affect our interpretation in the context of the
present work.

Figure 2 shows one estimate of the probability of exceeding a 1 ◦C and 2.5 ◦C
increase in global-mean temperature over the next 100-yr assuming that no climate
mitigation policies are implemented (Wigley and Raper; 2001). Intermediate date
and probability figures are purposely not given in this figure to emphasize that
we are not attempting to assign a specific probability to our impacts scenarios but
to provide context to the scenarios.
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Figure 2. Estimates of the probability of exceeding two specified levels of global-mean temperature
change, relative to 1990, as calculated by Wigley and Raper (2001). These estimates take into account
range of possible future emissions and climate parameters.

The probabilistic calculations presented here are based on two sets of assump-
tions. The primary set of assumptions is about the distribution of input parameter
values. The second set of assumptions concern the behavior of the climate system.
The latter are embodied in the simple climate model used to translate input parame-
ter values into climate outputs. The model used (MAGICC) has been shown capable
of re-producing the global-mean outputs of most general circulation models. With
the exception of possible discontinuities in the behavior of the climate system, we
conclude that the uncertainties in this calculation lie primarily with the assumptions
about the distribution of input parameter values.2

The principal input parameters that determine future climate change are emis-
sions of greenhouse gases and aerosols and the value of the climate sensitivity.
Here, we assume that each of the emissions scenarios are equally likely and that all
values of the climate sensitivity over the range of 1.5–4.5 ◦C per CO2 doubling, as
assumed by the IPCC, are equally likely as well (a range in gas-cycle parameters
is also considered). The shape of the distribution for climate sensitivity does not
have a large effect on the outcome since most realizations will use values near the
center of the distribution (Wigley and Raper, 2001).

The range of parameters used is based largely on results from both physical-
science models (for values of the climate sensitivity) and socio-economic models
(for emissions scenarios). While model results are often constrained by observa-
tional or historical data, it is clear that there is much about both the climate system
and socio-economic systems that is not well understood. While we believe the
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parameter ranges are a reasonable representation of our current understanding of
these systems, future estimates could turn out to be significantly different than those
estimated here. This is an important, and almost impossible to quantify, source of
uncertainty, as has been recognized for other systems where modeling has been
used to predict the future of poorly understood systems (Sarewitz et al., 2000).

A particular point of contention exists regarding the assignment of probabilities
to emissions scenarios. While the properties of a physical systems can be subject
to a formal statistical analysis, projections of the state of socio-economic systems
100 years in the future is arguably more problematic. Many of the critical links be-
tween socio-economic systems are not understood well enough to allow straightfor-
ward incorporation into a quantitative model. Furthermore, future socio-economic
developments are not independent variables, but are subject to policy decisions
made today and in the future. Recognizing these difficulties, Wigley and Raper
(2001) choose to make all of the SRES scenarios equally likely. In constructing
these scenarios, the SRES writing team did not assign a probability to any of the
scenarios or scenario families, stating that “the distribution of the scenarios pro-
vides a useful context for understanding the relative position of a scenario but does
not represent the likelihood of its occurrence.” These considerations will be noted
as we proceed with interpretation of probabilistic results.

2.1.3. Probabilistic Context
With these points on the probabilistic interpretation of scenarios in mind, we now
turn to the specific scenarios used in this study. Consider now the probability of
exceeding a 1 ◦C increase in global-mean temperature relative to 1990 as shown
in Figure 2. The probability of exceeding a 1 ◦C global-mean temperature change
by the middle of the century is very high. At this point the influence of the emis-
sions scenario of global-mean temperature change is relatively small (Figure 1).
Therefore, the probabilities up to mid-century are influenced largely by the values
of climate parameters, in particular the climate sensitivity. We conclude that, given
our current understanding of the climate system, that a 1 ◦C change in global-mean
temperature is nearly certain to occur by the end of the century and probably will oc-
cur by mid-century. While policy scenarios may reduce emissions, such reductions
will have limited impact on climate change for some time due to both the thermal
inertia in the climate system (Dai et al., 2000) and interactions between greenhouse
gas and sulfur dioxide emissions (Smith et al, 2004). Note also that the lower range
of the SRES emissions scenarios result in carbon dioxide concentrations by 2100
that are nearly stable at around 550 ppmv, a commonly analyzed policy target.
Therefore, even under many climate change mitigation policy scenarios, global-
mean temperature is likely to exceed 1 ◦C by 2050. In the long term, the impacts
under this scenario are likely to be underestimates of eventual climate impacts by
the end of the century.

For the 2.5 ◦C set of impacts scenarios, we can conclude that there is low chance
of a 2.5 ◦C increase in global-mean temperature, relative to 1990, by 2050.3 Again,
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by 2050, the influence of the emissions scenario assumptions is relatively small and
the results are primarily driven by climate system and aerosol forcing assumptions.
Therefore, the 2.5 ◦C set of impact scenarios are focused on the second half of
the century if not later. After 2050 the conclusions that can be drawn from the
probabilistic analysis are less well defined. Due to the longer time horizon, most of
the assumptions made for this calculation have a larger impact on results in 2100 as
compared to 2050 including issues of how to probabilistically represent emissions
scenarios. The calculation of Wigley and Raper (2001) results in a 70% probability
of a global-mean temperature change that exceeds 2.5 ◦C by 2100 with no climate
policies in place. Therefore, we can conclude that a level of climate change of
2.5 ◦C is feasible, but that this is by no means certain to occur nor is this an upper
bound to possible changes by 2100.

In summary, the 1 ◦C impact scenarios provide a conservative lower bound
for the future impacts of climate change. Impacts at this level are likely to be
exceeded by the middle of the century. The 2.5 ◦C impact scenarios simulate a
level of climate impacts that may be felt at some point in the latter half of this
century. Global temperatures might not reach this level, or could exceed this level,
depending on climate sensitivity, future socio-economic developments, and the
presence of climate policy actions.

2.2. CARBON DIOXIDE FERTILIZATION EFFECT

The primary driving force of the climate changes presented above is the increas-
ing concentration of carbon dioxide in the atmosphere. In addition to the effect of
any changes in climate on plant growth, changes in the atmospheric concentration
of CO2 ([CO2]) will also affect plants directly. In experiments in controlled envi-
ronments (Kimball, 1983; Rogers et al., 1996) and in field studies using free-air
carbon dioxide enrichment (FACE) facilities (Mauney et al., 1994; Kimball et al.,
1995), a CO2 ‘fertilization effect’ has been observed; agricultural crops grown at
higher [CO2] experience increased growth rates, improved water use efficiency,
and higher yields (Makino and Mae, 1999; Allen et al., 1998; Maroco et al., 1999).
Plants respond to increasing CO2 concentrations with increased rates of photo-
synthesis and with increased stomatal resistance that reduces transpiration, hence
conserving water and reducing water stress.

While the presence of these CO2 “fertilization” effects are well documented,
there is considerable uncertainty regarding how accurately and consistently these
effects can be applied to long-term simulations of crop growth over large areas
(Bowes, 1993; Makino and Mae, 1999) and how these effects extend to unman-
aged ecosystems (Drake et al., 1996; Oechel et al., 1994; Oren et al., 2001). These
uncertainties are discussed in detail in the subsequent papers on the EPIC model.
We consider these uncertainties by reporting results for the two levels of CO2 con-
centration used in the impact studies reported here. The first, a level of 365 ppmv,
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essentially the current concentration,4 is used to represent the notion that the direct
effects of ‘fertilization’ do not manifest themselves or are insignificant. This is,
therefore, a lower bound case for CO2 fertilization effects. A higher [CO2] – 560
ppmv – was also used in the analysis. Given that CO2 fertilization effects tend to sat-
urate with increases in concentration, the use of this concentration level, along with
central assumptions about the physiological response of plants to [CO2] represent
a reasonably strong CO2 fertilization effect. Under a wide range of assumptions
about the carbon cycle, a [CO2] level of 500 ppmv is reached or exceeded by most
of the SRES scenarios by the end of the century (Prentice et al., 2002). A number
of scenarios, depending again on carbon-cycle assumptions, can exceed this level
by 2050.

The uncertainty in the climate sensitivity, in particular, means that there is no
unique figure for the amount of temperature change that could be considered con-
sistent with a specific CO2 concentration level. The matrix of climate scenarios
considered for the impact analyses thus is not intended to literally pair a specific
CO2 concentration level with specific levels of climate change. Instead, we are con-
sidering two simplified cases: no CO2 fertilization effect and a moderate to strong
CO2 fertilization effect as bounding cases.

In summary, combining the two climate change (temperature change) levels
and the two chosen CO2 concentration levels gives four scenarios. While we do
not expect there to be no effects due to CO2 fertilization, these effects may be
significantly limited in the real world as compared to an idealized model. The
365 ppmv – “no fertilization effect” – scenarios provide a certain lower bound for
fertilization effects.

The combination of 1 ◦C and 560 ppmv is unlikely in the ‘real-world’.
Temperature changes that would accompany this concentration level are likely to be
significantly higher that 1 ◦C . This scenario represents, then, a modest amount of
climate change coupled with a strong CO2 fertilization effect and sets a lower bound
for the transient effects that could occur between about 2030 and 2050 (Figures 1
and 2).

The fourth combination of 2.5 ◦C and 560 ppmv is physically realizable and
not improbable. It is possible that CO2 fertilization effects could exceed the level
assumed here. It is also probable that saturation effects and other limiting factors
will be important given both the significant levels of CO2 fertilization and climate
change assumed. We consider this combination to be a reasonable point estimate
of climate change with possible ameliorating effects of CO2 fertilization, as could
occur towards the end of this century.

2.3. THE SPATIAL PATTERN OF CLIMATE CHANGE

Global-mean temperature change, while useful as a measure of overall strength
of greenhouse warming, is not the most relevant measure for impact analysis,
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which requires information on regional and local changes in climate. Relevant
variables include precipitation, temperature, and changes in the variability and
extremes in these quantities. Regional climate changes are estimated by a variety
of methods including historical analogy, general circulation models (GCMs), and
GCMs coupled with various downscaling techniques.

Our method here is to use historical climate data, coupled with GCM results.
Rather than using GCM results directly, we use the pattern scaling method embodied
in the SCENGEN system of Hulme et al. (1995) to produce regional climate change
patterns. In this method, each GCM is considered to have a characteristic climate
sensitivity and climate response pattern, although the latter can change with different
assumptions about aerosol effects. Since neither the true response pattern nor the
climate sensitivity are known, this method allows a wide range of possible climate
responses to be generated.

A historical climate data series from 1960 to 1989 was used to establish a baseline
climate data set for the EPIC, HUMUS and BIOME3 simulations (Arnold et al.,
1999). The GCMs provided data on the monthly change in daily mean temperature
and precipitation. Baseline daily climate data were then adjusted with the GCM-
generated changes.

To provide the widest range of possible future climate scenarios, two GCMs were
chosen for their divergent projections of future climate over the continental United
States. This allows the analysis to consider the widest range of potential future
conditions and place theoretical bounds on the degree and direction of change
most likely to occur. The models are from the Australian Bureau of Meteorology
Research Center (BMRC) (McAveney et al., 1991) and the University of Illinois at
Urbana Champagne (UIUC) (Schlesinger, 1997). The UIUC GCM was also run
with the inclusion of sulfate aerosol effects (UIUC + Sulfate), providing a third
set of climate change projections. The pattern of climate change from these three
models, each at two levels of global-mean temperature and two levels of [CO2]
gives 12 climate change scenarios to be evaluated, as shown in Table I.

The spatial patterns of temperature and precipitation change for the BMRC
scenarios are identical for the 1 ◦C and 2.5 ◦C scenarios; only the magnitudes of
the changes are different. The same is true for the UIUC scenarios (without sulfate
aerosols). This is because, for forcing components where the pattern of forcing
remains constant over time, the climate change response pattern is assumed also to
remain constant with time. The situation is different for the UIUC + Sulfate aerosol
scenarios. Since the pattern of forcing from sulfate aerosols varies with time, the
resulting pattern of climate change will also vary with time. For this scenario a
SCENGEN run with IS92a forcing assumptions was used to derive the climate
change patterns. The 1 ◦C and 2.5 ◦C scenarios were produced when the global-
mean temperature change in the IS92a scenario reached these points. This results
in climate change patterns that are different for the 1 ◦C and 2.5 ◦C scenarios. A
quantitative discussion of the climate change patterns as given by the three GCM
results follows.
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3. Geographic Patterns of Climate Change

3.1. ANNUAL TEMPERATURE AND PRECIPITATION CHANGES

The annual temperature and precipitation change, averaged over the conterminous
United States, is given in Table II. All three model results project an increase
in the annual-mean temperature of the conterminous United States, although the
magnitude of the increase (relative to the global-mean) differs with each model.

Temperature change in the United States is greater than the global average value
for the BMRC model, about equal to the global average in the UIUC model, and
less than the global average in the UIUC + Sulfates model run.

The simulation results for precipitation also differ, with the UIUC model show-
ing increasing precipitation over most of the conterminous United States and the
BMRC showing substantial drying. Precipitation decreases in BMRC, increases in
the UIUC model run and increases even more in the UIUC + Sulfates model run.

The average results given in Table II are only a general indication of the regional
effect of climate change. Regional patterns in these changes over the U.S. drive the
ecosystem models used in this analysis. The pattern of changes for each of these
three models is discussed below.

3.1.1. BMRC
Temperature increase under BMRC is moderate in the southern states, along the
West Coast and in the more northerly portions of the Great Plains and Northeast
(Figure 3). The Great Lakes region shows the greatest increase in temperature. The
range of increase here for a global-mean temperature (GMT) = +1 ◦C is from 1 to
2 ◦C and for GMT = +2.5 ◦C the range is from 2.5 ◦C to 5 ◦C above baseline. In
the BMRC scenarios precipitation declined nationwide under GMT of +1 ◦C and
+2.5 ◦C (Figure 4). Drying is most extreme in the south and southwestern parts of
the country and up the West Coast. The exception is the northern part of the country

TABLE II
Average annual change in temperature and precipitation over the
conterminous United States given by the GCM climate change
scenarios, as scaled for use in this study

GMT Temperature Precipitation
GCM ( ◦C) change( ◦C) change (mm)

BMRC 1 1.5 −39

2.5 3.6 −98

UIUC 1 0.9 98

2.5 2.3 245

UIUC + Sulfates 1 0.4 132

2.5 1.6 287
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Figure 3. Mean annual temperature change from baseline for the three GCMs at two global-mean
temperature change levels.

Figure 4. Annual precipitation change from baseline for the 3 GCMs at two levels of global-mean
temperature change.

where drying is moderate. Some precipitation increases are projected, notably in the
Great Lakes region and the Northeast. The increase of GMT to +2.5 ◦C intensifies
both the drying in the Southwest and West Coast and the increase in precipitation
in the Northeast and Great Lakes states.
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3.1.2. UIUC
Warming under UIUC is moderate, ranging from 0.5 ◦C to 1.5 ◦C above baseline
when GMT = +1 ◦C and from 1.5 ◦C to 3 ◦C when GMT= +2.5 ◦C (Figure 3).
Warming is weakest in the south central part of the country and strongest in the
Northeast and Northwest. UIUC projects increased precipitation across most of the
country (Figure 4). Some slight drying is shown on the Gulf Coast, but moderate
to large increases in precipitation occur over the rest of the country. The Western
half of the country receives more of an increase than the East. At GMT = +2.5 ◦C,
precipitation increases further across the country, and the drying along the Gulf
Coast is moderated.

3.1.3. UIUC + Sulfates
Temperature and precipitation changes are affected by the inclusion of the sulfate
aerosol effect in the UIUC model (Figure 3). Temperature increases are least under
this scenario, ranging from 0 ◦C to 1 ◦C with GMT = +1 ◦C and from 1 ◦C to
3 ◦C when GMT = +2.5 ◦C . The regional distribution of temperature change is
similar to that under UIUC without sulfate. Precipitation declines in some regions
with the addition of sulfates to the UIUC model, but increases in others (Figure
4). Precipitation increases were least in the southern Gulf Coast states and through
the Ohio Valley and parts of the Midwest. Precipitation increases in the Northeast,
unchanged from UIUC, and increases to a greater extent over much of the western
half of the country.

3.2. SEASONAL CHANGE IN TEMPERATURE AND PRECIPITATION

Projected climate changes will not be uniform throughout the year. How air tem-
perature increases seasonally will determine crop growth and hydrologic response.
Higher summer temperatures could induce more severe and protracted temperature
stress in crops as well as increased rates of evapotranspiration, reducing crop water
use efficiency5 and runoff. Temperature increases in the spring and fall would
lengthen the crop growing season but also shorten the time to maturity, thereby low-
ering yields. A longer growing season may also favor introduction of new species
or cultivars and enable use of management practices not previously possible.

Seasonal differences in the patterns of temperature change are reported for seven
of the eighteen major U.S. water resource regions in Table III. Under BMRC, the
temperature increase is greatest in winter for the Ohio, Upper Mississippi, Arkansas
and Texas Gulf regions and least in the spring. For the Missouri, South Atlantic,
and Pacific Northwest regions, the increase is greatest in the summer and the least
in fall. Temperature change under UIUC is greatest in summer and least in winter in
these regions. The temperature increase in summer is 0.5 ◦C greater than the average
annual increase. Under UIUC + Sulfate, a distinct change occurs where the Ohio,
Upper Mississippi and Arkansas-White-Red regions register a slight cooling in
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TABLE III
Mean daily temperature change ( ◦C) in 7 major water resource regions

3. S. 5. 7. U. 10. 11. 12. TX 17. Pacific
Scenario Atl.-Gulf Ohio Miss Missouri Arkansas Gulf NW

Winter

BMRC +1 1.14 1.94 2.10 1.63 1.59 1.24 1.33

BMRC +2.5 2.87 4.83 5.22 4.08 3.95 3.09 3.32

UIUC +1 0.66 0.55 0.69 0.80 0.38 0.49 1.08

UIUC +2.5 1.64 1.34 1.68 1.99 0.93 1.24 2.71

UIUC Sulfate +1 −0.06 −0.52 −0.56 −0.10 −0.48 −0.21 0.63

UIUC Sulfate +2.5 0.59 −0.14 −0.05 0.76 −0.26 0.25 2.11

Spring

BMRC +1 1.21 1.44 1.56 1.38 1.61 1.52 1.10

BMRC +2.5 3.03 3.62 3.90 3.43 4.01 3.80 2.74

UIUC +1 0.83 0.80 0.69 0.73 0.57 0.53 1.08

UIUC +2.5 2.09 2.02 1.72 1.83 1.43 1.35 2.71

UIUC Sulfate +1 0.19 0.16 0.08 0.21 −0.16 −0.21 0.86

UIUC Sulfate +2.5 1.17 1.12 0.91 1.10 0.42 0.29 2.41

Summer

BMRC +1 1.21 1.58 1.59 1.70 1.47 1.05 1.46

BMRC +2.5 3.03 3.94 3.95 4.24 3.68 2.64 3.65

UIUC +1 0.95 1.04 1.20 1.28 1.06 0.95 1.40

UIUC +2.5 2.37 2.61 2.99 3.19 2.62 2.37 3.48

UIUC Sulfate +1 0.40 0.63 1.10 1.19 0.65 0.54 1.33

UIUC Sulfate +2.5 1.57 2.09 2.96 3.17 2.10 1.80 3.46

Fall

BMRC +1 1.05 1.47 1.58 1.33 1.30 1.14 1.05

BMRC +2.5 2.64 3.67 3.95 3.34 3.26 2.85 2.62

UIUC +1 1.04 1.04 0.89 0.79 0.89 0.85 0.89

UIUC +2.5 2.58 2.60 2.19 1.99 2.22 2.11 2.26

UIUC Sulfate +1 0.59 0.68 0.69 0.43 0.77 0.62 0.25

UIUC Sulfate +2.5 1.94 2.11 1.97 1.49 2.06 1.79 1.33

winter and spring. The greatest increases in temperature occur in the summer and
fall in these regions.

The seasonal distribution of precipitation is also very important in the growth
and management of crops. Higher spring and summer precipitation would lower
demand for irrigation. In many regions, reduced fall and winter precipitation would
reduce the reserves of water in snowpack and, ultimately, the water level in reser-
voirs, diminishing the supplies for irrigation, navigation, hydropower, fisheries and
wildlife. A large increase in the winter and spring could increase the frequency of
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damaging floods and lower crop production because of water-logging, impediments
to tillage, soil erosion, loss of nutrients by leaching and so on.

The seasonal distribution of precipitation is also different from the annual change
in the seven regions represented in Table IV. Under BMRC, the largest percentage

TABLE IV
Seasonal precipitation (mm) at baseline and percentage change in precipitation under the climate
change scenarios in 7 major water resource regions (MWRR)

3. S. 5. 7. U. 10. 11. 12. TX 17. Pacific
Scenario Atl.-Gulf Ohio Miss Missouri Arkansas Gulf NW

Winter

Baseline (mm) 321 236 106 51 125 155 320

BMRC +1 (%) −10 5 7 2 −13 −23 1

BMRC +2.5 (%) −25 12 18 4 −32 −57 3

UIUC +1 (%) 0 11 18 13 24 22 4

UIUC +2.5 (%) 0 29 44 32 59 56 9

UIUC Sul +1 (%) −3 25 24 11 15 5 13

UIUC Sul +2.5 (%) −8 45 51 26 43 28 24

Spring

Baseline (mm) 335 310 230 161 241 226 188

BMRC +1 (%) −6 −7 5 6 −7 −10 −5

BMRC +2.5 (%) −15 −16 13 14 −17 −24 −13

UIUC +1 (%) −14 3 10 7 −2 −4 9

UIUC +2.5 (%) −35 8 24 19 −5 −9 23

UIUC Sul +1 (%) −32 0 6 1 −26 −30 8

UIUC Sul +2.5 (%) −62 3 19 8 −43 −51 20

Summer

Baseline (mm) 413 313 301 192 237 224 93

BMRC +1 (%) −18 −12 −14 −20 −22 −20 −30

BMRC +2.5 (%) −45 −30 −34 −50 −56 −51 −74

UIUC +1 (%) 7 0 7 46 51 36 150

UIUC +2.5 (%) 18 0 17 114 128 91 375

UIUC Sul +1 (%) 22 −9 −5 63 64 45 260

UIUC Sul +2.5 (%) 41 −15 −4 134 144 101 534

Fall

Baseline (mm) 282 265 219 116 208 250 210

BMRC +1 (%) −4 −7 −5 −8 −18 −18 5

BMRC +2.5 (%) −11 −18 −14 −21 −46 −45 14

UIUC +1 (%) 28 20 18 37 37 34 53

UIUC +2.5 (%) 71 51 46 92 92 86 133

UIUC Sul +1 (%) 29 9 −4 23 25 29 91

UIUC Sul +2.5 (%) 71 32 8 66 72 76 184
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declines in precipitation occur during summer in most regions. The Upper
Mississippi and Missouri regions show increased precipitation during the win-
ter and spring months. The Pacific Northwest and Ohio regions also show small
increases in winter precipitation. Percentage precipitation increases are greatest
in the summer and fall under the UIUC scenarios. Precipitation is decreased in
the South Atlantic, Arkansas and Texas Gulf regions during the spring. Under
UIUC + Sulfate, the decrease in spring precipitation in these regions is intensified.
The South Atlantic region also shows a decline in winter precipitation. Summer
precipitation declines slightly in the Ohio and Upper Mississippi regions, while the
remaining regions experience their greatest increases in this season. Increases in
the Ohio and the Upper Mississippi are greatest in winter.

4. Summary and Conclusions

Here we have presented the general methodology used in this study and the moti-
vation behind it. In the papers that follow we first analyze the validity of the impact
assessment models, EPIC and HUMUS, and conclude that they can reproduce his-
torical conditions of crop yield and streamflow with a level of confidence sufficient
for the geographical coverage and scale of this study. We then present the results of
these model simulations for a wide range of possible climate changes. Using two
GCMs, we explore a range of possible changes in climate that could occur based
on differences in the degree of warming, the influence of sulfates, and the potency
of the CO2-fertilization effect.

Climate change over the conterminous United States, as given by the GCM
results, are scaled to match two levels of global-mean temperature increase: 1 ◦C
and 2.5 ◦C . By this procedure we span a range in uncertainty of the overall mag-
nitude of future climate change. While the uncertainty in future climate change is
difficult to access quantitatively, analysis indicates that the 1 ◦C increase in global-
mean temperature is nearly certain to be exceeded within the next half century
(Figure 2). Therefore, the range of impacts found for this set of scenarios (see
Table I) are those likely to occur, even in the event that policies to control cli-
mate change are implemented. The likelihood of our scenarios that assume a 2.5 ◦C
global-mean temperature change is more difficult to assess. This level of climate
change could well be exceeded within this century, particularly in the case with no
policy actions. It is also possible that this level might not be reached, but the impacts
on crops, water resources and unmanaged ecosystems identified under these sce-
narios certainly cannot be considered as upper bounds on the possible impacts of
climate change.

The different climate change models used to represent a range in how global
changes would be translated into regional changes that affect agricultural and natural
systems. The BMRC and UIUC projections of climate change over the United
States differ both with respect to the degree of warming and the sign and amount
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of precipitation change. We will show that the choice of regional climate pattern
has a substantial effect on impacts.

Simulations in the papers that follow consider two levels of atmospheric [CO2].
We note that the impact of CO2 on ecosystem function, especially on the water use
efficiency and carbon uptake of plants, is not yet fully understood at the landscape
scale. Therefore, the simulations are run both assuming that the effect of CO2 will
not change (CO2 = 365 ppmv) and that CO2 will influence ecosystems based on
the parameters in the impact models (CO2 = 560 ppmv) at double the pre-industrial
concentration. Thus, the results presented represent a range of global and regional
climate change plus a range in CO2 fertilization effects.

The impacts calculations presented in the following paper concentrate on what
can be termed physical impacts – changes in crop productivity and ecosystem
composition for example. The combination of a range in assumptions (Table I) for
global climate change, regional changes, and CO2 fertilization effects results in a
wide range in physical impacts. The actual range of possible impacts, however,
is likely even larger. The calculations here, for example, assume that the absolute
value of climate variability over a 30-yr time period is scaled simply from that in
the base year. Changes in climate variability in the future could have significant
impacts and this adds additional uncertainty to impacts results. Finally, changes in
socio-economic driving forces such as population, technology and income levels are
co-determinants of impacts. Here, we have concentrated on the physical impacts,
where we demonstrate a very large uncertainty range. Inclusion of socio-economic
interactions would be particularly challenging in a factorial design as presented
here, but would add further to the range in impact outcomes.
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Notes

1The impact analyses were performed relative to a baseline climatology for 1960–1989. To be fully
consistent, a small additional increment of anthropogenic temperature should be added to the SRES
temperature change values presented here. For simplicity, since these calculations are used only for
context, this has not been done.

2The probabilistic calculations did not include the possibility of some large, non-linear change
in the climate system. The probability of such a change is difficult to estimate, since this may be
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caused by behavior that is currently not well understood or modeled. It is generally thought that
the probability of such a “state change” would increase with increasing global-mean temperature
change.

3Even given the previous caveat about “state changes” in the climate system, the basic physics of
the ocean’s thermal inertia is robust and will not significantly change this conclusion. At later times,
however, such state changes could significantly change the results.

4The atmospheric concentration of CO2 in 2000 was 371 ppmv.
5Total biomass (or harvested) yield per unit of water consumed.
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Abstract. As carbon dioxide and other greenhouse gasses accumulate in the atmosphere and con-
tribute to rising global temperatures, it is important to examine how a changing climate may affect
natural and managed ecosystems. In this series of papers, we study the impacts of climate change on
agriculture, water resources and natural ecosystems in the General Circulation Model (GCM)-derived
climate change projections, described in Part 1, to drive the crop production and water resource
models EPIC (Erosion Productivity Impact Calculator) and HUMUS (Hydrologic Unit Model of the
United States). These models are described and validated in this paper using historical crop yields
and streamflow data in the conterminous United States in order to establish their ability to accurately
simulate historical crop and water conditions and their capability to simulate crop and water response
to the extreme climate conditions predicted by GCMs. EPIC simulated grain and forage crop yields
are compared with historical crop yields from the US Department of Agriculture (USDA) and with
yields from agricultural experiments. EPIC crop yields correspond more closely with USDA histori-
cal county yields than with the higher yields from intensively managed agricultural experiments. The
HUMUS model was validated by comparing the simulated water yield from each hydrologic basin
with estimates of natural streamflow made by the US Geological Survey. This comparison shows that
the model is able to reproduce significant observed relationships and capture major trends in water
resources timing and distribution across the country.

1. Introduction

Atmospheric concentrations of carbon dioxide ([CO2]) and other heat-trapping
gasses have been increasing over the past century, enhancing the atmosphere’s
natural greenhouse effect and causing a discernable increase in global mean tem-
perature (Houghton et al., 2001). If the emissions of these gases continue unabated
then climate changes will continue to occur and affect many aspects of the envi-
ronment, including natural ecosystems, the hydrologic cycle and managed systems
such as agriculture. Plant growth is affected directly by the changing concentrations
of atmospheric gasses, primarily CO2, and also affected indirectly by the influence
of changing atmospheric gas composition on regional climate and local weather
patterns. One area of considerable research is the impacts of these changes on
agricultural production. Current indications are that global agricultural production

Climatic Change (2005) 69: 27–41 c© Springer 2005
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will not decline significantly with a doubling of atmospheric CO2concentrations.
However, the direct and indirect effects of rising [CO2] may have significant conse-
quences for regional production that would require adapting crop and crop varieties
grown and agricultural management practices (Reilly et al., 1996, 2001).

General Circulation Models (GCMs), developed by government and academic
institutions around the world, predict that global mean temperature (GMT) will in-
crease as CO2 increases, and that the capacity of the atmosphere to hold water will
increase. Under double pre-industrial [CO2]1, GMT is predicted to increase in the
future by from +2 to +5◦C. Average global precipitation will also increase over-
all, although in some regions losses will occur. In the United States, for example,
the two GCMs employed for this study predict opposite effects of climate change
on precipitation. The University of Illinois at Urbana-Champagne (UIUC) GCM
projects increasing precipitation over most of the conterminous United States, while
the Australian Bureau of Meteorology Research Centre (BMRC) GCM projects
severe shortages. Given differences of this kind, impact assessment studies gen-
erally make use of several GCMs to drive a given ecosystem model. This ap-
proach gives a range of possible futures to consider in planning responses to climate
change.

While the increase in CO2 concentrations is directly measurable, the direct
impact on plant growth remains unclear. In experiments in controlled environments
and to a lesser extent in field studies, a CO2 ‘fertilization effect’ has been observed;
agricultural crops grown at higher concentrations of CO2 experience increased
growth rates, improved water use efficiency, and higher yields (Makino and Mae,
1999; Allen et al., 1998; Maroco et al., 1999). However, most studies of this effect
have evaluated the response of single crops or fields through one growing season
where climate and soil conditions are held constant. Because plant response to
CO2 depends on other limitations in the environment, such as water and nutrient
availability, and soil characteristics, uncertainty remains about how accurately and
consistently the same effects can be applied to simulations over landscape scales.
In addition, there remains uncertainty as to how plants will respond to the rapid
rate of CO2 increase and whether a saturation point, beyond which plants no longer
respond, exists (Bowes, 1993; Makino and Mae, 1999).

Water resources in a greenhouse-warmed world will be determined by large
scale changes in climate patterns and small scale changes in plant physiology. One
approach in studying possible impacts is to apply climate predictions to models
of the hydrologic cycle. Researchers have used this approach on different scales
of watersheds, ranging from simulation of flow in a small mountain catchment
(Wolock and Hornberger, 1991; Battaglin et al., 1993) to analysis of trends on the
33 largest rivers in the world (Miller and Russell, 1992). The impacts of climate
change on water resources management have been studied through simulations
of major water supply basins for cities such as Boston (Kirshen and Fennessey,
1995) and agricultural regions such as the Pacific Northwest (Sias and Lettenmaier,
1994).
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Modeling studies to determine impacts on water resources have also been done
on the national scale for the United States, most recently in the US National
Assessment (Gleick et al., 2000). In this comprehensive study, the authors found
that the timing and regional patterns of precipitation will change, snowmelt will
occur earlier in mountainous regions, and many areas will become more vulnerable
to floods and droughts. They also noted that contradictory results in the research
about the timing, intensity and regional impacts of changes in water resources make
further research in this area necessary.

Some impact assessment studies include consideration of climate change effects
on vegetation, which will also affect the water balance. A higher concentration of
atmospheric CO2 is expected to cause a decline in plant transpiration and improve
water use efficiency, which would leave more water available for runoff (Wigley and
Jones, 1985). However, the higher [CO2] would, if water and nutrients are available,
also increase plant cover in some areas increasing the proportion of precipitation
consumed by plants (Allen et al., 1991; McCabe and Wolock, 1992). In turn, the
amount and seasonal pattern of precipitation will influence the amount and type
of vegetation supported in each region. The effects of climate change on water
resources and vegetation are closely linked, and must be considered together.

In this series of papers, we use the impact assessment models EPIC (Williams,
1995) for crops, Hydrologic Unit Model of the United States (HUMUS) (Arnold
et al., 1999) for water resources and BIOME3 (Haxeltine and Prentice, 1996) for
natural ecosystems, to study the responses of these sectors to climate change. Using
a range of future climate scenarios, we model the impacts on dryland (untreated)
agriculture (Part 3), and on water resources (Part 4). We then examine the extent
to which crops will require irrigation, the amount of water available to meet that
demand, and how total potential crop production in the United States might be
affected (Part 5). Additionally we use BIOME3 to examine the fate of natural
ecosystems under the same climate scenarios. In this paper we describe EPIC and
HUMUS and how they were validated against historical data. BIOME3 is fully
described and validated in Part 6.

2. Methods

2.1. STUDY REGIONS

We chose the study regions to ensure compatibility between the agricultural and
hydrologic impact assessment models. The HUMUS water resources model is run
at a scale of 2101 eight-digit hydrologic basins in the conterminous United States as
defined by the US Geological Survey (USGS, 1987). These are aggregated into 204
four-digit basins and further into the 18 two-digit basins—the Major Water Resource
Regions (MWRR). A set of representative farms, one in each of the 204 four-digit
basins, was developed for the EPIC simulations. Crop yield simulated at these farms
was extrapolated to the total area of agricultural land within each four-digit basin
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Figure 1. Major water resource regions and the 204 four-digit modeling regions for this study, with
state borders for reference.

and aggregated for analyses of total national agricultural production. This level of
detail is sufficient for EPIC to capture the major differences in agricultural practices
and soil characteristics throughout the country. In addition, by so doing, results of
the water resources and agricultural modeling can then be easily related. Figure 1
shows the outline of each of the 204 four-digit basins and the 18 MWRRs in which
they reside.

2.2. EROSION PRODUCTIVITY IMPACT CALCULATOR (EPIC)

EPIC (version 7270) is a bio-physical process-based model that simulates agri-
cultural production and related processes such as runoff, soil erosion and nutrient
cycling. The model runs on a daily time step at the scale of small, uniform farm fields
(1–100 ha). Data on daily weather, physical and chemical soil properties, and crop
management parameters (e.g. fertilizer application, crop variety, and tillage) are
required to run the model. The algorithms that constitute EPIC are fully described
by Williams (1995).

EPIC calculates the maximum daily increase in plant biomass allowed by the
daily solar radiation incident on the field. The algorithms used to model potential
plant growth are driven by photosythentically active radiation (PAR), the 0.4 to 0.7
micrometer wave-band of the solar spectrum. The amount of solar radiation captured
by the crop is a function of leaf area index (LAI) and the amount converted into
plant biomass is a function of the radiation use efficiency which is crop specific.
Solar radiation also provides the energy that drives evapotranspiration (ET).
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Crop growth is simulated by calculating the potential daily photosynthetic pro-
duction of biomass. The daily potential growth is decreased by stresses caused by
shortages of radiation, water and nutrients, by temperature extremes and by inade-
quate soil aeration. Each day’s potential photosynthesis is decreased in proportion
to the severity of the most severe stress of the day. Stockle et al. (1992a, b) adapted
EPIC to simulate the CO2-fertilization effect on radiation use efficiency (RUE) and
ET. Elevated atmospheric CO2 concentration increases photosynthesis in C3 plants
and reduces ET in both C3 and C4 plants because of reduced stomatal conduc-
tance. Improved water use efficiency occurs in both C3 and C4 plants. A non-linear
equation was developed in EPIC to express the RUE response to increasing CO2

concentrations following experimental evidence summarized by Kimball (1983).
Their analysis showed crop yield increases of 33% with a doubling of atmospheric
CO2, and assign a 99% confidence in this response ranging from 24 to 43%. Stockle
et al. (1992a, b) modeled this response as a function of crop type. EPIC has not
been specifically tested against observations from CO2 enrichment experiments.
The parameters developed by Stockle et al. have been found to be consistent with
recent results arising from FACE experiments (Amthor, 2001). In this study, EPIC
was run under two CO2 concentrations—365 ppmv to represent minimal CO2 ef-
fects and 560 ppmv (a doubling of the pre-industrial concentration) to represent
strong CO2-fertilization effects.

Planting and harvesting dates in EPIC are based on accumulated heat units
during the growing season, and therefore vary with different climate scenarios.
Crop yields are estimated by multiplying above-ground biomass at maturity by a
harvest index (proportion of the total biomass in the harvested organ). As a process
based model, EPIC is capable of simulating crop response to climate conditions
outside the historical experience. Brown and Rosenberg (1997) studied the effects
of temperature changes up to +6◦C and precipitation changes as large as ±30%
in an analysis of EPIC model sensitivity to climate change. EPIC has also been
used in a number of other climate change studies including Brown and Rosenberg
(1999a, b), Izaurralde et al. (2003) and Easterling et al. (1992, 1996).

We developed 204 ‘representative farms’ to simulate agricultural production in
each four-digit basin. A representative farm describes an agricultural enterprise typ-
ical of a given region with respect to soils, climate, and farming system (Easterling
et al., 1992). For each farm, we selected the dominant agricultural soil in the four-
digit basin using the STATSGO database (USDA Soil Conservation Service, 1992)
and EPIC soils database (Williams et al., 1990). Baseline climate data for the
years 1960–1989 was taken from archives of historical weather station observa-
tions maintained by the HUMUS hydrologic simulation project at Texas A&M
University (Arnold et al., 1999). Information about farm management practices
(e.g. tillage, fertilization) came from a database compiled by the US Department
of Agriculture (USDA)2 describing actual practices used by US farmers. Statistics
on total land area devoted to agriculture within each four-digit basin were obtained
from the USGS National Atlas of the US, which draws its data from the USDA
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Census of Agriculture. In later calculations of national forage and grain production,
we assume that all of the agricultural land within a basin is devoted to a single crop.

2.3. HYDROLOGIC UNIT MODEL OF THE UNITED STATES (HUMUS)

The HUMUS is a GIS-based modeling system. The HUMUS component provides
input required to drive the soil and water assessment tool (SWAT) at the sub-basin
scale (Srinivasan et al., 1993). HUMUS can be applied to a wide range of basin
sizes depending on the availability of input data and the study objectives. Here, we
simulate the hydrologic cycle at the scale of the eight-digit USGS Hydrologic Unit
Areas (HUA) (USGS, 1987). For this simulation, we assume natural streamflow,
which differs from actual (observed) streamflow because it assumes no large-scale
storage, diversions or withdrawals. Input data were assembled for the conterminous
United States at the scale of 1:250,000 and integrated into the HUMUS geographical
information system database. We treat climate, land use, and soil type as uniform
within each eight-digit basin. Finer resolution is possible with the HUMUS model,
but to do so for the entire United States would greatly increase computational
requirements and provide detail in excess of that needed for this study.

These data in the HUMUS GIS system were used to drive the SWAT hydrology
model. SWAT represents the basin water balance through four storage volumes:
snow, soil profile (0–2 m), shallow aquifer (2–20 m) and deep aquifer (>20 m).
Processes simulated by SWAT include infiltration, ET, net primary productivity,
lateral flow, and percolation. Surface runoff is estimated using a modification of the
SCS curve number method (USDA, Soil Conservation Service, 1972). The variable
in SWAT which approximates streamflow is water yield. A measure of net water
flow out of each watershed, water yield is calculated as the sum of surface and
lateral flow from the soil profile and groundwater flow from the shallow aquifer.
The model runs on a daily time step with input of daily records of maximum and
minimum temperature, precipitation, humidity, radiation and windspeed. For this
study, generated daily weather from the WXGEN weather generator (Richardson
and Nicks, 1990) was used to determine baseline climate conditions. The Stockle
et al. (1992a, b) algorithms used in EPIC are also used in SWAT to account for the
potential impact of higher CO2 on the hydrologic balance. As in EPIC, HUMUS
simulations were run with [CO2] of 365 and 560 ppmv.

3. Model Validations

3.1. EPIC

Validity of EPIC crop simulation responses to weather effects has been demon-
strated in many studies for a variety of regions and crops. Kiniry et al. (1990)
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concluded that EPIC was able to reproduce observed yields of corn, wheat and
soybean under a variety of management and climate conditions. Rosenberg et al.
(1992) found that EPIC-simulated yields in the central US compared favorably with
historical county yields, yields from agronomic experiments and yields estimated
by local agricultural experts. In a regional study, Easterling et al. (1996) found that
EPIC simulations of representative farms using climate and soils data on a 0.5 ◦

grid scale explained 65% of the variation in corn yields in eastern Iowa and 54%
of the variation in wheat in western Kansas for the period 1984–1992. In addition,
Brown and Rosenberg (1999b) compared EPIC yields of corn, sorghum, soybean
and wheat with NASS yields and yields from agronomic experiments and found
that EPIC overestimated historical yields slightly and more closely approximated
the yields from agronomic experiments.

On the other hand, the validity of EPIC (or any other process model) simula-
tions of crop yields in response to anticipated climatic changes cannot be established
directly. At best the effects of changes in temperature, precipitation, radiation, hu-
midity and [CO2] as well as interactions among these climatic variables can be
estimated through sensitivity studies as Brown and Rosenberg (1997) have done
for EPIC. Despite this limitation, the process model remains the most useful tool
available for estimating climate change effects since it makes use of experimental
data on photosynthesis, respiration, transpiration and other plant processes mea-
sured in controlled environments where climatic conditions of the possible future
can be imposed for seasons or even years if necessary. This in contrast with statisti-
cal techniques wherein coefficients derived from conditions encountered under the
range and variability of current climates is extrapolated to what may turn out to be
very different climatic conditions.

Here, we compare the EPIC yields simulated at the baseline climate for the three
major grain crops grown under dryland conditions in the US against data from two
historical sources. The first is NASS yields for the years 1972–1994 (Figure 2a).
The second comparison is with yields from agricultural experiments throughout
the US in the 1980’s and 1990’s (Figure 2b) (See Brown and Rosenberg, 1999b for
detailed documentation of the experimental data). We paired EPIC yields, which
were simulated at the geometric center of each four-digit basin, with historical
and experimental yields at the nearest location. The EPIC simulations of alfalfa
hay production were also validated by reference to NASS data. We compared
EPIC-simulated irrigated grain yields with historical county yields for the period
1960–1989 (NASS Published Estimates Database, 2001). Our purpose is to show
that the model is an appropriate tool to use in estimating the agronomic potential of
the United States over the past 30 years. We use the most realistic weather, soil and
management parameters available on a nationwide scale, but have not calibrated the
model specifically to these conditions, so the model output will not agree perfectly
with the historical crop yields.

Prior validations have found that EPIC agrees more closely with experimental
yields than with historical yields (Rosenberg et al., 1992; Brown and Rosenberg,
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Figure 2. Comparison of EPIC-simulated and actual yields for grain crops under dryland and irrigated
conditions and for dryland forage crops.

1999a, b; Izaurralde et al., 1999). This has been attributed to the high levels of farm
management specified in the EPIC simulations and to the fact that EPIC does not
consider severe episodic events that may sharply reduce yields (e.g. hail, floods or
pest outbreaks). In this study, however, tillage and fertilizer management parameters
are based on surveys conducted by the US Department of Agriculture and closely
approximate actual rather than optimum management practices. As a result, the vali-
dation work in the current study shows that EPIC underestimates the experimental
yields (Figure 2b) and agrees more closely with historical yields (Figure 2a).

In order to validate the performance of EPIC in simulating forage crop produc-
tion, we compared the simulated alfalfa hay yields with historical county yield data
from USDA-NASS for the years 1972–1994 (Figure 2c). The relationship between
historical and simulated yields is more variable for alfalfa than for the three grain
crops and EPIC slightly overestimates historical yields. However, given that EPIC
management is static over the modeling region and the wide variety of manage-
ment practices used in alfalfa production, their agreement appears acceptable for
the purposes of this study.

In addition, we compared NASS county yields for the same period as the baseline
climate simulation (1960–1989) with yields of the irrigated grain crops (Figure 2d).
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This validation shows that EPIC slightly underestimates irrigated corn yields, while
overestimating irrigated wheat yields. Simulated yields of irrigated soybean agree
best with historical data. The underestimation of corn yields by EPIC may be due
to the parameterization of fertilization practices. To isolate the effect of irrigation
on yield, the same fertilization rates were used in the irrigated and non-irrigated
crop simulations. In practice, however, irrigated crops often receive more frequent
applications of fertilizer. So, while the incidence of water stress is reduced in EPIC
irrigated yields, the incidence of nutrient (primarily nitrogen) stress is higher than
for dryland crops. While the comparison of irrigated grain crops with historical
data is more variable than the comparison for dryland crops, both charts (Figures
2a and 2d) show agreement sufficient for the purposes of this study.

3.2. HUMUS (SWAT)

Streamflow simulated by the SWAT component of HUMUS has been validated with
observed data at scales ranging from a major water resource region (Arnold et al.,
2000) to a small stream catchment (Arnold and Allen, 1996). Validation studies for
a range of SWAT hydrologic variables and geographic locations are summarized
in Arnold et al. (1999). Validating SWAT predictions of natural streamflow on a
continental scale for assessment of the HUMUS model is difficult because correc-
tions have to be applied to observational data to approximate the natural streamflow.
Gerbert et al. (1987) estimated average annual natural streamflow from observations
at 5,951 US gauging stations over the period 1951–1980 and these data (hereafter
USGS-estimated) have been used in several studies. Wolock and McCabe (1999)
tested their continental-scale hydrologic models with these estimates. Arnold et al.
(1999), found agreement between HUMUS and USGS-estimated streamflow with
aggregations at the state level (regression slope 0.86) and at the level of 78,863
STATSGO soil association regions (regression slope 1.01).

While Arnold et al. (1999) found that HUMUS-simulated water yields were
within 50 mm of the USGS-estimated values for 45% of the conterminous US, they
also noted that HUMUS under-predicts runoff in mountainous regions. This effect
is attributed to a lack of observed weather data at high elevations—most weather
stations in mountainous areas are located at the more accessible lower elevations,
which typically receive less precipitation. In addition, they found that HUMUS
over-predicts runoff in irrigated regions (e.g. the Great Plains, Mississippi Delta),
as the model applies irrigation uniformly to each basin in which irrigation is prac-
ticed. Brown et al. (1999) found excellent agreement between the USGS-estimated
and HUMUS-simulated stream flow at the MWRR level. However, HUMUS over-
estimated water yield in regions with irrigation, and underestimated it in the moun-
tainous Pacific Northwest region. They examined the agreement at smaller scales
and found it adequate for their simulation of water resources at the continental
scale.
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Figure 3. Comparison of HUMUS-simulated water yield with historical streamflow estimates from
Gerbert et al. (1987) in the 18 MWRRs (numbered individually) in the conterminous United States.

We also use the USGS-estimated streamflow values from Gerbert et al. (1987)
to validate the HUMUS simulation of water resources at the MWRR scale and at
the modeling scale of eight-digit basins. One confounding factor is that the periods
of record differ; our baseline period is 1960–1989 while the annual streamflow data
from Gerbert et al. are averaged over the time period of 1951–1980. While records
of actual streamflow exist for the 1960–1989 time period, there is no corresponding
estimate of natural streamflow such as that of Gerbert et al., that can be used for
such a validation. The simulated baseline water yields agree well with the USGS-
estimated values for the MWRRs, with an R2 value of 0.94 (Figure 3). On average,
HUMUS slightly overestimates annual water yield at this scale, likely as a result
of the uniform application of irrigation in major agricultural regions.

In order to examine regional effects in detail, a statistical analysis compar-
ing USGS-estimated and HUMUS-simulated streamflow at the scale of eight-digit
basins was made (Table I, Figure 4). There is considerably more variation be-
tween simulated and USGS-estimated water yields at this scale, and the patterns
vary within individual MWRRs. The relationship between simulated and USGS-
estimated water yields was significant for all of the MWRR at p > 0.0001 except for
Basin 8 (Lower Mississippi). The lack of significance in that basin is evidence of the
bias in HUMUS caused by uniform application of irrigation water. In addition, this
basin is unique because a significant amount of streamflow originates in another
MWRR (Upper Mississippi). The same situation applies to the Lower Colorado
(Basin 15), which differs substantially in hydrologic and agricultural characteristics.
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TABLE I
Summary of statistical comparison between HUMUS-simulated water yield and USGS streamflow
estimates (Gerbert et al., 1987) using mean annual values for each eight-digit HUA within each
MWRR

Number of Observed Simulated
MWRR observations meana meanb RMSE R2 y-intercept Slope

1 (NE) 51 630 635 105 0.24∗ 482 0.23

2 (MA) 90 490 507 146 0.21∗ 345 0.27

3 (SAG) 194 423 605 258 0.21∗ 244 0.32

4 (GL) 107 343 399 135 0.31∗ 154 0.50

5 (OH) 119 448 550 136 0.39∗ 20 0.78

6 (TN) 31 642 779 179 0.35∗ 86 0.72

7 (UMS) 129 205 331 138 0.74∗ 9 0.59

8 (LMS) 81 479 614 235 0.04NS 523 −0.07

9 (SRR) 41 69 87 43 0.71∗ 14 0.67

10 (MO) 306 76 107 105 0.36∗ 21 0.57

11 (ARK) 172 139 235 128 0.89∗ −4 0.65

12 (TG) 121 98 211 165 0.34∗ 35 0.38

13 (RG) 68 22 40 48 0.32∗ 1 0.54

14 (UCO) 60 93 63 85 0.59∗ 15 1.38

15 (LCO) 83 16 52 45 0.56∗ −6 0.47

16 (GB) 70 36 68 74 0.56∗ −17 1.17

17 (PNW) 216 484 521 438 0.59∗ 144 0.93

18 (CA) 130 236 409 335 0.34∗ 67 0.59

aMean value of USGS-estimated natural streamflow using values by eight-digit HUA.
bMean value of HUMUS simulated water yield using average annual baseline values by eight-digit
HUA.
∗Regression significant at p-value >0.0001.
NSRegression not significant at p-value >0.0001.

The four charts in Figure 4 illustrate the different relationships of USGS-
estimated to HUMUS-simulated streamflow in different MWRRs. The simulation
for the South Atlantic-Gulf (Figure 4a) region shows a significant overestimation
by HUMUS, although there is still a significant correlation (Table I). Figures 4c
and 4d show that HUMUS overestimates water yield in the Missouri and California
regions, possibly due to the uniform application of irrigation water by the model.
The Upper Mississippi region (Figure 4b) does not exhibit this bias, but rather a
strong correlation with an R2 of 0.74. The statistical analysis in Table I indicates
that, while HUMUS generally overestimates the USGS-estimated streamflow, the
model is able to reproduce significant relationships and capture major trends in the
flow of water resources on a national and regional scale.



38 A. M. THOMSON ET AL.

Figure 4. Comparison of HUMUS-simulated water yield with historical estimates from Gerbert et al.
(1987) in four selected MWRRs with 90% confidence interval reference boundaries. Points represent
the individual eight-digit basins in each of the MWRRs represented.

4. Summary and Conclusions

Here we have presented the general methodology used in this study and the mo-
tivation behind it. We have further analyzed the validity of the impact assessment
models, EPIC and HUMUS, and conclude that they can reproduce historical con-
ditions of crop yield and streamflow to a level of confidence sufficient for the
geographical coverage and scale of this study. In the papers that follow, we present
the results of these model simulations for a wide range of possible climate changes.
Using two general circulation models, we explore a range of possible changes in cli-
mate that could occur based on differences in the degree of warming, the influence
of sulfates, and the importance of the CO2-fertilization effect.

In the following papers we employ simulations using these predicted climate
changes and, in addition, simulate two levels of atmospheric CO2. We reason that
the impact of CO2 on ecosystem function, especially on the water use efficiency and
carbon uptake of plants, is not yet fully understood at the landscape scale. Therefore,
the simulations are run both assuming that the so-called ‘CO2-fertilization effect’
does not impact on crop growth or water use ([CO2] = 365 ppmv) and, on the other
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hand, that it does impact these processes to the degree consistent with [CO2] = 560
ppmv, i.e. double the pre-industrial concentration.
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Notes

1. Double the pre-industrial CO2 concentration (about 280 ppmv) is projected to be reached by the
middle of the 21st century. The IPCC IS92a scenario predicts doubling by 2060, but predictions
vary based on the emissions scenarios applied. The most recent scenarios predict a wide range of
dates by which the doubling could occur (Nakicenovic and Swart, 2001).
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Abstract. Here we simulate dryland agriculture in the United States in order to assess potential
future agricultural production under a set of general circulation model (GCM)-based climate change
scenarios. The total national production of three major grain crops – corn, soybeans, and winter
wheat – and two forage crops – alfalfa and clover hay – is calculated for the actual present day
core production area (CPA) of each of these crops. In general, higher global mean temperature
(GMT) reduces production and higher atmospheric carbon dioxide concentration ([CO2]) increases
production. Depending on the climatic change scenarios employed overall national production of
the crops studied changes by up to plus or minus 25% from present-day levels. Impacts are more
significant regionally, with crop production varying by greater than ±50% from baseline levels.
Analysis of currently possible production areas (CPPAs) for each crop indicates that the regions most
likely to be affected by climate change are those on the margins of the areas in which they are currently
grown. Crop yield variability was found to be primarily influenced by local weather and geographic
features rather than by large-scale changes in climate patterns and atmospheric composition. Future
US agronomic potential will be significantly affected by the changes in climate projected here. The
nature of the crop response will depend primarily on to what extent precipitation patterns change and
also on the degree of warming experienced.

1. Introduction

The accumulation of greenhouse gasses in the atmosphere as a result of hu-
man activities will impact agriculture both directly and indirectly. Crop devel-
opment and production are sensitive to and directly affected by the carbon dioxide
concentration ([CO2]) of the ambient air. In addition, the accumulation of CO2

and other radiatively active trace gasses will alter climate patterns globally, in-
fluencing regional weather. Temperature and precipitation will change from the
conditions to which crops are currently adapted and changes in cloudiness will
alter the timing, quality and quantity of solar irradiance. Regional agriculture
will be affected by these changes with consequences for national and global food
production.

Climatic Change (2005) 69: 43–65 c© Springer 2005
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The Second Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC) concluded that global agricultural production will most likely be
maintained relative to present production levels under the range of climate change
scenarios projected by a set of general circulation models (GCMs) (Reilly et al.,
1996) and their finding was supported in the most recent IPCC assessment (Gitay
et al., 2001). However, given the uncertainty regarding the regional distribution
of climate change, vulnerability of crop yields to climatic variability is a matter of
increasing concern (Reilly and Schimmelpfennig, 1999; Luo and Lin, 1999). Reilly
(1999) observed that, while global production of food is not seriously threatened
by climate change in the short term, if extreme changes in regional climate occur,
current agricultural production in some areas will be vulnerable and adaptations will
be necessary. Crop simulation models provide much of the basis for these findings.

Prior simulation model-based assessments of agricultural response to climate
change show variable responses depending on the GCM used and the regions studied
(e.g., Reilly and Schimmelpfennig, 1999; Brown and Rosenberg, 1999a). An assess-
ment for corn and winter wheat in their present day US growing regions found that
the regional impacts of climate change could be dramatic and varied, with declines in
production of up to 76% in extreme cases, and increases in production approaching
31% with benign changes in climate (Brown and Rosenberg, 1999b). The US Na-
tional Assessment simulated agricultural production with several crop models under
the Hadley Centre and Canadian Climate Model projections (Reilly et al., 2001;
NAST, 2000) for two climate change scenarios. Under these scenarios, production
of some crops benefits from climate change, particularly the enhanced atmospheric
concentration of CO2, and the changes simulated varied in intensity by region.

It is generally agreed that process-based simulation models are more reliable
than the regression-based statistical models that preceded them in assessments of
climate change effects on agricultural productivity (e.g., Blasing and Solomon,
1982; Newman, 1982). Yet, the process models should not be given more than
their due. Passioura (1996) challenges the very notion of using process models
for climate change analyses for two reasons: first, that the processes modeled are
essentially non-linear so that their reliability and interactivity outside the range for
which they are calibrated is almost unknowable; second, that process models yields
are very sensitive to the treatment of the daily weather inputs that drive them. There
is, of course, considerable variance in projected climatic change between GCMs.
In addition, simulated yields can differ substantially when models are driven by
actual and stochastically generated daily weather.

The effects of increased atmospheric [CO2] on plants have been studied in
laboratory and field settings for different crop species over a growing season. It
is agreed that under optimum conditions the CO2 ‘fertilization effect’ increases
crop yields, reduces transpiration and improves water use efficiency (Allen et al.,
1998; Makino and Mae, 1999; Maroco et al., 1999). However, there is evidence that
crop response will slow as CO2concentrations continue to rise but other resources,
predominantly water and nitrogen, become limiting (Gitay et al., 2001; Bowes,
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1993; Makino and Mae, 1999). There is also evidence that the accelerated rate of
photosynthesis with higher [CO2] will lead to reduced nutrient and protein content
in grain and forage crops. Crop response to CO2 may be determined in part by the
soil water availability – when grown under drought conditions, crop response is
reduced (Gitay et al., 2001). Smith et al. (2000) examined the interaction between
CO2 and water and found that higher CO2 caused a doubling of desert shrub growth
in a high-rainfall year, but no increased production in a dry year.

Recent studies of crop production under greenhouse-forced climate change have
explored the potential for adaptations to climate change. A study of US agriculture
by Adams et al. (1998), using both GCMs and climate sensitivity scenarios,
found that technological advances and adaptations could potentially mitigate 50%
of the simulated yield declines in sorghum and hay in the US. Using the EPIC
model, they also concluded that soil conditions may not allow adaptation by crop
migration between regions. Mavromatis and Jones (1998) also found soil type to
be an important indicator of agricultural response to historical climate variability,
specifically to changes in precipitation as crop production is often limited by soil
moisture shortage. Rounsevell et al. (1999) note the uncertainty of soil response to
climate change, but they conclude that the most likely response of crops to changes
in physical soil properties will be geographic shifts in agricultural land use.

Here we determine a range of potential change in future agricultural productivity
in the United States based on a set of climate change scenarios. We assess to what
extent projected climate changes could reduce, expand, or shift major regions of
production. Potential adaptations of the agriculture sector to climate change, e.g.,
development of new crop varieties and management techniques, are not considered
here, as our focus is on shifts in production potential, rather than on the effectiveness
of specific adaptation strategies. We simulate the changes in regional and national
production of three major grain crops grown in the United States – corn, soybean
and winter wheat – and two major forage crops – alfalfa and clover hay – in response
to three GCMs, each at two levels of climate change severity and two levels of CO2

fertilization. The role of sulfate aerosols remains unclear and is included here to
explore whether changes in climate projected by a GCM are sufficiently altered by
inclusion of a sulfate effect to impact agricultural production. Part 7 of this series
presents an economic analysis of the consequences of the agricultural production
changes discussed here. For further information on the GCMs and climate scenarios
used, see Part 1 of this series.

2. Methods

2.1. THE EPIC MODEL

The Erosion Productivity Impact Calculator (EPIC, version 7270) simulates agri-
cultural production and associated environmental processes (e.g., runoff, erosion,
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nutrient cycling) using inputs of daily climate, soil properties, and farm manage-
ment. We simulate crop yields under a suite of climate change scenarios from three
GCMs at two levels of global mean temperature (GMT) increase (see Part 1 in this
series for a full discussion of the scenarios). For each climate change scenario, we
simulated agricultural production under two levels of atmospheric CO2 – 365 ppmv
representing the approximate current concentration and 560 ppmv representing a
CO2 ‘fertilization effect’. A full description of the EPIC model characteristics and
the CO2 ‘fertilization effect’ and a validation of the model can be found in Part 2.
The algorithms which constitute EPIC are fully described in (Williams, 1995).

2.2. YIELD THRESHOLD (YT)

For the purposes of this study, fields of corn, soybean and winter wheat were
simulated for a representative farm in each of the 204 four-digit basins. Not all
of these crops grow in all regions in today’s climate. We reasoned, however, that
climate change could alter the geographic boundaries of the most-productive regions
of the country for each crop. We used a yield threshold (YT) in order to identify
the representative farm basins and calculate the agricultural land area producing
each of the grain crops under the EPIC simulations with different climate change
scenarios.

The YT was determined for each crop based on historical county yields, EPIC
baseline yield maps and historical yield maps (World Agricultural Outlook Board,
1994; USDA National Agricultural Statistics Service, 2001). Historical maps of
production regions for each crop in the United States were used as the basis for a
map of the current core production areas (CPAs). Those areas were confirmed with
maps of county yields from NASS and baseline simulations with the EPIC model to
be the regions of greatest importance for US production of the given crop. A YT was
established by first selecting the lowest EPIC-simulated baseline yields within the
current CPA and then comparing them with historical county yields for the past 30
years from the USDA-NASS Published Estimates Database (USDA-NASS, 2001).
The YTs – established as corn: 2.5 Mg ha−1, soybean, 1 Mg ha−1 and winter wheat:
1 Mg ha−1 – were then used to identify modeling basins where production of a
given crop is unlikely under the baseline and climate change scenarios simulated
in this study.

The national potential dryland production of the three grain crops was calculated
as the yield on all agricultural land in the CPA. Figure 1 outlines the CPAs for each
simulated crop and highlights the six, four-digit basins used to examine regional
changes in crop production in Figures 4–8.

Production of the two forage crops, alfalfa and clover hay, was simulated in those
regions of the country where each is currently the principal forage crop. No YT was
set for these crops as they are typically grown and fed where needed in distinction
to the grain crops that are grown in their optimal locations and shipped from there
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Figure 1. Outlines of the core production area (CPA) for each crop with the six basins used in the
regional analysis illustrated in Figures 4–8 highlighted.

to consumer regions. Therefore, forage crop yields vary widely depending on soil
and climate conditions in their major production regions. For the regional analysis
of forage crops, we selected six four-digit basins within current growing regions
(Figure 1).

2.3. CLIMATE CHANGE SCENARIOS

Three GCMs were used to simulate climate over the United States under two
levels of temperature increase – GMT of +1 ◦C and +2.5 ◦C. All three of the
GCMs project an increase in temperature over the conterminous US but the pro-
jections of changes in precipitation differ substantially. The Australian Bureau of
Meteorology Research Centre (BMRC; McAvery et al., 1991) projects temperature
increases ranging from +1 to +5 ◦C above baseline, with the greatest increases in
the Great Lakes region and milder temperature increases in other northern regions.
The BMRC scenarios show a significant decline in precipitation across the country,
most extreme in the southern regions.

The University of Illinois at Urbana-Champagne (UIUC; Schelsinger, 1997)
model projects a warming ranging from +0.5 to +3 ◦C – moderate compared
to BMRC. Again the warming is strongest in northern regions of the country.
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Precipitation increases substantially under UIUC scenarios, especially over the
western half of the country. The third GCM used in this study is the UIUC mod-
ified with sulfate aerosol forcing (hereafter UIUC + Sulfates). The temperature
and precipitation trends are similar to the projections under UIUC in geographic
distribution. The UIUC + Sulfate projections of temperature increase are the lowest
among the three models while precipitation increases substantially over much of
the country. For more information on the GCM models and the climatic changes
projected under these scenarios, see Part 1 in this series.

3. Results and Discussion

3.1. REGIONALITY AND PRODUCTION OF GRAIN

3.1.1. Total Cropland
The area and location of agricultural land in grain production could change as
climate changes. The change in the currently possible production area (CPPA)
(defined here as area where yield > YT) for corn, soybean and winter wheat under
the 12 climate change scenarios is shown in Figure 2. The change in corn CPPA
is small, never exceeding ±10% from a baseline of 217 million ha (Figure 2a). In
almost all of the scenarios, the CPPA increases, especially with the higher [CO2].
Cropland area in corn declines under BMRC when there is no CO2 fertilization
effect. There is more variability in the CPPA of soybeans (Figure 2b). For soybean
under the BMRC scenario, cropland declines from the baseline of 204 million ha
in all but the most benign case (GMT = +1 ◦C, [CO2] = 560 ppmv) while with
the UIUC scenario, CPPA for soybeans increases by 5–15%. The CPPA for winter
wheat shows little change under all scenarios (<5% from the baseline of 238 million
ha), except for slight declines observed at a GMT of +2.5 ◦C and with the BMRC
model (Figure 2c).

Changes in the total amount of agricultural land area are not significant for either
corn or winter wheat. Soybean CPPA, however, appears more likely to change, de-
clining under BMRC as a result of soil moisture shortages. Due to higher maximum
stomatal conductance, soybeans are more sensitive than corn or winter wheat to re-
ductions in water availability. Soybean CPPA increases significantly under UIUC,
indicating that soybean production might, under such a climate, expand into regions
where it is not currently grown.

3.1.2. Shifts in Production Regions
We also use the YT to identify which regions of the country will be affected by
the applied scenarios of climate change. Figure 3 identifies the four-digit basins
where crop production would change under the most severe of our climate change
scenarios (GMT = +2.5 ◦C and [CO2] = 365 ppmv) with two of the GCMs (BMRC
and UIUC). Based on the YTs defined for each crop, these maps identify basins
in which production of each grain crop would be initiated (added production area
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Figure 2. Percentage change from baseline in nationwide currently possible production area (CPPA)
for three grain crops and 12 climate change scenarios.
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Figure 3. Regions projected to enter or leave production for three grain crops with the BMRC and
UIUC GCMs at a global mean temperature increase of +2.5 ◦C and CO2 concentration of 365 ppmv.

– APA) or abandoned (lost production area – LPA). The CPPA and the CPA are
included for reference, and land which falls within the CPPA but not the CPA will
be referred to as marginal production areas (MPA).

Several basins fall below the YT for corn production under BMRC, including
two in the CPA. One of these is in southern Texas and the other on the shore of
the Chesapeake Bay (Figure 3a). In addition, production of corn falls below the
YT in the western MPA, specifically in South Dakota, Wyoming and Texas. Even
under this severe scenario, there is evidence that crop production in some basins
would benefit from the simulated climate change, with an APA in Idaho where a
reduction in cold-temperature stress benefits the crop. Prospects for corn under the
UIUC scenario are more optimistic, with no basins falling below the YT (Figure
3d). The northern and northwest states as well as a portion of the Rio Grande Valley
in southern Texas show APA.

The CPPA for soybean also suffers under BMRC (Figure 3b). As with corn,
basins on the western edge of the CPPA appear most vulnerable. Additionally,
there are several basins of LPA for soybean, specifically in the Great Plains, the
South Atlantic and the Middle Atlantic regions. One four-digit basin in the southern
Mississippi Valley, an important soybean-producing region, falls out of production
under BMRC. In this region of the country, winter wheat production area is lost in
several basins, under both BMRC and UIUC. There are also APAs for soybean in
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several northern states, including Maine, Michigan and Minnesota, and in portions
of the Pacific Northwest. These same basins are predicted to come into soybean
production with the climate change predicted by UIUC (Figure 3e). In addition,
soybean CPPA is extended westward from the Great Plains states through Montana
and the Rio Grande Valley in Texas.

Winter wheat CPPA at baseline covers much of the nation (Figure 3c). Under
BMRC, unlike for the other crops, no APA is observed, but a number of basins along
the western edge of the CPPA fall below the YT. Basins in Idaho and Texas also
go out of production. Under the climate changes predicted by UIUC a large swath
from Nevada to New Mexico outside the CPPA at baseline is rendered productive
(Figure 3f). Isolated basins in Texas and Florida fall below the YT due to increases
in warm temperature stress; however, these basins are not part of the CPA.

Figure 3 indicates that change for all crops is most likely to occur along the
border of the CPPA. Most LPA occurs in the western part of the country, with
the UIUC model predicting APA for the northwest. However, some regions in the
eastern US also appear likely to change. Specifically, one four-digit basin in the
Middle Atlantic becomes LPA for both corn and soybean. The changes in climate in
that basin are similar to changes in other East Coast basins, but the baseline yields
were smaller than for the surrounding basins, and closer to yields in the western
MPA. From this analysis, it appears unlikely that the climate changes described here
will lead to substantial loss of production capacity in regions that today constitute
the CPAs. Changes in climate conditions may, however, necessitate adaptations
such as the use of new cultivars and/or management techniques if current levels of
production are to be maintained.

In general, conditions for grain crop production improve in the northern re-
gions due to reduced cold temperature stress following warming. This is par-
ticularly evident with the UIUC scenarios where an increase in precipitation
along with the reduction in temperature stress improves the agronomic poten-
tial of the northern Great Plains. The areas coming out of production are pre-
dominately in the south or along the MPA border, indicating that global warm-
ing can worsen already marginal conditions. New regions came into production
from the MPA under certain conditions, primarily, in the west where crop pro-
duction is limited by water scarcity and the UIUC model predicts increases in
precipitation.

3.2. CHANGES IN TOTAL POTENTIAL NATIONAL PRODUCTION

3.2.1. Grain Crops
In prior sections of this paper, we report the effects of climate change scenarios on
yields of the several crops studied. Here, we calculate the total national production
for each crop based on these yield statistics and the total agricultural land area in
their baseline CPAs (Figure 1). We also examined the production changes for each
crop at six representative four-digit basins listed in Table II and outlined in Figure 1.
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TABLE I
Total potential production of dryland crops under the 12 climate change scenarios assuming crops
grown in their current US core production areas (CPA), as outlined in Figure 1

GMT CO2 (ppmv) BMRC UIUC + Sulfates
(◦C) (millions of Mg) (millions of Mg) UIUC (millions of Mg)

Corn (baseline = 755)

1 365 717 740 732

560 792 813 807

2.5 365 632 710 698

560 714 771 762

Soybean (baseline = 236)

1 365 216 222 220

560 255 261 260

2.5 365 169 195 193

560 210 229 226

Winter wheat (baseline = 368)

1 365 347 370 367

560 437 452 449

2.5 365 322 362 353

560 409 441 429

Alfalfa (baseline = 867)

1 365 816 867 862

560 1011 1068 1062

2.5 365 813 883 856

560 1014 1086 1058

Clover hay (baseline = 513)

1 365 428 458 473

560 484 519 535

2.5 365 345 400 416

560 391 452 471

National production for each crop under each of the 12 climate change scenarios
is presented in Table I, while the change in production at the national level and in
selected representative regions is summarized in Figures 4–8.

The national production of dryland corn could potentially change by –20 to
+10%, depending on the GCM and projected severity of climate change (Figure 4a).
Corn production declines in all scenarios where CO2 fertilization does not ap-
ply with greater declines at higher GMT. Production of corn increases under all
GCMs with CO2 fertilization, except for BMRC at GMT = +2.5 ◦C. Production
of corn in the six selected basins, however, was more varied in response to climate
change (Figure 4b). The general trends were similar to the national changes but
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TABLE II
Four-digit basins selected for the regional analysis of each crop as shown in Figures 4–8

Crop West −→ East

Corn San Bernard
(1209)

Upper
Cimarron
(1104)

Minnesota
(0702)

Wabash
(0512)

Edisto-Santee
(0305)

Susquehanna
(0205)

Soybean Gasconade-
Osage
(1029)

Smoky Hill
(1026)

Big Sioux
(1017)

Yazoo (0803) Wabash
(0512)

Cape Fear
(0303)

Winter
wheat

Yakima
(1703)

Red-Washita
(1113)

Republican
(1025)

Missouri –
Oahe
(1013)

Lower
Illinois
(0713)

Cape Fear
(0303)

Clover
hay

San Bernard
(1209)

Upper White
(1101)

Green (0511) Mobile –
Tombigbee
(0316)

Lower
Chesa-
peake
(0208)

Susquehanna
(0205)

Alfalfa
hay

Upper
Columbia
(1702)

Humboldt
(1604)

Elephant
Butte
(1302)

White (1014) Musselshell
(1004)

Chippewa
(0705)

the magnitude of change was much greater, ranging from declines below the YT in
one region to an increase of 80% in another. Production in several basins declines
under all scenarios except the most benign. The greatest increases in production
are observed with CO2 fertilization in effect, boosting production in all regions at
both GMT levels.

The potential for significant change in production is greater for soybeans, where
changes in national production range from –27 to +12% (Figure 5a). Soybean
production increases nationally only under the benign scenario of GMT = +1 ◦C
and [CO2] = 560 ppmv. For all other scenarios production declines, most severely
at higher GMT with no CO2 fertilization. The regional production of soybean also
declines for most scenarios (Figure 5b), and changes in the six representative basins
range from declines below the YT to increases of 35%. The negative effects of the
BMRC scenarios are noteworthy as soybean yields are depressed in all basins,
except at GMT = +1 ◦C and [CO2] = 560 ppmv.

EPIC simulations of national production changes in winter wheat are more opti-
mistic, with increases of up to 25% and declines of no more than 10% (Figure 6a).
CO2 fertilization effects are strong under all GCM scenarios, contributing to sig-
nificant increases in national production. The only substantial production declines
are simulated under BMRC without CO2 fertilization. The regional changes in pro-
duction are also more optimistic, with almost all representative basins increasing
production with CO2 fertilization (Figure 6b). With [CO2] at present-day concen-
trations, production response is variable with some decline of 25% or more when
GMT = +2.5 ◦C.
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Figure 4. Changes in national and regional production of corn under 12 climate change scenarios.
Bars in chart ‘b’ represent the six corn growing regions arrayed from west to east (see Figure 1 and
Table II for identification and location of the regions).
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Figure 5. Changes in national and regional production of soybean under 12 climate change scenarios.
Bars in chart ‘b’ represent the six soybean growing regions arrayed from west to east (see Figure 1
and Table II for identification and location of the regions).

3.2.2. Forage Crops
On the national scale, changes in alfalfa hay production are similar to those of
winter wheat: production declines or remains essentially unchanged without CO2

fertilization and increases with it (Figure 7a). The changes range from –5 to +25%,
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Figure 6. Changes in national and regional production of winter wheat under 12 climate change
scenarios. Bars in chart ‘b’ represent the six winter wheat growing regions arrayed from west to east
(see Figure 1 and Table II for identification and location of the regions).

with the declines occurring under BMRC without CO2 fertilization. The regional
changes in alfalfa hay production are more varied in magnitude and include some
dramatic increases under UIUC where yields more than double (Figure 7b). Produc-
tion increases in all basins with CO2 fertilization. Alfalfa hay production declines
but is not as adversely affected as are other crops by the severe (GMT = +2.5 ◦C,
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Figure 7. Changes in national and regional production of alfalfa hay under 12 climate change scenarios
Bars in chart ‘b’ represent the six alfalfa hay growing regions arrayed from west to east (see Figure
1 and Table II for identification and location of the regions).

[CO2] = 365 ppmv) climate scenario. The response to higher GMT is also less
apparent than for other crops, with only slight increases in the magnitude of change
under the UIUC scenarios, and no discernable change under BMRC.

Clover hay production is negatively affected by climate change on both national
and regional scales (Figures 8a and 8b). National production declines under all
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Figure 8. Changes in national and regional production of clover hay under 12 climate change sce-
narios. Bars in chart ‘b’ represent the six clover hay growing regions arrayed from west to east (see
Figure 1 and Table II for identification and location of the regions).
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scenarios except the most benign (UIUC, GMT = +1 ◦C, [CO2] = 560 ppmv).
Production also declines for all basins, except for the most western basin under
UIUC. The changes in clover hay differ strikingly from those of alfalfa hay, in part,
because these crops were simulated for different regions of the country – clover in
the east and alfalfa in the west.

National production changes for all crops depend primarily on the GCM used
to simulate climate. Substantial declines were observed for all the grain crops and
clover hay under the most severe climate scenario (GMT = +2.5 ◦C; [CO2] = 365
ppmv). In all cases, the higher [CO2] increases production at GMT = +2.5 ◦C. At
the lower GMT increase, the CO2 fertilization effect leads to yields above baseline
levels for all crops, while at the higher GMT, it lead either to an increase from
baseline or to more moderate declines in production. The higher GMT reduces
increases in production where they occur, or worsens the decline for all crops
but alfalfa hay, in which there was little change. These data indicate that while
higher temperatures coupled with CO2 fertilization may boost crop production
somewhat, increasingly higher temperatures are detrimental to crop production. It
is increasingly important to study the effects of higher temperatures in the light
of recent predictions that GMT could rise by over 5.6 ◦C in the next 100 years,
a more severe warming than earlier assessments had predicted (Houghton et al.,
2001).

Figures 4–8 clearly show that extrapolating from individual farms to large re-
gions or averaging production over large areas masks the significance of regional
variability. The regions most vulnerable need to be identified so that adaptations
can be made, people can prepare to adapt quickly and be flexible in their farming
practices in order to minimize the harmful effects of climate change. Regions where
production falls below the YT will have to adapt in some manner.

3.3. CROP YIELD VARIABILITY

We simulated 30 years of crop production and averaged the statistics over those
30 years for each scenario to arrive at the average level of production under the
12 climate change scenarios. Here, we use the coefficient of variability (CV) of
crop yield to examine whether year-to-year variation in yields is likely to change
with these climate change scenarios. The CVs for selected representative farms for
the 12 climate change scenarios and baseline are presented in Table III, and their
locations are indicated in Figure 9. It is important to note that changes in climate
variability were not considered in the GCM scenarios; therefore, changes in the CV
of yield will be the result of how the changes in climate, interacting with transient
soil properties, affected crop growth over time.

For corn yields, CV in grain crop yields is greatest at baseline in the drier basins
(e.g., San Bernard, Middle Columbia). This is true for all of the climate change
scenarios. The CV in these basins declines under the wetter UIUC and almost
always increases under BMRC because of reduced precipitation.
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Figure 9. The four-digit basins representing the 18 major water resource regions selected for the
analysis of yield variability under climate change.

The importance of an adequate water supply is apparent with the other crops
as well. CVs of soybean yields, which are very sensitive to moisture limitations
in the EPIC simulations, decline along the East Coast and in the Great Lakes but
increase in the dry western basins, especially under BMRC. The influence of the
increased precipitation and moderate temperature under UIUC are apparent in these
regions in lesser increases or in decreases in variability. In contrast, CV of winter
wheat yields declines significantly in the western wheat CPA (Middle Columbia,
Cheyenne). Winter wheat yield variability does increase in the eastern and central
basins (Southeastern Lake Michigan, Wabash, Yazoo), notably at the higher GMT.
The inclusion of sulfates in the UIUC scenarios moderates the increased variability.

The CV of clover hay yield increases consistently in some basins (e.g., Ya-
zoo) while declining in others (e.g., Susquehanna). Variability declines for clover
hay at all locations under UIUC with GMT = +2.5 ◦C and [CO2] = 560 ppmv.
Clover hay is simulated in the eastern region of the country in which crop yield
CVs are generally smaller so that CVs for clover under UIUC should be expected
to decrease. Alfalfa hay, however, is simulated primarily in the more arid west-
ern part of the country. As a consequence, its CV increases under BMRC, espe-
cially with GMT = +2.5 ◦C. Variability also increases under UIUC in some west-
ern basins (e.g., Cheyenne), while decreasing in others (e.g., Middle Columbia).
This indicates a geographic consistency in the change in variability, rather than a
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uniform response of variability to the large-scale climate changes in temperature and
precipitation.

Yield variability in this study is primarily influenced by local weather and land-
scape features, such as topography and slope, rather than large-scale changes in
atmospheric composition, global temperature and precipitation amounts and dis-
tribution. In general, where yields are lower at baseline (e.g., arid western United
States) future projected variability is greater. Higher CO2 concentrations do not
have a consistent effect on yield variability in these simulations, as any effect is
likely overshadowed by the importance of the variation in precipitation across the
study region.

4. Conclusions

Change in production of grain and forage crops is highly dependent on the climate
changes projected by the three GCMs employed in this study. Temperature increase
was greater under the BMRC than under the UIUC scenarios; precipitation declined
under BMRC but increased under UIUC. These basic differences underlie the crop
production impacts simulated with the EPIC model.

The difference in impacts are clearly seen in the changes in geographical distri-
bution of productive crop land. Due to the significant loss of moisture under BMRC
the area of land under grain crop production declines, especially in the west. Under
UIUC with and without the sulfate effect, grain crop production gains in land area,
primarily because of increased precipitation. The universal effect of the increase in
GMT from +1 to +2.5 ◦C is a decline in crop production which is partially offset
by the positive impact of CO2 fertilization. Our results also indicate that national
impacts obscure sometimes dramatic regional effects, both positive and negative.
More study of potentially vulnerable regions needs to be done at a smaller scale. It
appears that the margins of current major crop-producing regions should receive the
most detailed attention in future studies since these, as Parry et al. (1988) suggested
in their seminal analysis, are likely to be the first impacted by climate change.

Year-to-year variability in crop yields demonstrated in this study are primarily
affected by local weather and landscape features rather than by large-scale changes
in atmospheric composition and global temperature. Variability was consistently
greater in regions where baseline yield is low. However, higher CO2 concentrations
did not have a consistent effect on variability in this simulation. We conclude that
any CO2 effect manifested is overshadowed by the variation in precipitation across
the study regions.

The analysis presented here considers only dryland agricultural production.
Irrigated agriculture is an important component of US agriculture and the affects
of climate change on irrigation practice must be considered. In the following paper
(Part 4), we examine the impacts of the 12 climate change scenarios on water
resources in the conterminous USA. In Part 5, we estimate potential crop production
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under irrigation as affected by changing irrigation demand and availability of water
to meet that demand.
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Abstract. Global climate change will impact the hydrologic cycle by increasing the capacity of
the atmosphere to hold moisture. Anticipated impacts are generally increased evaporation at low
latitudes and increased precipitation at middle and high latitudes. General Circulation Models (GCMs)
used to simulate climate disagree on whether the U.S. as a whole and its constituent regions will
receive more or less precipitation as global warming occurs. The impacts on specific regions will
depend on changes in weather patterns and are certain to be complex. Here we apply the suite of 12
potential climate change scenarios, previously described in Part 1, to the Hydrologic Unit Model of
the United States (HUMUS) to simulate water supply in the conterminous United States in reference
to a baseline scenario. We examine the sufficiency of this water supply to meet changing demands of
irrigated agriculture. The changes in water supply driven by changes in climate will likely be most
consequential in the semi-arid western parts of the country where water yield is currently scarce
and the resource is intensively managed. Changes of greater than ±50% with respect to present
day water yield are projected in parts of the Midwest and Southwest U.S. Interannual variability in
the water supply is likely to increase where conditions become drier and to decrease under wetter
conditions.

1. Introduction

Global warming from increases in atmospheric greenhouse gasses will alter weather
patterns around the globe and affect the hydrologic cycle and freshwater supplies.
The capacity of the atmosphere to hold water will increase, leading to more precip-
itation and evaporation globally. However, not all regions of the world will experi-
ence an increase in precipitation; some regions will experience a drying. In many
regions of the world, water is in short supply under current climatic conditions, and
accurate predictions of future water supplies are critical to water resources manage-
ment decisions and adaptation strategies (Alcamo et al., 2000). Public awareness
is growing in the United States that water is a finite resource and, as a result, fresh-
water withdrawals have declined over the last two decades even as population has

Climatic Change (2005) 69: 67–88 c© Springer 2005
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increased (Solley et al., 1998). However, during the same time period, irrigation,
the largest consumptive use of water, has increased. But as populations continue
to increase, and with water supplies uncertain as climate changes, agriculture may
come under increasing pressure to relinquish its claims to water. Future water re-
sources planning may be further complicated by changes in climate, which may
alter key components of the water cycle (e.g., precipitation and evapotranspiration).
Studies of the effects of climate change on water resources are needed to define the
potential magnitude of these changes.

The recent U.S. National Assessment of Climate Change (NACC) notes that
global average precipitation will increase but the regional impacts are unknown
and difficult to predict (Gleick et al., 2000). One complicating factor in assess-
ing the potential impacts of climate change is that General Circulation Mod-
els (GCMs) do not agree on regional changes in precipitation or temperature
(Lettenmaier et al., 1999; Kirshen and Fennessey, 1995; Wolock and Hornberger,
1991; Wolock and McCabe, 1999). Therefore, it is important to understand how
water supplies might change in any given region under a range of climate change
scenarios.

In addition to changes in temperature and precipitation, changes in vegetation
can also affect water resources. Plant cover and physiology will change with rising
atmospheric carbon dioxide concentration ([CO2]) and interactions between water
resources and vegetation will be altered. Increased precipitation enhances vegeta-
tive growth in arid regions and higher temperatures lengthen the frost-free growing
season. These effects could increase leaf area index (LAI) and plant cover (Allen
et al., 1991). Greater plant cover would increase the amount of water consumed
by plants, reducing runoff while increasing overall evapotranspiration (ET). Con-
versely, the increase in atmospheric CO2 is expected to influence plant physiology
by increasing stomatal resistance and decreasing water lost through ET (Wolock
and Hornberger, 1991; Allen et al., 1991). These contradictory effects were noted
by Lettenmaier et al. (1999) and Brown and Rosenberg (1997) who found that the
increase in ET with higher temperatures compounded the increasing dryness in re-
gions receiving less precipitation and moderated runoff increases in regions where
increased precipitation was predicted.

Water is a heavily managed natural resource in arid regions where there are
many competing demands for it including municipal uses, industrial production,
recreation, wildlife habitat, hydropower and agriculture. Much of the increase in
global agricultural production over the past 50 yr is due to increased area of irrigated
crops in arid regions. Significant reductions in water supply would make irrigation
more difficult or impossible in certain regions, while increases in rainfall could
allow marginal lands to support agricultural production, shifts to higher value crops
to occur and/or reductions in actual demands for irrigation water. Increases in
precipitation and water yield could also have negative consequences for agriculture
if they come in the form of damaging storms that erode soils and flood the land,
although we do not consider that case in this study.
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A study of the sort reported here can provide useful information for overall na-
tional water policy. Gleick (1990) developed an index of regional water vulnerability
or resilience based on five criteria descriptive of hydrologic basins: (1) ratio of stor-
age to total annual mean renewable supply; (2) ratio of basin consumptive depletions
to total annual mean renewable supply; (3) ratio of hydroelectricity to total electric-
ity production; (4) ratio of total annual groundwater overdraft to total groundwater
withdrawals; (5) ratio of very high to very low streamflow (variability). Numerical
limits are defined for each of these criteria. Under current climate safe limits are
exceeded in all five criteria in one of the Major Water Resource Regions (MWRRs)
of the conterminous U.S.—the Great Basin. Four safe limits are exceeded in the
Missouri and California. Three are exceeded in the Lower Colorado, the Arkansas-
White-Red and the Texas-Gulf. The HUMUS simulations presented in this paper
show profound changes under at least a few scenarios in most of the 18 MWRRs
modeled, it is most interesting to observe the changes that are projected for the
most vulnerable basins.

Others have simulated the response of surface water resources to climate change
by estimating global river discharge (Miller and Russell, 1992), assessing the im-
pacts on water distribution in individual watersheds (e.g., Boston water supply,
Columbia River) (Kirshen and Fennessey, 1995; Wolock and Hornberger, 1991) or
multiple watersheds (e.g., Rosenberg et al., 1999 for the Missouri and Arkansas river
basins that overlie the Ogallala aquifer). In this study, we examine water resources
at the scale of the 2,101 USGS 8-digit hydrologic unit areas within the contermi-
nous United States. We explicitly model the effects of increases in atmospheric
CO2 through the so-called ‘CO2-fertilization effect’ in addition to GCM-projected
changes in temperature and precipitation—all encompassed in a suite of 12 climate
change scenarios. Our purpose is to identify regional changes in annual freshwater
supply that might occur and how the seasonal distribution of water supplies might
change. Descriptions of the climate change scenarios and the models used in this
study can be found in Part 1 of this series. In the paper that follows (Part 5), we use
the results of these water resources simulations in combination with the simula-
tions of agricultural production reported in Part 3 to determine whether future water
supplies will be sufficient to meet irrigation demands of a future U.S. agriculture.
Then in Part 6, we examine natural ecosystem response to the changing climate
and water resource regime.

2. Methods

2.1. HYDROLOGIC UNIT MODEL OF THE UNITED STATES (HUMUS)

HUMUS is a GIS-based tool (Arnold et al., 1999; Srinivasan et al., 1993) which pro-
vides the input data required to drive the Soil and Water Assessment Tool (SWAT)
hydrology model of Arnold et al. (1998). HUMUS can be applied to a wide range
of basin sizes depending on the availability of input data and the study objectives.
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In this study, we simulate the hydrologic cycle at the scale of the 8-digit USGS
hydrologic unit areas (HUA) (USGS, 1987). Input data sets, including weather
data (daily maximum and minimum temperature, precipitation, solar radiation and
humidity) soil profiles, vegetation cover and land management, were assembled
for the conterminous United States at the scale of 1:250,000 and integrated into
the HUMUS geographic information system database. These data are passed to
SWAT, which represents the basin water balance on a daily time step through four
storage volumes: snow, soil profile (0–2 m), shallow aquifer (2–20 m) and deep
aquifer (>20 m). The variable in SWAT most comparable to streamflow is water
yield, calculated as the sum of runoff, lateral flow from the soil profile, and ground-
water flow from the shallow aquifer. For a complete description and validation of
HUMUS/SWAT, see Part 2 of this series.

2.2. CLIMATE CHANGE SCENARIOS

The impacts of 12 climate change scenarios on U.S. hydrology were modeled
with HUMUS. As explained in Part 1, we captured the range of potential future
conditions with three General Circulation Models (GCMs): the Australian Bureau
of Meteorology Research Centre (BMRC), the University of Illinois at Urbana
Champagne (UIUC) and the UIUC with characterization of atmospheric sulfates
(UIUC + Sulfate). Climate change was modeled with each of these at two levels
of global mean temperature increase (GMT = +1 or +2.5 ◦C), and the scenarios
were scaled to 0.5◦ grid cells and applied to the baseline weather stations. To
account for the potential impact of ‘CO2-fertilization’ on the hydrologic balance,
the HUMUS simulations for this study were made under two CO2 concentrations:
present day (365 ppmv) and double the pre-industrial concentration (560 ppmv).
Each simulation was run for a 30-yr period under the changed climate conditions
(Part 1, Table I). For further information on the GCMs and their climate predictions,
see Part 1.

2.3. WATER YIELD VARIABILITY

The coefficient of variation (CV) of annual water yield was calculated for each
of the 2,101 8-digit basins over the 30-yr simulation period. CV is defined by
(standard deviation)/(mean) × 100. To provide the scenarios of climate change used
to drive the HUMUS model (see Part 1), monthly means of maximum and minimum
temperature and precipitation derived from the historical daily weather record were
adjusted by the average monthly climate changes predicted by the GCMs. Therefore,
changes in climate variability are not captured by these scenarios and any changes
in the variability of water yield are due to the response of the HUMUS model to
the new precipitation and temperature regimes and the effect of these on the basin’s
vegetation.
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3. Results and Discussion

3.1. IMPACTS ON ANNUAL WATER SUPPLY

3.1.1. Water Yield on the National Scale
Figure 1 illustrates the changes in HUMUS-simulated water yield over the con-
terminous U.S. in response to climate changes projected by the three GCMs. The
effects of higher global mean temperature (GMT) are shown in Figures 1a and
1b. The effects of ‘CO2-fertilization’ are shown in Figures 1b and 1c for specific
changes in precipitation and temperature projected by the three GCMs (see Part 1,
Figures 5 and 6).

Figure 1a shows the response of water yield to a 1 ◦C increase in GMT. The
BMRC model shows a marked drying (−25 to −175 mm) across the country, with
the most severe declines in water yield in pockets of the lower Mississippi valley and
the Pacific Northwest. A few isolated basins show increases in water yield that do not
exceed baseline by more than 50 mm. Under the UIUC scenario, water yield declines
in relatively few basins and increases over most of the country. The greatest increase
occurs in eastern Texas and Oklahoma. Parts of the Gulf Coast, Upper Midwest
and Pacific Northwest experience drying. UIUC +Sulfate shows similar trends but
with some exceptions. The Great Lakes and Upper Midwest regions experience
drying, while water yield increases markedly (more than 150 mm) in some basins
of the Pacific Northwest. The increase in GMT from +1 to +2.5 ◦C (Figure 1b)
amplifies the effects of each GCM, but the regional distributions remain similar.
One notable change is observed in the upper Midwest region. The small decline
in water yield under UIUC +Sulfates at GMT = +1 ◦C converts to a moderate
increase when GMT = +2.5 ◦C. Precipitation increases in this region under both
scenarios; therefore the switch from decrease to increase in water yield as global
mean temperature increases illustrates the potential for non-linear regional impacts
of climate change.

Under BMRC, the drying is moderated by CO2-fertilization in the southeast and
northern New England (Figure 1c). CO2-fertilization makes no significant differ-
ence in the arid West. With the high temperatures and low precipitation predicted
by BMRC for the West, conditions would become harsher and vegetative cover
could be reduced, as the BIOME model shows (see Part 6). In such a case the
CO2-fertilization effect on plants would have little impact on regional hydrology.
In contrast, UIUC predicts large increases in precipitation in the West and water
yield increases with the CO2 effect due to suppression of evapotranspiration. Re-
sponse under UIUC + Sulfate is similar, with greater increases in water yield in the
West. Geographic patterns in the Pacific Northwest remain complex but with greater
water yields in some basins within the region. CO2-fertilization under UIUC and
UIUC + Sulfates increases water yield substantially in eastern Texas, Oklahoma,
and Kansas.
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3.1.2. Evapotranspiration (ET) on the National Scale
Changes in ET, reflecting interactions between temperature, precipitation and plant
physiology, are shown in Figure 2. In Figure 2a, the response of ET under a 1 ◦C rise
in GMT is consistent with GCM projected changes in temperature and precipitation.
BMRC, which projects less precipitation and greater warming than UIUC, decreases
ET in the western part of the country where the dryer and hotter conditions limit
vegetative cover. BMRC leads to increased ET in the East where higher temperatures
increase water use. ET increases under UIUC except in scattered eastern basins as
the increased precipitation provides water to plants. UIUC + Sulfate increases ET
in portions of the West and moderates decreases throughout the central part of the
country. Increases are greatest in the arid western regions where this GCM predicts
higher precipitation than does UIUC. An increase in GMT of 2.5 ◦C (Figure 2b)
amplifies the effects discussed above with sharper declines in ET in the West and
greater increases in the East and Pacific Northwest.

Atmospheric CO2 increases stomatal resistance which reduces ET. However,
in regions where conditions become more favorable for plant growth, ET may
increase with increasing plant cover. Under BMRC, ET is reduced in all regions
of the West but the Pacific Northwest. There the BMRC climate changes, higher
temperatures at high elevations, longer growing season, and greater water supply,
increase vegetative cover (Part 6). The UIUC models show a different pattern, with
ET increasing dramatically in the West as the increased precipitation stimulates a
denser plant cover. UIUC + Sulfate with CO2-fertilzation shows a similar response
in the West but a greater decrease in ET to the Central regions, especially in eastern
Texas and Oklahoma and lower Mississippi regions. Temperature increase under
UIUC + Sulfate is small (negligible when GMT = +1 ◦C and less than 1 ◦C when
GMT = +2.5 ◦C). ET does not increase significantly with such a slight increase
in temperature. CO2-fertilization leads to increased stomatal resistance and the
combined effect is a significantly lower rate of ET for the UIUC + Sulfate scenarios
as compared with UIUC.

3.1.3. Regional Hydrology
The Major Water Resource Regions (MWRRs) are varied in their climate and
hydrologic characteristics. Change in water yield and ET due to forcing by GCM,
GMT and [CO2] are reported for each MWRR in Tables I and II. Baseline water
yields are given to illustrate the variety of hydrologic regimes that characterize the
conterminous U.S. Water yields decline in all MWRRs under the BMRC scenarios
but increase under UIUC and UIUC + Sulfates. The magnitude of the changes is
amplified by higher GMT. CO2-fertilization increases water yield in all regions. The
patterns of ET change are more varied by region than by climate change scenario.
In the East, ET increases in the absence of CO2-fertilization, but declines when it is
present. In the West, ET declines under BMRC but increases under UIUC scenarios
due to greater water availability.
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Based on their geographical location and agricultural importance, six MWRRs
were selected for a comparison of water yield (WY), runoff (Q) and ET response
to forcing in Figure 3. Water yield is the sum of runoff, lateral flow from the soil
profile and groundwater flow from the shallow aquifer. Therefore any difference
between runoff and water yield is due to a changes in the soil profile or aquifer
flows. The South Atlantic-Gulf is a humid region with baseline annual water yield
of ∼600 mm. Water yield and runoff both decline under BMRC at GMT = +1 ◦C.
The decline is amplified by the higher GMT and moderated by the higher [CO2].
ET increases slightly with no CO2-fertilization effect, but declines slightly when it
is present. While WY and Q show the opposite response (increasing) under UIUC,
ET responds as under BMRC. For all three GCMs, the higher GMT raises ET, but
the CO2 effect reduces stomatal conductance and lowers ET rates.

The Ohio basin is also humid at baseline (WY = 550 mm) but is cooler because of
its higher latitude. ET is very similar under BMRC and UIUC, although the former
predicts a lessening and the latter predicts increases in WY and Q. The BMRC
decline doubles in magnitude to 15–20% at the higher GMT. ET increases with
higher GMT and does not decline with CO2-fertilization, indicating a lengthening
of the growing season or larger plants due to CO2-fertilization.

The Missouri region covers a wide range of climates in the Great Plains and
Prairie states. The region ranges from humid to semi-arid under baseline conditions,
averaging 500 mm of precipitation annually with a relatively high ET of 400 mm.
The climate change scenarios have greater impact in this region; WY and Q decline
under BMRC by 10–30% and increase under UIUC by 25–60%. The changes in ET
are smaller in magnitude, declining slightly under BMRC while increasing under
UIUC. ET rates are reduced in all cases by CO2-fertilization. Under the dryer
and hotter conditions of the BMRC, ET declines with higher GMT and higher
[CO2]. The lack of precipitation under BMRC may cause a decline in vegetation
cover (LAI) while ET shows the opposite effect with increased precipitation under
UIUC.

The Lower Colorado basin is an arid region in which temperatures vary greatly
from one sub-region to another. Large decreases in Q and WY (−25 to −75%)
occur under BMRC. Under UIUC increases range from 25 to more than 75%. This
indicates that substantial change in the hydrologic regime of this basin is possible,
although the direction is uncertain. The changes in ET are also larger, declining
with BMRC and increasing with UIUC. ET decline may be a result of less water
available for evaporation. CO2-fertilization moderates the decline in ET because of
increased plant cover. ET increases under UIUC as a result of greater plant cover
with wetter conditions and a longer growing season. The warming may also allow
for increased plant growth at higher elevations.

The Pacific Northwest region is wet under current conditions with baseline
precipitation of ∼700 mm/yr and water yield of ∼500 mm/yr. WY and Q decline
by 15% or less under BMRC and increase by about the same amount under UIUC.
Increases in ET in this region are large relative to changes in WY and Q. The
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Figure 3. Water yield, runoff and ET changes in six Major Water Resource Regions (MWRRs).
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increase in ET under all scenarios indicates a longer growing season in response
to higher temperatures. Increases in ET are greater under UIUC because increased
precipitation in the arid eastern parts of this region provide the water to evaporate.

3.2. IMPACTS ON SEASONAL WATER SUPPLY

3.2.1. Effects of Higher GMT
One uncertainty about water resource response to climate change concerns season-
ality of the hydrologic cycle. Here we use 4-digit basins (Figure 4) in the six regions
shown in Figure 3 to represent the seasonal changes in water yield at two levels
of GMT. CO2-fertilization effects are considered separately below. The selected
4-digit basins are chosen to represent the range of changes that may occur in basins
nationwide, but do not necessarily accurately represent the seasonal change in the
large and geographically diverse MWRRs.

BMRC warming leads to reduction in water yield in the Ogeechee–Savannah
basin in all months except for a slight increase in September (Figure 5a). WY
declines of as much as 10 mm occur in February and October at the higher GMT.
The magnitude of change is greater with GMT = +2.5 ◦C while the overall pattern
remains the same. With UIUC, water yield increases from baseline, with the greatest
increases in winter, mid-summer and fall. Water yields decline by as much as 5 mm
in the months of May and August. Sulfates in the UIUC GCM amplify the peaks

Figure 4. Location and name of the 4-digit hydrologic basins used in the analysis of changes in
seasonal water yield found in Figures 5 and 6.
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in months of increase. While the general trend is similar to UIUC, more months
show a decline in water yield—notably March, May and August. In summer water
yield increases reach 15 mm at the higher GMT.

In the Upper Ohio basin (Figure 5b), WY declines from baseline under BMRC
in all months but December and February. The greatest decline (−9 mm) occurs in

Figure 5. Seasonal water yield change from baseline in the six selected 4-digit hydrologic basins at
two levels of global mean temperature (GMT) increase with the mean and range of monthly water
yield given for reference.

(Continued on next page.)



CLIMATE CHANGE IMPACTS FOR THE CONTERMINOUS U.S.A. 81

Figure 5. (Continued on next page. ).

March. WY declines in all months at the higher GMT. While it does not decline
further in March, it does decline dramatically (−13 mm) in summer, especially in
July. WY increases in most seasons under the UIUC scenarios. With GMT = +1 ◦C,
WY increases in all months but August, with the greatest increases occurring in
fall. With GMT = +2.5 ◦C, the trends remain the same but the magnitude of winter
increase is greater. Trends under UIUC + Sulfate are similar. Winter increases in
WY and summer decreases are amplified. A large increase in WY occurs in March.
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Figure 5. (Continued ).

Water yield in the Missouri-White basin (Figure 5c) is very little changed from
baseline, never exceeding ±5 mm in any month under any of the scenarios. A
noticeable drying occurs in the spring and summer months under BMRC, while
WY slightly increases under UIUC. In contrast, there is a sharp change in seasonal
water yield under UIUC in the Lower Colorado-San Bernard basin (Figure 5d).
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The UIUC models show sharp WY increases in the month of June, from 15 to
50 mm above the baseline. There is also a marked increase in fall water yield.
Under BMRC, water yield declines uniformly throughout the year with greater
drying in May and in the fall months.

Water yields decline noticeably throughout the year in the Salt basin under
BMRC (Figure 5e). The greatest declines occur in spring with a dip in December.
The UIUC scenarios cause an increase in water yield. The increase is substantial
under GMT = +1 ◦C during June and October. The increases are greater with GMT
= +2.5 ◦C, peaking at +10 mm in October. The trend under UIUC + Sulfates is
similar to UIUC alone but with larger increases. Also, there is a more sustained
increase through the fall and winter months.

In the Middle Columbia basin (Figure 5f) distinct changes occur in WY patterns
under all three GCMs and at both GMT levels; i.e., an increase in water yield in the
winter and a decline in spring. Under the UIUC scenarios the summer increase is
amplified at GMT = +2.5 ◦C. With the sulfate effect included, summer and winter
increases are more prominent and the spring decline slightly less so. The winter
increase and spring decrease in all of the scenarios indicates a greater proportion of
winter precipitation falling as rain and a smaller snowpack melt in the spring. The
effect varies by degree according to the temperature increase in a given scenario.
The increase in temperature under UIUC + Sulfate is very small; hence, this effect is
least apparent under this scenario (see Part 1, Figure 5). The increase in late summer
and fall precipitation under UIUC would radically change the current pattern of wet
winter–dry summer climate of this region.

3.2.2. Effects of CO2-Fertilization
We selected two basins with significant changes in water yield, the Upper Ohio
and Middle Columbia, to examine whether CO2-fertilization notable alters the
changes in water yield due to GCM and GMT. We examined only BMRC and
UIUC results for this purpose. In the Upper Ohio (Figure 6a) under the BMRC
scenarios, enhanced CO2 causes a slight increase in WY in the winter months and
a greater WY increase from June to November. The effect of elevated [CO2] with
the UIUC scenario is much greater, up to 2 mm, and is most apparent in the spring
and summer growing season.

The fertilization effect is less apparent in the Middle Columbia basin (Figure 6b),
<1 mm in all months. This region receives, on average, less precipitation than the
Upper Ohio. The Pacific Northwest is sharply divided into a humid region west
of the Cascade mountains and arid land to the east. The higher [CO2] influences
water yield by reducing plant demand for water, and the expected result is higher
water yield. However, increased precipitation in arid regions may boost vegetative
growth, causing a decline in water yield as the growing plant population consumes
more water. The interaction of these two effects results in little measurable increase
in water yield with enhanced CO2 in the Pacific Northwest.
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Figure 6. Seasonal water yield change from baseline for two GCMs with and without the CO2-
fertilization effect.
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3.3. INTERANNUAL VARIABILITY IN WATER YIELD

To assess the effects of the climate change scenarios on variability of water yield
(WY) we calculated the coefficients of variation (CV) for selected 8-digit basins in
each of the 18 MWRRs, simulated over 30 yr (Table III). Interannual WY variability
is greatest under baseline conditions in the West, particularly in the Upper and
Lower Colorado, the Rio Grande, and the Arkansas-White-Red MWRRs. Water
yields are least variable in the East, the Mid-Atlantic, the South Atlantic-Gulf and
the Great Lakes. Climate change does not greatly alter the relative variability in
basin water yield. But variability does change within the individual basins. As with
precipitation and water yield, changes increase in magnitude with increased GMT.
CO2-fertilization decreases variability within each level of GMT.

In general, changes in variability of WY are small, but trends under the climate
change scenarios are evident. CV increases slightly under BMRC scenarios with
declining water yields and decreases under UIUC scenarios as water yields increase.
CV increases under UIUC + Sulfate in Eastern basins while it declines in Western
regions with their high baseline CVs. The Mid-Atlantic region is the exception with
declining variability under the BMRC scenarios but increasing variability with the
UIUC scenarios. The low variability in water yields in the Tennessee region is
increased slightly under UIUC as well as under BMRC, indicating that the stability
of water flow in this humid region is not at great risk of becoming more variable.
By contrast, CV in the Pacific Northwest region declines under almost all scenarios
except when severe drying occurs under BMRC at GMT = +2.5 ◦C.

The changing variability under these scenarios indicates that if conditions be-
come dryer, as they do under BMRC, variability may increase, whereas if water
yield increases, as under UIUC, variability may decline. This trend is consistent
with historical observations in hydrology in which interannual variability is greatest
in the most arid regions.

4. Conclusions

The hydrology of the conterminous U.S. will likely change with global climate
change but, because of differences projected by the GCMs, we have used to drive
the HUMUS model, our simulations disagree as to whether the U.S. will experience
shortfalls or surpluses of water and which regions will be most strongly affected.
Currently, semi-arid regions, primarily in the western U.S., will be the first to
experience notable changes in regional hydrology. The magnitude of changes in
water yield, runoff and evapotranspiration is much greater, often exceeding ±50%
of baseline levels in regions where water is currently in short supply. Although the
impact of these changes will greatly depend on their timing and duration, changes
of this magnitude may require substantial adaptation by water resource managers
to cope with increased severity and duration of droughts and/or floods.
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In the humid regions of the country, the scenarios suggest less dramatic, but
nonetheless significant, changes in both the short and long term (GMT = +1.0 and
+2.5 ◦C). In addition, interannual variability in the water supply will also change
slightly, most significantly in arid western regions. If a drying such as is predicted
in many BMRC scenarios does occur, variability is likely to increase. If water
yields increase as projected by the HUMUS simulations driven by UIUC scenarios,
variability may decline. Because of the considerable uncertainty about the sign and
size of changes in water supplies, it is important for water resource management to
be flexible and adaptable. Traditionally, water resource management has relied on
the historic record to project the frequency of severe water supply anomalies. The
kinds of changes described in this paper suggest the need to plan for more events
outside the range of past experience.

In this analysis of water resources, we have assumed natural streamflow and
have not considered withdrawals of water for human uses, changing demand or
competition between uses. In Part 5, we will examine the sufficiency of these future
water supplies in the U.S. for irrigated agriculture, the major consumptive user of
freshwater. This analysis should help determine whether changes in water resources
will require substantial changes be made in agricultural production practices in the
U.S.
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Abstract. During this century global warming will lead to changes in global weather and climate,
affecting many aspects of our environment. Agriculture is the sector of the United States economy
most likely to be directly impacted by climatic changes. We have examined potential changes in
dryland agriculture (Part 3) and in water resources necessary for crop production (Part 4) in re-
sponse to a set of climate change scenarios. In this paper we assess to what extent, under these
same scenarios, water supplies will be sufficient to meet the irrigation requirement of major grain
crops in the US. In addition, we assess the overall impacts of changes in water supply on na-
tional grain production. We apply the 12 climate change scenarios described in Part 1 to the wa-
ter resources and crop growth simulation models described in Part 2 for the conterminous United
States. Drawing on data from Parts 3 and 4 we calculate what the aggregate national production
would be in those regions in which grain crops are currently produced by applying irrigation where
needed and water supplies allow. The total amount of irrigation water applied to crops declines
under all climate change scenarios employed in this study. Under certain of the scenarios and in
particular regions, precipitation decreases so much that water supplies are too limited; in other
regions precipitation becomes so plentiful that little value is derived from irrigation. Nationwide
grain crop production is greater when irrigation is applied as needed. Under irrigation, less corn
and soybeans are produced under most of the climate change scenarios than is produced under
baseline climate conditions. Winter wheat production under irrigation responds significantly to ele-
vated atmospheric carbon dioxide concentrations [CO2] and appears likely to increase under climate
change.

1. Introduction

Expansion of irrigation has enabled dramatic increases in global crop production
over the past half-century. The area of irrigated cropland has doubled in that time
to cover 17% of the world’s total farm land. Irrigated agriculture now produces a
third of the world’s food supply. Irrigation accounts for the largest consumptive
use of freshwater in the United States where 20 million hectares (18%) of cropland
is irrigated (Howell, 2001; USDA NASS, 1997). Of the 18 major water resource

Climatic Change (2005) 69: 89–105 c© Springer 2005
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regions (MWRRs) in the US, the freshwater withdrawals for irrigation are greatest
in California, the Pacific Northwest and the Missouri River basins.

As the atmosphere warms in response to increasing concentrations of atmo-
spheric greenhouse gases, precipitation patterns will change with consequences for
the supply of water for irrigation. The need for irrigation may also change. Demand
may be reduced in some areas but it is equally likely that water shortage will reduce
crop production in others. Where freshwater supplies become scarce and, con-
comitantly, irrigation demands rise, water resource managers will face potentially
difficult situations. Groundwater resources used for irrigation are not specifically
addressed in this paper, but it is obvious that any long-term change in precipitation
will necessarily affect groundwater recharge. The direction and magnitude of cli-
mate change impacts on water resources remain uncertain and will vary by region
(Part 4).

Increased atmospheric carbon dioxide concentration ([CO2]) will directly im-
pact crop growth by increasing photosynthesis, reducing stomatal conductance and,
hence, plant transpiration, phenomena collectively termed the ‘CO2-fertilization ef-
fect’. Water use efficiency, the ratio of photosynthetic production to evapotranspi-
ration (water use) is, thus, also improved by CO2-fertilization. This effect has been
well documented in laboratory and field studies, but its potential impact on national
agricultural production is still a matter of conjecture. Reduced transpiration rates
will reduce plant water stress and may, thereby, reduce the amounts of irrigation
water needed by crops. Pospisilova and Catsky (1999) suggest that increased water
use efficiency may lead to improved drought resistance. In addition, the reduction
in photosynthesis due to water stress is relatively less severe with CO2 fertilization
(Grant et al., 1999). Not all effects of CO2-fertilization are beneficial. Although in-
creased water use efficiency with higher [CO2]-increased yields of irrigated potato
crops in a semi-arid region physiological changes caused the crop to be nutrient
poor with a low nitrogen content (Ramirez and Finnerty, 1996).

Changes in temperature and precipitation regimes will prompt farmers to change
crops, cultivars and management practices, including irrigation, in order to mitigate
adverse effects or take advantage of newly favorable conditions. Higher temper-
atures and reduced precipitation could substantially increase crop water demand
in some areas and prompt the development of irrigation in regions previously de-
voted to dryland cropping (Peterson and Keller, 1990). In a study of crop response
to GCM-projected climate change with doubled atmospheric CO2 concentrations,
Tung and Douglas (1998) found that the adverse effects of higher evapotranspi-
ration outweighed the beneficial effects of CO2-fertilization in some areas of the
US and suggested that irrigation might alleviate some of the adverse effects. In an-
other simulation study of CO2 induced climatic changes, Allen et al. (1991) found
increased evaporative demand and irrigation water requirement for alfalfa, winter
wheat and corn in the Great Plains due to higher temperatures and changes in pre-
cipitation patterns. In yet another study of climate change impacts, crop production
and irrigation requirement were simulated under several climate scenarios for a
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selection of US counties (Peterson and Keller, 1990). The percentage of cropland
irrigated in the western US was found to increase when global mean temperature
was increased by 3◦C, and a decline in production resulted from inadequate water
for irrigation.

Using a suite of GCM-derived scenarios of climate change, Strzepek et al. (1999)
modeled water supply and demand for crop irrigation in the US Corn Belt with cli-
mate change. They found that, in climate change situations involving increases in
precipitation, dryland farmers need not invest in irrigation, but rather that water
logging becomes a concern in the spring. They concluded that the relative abun-
dance of water for US agriculture can be maintained in the short term. Climate
change impacts will not necessarily be continuous and monotonic, they note, and
surprises and non-linearities may occur for which current management practices
are inadequate. Progressively greater changes in agricultural production and prac-
tices as a result of climate change impacts are expected by 2050 and beyond. The
latter finding of Strzepek et al. (1999) is consistent with recent assessments of
climate change which project that US agricultural production will likely be main-
tained over the next 50–100 years (Reilly et al., 2001; Reilly et al., 1996; IPCC,
2001).

In Parts 3 and 4 of this series we addressed potential changes in dryland crop
production and water resources in the United States under 12 climate change scenar-
ios. Here, we couple the results of those analyses with additional EPIC simulations
of irrigated grain crop production to assess potential future demands for irrigation
water and the adequacy of water supplies to meet these demands. We focus this
part of the analysis on current US corn, soybean and winter wheat production areas
(Figure 1). Our purpose is to examine the extent to which crop water demand will
change with large scale changes in climatic patterns with and without the interact-
ing effects of CO2-fertilization, and whether changes in freshwater supplies will
allow demands for irrigation to be met.

2. Methods

2.1. SIMULATION MODELS

The scenarios used in this study consist of a baseline climate taken from a 30-year
historical record of daily weather and 12 scenarios of climate change (Part 1,
Table I). Climate change was simulated with each of the Global Climate Models
(GCM)—Australian Bureau of Meteorology Research Center (BMRC), University
of Illinois at Urbana Champagne (UIUC) and UIUC with sulfate aerosol forcing
(UIUC +Sulfates) at two levels of Global Mean Temperature increase (GMT =
+1 and +2.5◦C) and two levels of a CO2-fertilization effect consistent with an
atmospheric CO2 concentrations, near present day (365 ppmv) and double the
pre-industrial level (560 ppmv).
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Figure 1. Outline of the current US growing regions for corn, soybean and winter wheat with the
four-digit EPIC simulation regions delineated.

Simulations of climate change impacts were made with the Hydrologic Unit
Model of the United States (HUMUS) (Arnold et al., 1999; Srinivasan et al., 1993)
and the Erosion Productivity Impact Calculator (EPIC) (Williams, 1995). Both
models are run on a daily time step with inputs of maximum and minimum tem-
perature, precipitation, radiation, humidity and wind speed. The models are fully
described and validated in Part 2 of this series. HUMUS was used to simulate
runoff (Q), water yield (surface flow + groundwater flow + lateral flow − loss from
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TABLE I
Total national production of corn, soybean and winter wheat in millions of Mg and percent change
from baseline under 12 climate change scenarios

BMRC UIUC USUL

GMT◦ C
CO2

ppmv Mg × 106 % change Mg × 106 % change Mg × 106 % change

Corn [Baseline = 807]

1 365 763 −5 770 −5 768 −5

1 560 825 2 826 2 823 2

2.5 365 700 −13 725 −10 719 −11

2.5 560 758 −6 778 −4 771 −4

Soybean [Baseline = 250]

1 365 229 −8 231 −8 231 −8

1 560 266 6 267 7 267 7

2.5 365 188 −25 200 −20 199 −20

2.5 560 223 −11 233 −7 231 −8

Wheat [Baseline = 421]

1 365 408 −3 403 −4 398 −5

1 560 486 15 475 13 470 12

2.5 365 410 −3 389 −8 376 −11

2.5 560 487 16 459 9 443 5

evapotranspiration), and other hydrologic parameters for 2101 8-digit watersheds
in the conterminous United States (Figure 2).

The term ‘water yield’ is used here as a surrogate for natural streamflow which
we treat as the water supply for purposes of irrigation. We do not attempt to account
for actual water management practices such as impoundments, diversions, etc. EPIC
uses the same climate change scenarios as well as soil, landscape and crop manage-
ment data to simulate dryland and irrigated grain crop yields, crop irrigation demand
and evapotranspiration. The land unit employed with EPIC is the 4-digit hydrologic
basin of which there are 204 in the conterminous US (Figure 2). One farm represents
each 4-digit basin. Here, we use the water yield variable from HUMUS to determine
how much water would be available to irrigate corn, soybeans and winter wheat in
their current primary growing regions (Figure 1) under each of the 13 scenarios.

2.2. IRRIGATION MANAGEMENT IN EPIC

The amount of irrigation water applied to each crop was simulated by the EPIC
model. Under the assumption that the needed water is available, the simulations ap-
ply irrigation in the amount demanded periodically throughout the growing season.
Irrigation is triggered by plant water stress, soil water tension, and moisture deficits
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Figure 2. Modeling units used for the EPIC (4-digit basin) and HUMUS (8-digit basin) simulations
taken from the USGS (1997) characterization of US watersheds.

in the soil root zone. Irrigation water is applied to the extent necessary to refill
the soil reservoir and relieve water stress. This approach allowed us to determine
the optimum amount of water for each crop in each location under each of the
climate change scenarios. Thereafter, we identify the regions where water supplies
are adequate or insufficient to meet demand.

2.3. DETERMINING CROP IRRIGATION DEMAND AND ADEQUACY

OF THE WATER SUPPLY

EPIC was used to simulate both dryland and irrigated yields of the three grain
crops in the 204 4-digit hydrologic unit areas, or watersheds, as defined by the US
Geological Survey (USGS, 1987). We assumed that crops would be irrigated if
irrigated yields exceeded dryland yields. We obtained data on total and agricultural
land area in each of the 4-digit basins. Dryland production (PD) was calculated by
multiplying the yield (Mg ha−1) by the agricultural land area of the region (ha). To
calculate irrigated production (PI ), we had first to determine from the results of the
HUMUS model runs whether water is available for irrigation.
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We calculated the irrigation demand (ID) for a region as [irrigation × agricultural
land area]. The water yield from HUMUS was aggregated from the 8-digit to the
4-digit basin scale to be compatible with the EPIC simulations (Figure 2). Irrigation
water supply (IS) is equated here with the total annual water yield, [WY × total land
area], calculated for each 4-digit basin. In regions where IS > ID, PI was calculated
as [crop yield × agricultural land area]. Where ID > IS , PI was calculated by assum-
ing irrigation of as much land as water supply permits. The remaining agricultural
land in the region was assumed to be in dryland production (PD). We then calculated
the water remaining for other purposes after full irrigation. Finally, we calculated
the agricultural land area that could not be irrigated due to insufficient water supply
under each scenario (ID > IS), multiplying it by dryland yield per unit of land area.

For the purposes of this study, we assumed that all water within a given 4-digit
basin would be available for irrigation and that no water would cross watershed
boundaries. In reality, there are many competing demands for water resources,
especially in drier regions where irrigation is generally needed most, and water is
often transported to meet those demands.

3. Results and Discussion

3.1. WATER SUPPLY AND IRRIGATION DEMAND

Another innovation of this study is the use of crop yield, an economic measure,
to define the location and amount of land that can be irrigated. For each of the
three grain crops, change in total available water simulated with HUMUS, total
irrigation per unit land area applied with EPIC simulations, area of land that can be
profitably irrigated, and amount of water remaining after irrigation (WY-irrigation)
are shown in Figures 3–5 for the 12 climate change scenarios. These figures give
an indication of what each climate change scenario projects will be the accessible
water supply for each major crop in its current growing region and to what extent
climate change will affect irrigated crop yields and the amounts of water remaining
for non-agricultural uses.

The changes in water yield (supply) for irrigation of the US corn crop are
shown in Figure 3. With the BMRC model (Figure 3a), water yield over the entire
regions shows a net decline with respect to that under the baseline climate under
both GMTs and CO2 concentrations. The situation is worsened by increased GMT
and moderated by elevated [CO2]. As a consequence of reduced precipitation, the
amount of land that can be irrigated also declines under all BMRC scenarios. For
instance, over the entire growing region irrigated acreage is smallest under the
scenario GMT = +2.5◦C and [CO2] = 365 ppmv, because supplies (water yield)
are most sharply reduced in this case. Under BMRC scenarios, crops demand irri-
gation in areas previously under dryland production, increasing the total amount of
irrigation water demanded in the growing region. The decline in precipitation, and
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Figure 3. Change in water yield, irrigation water consumed by the crop and water remaining for other
uses after irrigation demand is fully met (WY-IRR) in the corn production region.
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Figure 4. Change in water yield, irrigation water consumed by the crop and water remaining for other
uses after irrigation demand is fully met (WY-IRR) in the soybean production region.
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Figure 5. Change in water yield, irrigation water consumed by the crop and water remaining for other
uses after irrigation demand is fully met (WY-IRR) in the winter wheat production region.
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therefore decline in water supply for irrigation, under BMRC reduces the amount
of irrigation water actually applied to crops to less than baseline levels under all
scenarios. Under the BMRC scenarios where [CO2] = 560 ppmv, irrigated land
area declines as water demand declines. This decrease in crop water demand results
in a lesser decline, with respect to baseline, in water remaining after irrigation with-
drawals. The decline in water remaining is greater with CO2 fertilization at higher
GMT, indicating that with this simulation, the positive water use efficiency effects
of elevated CO2 have a lesser impact than temperature change at GMT = +2.5◦C.

Under UIUC (Figure 3b), water yield increases substantially from baseline for
all scenarios. The increase in water yield is greater with increasing GMT and
with elevated [CO2]. Because of the increased precipitation, irrigation demands
decline and the amount of water available after irrigation increases. The same
patterns hold for UIUC + Sulfates (Figure 3c), but the effects are smaller as sulfates
moderate the increases in both temperature and precipitation under UIUC. The
decline in irrigation is greater with enhanced [CO2], reflecting improved crop water
use efficiency and reduced water consumption.

Changes in water yield and irrigation follow the same basic patterns for soybean
(Figure 4). Whereas water yields decline under BMRC, they increase under UIUC.
Irrigation water applied to crops declines under all scenarios either because of a
reduced supply (BMRC) or reduced demand (UIUC). The similarity in response is
expected as the growing regions for corn and soybean are substantially the same
(Figure 1).

The production regions for winter wheat are different from that for corn and
soybeans, but the trends in water yield and irrigation are similar (Figure 5). Water
yield declines under BMRC and increases under UIUC, both trends resulting in
reduced irrigation. The decline in irrigation is smaller under UIUC even as water
yield increases substantially. This indicates that even with a much wetter climate,
irrigation will still be beneficial to winter wheat. A portion of the growing region
is arid land where increases in precipitation would not completely eliminate crop
water stress and the need for irrigation.

3.2. NATIONAL PRODUCTION

3.2.1. Total national grain crop production
The percentage change in total national production of the three grain crops is
shown in Figure 6 while the actual production numbers are presented in Table I.
Corn production declines under all three GCMs at GMT = +1◦C without CO2

fertilization and regardless of CO2 fertilization when GMT = +2.5◦C. The greatest
declines in corn production occur under the dry BMRC scenarios. The UIUC model
with sulfates predicts a greater loss of production than without sulfates. Increases
in corn production occur only under the most benign scenario, GMT = +1◦C
with CO2-fertilization. The changes are all within ±10% of baseline except for the
BMRC model with the most severe climate change scenario modeled here.
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Figure 6. Percentage change in the total national production of grain crops when irrigation is applied
to the extent that water is available and irrigation benefits the crop.

The same pattern occurs for changes in soybean production, although the mag-
nitude of the change is greater, about 25% under BMRC where GMT = +2.5◦C
and [CO2] = 365 ppmv. Soybean production is adversely affected by the increase
in GMT, especially under BMRC where higher temperatures combine with reduced
availability of water.

Winter wheat production shows a consistent response to elevated atmospheric
CO2, increasing even where GMT = +2.5◦C. Where they occur, production losses
are smaller for winter wheat than for corn or soybean and production gains are
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greater. Differences in crop response to the climate change scenarios are influenced
by the regional distributions of climate change as they occur in the different growing
regions.

Production of all three crops responds strongly to the changes in climate
simulated in the various GCM × GMT × [CO2]-fertilization scenarios. The
GCMs affect the magnitude of the changes in production but not their sign.
For corn and soybean production, climate change will most likely result in de-
creased irrigated production even under conditions of greater water availability.
In contrast, winter wheat production responds positively and significantly to ele-
vated [CO2], indicating that irrigated production will likely increase with climate
change.

3.2.2. Irrigated versus dryland production
Irrigating the three grain crops where irrigated yields exceed dryland yields resulted
in higher overall national production under all climate change scenarios (Figure 7).
The results discussed in Section 3.3.1 are represented in the solid bar, showing
production where the supply of water for irrigation is limited by the water yield
in the region. The striped bar represents the optimal production, that which would
occur if all crops were irrigated to meet their full demand for water, constraints on
its availability notwithstanding.

For corn, baseline production would be 40 million Mg higher with a constrained
supply of irrigation water. That number increases by another 10 million Mg were
the supply of irrigation water unlimited. The impacts of irrigation on production
under climate change are greatest under BMRC and smallest under UIUC. The
improvement is least with CO2 fertilization and with the UIUC scenarios that predict
increased precipitation. Both effects reduce irrigation demand. The increase when
water is unlimited is greatest under the BMRC scenarios because water supply is
most seriously constrained with this GCM. All UIUC scenarios also show increases
in production when water is unlimited, except under the GMT = +2.5◦C and [CO2]
= 560 ppmv scenarios where there is sufficient water for irrigation even under the
constrained conditions due to increased precipitation and irrigation demand. is,
consequently, decreased.

Results are similar for soybean production, with the exception of a relatively
greater response when water supply to the crop is unlimited under the UIUC sce-
narios at GMT = +2.5◦C and [CO2] = 560 ppmv. The improvement with irrigation
is slightly less with CO2-fertilization, which boosts dryland as well as irrigated pro-
duction. Under UIUC + Sulfate, improvements in crop production with restricted
and unrestricted irrigation are greater than under UIUC.

Improvements are greatest for winter wheat where production increases by 20–
40 million Mg with constrained irrigation and up to 90 million Mg with unlimited
irrigation. The greatest improvements occur under BMRC while the UIUC and
UIUC + Sulfate models show a similar pattern of improvements in production.
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Figure 7. Change in simulated total national dryland grain crop production in response to optimum
and restricted irrigation under climate change scenario forcing.

Production with unlimited irrigation under the BMRC scenarios at GMT = 2.5◦C
is more than twice that achieved under constrained irrigation, indicating that water
is severely limiting to the potential wheat production in these scenarios. In contrast,
the elimination of restrictions on water supply under the UIUC models improves
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production only slightly because water yield is sufficiently abundant under these
scenarios to irrigate crops almost to the full extent of irrigation demand.

3.2.3. Change in area of irrigated crop land
In the simulations reported above and under all climate change scenarios, crops
were irrigated when demand required and water was available. The amount of land
capable of producing irrigated crops changes with climate change scenarios. Under
BMRC, the land area under unlimited irrigation declines for all three crops by from
2–18 million ha (Table II). There is a slight increase in potentially irrigable land at
GMT = +1◦C and [CO2] = 560 ppmv for corn and soybean production.

The UIUC climate change scenarios can potentially increase the area of irrigable
land by from 2–13 million ha. The area irrigated is greatest at the higher GMT and
with CO2 fertilization. Under UIUC +Sulfates, the potential land area irrigated
again increases for all crops, but the increase is smaller than under UIUC because
the climate changes predicted under the former are smaller. The increases range
from <1 to 13 million ha, with winter wheat showing the greatest potential for
increase and soybean the smallest.

TABLE II
Change in area of land for which water supplies allow unlimited irrigation

(Millions of Ha)

GMT (◦ C) CO2 (ppmv) BMRC UIUC UIUC + Sulfates

Corn

1 365 −2.22 3.66 2.11

1 560 2.25 8.27 7.14

2.5 365 −6.79 8.26 5.43

2.5 560 −2.44 10.04 9.26

Soybean

1 365 −2.03 2.05 0.78

1 560 0.95 6.32 3.88

2.5 365 −4.19 6.40 4.07

2.5 560 −2.17 8.98 6.89

Winter wheat

1 365 −10.75 8.19 7.89

1 560 −2.72 11.53 11.40

2.5 365 −18.22 12.40 10.58

2.5 560 −12.42 13.91 13.68

A negative change indicates a reduced capacity for irrigation primarily due
to water supply shortage.
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4. Conclusions

Land area for irrigation of corn, soybean and winter wheat decline under all scenar-
ios of climate change considered in this study. In the case of the UIUC scenarios,
the need for irrigation is diminished because precipitation becomes more plentiful.
Were the UIUC futures to play out land managers would be more concerned with
strategies to reduce water logging and flood damage to their crops. With the BMRC
scenarios, irrigation declines because of lost water yields. In such a situation agri-
culture might be doubly disadvantaged as sectors other than agriculture compete
for shares of the diminished supplies. Under most UIUC climate change scenarios,
especially those with elevated CO2 in which demand for irrigation water declines,
enough will be available to irrigate the three grain crops to their fullest demand.
If climate change results in a drying like that predicted by BMRC, then water for
irrigation will be in short supply, and conflicts among competing uses of water
would likely surface.

Adaptations to the impacts of climate change have not been considered in this
study. In actuality, when faced with changes in temperature regimes and precipita-
tion patterns, farmers will adapt their crop production methods, making use of differ-
ent cultivars or crops better suited to the changes. Improved efficiencies in irrigation
application and timing could also reduce the amount of water used in agriculture.

Our focus in this methodological study has been on total national production
of key grain crops and to provide projections for use in integrated assessments of
climate change. The regional changes in crop production and irrigation needs will
necessarily be more complex than represented here as seasonal changes in water
yield and local conflicting demands for water are considered.
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Abstract. Human activities have altered the distribution and quality of terrestrial ecosystems. Future
demands for goods and services from terrestrial ecosystems will occur in a world experiencing human-
induced climate change. In this study, we characterize the range in response of unmanaged ecosystems
in the conterminous U.S. to 12 climate change scenarios. We obtained this response by simulating the
climatically induced shifts in net primary productivity and geographical distribution of major biomes
in the conterminous U.S. with the BIOME 3 model. BIOME 3 captured well the potential distribution
of major biomes across the U.S. under baseline (current) climate. BIOME 3 also reproduced the general
trends of observed net primary production (NPP) acceptably. The NPP projections were reasonable
for forests, but not for grasslands where the simulated values were always greater than those observed.
Changes in NPP would be most severe under the BMRC climate change scenario in which severe
changes in regional temperatures are projected. Under the UIUC and UIUC + Sulfate scenarios,
NPP generally increases, especially in the West where increases in precipitation are projected to be
greatest. A CO2-fertilization effect either amplified increases or alleviated losses in modeled NPP.
Changes in NPP were also associated with changes in the geographic distribution of major biomes.
Temperate/boreal mixed forests would cover less land in the U.S. under most of the climate change
scenarios examined. Conversely, the temperate conifer and temperate deciduous forests would increase
in areal extent under the UIUC and UIUC + Sulfate scenarios. The Arid Shrubland/Steppe would
spread significantly across the southwest U.S. under the BMRC scenario. A map overlay of the
simulated regions that would lose or gain capacity to produce corn and wheat on top of the projected
distribution of natural ecosystems under the BMRC and UIUC scenarios (Global mean temperature
increase of +2.5 ◦C, no CO2 effect) helped identify areas where natural and managed ecosystems
could contract or expand. The methods and models employed here are useful in identifying; (a) the
range in response of unmanaged ecosystem in the U.S. to climate change and (b) the areas of the
country where, for a particular scenario of climate change, land cover changes would be most likely.

1. Introduction

During the last two centuries, more than at any time in the past, human activ-
ities have profoundly altered the distribution, quality and function of terrestrial
ecosystems. Current estimates of land use and cover, for example, assign about one
tenth of the total land surface of Earth (134 × 106 km2) to croplands, a quarter to
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grasslands and savannas, and another quarter to forests. The remainder is occupied
by wetlands, deserts, tundra and settlements (IPCC, 2000). Terrestrial ecosystems
provide many goods and services from which humanity derives important benefits
including food, fiber, medicines, and the cycling of energy, water and nutrients.
However, human use of the land has often affected ecosystem quality negatively,
by for example, accelerating wind and water erosion (Lal, 1995), encouraging de-
sertification (Middleton and Thomas, 1997) and altering gas exchanges between
land and the atmosphere (Houghton, 1999).

As the human population continues to grow in the 21st century so, too, will its
need for the goods and services that terrestrial ecosystems provide. Furthermore, the
growing demand will likely occur in a world in which the rising concentrations of
atmospheric CO2 ([CO2]) and other greenhouse gases alter the climatic conditions
to which existing ecosystems are adapted. These human-induced changes in cli-
mate might also affect the geographic distribution and productivity of unmanaged
ecosystems as well as nutrient cycling and biodiversity. Thus, climate change of
any kind that might occur during this century has to be analyzed within the context
of increasing global populations and demand for land and in the context of how
ecosystems respond to these changes.

In previous papers of this series, we established how, for a given set of climate
change scenarios, the land areas devoted to production of the major crops could
change. Lands, which lose the capacity to produce a given crop profitably – under
either dryland or irrigated conditions – would be: a) used to produce other crops,
b) planted to grasses and trees, or c) allowed to revert to native vegetation. This
paper (Part 6 of the series) addresses these contingencies by applying the biophysical
and biogeochemical model BIOME 3 (Haxeltine and Prentice, 1996) to simulate
impacts of a set of climate change scenarios (described in Part 1) on the distribution
and productivity of unmanaged ecosystems in the conterminous U.S. Changes in
productivity are related to the changes in farm productivity, simulated with EPIC
(Williams, 1995) for the major agricultural regions of the country (Parts 3 and 5), to
estimate land cover change between agriculture and native vegetation. Since land
use change involves national and global economic considerations as well as local
agronomic factors, results of this analysis are integrated in the following paper
(Part 7) through the analytical framework of the global change assessment model
(GCAM) developed by Pacific Northwest National Laboratory (see Parts 1 and 7
for details).

2. Model Description, Model Validation and Scenarios

2.1. THE BIOME 3 MODEL AND ITS USES

As described by Haxeltine and Prentice (1996), BIOME 3 is a grid-cell model
that predicts steady-state global natural vegetation patterns using a rule-based
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algorithm to determine plant functional types and by determining the leaf area
index (LAI) that maximizes net primary productivity (NPP). BIOME 3 uses a
minimal set of five woody and two grass plant functional types for large-scale
(global) modeling. Optimal values of NPP for each plant functional type are
used as competitive indices to determine plant dominance, except where grasses
have been excluded. Quasi-empirical rules are used to capture the opposing ef-
fects of succession driven by light competition and natural disturbance by fire.
These rules are such as to preclude ecological anomalies, for example, the dom-
inance of grass-type vegetation under wet soil conditions (i.e., soil moisture >
75% of water holding capacity or when annual precipitation exceeds 2200 mm).
BIOME 3 determines the distributions of plant functional types based on grow-
ing degree-days, mean temperature of the coldest and warmest month and the
α-moisture index (Haxeltine and Prentice, 1996; Leemans and Van den Born,
1994; Leemans et al., 2001). Eighteen biome types can be predicted in BIOME
3 based on estimates of NPP, LAI, and plant functional types. Table 5 of Haxeltine
and Prentice (1996) contains the classification scheme to assign model output to
biomes.

Photosynthesis in BIOME 3 is a function of environmental variables and
leaf parameters. The maximum rate of photosynthesis achievable under light-
saturated conditions is regulated by the catalytic capacity of the rubisco enzyme
and leaf N content. Environmental factors – such as atmospheric CO2 concen-
tration – influence photosynthesis, stomatal conductance and leaf area develop-
ment. BIOME 3 runs mostly on a monthly time step and requires climate and
soil data as input. Main model outputs by grid cell include: dominant and sec-
ondary plant functional types, LAI (m2 m−2), total NPP (g C m−2 yr−1) and
water balance components. Detailed descriptions of BIOME 3 can be found in
Haxeltine (1996) and in Haxeltine and Prentice (1996). Many output variables
can be extracted from BIOME 3 including dominant biome type, LAI, NPP,
absorbed photosynthetic active radiation, respiration costs, soil moisture con-
tent, and runoff. In this paper, we discuss only BIOME 3 results for biome
types and NPP variables. Information on the response of hydrological variables
to climate change scenarios is derived from the HUMUS model (Arnold et al.,
1999) and EPIC (Williams, 1995) results presented and discussed in Parts 3, 4
and 5.

The explicit linking of vegetation and climate patterns is an active field of
research. For example, Jolly and Haxeltine (1997) used BIOME 3 to model glacial-
interglacial climate changes in East Africa. The modeled response of vegetation
to [CO2] and climate appeared to have explained the replacement, as evidenced
by the fossil record, of a tropical montane forest by a scrub biome. BIOME 1, a
predecessor of BIOME 3, has also been used to estimate the distribution of biomes
around 6,000 yr ago and to compare it against that inferred from paleo-vegetation
data (Williams et al., 1998).
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2.2. VALIDITY OF BIOME 3 IN THIS APPLICATION

Figure 1 compares the distribution of major biome types within the conterminous
U.S. as modeled by BIOME 3 under current climate (baseline) with the natural
biome distribution produced by Küchler (1964). There are similarities and dif-
ferences between the two maps. There is visual coincidence in the distribution

Figure 1. Potential vegetation by biome type under (a) current (baseline) climate as predicted by
BIOME 3 and (b) according to the Küchler classification.
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of short grass lands in the north, but not in the south of the country. The model
predicts the occurrence of a narrow North–South band of tall grass land that, com-
pared with the natural classification, is too narrow and displaced to the west in the
Great Plains. Similar results were obtained by Neilson (1995) with the MAPPS
(Mapped-Atmosphere-Plant-Soil-System) model. Neilson (1995) argued that the
reason for a prediction of the tall grass prairie so far west is that MAPPS, like
BIOME 3, predicts vegetation in equilibrium with climate, while the tall grass
prairie distribution indicated by Küchler is the result of fires set by Native Amer-
icans that allowed for an eastward expansion of this biome. The predicted belt of
the moist savanna is narrow and runs from North to South, while the Küchler belt
runs predominantly in a NE–SW direction and barely reaches the Canadian border.
The BIOME 3 Arid shrub land/steppe spreads uniformly across the southwestern
U.S. while the Küchler distribution of natural vegetation in the same region appears
much more complex. There is correspondence, albeit not perfect, between the simu-
lated and Küchler classified temperate deciduous forest in central and northeastern
sections of the U.S. Similar observations can be made about the evergreen for-
est in the southeastern U.S. and the conifer forest at altitude in the northwestern
U.S.

Lugo et al. (1999) used high-resolution bioclimatic data of the conterminous
U.S. to derive a map of natural ecosystems according to the Holdridge Life Zone
System (Holdridge, 1967). This map was compared with four others derived using
Bailey’s and Küchler’s systems, output from the first version of the BIOME model
(Prentice et al., 1992), and from land cover interpretations derived from satellite im-
ages (Loveland et al., 1991). To allow for a common-base comparison, all mapped
vegetation was collapsed into four categories: forest, cropland, grassland and shrub-
land. Of the four maps, the delineations produced by the BIOME model compared
best with the Holdridge life zones. From these comparisons, we also surmise a good
agreement between BIOME’s output and Küchler’s potential vegetation. Inciden-
tally, all major ecosystem boundaries produced with the BIOME run presented
in Lugo et al. (1999) are very similar to those we obtained running BIOME 3
(Figure 1). We deduce from these comparisons that the BIOME 3 model provides
both a realistic and objective baseline of the potential distribution of natural vege-
tation in the conterminous U.S. The natural distribution of vegetation predicted by
BIOME 2, a predecessor model, at continental and global scales under current cli-
mate has been compared with that produced by MAPSS (VEMAP Members, 1995).
Although some differences are evident, both models – BIOME 2 and MAPPS –
produced essentially similar vegetation maps under current climate. From the point
of view of climate change assessment, both models represent improvements over
previous, empirical approaches (VEMAP Members, 1995; Watson et al., 1997).

The NPP map predicted by BIOME 3 under baseline climatic conditions
(Figure 2a) shows maximum annual growth rates (1,200 g C m−2) in warm temper-
ate and subtropical regions of Florida, Georgia and along the Gulf coast through the
states of Alabama, Mississippi and Louisiana. Values of NPP decrease in a fan-like
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manner toward the West and the North. In the temperate/boreal forest region of
Minnesota, Wisconsin and Michigan, estimates of NPP are only half of those es-
timated in the SE. In the grassland region of the Great Plains states, annual NPP
decreases from 900 to 500 g C m−2 in the general direction SE–NW. Annual NPP is
least (∼200 g C m−2) in the arid shrublands of the SW covering parts of California,
Nevada and Arizona. NPP is predicted to increase toward the Pacific coast and in
the Northeast direction.

Are these estimates realistic? We compared our regional estimates of NPP
with the data synthesized by Olson et al. (2001) and available from the Oak
Ridge NPP database (http://www-eosdis.ornl.gov/NPP/npp home.html). The NPP
database was assembled as part of the Ecosystem-Modeling Data Intercomparison
activity to compare global carbon model estimates against measurements. The data
are made available in three classes (A, B, and C) according to the level of detail in
the documentation. For this comparison, we selected NPP data from Class A sites,
which are considered to be well documented study sites with complete above-
ground and belowground NPP measurements (Figure 3). Only sites whose biome
field descriptions coincided with those estimated by BIOME 3 were included in the
comparison. The regression line in Figure 3a reveals that BIOME 3 overpredicted
NPP for forests at low measured NPP, while it underpredicted measured NPP at
high NPP values. Overall, BIOME 3 explained about 70% of the total variation in
the forest data. For the case of grasslands (Figure 3b), BIOME 3 overestimated the
measurements of NPP in standing biomass by 50%.

Zheng et al. (2001) have pointed out that differences in scale at which the obser-
vations and predictions are made (field vs. 0.5 ◦ grid cell) make direct comparisons
between them difficult. Zheng et al. (2001) examined these challenging issues of
scale and aggregation and, using appropriate stratification procedures and model-
ing, produced a grid-cell based global database of primary productivity suitable
for testing biogeochemical models (Figure 2b). A comparison of the two maps in
Figure 2 further illustrates that, while BIOME 3 overpredicts NPP values, especially
in the Great Plain region, it does captures regional trends in NPP.

2.3. SCENARIOS AND DATA

The 13 climate-change scenarios described in Part 1 were used to drive BIOME 3 in
order to study potential changes in distribution and productivity of plant functional
types across the conterminous U.S. The scenarios are those that were used to drive
the EPIC and HUMUS models in the prior papers of this series (i.e., BMRC, UIUC,
UIUC + Sulfate; Global Mean Temperature (GMT) increase = +1.0 and +2.5 ◦C;
and [CO2] = 365 and 560 ppmv). The conterminous U.S. is covered by 4234
half-degree grid cells. Each grid box contained data on latitude, monthly means of
temperature, precipitation and sunshine hours, and soil texture. NPP values were
aggregated up to the scale of the 204 4-digit hydrologic units using a weighted
average procedure as described in Parts 3, 4 and 5.
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Figure 2. Annual net primary productivity (NPP, g C m−2) of unmanaged ecosystems under (a) current
(baseline) climate as predicted by BIOME 3 and (b) as reported by Zheng et al. (2001).

3. Results and Discussion

3.1. CLIMATE CHANGE SCENARIOS

As presented in Figures 3 and 4 of Part 1, the three GCM projections of climate
change used in these studies indicate large and contrasting regional changes in both
precipitation and temperature. Changes in temperature would be most severe under
the BMRC scenario (Figure 3 in Part 1), especially with a GMT increase of 2.5 ◦C.
The NE region of the country experiences the greatest warming (>4 ◦C) under
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Figure 3. Relationship between values of NPP (g C m−2 yr−1) simulated with BIOME 3 and measured
at Class A vegetation sites (Olson et al., 2001) for (a) forests and (b) grasslands.

this scenario. In contrast, the UIUC + Sulfate scenario would bring the smallest
changes in temperature with the SE of the country experiencing almost no change
in mean annual temperature. Under the BMRC +2.5 ◦C scenario (Figure 4 of Part
1), more than half of the country – primarily the southern half – would become
significantly drier than under current climatic conditions. At the other extreme, the
UIUC + Sulfate +2.5 ◦C scenario would make the West much wetter than it is
today (>300 mm increase in precipitation).
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Figure 4. Predicted changes in net primary productivity (NPP, g C m−2) under the BMRC climate
scenarios (GMT = 1 and 2.5 ◦C, [CO2] = 365 and 560 ppmv).

3.2. EFFECTS OF GCM AND GMT ON NET PRIMARY PRODUCTIVITY

Changes in NPP portrayed in the maps on the left side of Figures 4–6 show the
effects of climate change scenario alone. The influence of the CO2-fertilization
effect is seen in the maps to the right side of these figures and is discussed below.

A climate change like the BMRC GCM at GMT = + 1 ◦C (Figure 4, upper
left panel) would increase NPP slightly (∼100 g C m2) in the NE quarter of the
country and the upper SE, as well as in the coniferous forest of the Pacific NW.
However, a 2.5 ◦C increase in GMT would cause major losses in NPP throughout
the country, especially in the SE. This would lead implicitly to large changes in
ecosystem structure (discussed below).

Under the UIUC scenario (Figure 5, upper left panel), the country would present
two contrasting regions in terms of NPP changes. With GMTs of both +1 and
+2.5 ◦C, NPP would decrease (200–600 g C m−2) almost everywhere in the SE but
it would generally increase (100–400 g C m−2) in the West. The greatest gain in the
West occurs at GMT = +2.5 ◦C because of the substantial increase in precipitation
associated with the UIUC scenario.

Under the UIUC + Sulfate (Figure 6) scenarios, the U.S. is even more sharply
divided than under the other GCM scenarios. West of an imaginary line near
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Figure 5. Predicted changes in net primary productivity (NPP, g C m−2) under the UIUC climate
scenarios (GMT = 1 and 2.5 ◦C, [CO2] = 365 and 560 ppmv).

Figure 6. Predicted changes in net primary productivity (NPP, g C m−2) under the UIUC + Sulfate
climate scenarios (GMT = 1 and 2.5 ◦C, [CO2] = 365 and 560 ppmv).
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longitude 105 ◦ W from eastern New Mexico through Colorado, Wyoming and
Montana, natural ecosystems show consistent increases in NPP (100–400 g C m−2).
East of the line, NPP of natural ecosystems declines by 200–400 g C m−2. From
the South Atlantic States and along the Gulf Coast to Texas and in portions of the
Great Plains, NPP losses range from 400 to 900 g C m−2 or more.

3.3. EFFECT OF CO2-FERTILIZATION

The right-side panels of Figures 4–6 show simulated changes in NPP with CO2-
fertilization consistent with an atmospheric concentration of 560 ppmv (the left
panels show NPP at [CO2] = 365 ppmv). In all cases, CO2-fertilization moderates
losses in ecosystem NPP and strengthens positive effects. Under the BMRC scenario
at GMT = +1 ◦C and the UIUC scenario at both GMT levels, losses in NPP are
converted to gains in large areas of the country.

These deterministic results are similar to those obtained with the EPIC model
for dryland crops like corn and wheat (Part 3). As reviewed in Part 1, positive
effects of CO2-fertilization on crop yields have been observed under field condi-
tions in a wide range of experiments using open top chambers (e.g., Kimball, 1983;
Rogers et al., 1996) and free air carbon dioxide enrichment (FACE) facilities (e.g.,
Mauney et al., 1994; Kimball et al., 1995). Results of enrichment studies in un-
managed ecosystems are more ambiguous, however. Drake et al. (1996) found that
the C3 sedge Scirpus olneyi, a dominant wetland species of the Chesapeake Bay,
exhibited enhanced photosynthesis and reduced respiration when growing in a CO2-
enriched open-chamber environment. While elevated CO2 increased net ecosystem
production, it did not increase the size of the belowground carbon pool. Oechel
et al. (1994) found that benefits of CO2-fertilization to tussock tundra vegetation
in Alaska diminished in the second year of continuous exposure to air enriched
in CO2. Oren et al. (2001) reported results from a FACE installation at the Duke
Forest, NC, where maturing pines growing on a nutrient-poor site did not benefit
from CO2 enrichment of the ambient air. Conversely, maturing forests growing
in nutrient-amended soils responded synergistically to elevated CO2. Using FACE
technology in an intact Mojave Desert ecosystem, Smith et al. (2000) measured a
doubling in new shoot production of a dominant perennial shrub in a wet year with
a 50% elevation in atmospheric [CO2]. However, elevated CO2 in a dry year did not
enhance NPP. Smith et al. (2000) concluded that elevated CO2 could eventually en-
hance the long-term success and dominance of exotic annual grasses in the Mojave
Desert.

Results of the experiments cited here illustrate how complex the response
of native of ecosystems to elevated CO2 could eventually be. Thus, we caution
readers that the results shown on the right-side panels of Figures 4–6 may be
overly optimistic because the simulations assume soils with nutrients in ample
supply.
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3.4. LAND COVER CHANGE

The simulated NPP changes in Figures 4–6 provide a sense of the range of possible
outcomes under greenhouse warming. Were any of these, at times drastic, changes
in NPP to occur, ecosystem structure would surely be affected. Table I summa-
rizes average NPP (Table I), areal distribution (Table II), and total NPP (Table III)
simulated by BIOME 3 for current biome types in the conterminous U.S. and their
changes under the 12 climatic-change scenarios. Overall, a moderate GMT increase
of 1 ◦C under the BMRC scenario would translate into rather moderate changes in
NPP (Table I) and areal extent (Table II). Consequently, total annual NPP in the
conterminous U.S. (Table III) would either remain unchanged without a full ex-
pression of the CO2-fertilization effect ([CO2] = 365 ppmv) or increase by 36%
in a scenario with a full expression of the CO2-fertilization effect ([CO2] = 560
ppmv). In contrast, very drastic changes in NPP (per unit area and total) and area
covered were simulated with a 2.5 ◦C increase in GMT under the BMRC scenario.
Examining the behavior of selected across climate change scenarios, the modeled
results suggest the possibility of significant reductions or even disappearance of
the Temperate/Boreal Mixed Forests (Table II). Correspondingly, two other for-
est biomes, Temperate Conifer and Temperate Deciduous, show increases in areal
extent under the UIUC and UIUC + Sulfate scenarios (Table II). Under current
climate, the Arid Shrubland/Steppe could potentially occupy 18% of the contermi-
nous U.S. Were future climates to resemble those projected by the BMRC GCM,
the Arid Shrubland/Steppe could increase to occupy 49% of the total U.S. land
area.

Such striking changes in biome distribution and NPP would carry severe con-
sequences for the functioning of ecosystems and people. Have changes of this type
ever happened? The climate of the mid-Holocene, ca. 6,000 yr before present, was
warmer and drier than today (Beerling and Woodward, 2001). Using pollen data and
a procedure to assign plant taxa to biomes, Williams et al. (2000) reconstructed the
distribution of biomes in Canada and the eastern U.S. and concluded that overall,
the location of biomes then was similar to that of today. Nevertheless, they reported
a 100–300 km eastward displacement of the steppe-forest boundary relative to its
present position in Wisconsin and Minnesota, but no such displacement in the cen-
tral and southern regions of the Great Plains. A direct comparison of our BIOME 3
results and the paleo-climatic information can neither be made nor is intended, but
the study conducted by Williams et al. (2000) suggests that significant displacement
of biome boundaries can indeed occur even in response to rather moderate warming
such as occurred during the mid-Holocene.

The results shown and discussed above assume, of course, that native plants
could respond to future climate change as they have done in the past by migration
and adaptation. Davis and Shaw (2001) have argued, however, that these “strategies”
would be hampered by the unprecedented rates at which climate appears to be
changing in combination with ongoing changes in land use that could prevent gene
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flow. On the basis of the genetic composition of Chamaecrista fasciculate, an annual
legume naturally occurring in tall grass prairie fragments of the U.S. Great Plains,
Etterson and Shaw (2001) predicted that rates of evolutionary response could not
keep up with predicted rates of climate change.

Figure 7 shows the predicted distribution of natural ecosystems under the BMRC
and UIUC scenarios with a GMT increase of 2.5 ◦C and no CO2-fertilization. Over-
lain on these maps are the regions of the country in which the capacity to profitably
produce crops of corn and winter wheat would, according to the EPIC simulations
in Part 4, be gained or lost. We assume that native ecosystems would expand into
regions abandoned by agriculture. Similarly, we assume, regions entering into agri-
cultural production would do so at the expense of native ecosystems. The West
is the region of the country in which simulated land use changes are most dra-
matic. Natural ecosystems would occupy much new land under the BMRC climate
change scenario and lose most to agriculture under the UIUC scenario. This sim-
ple analysis given here demonstrates the complexity of environmental change and
the challenges we face in developing consistent scenarios with which to examine
the best paths for harmonizing environmental needs and societal development in
the face of climatic change.

4. Conclusions

This study aimed at characterizing the range in response of unmanaged ecosystems
to 12 climate change scenarios. The response was evaluated by simulating, with the
BIOME 3 model, shifts in NPP and geographical distribution of major biomes of
the conterminous U.S. under a set of climate change scenarios. BIOME 3 captured
the potential distribution of major biomes across the U.S. under current climate
reasonably well. BIOME 3 also reproduced the general trends of observed NPP
acceptably. Values of forest NPP projected by the model agreed well with observa-
tions, but grassland NPP was always overestimated. Changes in NPP would be most
severe under the BMRC scenario because of the significant increases in regional
temperatures projected. The UIUC and UIUC + Sulfate scenarios would bring in-
creases in NPP, especially in the West where precipitation is projected to increase
substantially. In general, the inclusion of a CO2-fertilization effect as a modeling
factor either enhanced increases or alleviated losses in NPP brought about by the
climate change. Changes in NPP were associated with changes in the distribution
of major biomes. Temperate/Boreal Mixed Forests would lose area under most of
the climate change scenarios examined. In contrast, the Temperate Conifer and
Temperate Deciduous Forests would increase in areal extent under the UIUC and
UIUC + Sulfate scenarios. Under BMRC, the Arid Shrubland/Steppe would ex-
pand across the U.S. southwest. A map overlay of simulated regions that would lose
or gain capacity to produce corn and wheat (Parts 3 and 5) on a map of the projected
distribution of natural ecosystems under the BMRC and UIUC scenarios (GMT +
2.5 ◦C, no CO2 effect) helped identify areas where natural and managed ecosystems
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might eventually contract or expand. The methods and models employed here were
useful in identifying; (a) the range in response of unmanaged ecosystems in the
U.S. to climate change and (b) the areas of the country where tradeoffs between
managed and unmanaged ecosystems would be most likely.

Acknowledgements

This project was supported by the National Science Foundation through the Methods
and Models in Integrated Assessment Program, contract DEB-9634290 and by the
Integrated Assessment Program, Biological and Environmental Research (BER),
U.S. Department of Energy (DE-AC06-76RLO 1830). We also thank Scott Waichler
and Antoinette Brenkert of PNNL as well as two anonymous reviewers for helpful
comments on the manuscript.

References

Arnold, J. G., Srinivasan, R., Muttiah, R. S., and Allen, P. M.: 1999, ‘Continental scale simulation of
the hydrologic balance’, J. Am. Water Resourc. Assoc. 35, 1037–1051.

Beerling, D. J. and Woodward, F. I.: 2001, Vegetation and the Terrestrial Carbon Cycle: Modelling
the First 400 Million Years, Cambridge University Press, Cambridge, UK, 405 pp.

Davis, M. B. and Shaw, R. G.: 2001, ‘Range shifts and adaptive responses to quaternary climate
change’, Science 292, 673–679.

Drake, B. G., Muehe, M. S., Peresta, G., Gonzalez Meler, M. A., and Matamala, R.: 1996,
‘Acclimation of photosynthesis, respiration and ecosystem carbon flux of a wetland on
Chesapeake Bay, Maryland to elevated atmospheric CO2 concentration’, Plant and Soil 187,
111–118.

Etterson, J. R. and Shaw, R. G.: 2001, ‘Constraint to adaptive evolution in response to global warming’,
Science 294, 151–154.

Haxeltine, A.: 1996, Modeling the Vegetation of the Earth, Ph.D. Dissertation, Lund University, Lund,
Sweden.

Haxeltine, A. and Prentice, I. C.: 1996, ‘BIOME 3: An equilibrium terrestrial biosphere model based
on ecophysiological constraints, resource availability, and competition among plant functional
types’, Global Biogeochem. Cycles 10, 693–709.

Holdridge, L. R.: 1967, Life Zone Ecology, Tropical Science Center, San Jose, Costa Rica.
Houghton, R. A.: 1999, ‘The annual net flux of carbon to the atmosphere from changes in land use,

1850–1990’, Tellus 51B, 298–313.
Intergovernmental Panel on Climate Change (IPCC): 2000, Land Use, Land Use Change, and Forestry,

IPCC Special Report, Cambridge University Press, Cambridge, UK. 377 pp.
Jolly, D. and Haxeltine, A.: 1997, ‘Effect of low glacial atmospheric CO2 on tropical African montane

vegetation’, Science 276, 786–788.
Kimball, B. A.: 1983, ‘Carbon dioxide and agricultural yield: An assemblage and analysis of 430

prior observations’, Agron. J. 75, 779–788.
Kimball, B. A., Pinter, P. J., Garcia, R. L., LaMorte, R. L., Wall, G. W., Hunsaker, D. J., Wechsung,

G., Wechsung, F., and Kartschall, T.: 1995, ‘Productivity and water use of wheat under free-air
CO2 enrichment’, Global Change Biol. 1, 429–442.
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Abstract. PNNL’s Agriculture and Land Use is used to demonstrate the impact of potential changes
in climate on agricultural production and land use in the United States. AgLU simulates production
of four crop types in several world regions, in 15-yr time steps from 1990 to 2095. Changes in yield
of major field crops in the United States, for 12 climate scenarios, are obtained from simulations of
the EPIC crop growth model. Results from the HUMUS model are used to constrain crop irrigation,
and BIOME3 model is used to simulate productivity of unmanaged ecosystems. Assumptions about
changes in agricultural productivity outside the United States are treated on a scenario basis, either
responding in the same way as in the United States, or not responding to climate.

1. Introduction

This paper reports on methods developed at Pacific Northwest National Labora-
tory (PNNL) to place simulation results from biophysical models into a top-down
economic framework of global agriculture and land use. The economic framework
builds on a partial equilibrium model of global agriculture and land use first de-
scribed in Edmonds et al. (1996) and further documented in Sands and Leimbach
(2003). Here we utilize data from earlier papers in this issue to assess the economic
implications of climate change on land use, land prices, and economic welfare. In
doing so, we pull together knowledge developed in process-oriented crop growth
models under various climate scenarios, and embed it in an economic model of
global agriculture, forestry, and land use.

Our goal is to develop a methodology that bridges the gap between top-down
global economic models that operate with one country as the smallest geographical
area and time steps of several years, and biophysical models with shorter time
steps and much smaller geographical areas. Global economic models are often
used as an integrating tool for studies of the cost of stabilizing concentrations of
greenhouse gases, the role of advanced energy technologies, and feedbacks to the
economy through climate and atmospheric concentrations of carbon dioxide. Such
integrated analyses are incomplete without the agricultural and forestry sectors as

Climatic Change (2005) 69: 127–150 c© Springer 2005
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these sectors are a significant source of greenhouse gases, a potential source of
carbon sinks, and their productivity is affected by climate change.

Our ability to simulate climate impacts on agriculture and forestry varies by
country; detailed results from biophysical models are available for the United States
but are somewhat sparse for other countries. This leads us to consider climate im-
pacts outside the United States on a scenario basis. Our analysis should be consid-
ered qualitative and exploratory; it can be compared to but cannot replace studies
of United States agriculture and forestry using detailed mathematical programming
models such as FASOM (Adams et al., 1996). Our analysis uses a reduced-form
representation of agriculture and forestry that is integrated with a compatible model
of the world energy system. We wish to address questions such as: What is the ap-
propriate level of detail in a reduced-form economic model of global agriculture
used for integrated assessment of climate change? How might land use shift under
alternative climate scenarios? What is the impact on the economic welfare of U.S.
consumers and producers of agricultural products?

One common approach is the use of crop growth simulation models to drive
an economic model. Studies using this approach include the U.S. Environmental
Protection Agency (Smith and Tirpak, 1989), the Basic Linked System of National
Agricultural Models (Fischer et al., 1988, 1994; Rosenzweig and Parry, 1994), the
MINK study (Rosenberg, 1993; Adams et al., 1995), and the U.S. National Assess-
ment (Reilly et al., 2001). This is sometimes referred to as a structural approach
(Adams et al., 1999), where crop models simulate various crop management prac-
tices of farmers. An alternative is the spatial analogue approach, where historical
data on crop production or land rents across geographical areas with varying cli-
mate is used to infer the impacts of future climate change (Mendelsohn et al., 1994;
Darwin et al., 1995).

Of these, the U.S. National Assessment is most closely related to our study.
Both analyses use a small number of climate scenarios from general circulation
models to drive crop growth models for major field crops in the United States.
Both studies use crop simulation results for many simulated farms in the United
States, but none for crops outside the United States. One major difference between
these two studies is the type of economic model employed: the National Assess-
ment uses a detailed mathematical programming model of U.S. agriculture while
we use a top-down model of global agriculture with limited detail in any single
country.

Major uncertainties remain, especially with regard to future crop productiv-
ity, with or without climate change, and the wide variation in climate scenarios
across general circulation models. Studies addressing future crop productivity in-
clude Schimmelpfennig et al. (1996) and Crosson and Anderson (2002). Given
the uncertain impact of climate change on U.S. agriculture relative to agriculture
outside the U.S., we have adopted a scenario approach where yield impacts outside
the U.S. are assumed to be either unchanged or move in the same direction as in
the U.S.
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Section 2 of this paper describes the theoretical framework. Section 3 ex-
plains how results from other papers in this issue are used to modify productivity
parameters. Section 4 presents results for the United States by climate scenario,
where yields in the rest of the world are assumed to be unchanged. Results for
the United States are sensitive to yield assumptions in the rest of the world; this is
addressed in Section 5 with scenarios where changes to crop yield in the rest of the
world mimic those in the United States.

2. Economic Framework

The Agriculture and Land Use (AgLU) model simulates food consumption, food
production, and land use in 14 world regions with 15-yr time steps beginning in
1990. At the core of AgLU is a mechanism to allocate land among crops, pasture, and
forests according to the economic return from each land use type in each region. A
joint probability distribution is defined over yield in each alternative land use. With
additional information on prices and non-land cost of production, each landowner
is assumed to select the land use with the greatest economic return calculated as
revenue less non-land cost of production. With simplifying assumptions on the
geographic distribution of yield, a reduced-form solution can be obtained for the
share of total land in each region allocated to each land use as a function of prices and
non-land costs of production. See Sands and Leimbach (2003) for a more complete
theoretical description of AgLU and an application to the role of biomass-based
fuels in a carbon-constrained world with implications for land use.

Agricultural data for base-year calibration were obtained from the Food and
Agriculture Organization (FAO) of the United Nations (2003). Calories are the
basic unit of measurement in AgLU. Food consumption is measured as kilocalories
per person per day, while crop yields have units of gigacalories per hectare. Much
of the original FAO data used to calibrate AgLU are in units of kilograms, which
are converted to calories using weights with units of kilocalories per kilogram.

Productivity of field crops is calibrated in the model base year to match historical
FAO data. However, these crop yields are not constant over the simulation time
frame. Historical crop yields have been steadily increasing over time; crop yields
in AgLU increase at a rate specified by the model user.

For each of four crop types, one world price brings global supply and demand
into equilibrium. The four crop types are food grains, coarse grains, oil crops, and
other crops. The food grains composite is a combination of wheat and rice, and is
actually the total number of calories of wheat and rice produced within a region.
The coarse grains composite includes corn and all other cereals. Oil crops consist
primarily of soybeans in the United States, but other oil crops are included. The
“other crops” category includes the total calories of all remaining food crops, such
as fruits, vegetables, and starchy roots.

A composite forest product is used to meet demand for both industrial wood
and fuel wood. Unlike the other products, forest products are measured in units of
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cubic meters. The forest products market is also cleared globally, with one world
price, though regional prices differ with taxes and subsidies. We also solve for a
forward price in the forest market because of the time lag between planting and
harvesting trees.

Animal products are split into regional markets. Regional supply must equal
regional demand, adjusted for trade in animal products between regions, which is
fixed at 1990 levels. This assumption is reasonable given the relatively small amount
of trade between regions in animal products, mostly due to high transport costs.

International trade is an important mechanism in AgLU that allows regions with
a growing population, but limited amounts of unmanaged land that can be converted
to agriculture, to meet demand for food. The composite crops in AgLU are traded
freely among regions so that increases in global demand are supplied wherever it
is least expensive to grow them. Even though trade in animal products is limited,
trade in coarse grains used for animal feed provides a mechanism for indirect trade
in animal products. Animal products are treated separately from grains because
per-capita consumption of animal products is anticipated to increase relative to
grains as incomes grow in developing countries.

2.1. DEMAND

Agricultural production and land use are driven primarily by the demand for food.
Consumer demand for food creates direct demands for crops as well as indirect
demands through consumption of animal products and processed crops. FAO food
balance data for 1990 were aggregated into three broad food categories: crops con-
sumed directly, crops consumed indirectly as processed crops, and animal products.
Direct crop consumption is primarily of cereals, but also includes starchy roots,
fruits and vegetables. Processed crops include vegetable oils from oil crops, sweet-
eners from sugar crops, and alcoholic beverages. Animal products include meat,
milk, butter, eggs, and animal fats.

The demand equation for crops, processed crops, and animal products is

Xi jt = Ai j P
αi j

i j t Y
βi j

i j t N jtCi j t , i = crops, processed crops, animal products (1)

where j is a region index, t is time, X is quantity demanded, A is a constant for base-
year calibration, P is price, Y is per-capita income, N is total population by region,
and C is baseline per-capita consumption in kilocalories per day. Superscripts on
P and Y are price and income elasticities, respectively.

Demand for agricultural products varies with population and through the price
and income elasticities in Equation (1). Care must be taken in setting price and
income elasticities so that simulated consumption stays within a plausible range in
each region and food category. Elasticities in developing countries are set to simulate
a shift from food grains to processed crops and animal products as incomes increase.
Price elasticities for animal products are negative and greater (in absolute value)
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than price elasticities for crops and processed crops. If animal products become
expensive relative to processed crops, as could occur with low rates of increase
in crop yield over time, then consumption can shift away from animal products
to processed crops. Parameter C can be varied exogenously over time to simulate
changes in per-capita consumption unrelated to price and income.

Demand for two types of forest products, industrial wood and fuel wood, is
computed as

Xi jt = Ai j P
αi j

i j t Y
βi j

i j t N jt , i = industrial wood, fuel wood (2)

where X is quantity demanded, P is price, Y is per-capita income, and N is popula-
tion. The A term is used to calibrate base-year demands to historical data by region.
Price per cubic meter is assumed the same for industrial wood and fuel wood. With
rising income, demand for industrial wood increases and demand for fuel wood
decreases.

Demand for processed crops creates an indirect demand for crop land through the
conversion of crops to vegetable oils, sweeteners, and alcoholic beverages. Demand
for animal products creates an indirect demand for crop land and pasture land used
as animal feed, but with a net loss of calories through the conversion from crops
to animal products. Demand for biomass fuels also requires crop land, especially
in scenarios with high prices of fossil fuels, or scenarios that place a high value on
limiting carbon dioxide emissions. Prices of agricultural products adjust to equate
supply and demand, where supply is determined by a land allocation mechanism
and assumptions on yield.

2.2. SUPPLY

Supply of crops, biomass, pasture, and forest products is calculated as the amount of
land allocated to each land use times average yield. Animal products are produced
with a combination of crop-based feed and pasture. A tree diagram (Figure 1) shows

Figure 1. Allocation of land in the AgLU model.
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how land is allocated among alternative uses. During any model time step, some
land is already committed to trees previously planted. Other land is allocated among
food and biomass crops, pasture, and newly planted trees. Crops and commercial
biomass are grouped in a separate nest because we assume that land for growing
commercial biomass competes directly with land for growing crops.

Selection of land use is based on maximizing economic return per hectare,
calculated as revenue less production cost, at each location. Profit per hectare is
equal to revenue (yield per hectare times price received) less production cost (yield
per hectare times non-land cost per unit of output). An average profit rate, in dollars
per hectare, is calculated for each land use as

π̄i = ȳi (Pi − Gi ), i = crops, biomass, pasture, forest (3)

where ȳi is the intrinsic yield for land use i , Pi is the price received for the product
produced by land use i , and Gi is the non-land cost per unit of output in land
use i . Intrinsic yield is an average yield across all possible locations where a crop
could be grown, regardless of the actual land use selected by profit-maximizing land
owners. The yield distribution within an AgLU region implicitly represents variation
across temperature, precipitation, available sunlight, soil quality, and topography.
Between regions, the yield distribution also captures differences in technology and
management practice.

Given a joint probability distribution of yield, information on prices received, and
non-land costs of production, it is possible to calculate the share of land allocated
to each use and the average yield within each land use. With specific assumptions
on the functional form of the yield distribution, the share of land allocated to use i
is given by

si = π̄
1/λ

i∑
k

π̄
1/λ

k

, (4)

where λ is a positive parameter that determines the distribution of return rates over
all lands. This distribution has the desirable properties that greater profit rates imply
greater shares of land; it can be calculated quickly; and the shares sum to one.

The profit rate calculation for pasture requires a price for pasture-based feed
Ppasture. The price of pasture is calculated indirectly through the price of animal
products and crops, both of which are solved for within the model. Given these two
prices, Ppasture is found by solving:

Panimal = Pcrops × FeedOut + Ppasture × PastOut + Ganimal. (5)

FeedOut is the ratio of crop-based feed calories needed per calorie of animal
product; PastOut is the ratio of pasture-based feed calories needed per calorie of
animal product. As before, G is the non-land cost per unit of output.

The share of land allocated to new forests depends on the profit rate for trees,
which depends on the price received for forest products harvested in the future. This
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future price is determined by equating supply and demand in a market for forest
products three model time steps (45 yr) in the future. The profit rate calculation for
land allocated to forest products is analogous to Equation (3) and is given by

π̄forest = r

(1 + r )45 − 1
ȳforest(P̃ forest − Gforest), (6)

where r is the interest rate and P̃forest is the price per cubic meter of forest products
three model time steps ahead. Two markets for forest products are brought into
equilibrium within each AgLU time step. One market is for trees cut today and
another market is for trees planted today for future harvest. The current market
determines today’s price of forest products and the forward market determines a
future price of forest products, which is needed to determine today’s allocation of
land.

An observed average profit rate for all land within a region is written as a function
of the profit rates evaluated at intrinsic yields. This is shown in Equation (7) where
k is an index across land use types. The observed average profit rate is greater than
any of the individual (unobserved) profit rates.

π̂ =
[∑

k

π̄
1/λ

k

]λ

. (7)

An interesting result is that observed average profit rates are equal across land
use types as indicated in Equation (8). This result is not derived here, but is a
consequence of assuming economic optimization. Clarke and Edmonds (1993)
derive a similar result in the context of selecting a set of cost-minimizing energy
technologies.

π̂i = π̂ , i = crops, biomass, pasture, forest. (8)

We exploit this result to calculate an observed average yield for each land use
analogous to Equation (3). The observed average yield for crops, biomass, and
pasture is given by

ŷi = π̂i

Pi − Gi
, i = crops, biomass, pasture. (9)

Therefore, the observed average yield is defined to be the yield at which the
profit rate is equal to π̂i . Average yield is multiplied by the amount of land, given
by the land share from Equation (4), to determine supply.

An important feature of this land allocation mechanism is that, for any given
land use, average yield may fall as the amount of land allocated to that use increases.
For example, if the most productive land is first allocated to crops, crop land can
only expand into land less suitable for crops. Sands and Leimbach (2003) provide
a more complete description of the land allocation methodology in AgLU and
an interpretation of λ as a function of the standard deviation of the profit rate
distribution.
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2.3. GLOBAL LAND USE SCENARIO

Over time, crop yields should increase in the absence of climate change or CO2

fertilization. The AgLU baseline scenario assumes that yields in the United States
and elsewhere increase at an annual rate of 1.0% between 2005 and 2035, and
by 0.5% per year thereafter. Climate change scenarios considered in this study,
when superimposed on this autonomous rate of increase, still allow for increased
crop yields in 2080 in the United States. Other key drivers of the baseline scenario
are population and income. Population projections are from the United Nations
medium long-range population projections (United Nations, 2001). Projections of
per-capita income are derived from the B2 scenario of the Intergovernmental Panel
on Climate Change, Special Report on Emissions Scenarios (IPCC, 2001).

Figure 2 provides a view of global land use over time in AgLU. Even with
increasing crop yields, the amount of crop land increases until around 2050 to
feed an increasing population that is also consuming more animal products as
incomes rise. After 2050, the amount of crop land is relatively stable as population
growth slows. Global crop land in Figure 2 includes land used for each of the four
AgLU crop types, but does not include hay or non-food crops. The pasture land
use includes hay and rangeland. Managed forests include forests for production of
industrial wood and fuel wood. Unmanaged land is primarily unmanaged forest, but
also includes unmanaged rangeland and grassland. Total world land area is about
13 billion hectares, which includes four billion hectares of land that is not usable for
any agricultural purpose, leaving nine billion hectares of land for other uses. Pasture
land increases over time in response to the increased demand for animal products.

Figure 2. Baseline global land use scenario.
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3. Climate Drivers for Field Crops and Land Use

This section describes how results on dryland crops, irrigated crops, hydrology,
and unmanaged ecosystems from other papers in this issue are integrated into an
economic analysis of climate change using the AgLU model. One challenge is
to combine results from EPIC simulations into a national productivity index by
crop that varies by climate scenario. The 204 representative EPIC farms scattered
throughout the United States provide broad geographical coverage, but the United
States is represented within AgLU at a national scale only, and we must choose
some method of collapsing yield information for 204 locations into a yield index by
crop. Another challenge is that results on dryland crops in Thomson et al. (2004b)
cover only corn, winter wheat, soybeans, and hay in the United States. These crops
are the major uses of crop land in the United States, but no coverage is provided
outside of the United States. Further, the yield simulations are static: they simulate
the response of crop yield to climate change as if a new climate were imposed on
current agricultural practice instead of future agriculture.

Twelve climate scenarios are derived from three climate models and two cli-
mate sensitivities; they are further distinguished by the presence or absence of CO2

fertilization. The three climate models are from the Australian Bureau of Meteo-
rology Research Center (BMRC), the University of Illinois at Urbana-Champagne
(UIUC), and UIUC with a sulfate effect (UIUC + Sulfates). The two climate sen-
sitivities, which represent an increase in global mean temperature by mid-century,
are 1.0 ◦C and 2.5 ◦C.

We describe methods for creating a national yield index for dryland field crops
in the United States in Section 3.1. In Section 3.2, information on water supply and
water demand for irrigation is used to construct a yield index with idealized, but
restricted, irrigation. In Section 3.3, the BIOME model is used as a tool to represent
productivity for forests in each climate scenario. Finally, Section 3.4 provides a
discussion of the timing of yield changes brought about by climate change, and
how these yield changes interact with autonomous increases in yield that would
occur with or without climate change.

3.1. DRYLAND AGRICULTURE

Thomson et al. (2004b) describe dryland yields, from EPIC farm simulations,
across 204 hydrologic unit areas (HUAs) for major field crops in the United States,
for the case of a baseline climate and twelve climate scenarios. Yield estimates
from these simulations represent typical yield in the agricultural land area of each
HUA. Agricultural land area, by HUA, is obtained from a land use and land cover
data set of the National Oceanic and Atmospheric Administration (NOAA, 2003).
Agricultural land in the NOAA data set is defined as in Anderson et al. (1976)
and is equal to about one-third of U.S. land area. We use agricultural area as
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TABLE I
Simulated yield from EPIC (tons per hectare) and BIOME (tons per hectare of carbon) models
without irrigation for the United States

EPIC

Scenario Corn Soybeans Winter wheat Hay
BIOME
Woody NPP

Baseline 4.95 1.56 2.88 5.60 5.84

Without CO2 effect

BMRC 1.0 4.77 1.45 2.73 5.05 5.72

BMRC 2.5 4.19 1.23 2.60 4.70 0.86

UIUC 1.0 5.00 1.53 2.82 5.38 5.07

UIUC 2.5 4.92 1.44 2.70 5.21 5.76

UIUC 1.0 + Sulfates 4.98 1.53 2.82 5.42 4.26

UIUC 2.5 + Sulfates 4.87 1.43 2.68 5.18 5.76

With CO2 effect

BMRC 1.0 5.34 1.76 3.34 5.84 8.21

BMRC 2.5 4.82 1.49 3.20 5.52 1.34

UIUC 1.0 5.59 1.84 3.41 6.20 7.41

UIUC 2.5 5.42 1.72 3.25 6.03 8.35

UIUC 1.0 + Sulfates 5.58 1.84 3.41 6.23 6.35

UIUC 2.5 + Sulfates 5.39 1.72 3.23 6.02 7.49

Note. The CO2 fertilization effect corresponds to a CO2 concentration of 560 ppmv.

weights to calculate national dryland yield indexes for corn, winter wheat, soy-
beans, and hay. The yield indexes are presented in Table I for each crop and climate
scenario.

Yield indexes in Table I are somewhat below current practice for two reasons.
The first is that many of the yield simulations from EPIC are closer to historical
yields in the 1972–1994 time frame (Thomson et al., 2004a) than have been observed
recently. The second reason is the use of agricultural area as weights instead of area
harvested. Agricultural area is used as weights to represent average yield over a
large area where a crop can potentially be grown. If we had instead used historical
area harvested, historical patterns of land use by crop would be built into the yield
index. The corn baseline yield would have been 5.62 tons per hectare, instead of
4.95 tons per hectare, if area harvested had been used as weights. The soybean
baseline yield would have been 1.92 tons per hectare instead of 1.56, and the winter
wheat yield would have been 2.99 tons per hectare instead of 2.88.

Average yield is lowest in the BMRC 2.5 ◦C scenario, with or without CO2

fertilization. In all scenarios except BMRC 2.5 ◦C, dryland yields with CO2 fertil-
ization exceed baseline yield. Dryland yields for the UIUC scenarios are equal to
or slightly greater than the corresponding UIUC + sulfates scenarios.
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TABLE II
Simulated EPIC yield with restricted irrigation (metric tons per hectare)

Scenario Corn Soybeans Winter wheat

Baseline 5.61 1.77 3.11

Without CO2 effect

BMRC 1.0 5.49 1.67 3.02

BMRC 2.5 4.95 1.44 2.90

UIUC 1.0 5.57 1.74 3.02

UIUC 2.5 5.35 1.61 2.88

UIUC 1.0 + Sulfates 5.54 1.73 3.00

UIUC 2.5 + Sulfates 5.30 1.60 2.84

With CO2 effect

BMRC 1.0 5.92 1.99 3.58

BMRC 2.5 5.43 1.71 3.45

UIUC 1.0 6.02 2.05 3.58

UIUC 2.5 5.75 1.89 3.40

UIUC 1.0 + Sulfates 5.99 2.04 3.56

UIUC 2.5 + Sulfates 5.71 1.88 3.35

3.2. IRRIGATED AGRICULTURE

Thomson et al. (2004d) provide information derived from the EPIC model on
irrigation requirements for corn, soybeans, and winter wheat within each of the 204
HUAs. This information, along with EPIC crop yield under irrigation and water
supply by climate scenario, is used to derive an alternative yield index labeled
“restricted irrigation” in Table II. The amount of water used for irrigation within
each HUA is constrained by the water supply derived from HUMUS simulations
in Thomson et al. (2004c).

Yield for each HUA under restricted irrigation is calculated for each crop and
climate scenario as an average between dryland yield and yield with full irrigation.
First, water supply within a HUA is compared with water demand from irrigation.
The amount of irrigated water demanded by the crop varies by climate scenario,
as does the amount of water supply. If water supply is adequate to irrigate that
crop within all agricultural area in that HUA, then the crop yield under irrigation
is used. If water supply is not adequate, then the amount of agricultural land that
can be irrigated is determined. In this case, average yield for that HUA is an area-
weighted average of dryland and irrigated crop yields. This is the same calculation
as was used for each HUA in Thomson et al. (2004d). Even this restricted irrigation
calculation is idealized in that we have ignored competing demands for water
such as electric power generation and management of stream flow to maintain fish
populations.
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The pattern of yield index under restricted irrigation relative to baseline yield
(Table II) is quite similar to that of dryland yield relative to dryland baseline
(Table I). Again, the BMRC scenario at 2.5 ◦C without CO2 fertilization has the
lowest yields relative to baseline. Some of the detail behind the calculation of yield
under restricted irrigation is shown in Figures 3a, b, and c, for corn, soybeans,
and winter wheat, respectively. Yield is plotted on the vertical axis while area is
plotted along the horizontal axis. These figures show the range of crop yields for
all agricultural land in the United States and the land area that could support that
yield. In each figure, baseline yield is plotted along with yield from two climate
scenarios: UIUC at 2.5 ◦C with CO2 fertilization, and BMRC at 2.5 ◦C without
CO2 fertilization. The area under each curve in Figure 3 can be interpreted as the
technical potential output for each crop by climate scenario.

3.3. GRAZING LAND AND FORESTS

An analysis of land use in the United States in response to climate change should
cover all major land uses, including grazing land and forests. The pasture component
of AgLU is a collection of land used to grow hay, crop land used for pasture, and
grazing land. Productivity of this land type across climate scenarios in AgLU is
represented by the dryland hay yields in Table I.

Forest productivity is represented using results from the BIOME3 model, as
described in Izaurralde et al. (2004). Yield indexes are created by first calculating
average net primary productivity for each four-digit HUA, and then creating a
national average using total land area, not just agricultural area, as weights. Results
of the yield index calculations are shown in Table I. The most striking result in
Table I is the collapse in net primary productivity that occurs when the global
mean temperature sensitivity of the BMRC scenario increases from 1.0 to 2.5 ◦C,
regardless of CO2 fertilization. Izaurralde et al. (2004) also report large geographic
shifts in biome type between the BMRC scenarios. Two biome types together,
desert arid shrubland/steppe, occupy 19% of United States land area in the baseline
scenario, 18% to 22% of land area in the BMRC 1.0 ◦C scenarios, and 81% to 84%
of land in the BMRC 2.5 ◦C scenarios. This collapse of net primary productivity is
reported only for the BMRC scenarios, and not for the UIUC scenarios. Further,
no similar collapse in productivity is reported using EPIC for any of the climate
scenarios.

3.4. AGRICULTURAL PRODUCTIVITY OVER TIME

Crop yield within AgLU is simulated over time in two ways. First, crop yields will
likely increase with improved crop management, more efficient use of water, and
improved varieties of seed. Second, crop yields may increase or decrease because of
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Figure 3. Distribution of crop yield from EPIC model simulations over agricultural land in the United
States, for three climate scenarios with restricted irrigation. Simulated yields from EPIC are ranked
from high to low for 204 representative farms; the area under each curve equals production in tons if
all agricultural land were planted in a single crop: (a) corn; (b) soybeans; (c) winter wheat.

(Continued on next page)
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Figure 3. (Continued)

climate change. We first describe assumptions in AgLU on autonomous increases
in crop yield over time, and then overlay crop yield changes from selected climate-
change scenarios. Figure 4 compares trends in historical yields for U.S. corn, wheat,
and soybeans with projected trends in AgLU. For each crop, projected trends in
yield are linked to historical yield in 1990, the model base year.

Economic activity is simulated from 1990 to 2095 in 15-yr time steps and the
reference scenario allows crop yields to increase at 1.0% per year from 2005 through
2035 and 0.5% per year thereafter. At these growth rates, the cumulative increase
in yield from 2005 through 2080 is 69%. The increase in crop yield from 1990 to
2005 is set to be the average historical rate of crop yield change from 1981 to 2001.
On top of this autonomous trend in yield, we overlay climate change yield indexes
based on the average yields in Tables I and II. We allow climate impacts to be phased
in gradually between the present and 2080. Table III shows the percent change in
yield for three climate scenarios relative to baseline. Simulated crop yields in the
AgLU model fully reflect these changes by year 2080. For example, if the change in
yield is +10% for a climate scenario, then the projected yield in 2080 is 10% above
baseline yield in 2080. The percentage change is gradually phased in between 2005
and 2080.

Yield changes reported in Table III are generally less than our autonomous
trend in baseline yield between 2005 and 2080. Results from the BIOME3 model
are an exception. Forest productivity in BIOME3 is severely reduced in the BMRC
(2.5 ◦C) scenario.
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TABLE III
Yield patterns relative to baseline

BMRC 2.5 ◦C UIUC 2.5 ◦C UIUC 2.5 ◦C
AgLU sector Biophysical model no CO2 effect no CO2 effect with CO2 effect

Food grains EPIC winter wheat −6.8% −7.6% +10.8%

Coarse grains EPIC corn −11.7% −4.6% +2.5%

Oil crops EPIC soybeans −18.7% −8.9% +6.9%

Miscellaneous crops None

Pasture EPIC hay −16.1% −7.0% +7.7%

Forests BIOME3 −85.3% −1.4% +42.9%

Commercial biomass EPIC hay −16.1% −7.0% +7.7%

Figure 4. Historical crop yields in the United States (solid lines) and future projections (dashed lines)
in the AgLU model. Source for historical yields: FAO (2003).

4. U.S. Analysis

Section 2 of this paper presented the economic framework for this study, a top-
down partial equilibrium model with supply and demand for agricultural products
in 14 world regions. This framework, the Agriculture and Land Use model, contains
production functions for four crop types, and can accept a yield index to scale crop
productivity depending on assumptions about technical change and climate change.
Section 3 described how climate change impacts on dryland crops, irrigated crops,
water supply, and unmanaged ecosystems, derived from other papers in this issue,
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can be used to vary crop productivity in AgLU. Climate impacts from Table III are
applied to the United States; yields in other regions are unchanged. Yield changes
due to climate change are fully phased in by 2080. Section 4.1 presents simulations
of land use in the United States. Section 4.2 provides a discussion of the economic
impacts on producers and consumers. Section 4.3 provides a qualitative discussion
of the potential role of biomass energy crops.

4.1. LAND USE CHANGE

Table IV provides a sample of simulated land use change results for the United
States. Crop land is increasing over time, even in the absence of climate change,
because of a growing world population and increasing incomes. Two climate sce-
narios, UIUC (2.5 ◦C) with and without CO2 fertilization, are used to represent a
range of climate impacts on agricultural and forestry production. It is difficult to
interpret the land use change results when yield from crops, pasture, and forests all
change at the same time. Even among crop types, there are varying rates of change.
Therefore, intermediate scenarios are presented where first crop yields only are
adjusted, then crop yields and pasture productivity are adjusted, and finally yield
adjustments are applied to crops, pasture, and forests simultaneously. In general,
the UIUC (2.5 ◦C) scenario without CO2 fertilization provides moderate declines
in yield. The UIUC (2.5 ◦C) scenario with CO2 fertilization provides moderate

TABLE IV
United States land use (million hectares) by climate scenario with a global mean temperature change
of 2.5 ◦C

Hay,
Simulation Crop pasture Managed Wheat Coarse Oil Misc.
year land grazing forest Unmanaged & rice grains crops crops

Baseline 1990 99.0 249.2 192.4 191.5 29.1 36.5 29.3 4.1

Baseline 2080 157.8 262.2 176.8 135.4 29.6 48.4 74.9 4.9

UIUC 2.5 (without CO2 effect) applied to:

Crops only 2080 147.1 266.7 180.3 138.0 26.0 50.1 65.1 5.8

Crops and 2080 151.0 255.2 184.3 141.5 26.6 51.9 66.6 5.9
pasture

Crops, pasture, 2080 151.8 256.3 181.7 142.2 26.8 52.1 66.9 6.0
forest

UIUC 2.5 (with CO2 effect) applied to:

Crops only 2080 167.4 258.1 173.6 132.9 35.5 46.5 81.1 4.2

Crops and 2080 163.1 269.4 169.8 129.7 34.7 44.9 79.4 4.1
pasture

Crops, pasture, 2080 143.0 241.4 234.7 113.0 30.0 40.0 69.5 3.5
forest
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increases in crop and pasture yield, but a very large increase in forest productivity.
If only crop yields decline, then crops are less able to compete with other U.S. land
uses, and land area for crops declines. If only crop yields increase, then land area for
U.S. crops increases, crowding out land area for pasture, forests, and unmanaged
land. In the UIUC (2.5 ◦C) scenario with CO2 fertilization, the large increase in
forest productivity dominates land use change.

4.2. CONSUMER AND PRODUCER WELFARE

Indexes of consumption and output can be constructed for each climate scenario.
Each percentage change in Table V for consumption and net output shows the
change in an index relative to baseline, using model output from year 2080. The
consumption and net output indexes include agricultural and forestry goods, with
prices as weights. The concept of net output used in Table V is gross output less
that used in other agricultural processes. For example, grains used as animal feed
are part of gross output, but not part of net output. Net output for U.S. agriculture
varies much more across climate scenario than consumption; international trade
patterns adjust so that consumption remains close to baseline.

Changes in net output from Table V refer to primary agriculture: the production
of crops, animal products, and forest products. Primary agriculture is a small fraction
of national gross domestic product in the United States, and the implied impact on
national welfare in an open economy is small, less than one percent.

The change in net output of U.S. primary agriculture represents a change in
welfare that can be allocated across domestic consumers, domestic producers, and
international trade partners. See the Appendix to this paper for a description of
the methodology. Percentages in the last three columns of Table V sum exactly

TABLE V
Changes in consumption and net output of U.S. primary agriculture relative to baseline in 2080

Components of change in net output

Scenario
Change in
consumption

Change in
net output Consumer Producer Trade

Without CO2 effect

BMRC 2.5 −1.0% −16.6% −4.3% −12.1% −0.2%

UIUC 2.5 −0.4% −6.8% −2.3% −4.2% −0.3%

UIUC 2.5 + Sulfates −0.5% −7.3% −2.5% −4.5% −0.3%

With CO2 effect

BMRC 2.5 0.0% −2.5% 0.4% −3.2% 0.3%

UIUC 2.5 0.4% 9.0% 1.8% 6.8% 0.4%

UIUC 2.5 + Sulfates 0.4% 8.0% 1.9% 5.8% 0.2%
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to the change in net output; they are interpreted as the change in U.S. net output
of agricultural and forestry products absorbed by domestic consumers, domestic
producers, and international trade partners.

In most of the scenarios, changes in consumer and producer welfare have the
same sign. All results in Table V are for the case where climate impacts are applied
to U.S. agricultural and forestry, but not to other countries. The pattern of change
in net output, across climate scenarios, is similar to the percentage change in crop
yield.

4.3. ROLE OF BIOMASS ENERGY CROPS

The focus of this study has been on climate impacts, but biomass energy crops
may become a major land use, especially if the price of oil were substantially
higher or if a carbon policy provided incentives for biofuel production. Sands and
Leimbach (2003) presented scenarios where biomass energy crops became major
land users under a global carbon policy. One could consider future scenarios with
both a changing climate and a climate policy designed to stabilize concentrations
of greenhouse gases. In this case, biomass energy crops become a link between the
agricultural and energy systems. The amount of land devoted to biomass energy
crops depends on several factors, including the future productivity of competing
food crops, the future productivity of biomass energy crops, the price of fossil fuels,
and the magnitude of a carbon price. For any given greenhouse gas concentration
target under a climate policy, the cost of meeting that target depends in part on the
availability of biomass energy crops, which in turn depends on the productivity of
global agriculture. Increasing crop yields, either due to improved technology or
changes in climate, reduce the cost of meeting a concentration target. A decline in
crop yields increases the cost of meeting that target.

5. Sensitivity to Global Yield Change

Analysis in the previous section covered the case where United States crops, pasture,
and managed forests are affected by specific climate change scenarios, but yields
in other countries are unchanged. This section covers additional cases where crop
yields in the rest of the world are assumed to change in the same direction and to
the same extent as in the United States.

Results from Table V on net output and its decomposition are plotted on the left
side of Figure 5a for the UIUC (2.5 ◦C) climate scenario without CO2 fertilization.
The overall loss in welfare of 6.8% is shared by domestic consumers and domestic
producers, with a small amount allocated to international trade partners. However,
the welfare results change if yield changes outside the U.S. in the same way that it
changes within the U.S. In this case, shown on the right side of Figure 5a, producers
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Figure 5. Change in net output (N) for primary agriculture in the United States under two climate
scenarios relative to baseline: (a) UIUC (2.5 ◦C) without CO2 effect; (b) UIUC (2.5 ◦C) with CO2

effect. The percentage change in net output from the agricultural and forestry system is decomposed
into three welfare components: change in surplus for domestic consumers (C); change in producer
surplus (P); and change in surplus for foreign consumers (F). Columns on the left side represent the
case where changes in yield are applied to the U.S. only, while yield in other countries is unchanged.
Columns on the right side represent the case where changes in yield for the U.S. are applied globally.
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TABLE VI
United States summary by sensitivity scenario

Total U.S. crops

Production Land use
Scenario

Simulation
year (Pcal) (million ha)

U.S. Land rent
(1990 = 100)

Baseline 1990 1,143 99.0 100

Baseline 2080 2,770 157.8 123

Change in U.S. yields

UIUC 2.5 without CO2 effect 2080 2,645 151.8 120

UIUC 2.5 with CO2 effect 2080 2,717 143.0 137

U.S. yield change applied globally

UIUC 2.5 without CO2 effect 2080 2,942 178.4 125

UIUC 2.5 with CO2 effect 2080 2,605 144.8 119

gain in welfare, while both domestic and foreign consumers have a loss in welfare.
Producer welfare is tied to the price of land; if yield falls in only the U.S., then
domestic producers are at a disadvantage relative to foreign producers. If yield falls
everywhere, then the price of land is bid up everywhere to keep consumption of
agricultural goods closer to where it was without climate change.

Figure 5b provides the same type of results as Figure 5a, except that the UIUC
(2.5 ◦C) climate scenario now includes a CO2 fertilization effect. All welfare com-
ponents change in sign relative to Figure 5a. An overall gain in welfare of 9.0% is
allocated across domestic consumers, domestic producers, and foreign consumers.

Consumer welfare is tied to the price of consumption goods: prices fall when
yields rise and consumers are better off. If yield increases occur globally instead
of just in the U.S., then prices fall even further and U.S. consumers are even better
off. Producer welfare is tied to the price of land. If yields increase in the U.S.
only, then U.S. producers have an advantage relative to foreign producers. If yields
increase everywhere, then land is less scarce as a resource and land rents fall
everywhere. Table VI provides additional model output, including U.S. land rents,
across scenarios.

6. Summary

The impact of climate change and CO2 fertilization on U.S. agriculture is the focus of
this exploratory study. PNNL’s Agriculture and Land Use model is used to integrate
results on crop yields, water demand for irrigation, water supply and productivity
of unmanaged ecosystems in the framework of an economic analysis. This study
incorporates the full impact of climate change by year 2080, when population
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growth, a wealthier population, and higher crop yields create an agricultural system
larger in scale than today.

Two climate scenarios, UIUC (2.5 ◦C) without CO2 fertilization and UIUC
(2.5 ◦C) C with CO2 fertilization, are used to represent a range of impacts on
U.S. agricultural production. Crop yields are generally lower than they would be
otherwise in the UIUC (2.5 ◦C) without CO2 fertilization scenario, and higher with
UIUC (2.5 ◦C) and CO2 fertilization. Therefore, the presence or absence of the
CO2 fertilization effect is a primary determinant of changes in yield and economic
welfare. One difficulty is that results from other papers in this issue provide broad
geographic coverage of the United States, but no coverage for other countries
that trade agricultural goods with the United States. We circumvent this difficulty
through scenarios where crop yields outside the United States are assumed to be
either unchanged, or to move in the same direction as in the United States.

U.S. consumers of agricultural and forestry products are better off when yields
increase, and worse off when yields decline; consumer welfare depends on the
prices paid for agricultural and forestry products. A global change in yield has a
greater effect on prices, and therefore consumer welfare, than does a local change in
yield. U.S producers of agricultural and forestry products could be better or worse
off, depending on whether the change in yield is local or global. Producer welfare is
tied directly to land rent, which moves in the opposite direction of a global change
in yield. However, a local increase (decrease) in yield can result in a local increase
(decrease) in land rent.

We address major uncertainties in this paper using scenarios that vary along three
dimensions: choice of climate model, effect of CO2 fertilization, and treatment of
international trade. Even though this study addresses important determinants of
future agricultural systems, there remain opportunities for further analysis and
model improvement. Our single distribution of land quality for the United States
masks geographical variation that may limit the amount of possible land use change;
splitting the U.S. into regions should be considered. Better treatment of resource
constraints beyond land, especially labor in countries with subsistence agriculture,
and water in all countries, would be especially helpful for a more realistic evaluation
of maintaining agricultural production under conditions of climate change. Another
aspect of future agricultural and land use scenarios that should be addressed is the
presence or absence of a climate policy, and the corresponding economic incentives
for production of commercial biofuels and maintenance of forest land to store
carbon.
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Appendix

The purpose of this Appendix is to create a quantity index to measure the change
in economic output between climate scenarios, and decompose this change into
various welfare measures. If there is an economic gain or loss from climate change,
how is the gain or loss distributed among consumers and producers? This method-
ology depends on placing model results for United States agriculture and forestry
within an input-output framework, where land is the primary factor of production.
The input-output structure creates an accounting boundary around U.S. agriculture
and forestry, where capital, labor, and other non-agricultural inputs are considered
“imports” to the agricultural and forestry system. Net output, or final demand, is
consumption plus exports minus imports.

A quantity index of net output, which is also equal to gross output less its uses
in other domestic agricultural production processes, is used to compare economic
output across climate scenarios at a point in time. For example, net output of coarse
grains is total production less that used to feed animals and to produce sweeteners
and oils. A quantity index of net output is created with prices as weights, where
the prices vary by product but are fixed across scenarios under comparison. The
change in this quantity index of net output from a baseline scenario 0 to a climate
scenario 1 is calculated as:
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where i is an index over agricultural and forestry products, Pi
k is the price of

product i in scenario k, Ci
k is consumption of product i in scenario k, and Xi

k is the
net export (exports minus imports) of product i in scenario k. We have constructed a
quantity index to measure change in output between scenarios, with average prices
1
2 (Pi

0 + Pi
1 ) as weights. With these prices as weights, the change in the quantity

of net output from Equation (1) can be decomposed into the sum of three terms:
change in consumer surplus, change in surplus for trade partners, and change in
payments to primary factors of production (landowners). The change in consumer
surplus is written as:
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Equation (2) is interpreted as a change in price multiplied by average consumption.
The change in consumer surplus is positive if prices decline. A similar term is
constructed for the change in surplus for countries that import agricultural products
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from the United States.
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The third welfare component is the change in payments to primary factors of pro-
duction. This relies on the accounting identity that the value of payments to primary
factors equals the value of final demand. The change in value of final demand is
written as:∑
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Equation (1) can be written as the sum of Equations (2), (3), and (4) by combining
like terms. With this exercise, we have constructed an expression for a change in
the quantity of net output that is equal to the sum of three welfare measures.
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Abstract. This special issue of Climatic Change describes an effort to improve methodology for inte-
grated assessment of impacts and consequences of climatic change. Highlights of the seven foregoing
Parts (papers) that constitute this special issue are summarized here. The methodology developed
involves construction of scenarios of climate change that are used to drive individual sectoral models
for simulating impacts on crop production, irrigation demand, water supply and change in productivity
and geography of unmanaged ecosystems. Economic impacts of the changes predicted by integrating
the results of the several sectoral simulation models are calculated through an agricultural land-use
model. While these analyses were conducted for the conterminous United States alone, their global
implications are also considered in this summary as is the need for further improvements in integrated
assessment methodology.

1. Introduction

In this special issue of Climatic Change, a group of analysts in the Joint Global
Change Research Institute (JGCRI) report an effort to improve methodology for
integrated assessment of the impacts of climatic change. More specifically, our ob-
jective has been to develop methods for integrating results from general circulation
models with dynamic process-level understanding of agriculture, hydrology and
economic behavior in a state-of-the-art integrated assessment model. To accom-
plish this, we undertook to develop techniques for modeling the interactive impacts
of climate on agriculture, water resources and the economy of the conterminous
U.S.A. This required that five issues be addressed: (1) climate change mapping; (2)
potential agricultural production; (3) irrigation demand; (4) quantifying changes
in the balance of water demand and supply at the regional scale and (5) the eco-
nomic response to changes in potential agricultural supplies and demands against
a background of evolving demographic, economic, and climatic circumstances.
Agriculture in our study involved simulating the production of food and feed grains
and forage. Emphasis in the water sector was on simulating the availability of sur-
face supplies. However, as the research proceeded we recognized the need to link
changes in agricultural productivity and/or water supply for irrigation, driven by
our scenarios of climate change, to changes in biogeography and productivity of
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unmanaged ecosystems, driven by the same forces. Accordingly Issue 4 was broad-
ened to provide information on what will happen to specific areas of land lost to
agriculture, i.e., will they revert to grassland, shrubland or forest ecosystems such
as the new climate determines? Under unmanaged ecosystems, we considered cli-
mate change impacts on the geography and productivity of 17 categories of forest
and grassland vegetation. Additionally, we assumed that rising demand for food,
feed and fiber will require that at least some land now in unmanaged ecosystems be
converted to agricultural production. Our treatment of Issue 5 was also expanded
by consideration of the economic consequences of reallocations of land driven by
climate change impacts and changing demand for agricultural products.

2. Scenarios

The scenarios selected for this study were intended to bracket a wide range of
possible climate futures. Regional distributions from two different GCMs were
used. To further broaden the range of scenarios two levels of climate sensitivity were
used for each GCM using the SCENGEN methodology (Wigley, 1994; Hulme et al.,
1995). Finally, the scenarios were modified to reflect the effects of sulfur aerosol
forcing in addition to greenhouse gas accumulations. All of this results in a range
of temperature change over the 48 conterminous states relative to 1990 that varies
from a mean increase of 0.4–3.6 ◦C. Sub-regions of the United States can show
even wider variation. The regional distributions of climate change employed here
are probably realistic, not in specific detail, but in the notion that change will not
be uniform but, rather, regionally complex.

This analysis recognizes the fact that the climate changes considered here are set
in a future time. While we do not associate the changes with specific time periods,
the projected climate changes can be put into context. Part 1 estimates that, in the
absence of explicit measures to limit the concentrations of greenhouse gases in the
atmosphere, a 1 ◦C increase in global mean temperature relative to 1990 is almost
certain to occur before the end of this century. An increase of 2.5 ◦C is not likely
to occur before 2050. However, the possibility exists that this temperature increase
may be exceeded or that it may not be reached within this century.

Our study began before GCMs were chosen for the U.S. National Assessment of
the Potential Consequences of Climate Variability and Change (USGCRP, 2000).
Those were the Canadian Global Coupled Model (CGCM) and the British Hadley
Centre Coupled Model (version 2) (HadCM2 model). In terms of climate patterns,
the former is much like BMRC (Bureau of Meteorology Research Center) in that
its changes to climate in the mid-North American continent are adverse to agri-
cultural productivity; the latter is much like UIUC (University of Illinois Urbana-
Champagne) in projecting relatively moderate warming and increased precipitation
for much of the U.S. A study such as ours is in danger of obsolescence almost before
it begins because of the constant rush of new GCMs or new runs of older ones. We
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argue, however, that selection of GCM is not a very critical matter in assessments of
climate change impacts since the uncertainties associated with them overwhelm the
uncertainties associated with the kinds of crop, ecosystem and hydrology process
models that we and other assessors use. The latter models are verifiable under the
natural range of variability that exists in current climate. Put another way, while
commonly used crop models given the same climate, soils, and management input
data will produce a range of yields that may differ by 20 or 30%, GCMs may pro-
duce climate changes that are very much larger and that for particular regions often
disagree with respect to sign as well as magnitude of the projected changes. This
‘mismatch of confidence’ in assessment models will continue until a new genera-
tion of GCMs provides considerably better agreement with regard to the regional
distribution of climate change. Suffice to say here that the scenarios constructed for
this exercise provide for a wide range of possible future climate changes.

Our choice of the UIUC model was influenced by two factors: first, that Stan-
ford University’s Energy Modeling Forum had commissioned UIUC to produce a
large set of GCM outputs needed by the IA community. Also, at the time, UIUC
was one of very few GCMs that dealt with the effects of aerosols. Actually, as
it turned out, differences due to inclusion of aerosol effects in these studies were
not dramatic, especially when results are aggregated to the national level. And, in
the meanwhile, a significant change has occurred in thinking about sulfate aerosol
effects, in that the newest emission scenarios generally show a decrease in their
importance particularly in the developed nations of the world. Impacts due to the
climate effects of sulfate aerosols are likely to be most important over the next half
century. Thereafter, the pattern of global change will likely be one dominated by
greenhouse gases that warm the atmosphere rather than by aerosols that cool it.

3. Agricultural Modeling Results

With the EPIC model described in Part 2, we simulated agricultural production
under dryland conditions in the United States in response to the suite of 12 climate
change scenarios developed. The total production of corn, soybean, winter wheat,
alfalfa and clover hay was calculated “full-out” as if each crop were grown over
all arable land in the country. It was also calculated for the actual current core
production areas of these crops (Part 3). The full-out analysis provides a means of
identifying new areas that climate change may make available. Some generalities
stemming from this analysis are that production tends to be lower in the scenarios
associated with higher global mean temperature and that the manifestation of a
“CO2-fertilization effect” raises production and offsets losses. Because of its great
extent, its variable soils, typography and climate, the overall national production
of the several crops studied is not greatly affected by the climatic change scenarios
used, since gains and losses in the different producing regions tend to offset one
another. However, because we modeled the country in 204 distinct geographic units,
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we were able to identify important differences in regional impacts. Study of the
“Currently Possible Production Areas” indicates that the regions most likely to be
affected by climate change are those on the margins of the areas in which they
are currently grown. The EPIC model also provided information used in Part 5 on
changes in the amounts of water needed for irrigation for all crops and regions.

4. Water Modeling Results

Using the HUMUS model (described in Part 2), which treats the hydrologic cycle
in a comprehensive manner, we simulated changes in the hydrology of the con-
terminous United States to determine, under each of the climate change scenarios,
whether the needed irrigation water will be available (Part 4). Of the several param-
eters modeled by HUMUS we take the changes in “water yield”, an approximation
of streamflow, to indicate within-basin water supply. The GCMs used to provide
climate change scenarios for this study disagree on whether the US as a whole or
any of its constituent regions will receive more or less precipitation as the globe
warms. Therefore, the scenarios provide a wide range of possible outcomes. Under
all scenarios change will likely be most consequential in the semi-arid and arid
western U.S. Increases and decreases in water yields may be greater than 50%
in the Midwest and Southwest. Interannual variability is likely to increase where
water yield is reduced and to decrease with wetter conditions. Because of its tran-
spiration suppression effect on the vegetation covering the modeled basins, the
CO2-fertilization effect causes a small but significant increase in water yields.

5. The Irrigation Fix (An Adaptation)

It is as certain as anything can be in this arena that land and water resource managers
will adapt to the impacts of climate change to the extent that economics and available
resources allow. We did not, in this study, simulate the effects of such well-known
adaptations as changing cultivar maturity (although planting date was automatically
adjusted to the climate scenario) since the merits of these and other such simple and
relatively inexpensive adaptations have been amply demonstrated in the literature
of the past two decades (e.g., Easterling et al., 1992; Rosenzweig et al., 2000; Reilly
et al., 2003). Since higher temperatures and certainly reduced precipitation, were
they to occur, would lower crop yield in most regions, we use irrigation as a prime
example of a contingent adaptation.

Climate change will alter not only crop yields but water availability as well. A
previous effort to integrate the agricultural water demand from EPIC and the water
supply from HUMUS was made by Rosenberg et al. (2004) and Izaurralde et al.
(2003) based on modeling results from the National Assessment. There, a ratio of
water supply to water demand was calculated to examine the regional variation in
water availability under climate change as projected by the HadCM2 model. In
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contrast, the approach here uses the projected water supply simulated by HUMUS
as a constraint on the agricultural production aggregated from the EPIC model
results. By comparing change in the demand of grain crops for irrigation water
with change in available supply under the same set of climate change scenarios,
we were able to identify regions in which climate change makes irrigation more or
less feasible, impossible or unnecessary. In addition, we assess the overall impacts
of changes in water supply on national grain production.

Drawing on data from Parts 3 and 4, we calculate national production in current
crop growing regions by applying irrigation where it improves crop yields. Irriga-
tion is applied regionally and only over as much land area as can be supported by
the projected water supply. For the purposes of this analysis we arbitrarily assume
that, neglecting other potential demands, all water in a watershed is available for
irrigation within that watershed and that no inter-basin transfers occur. This allows
us to set an upper limit on the extent of the impact of irrigation within each of the
climate change scenarios. In what is perhaps one of the more counter-intuitive find-
ings, total irrigation in the continental US (under the assumptions and constraints
applied) declines under all climate change scenarios employed in this study. In cer-
tain regions and scenarios, precipitation declines so much that water supplies are
limited and very little cropland can be irrigated; in other scenarios precipitation is
so plentiful that crop yields do not increase with irrigation so that it is not applied.
Total crop production, aggregated from the regional to the national scale, is greater
under irrigation than under dryland conditions at the baseline and under all climate
change scenarios. With irrigation simulated, we found corn and soybean production
to be lower than baseline under most of the climate change scenarios. Production of
winter wheat under irrigation responds significantly to elevated atmospheric CO2

concentration and appears likely to increase under climate change.
The degree to which we have coupled and integrated results of the crop and wa-

ter models in Parts 3–5 represents an advance in integrated assessment technique.
Our analysis shows that the availability of water for irrigation is an important fac-
tor in determining overall agricultural production in the U.S. Agriculture is tightly
constrained by water in many regions of the country and the world, especially so in
the drier regions where conflicts over water are intensified as the result of climatic
change. Integrated assessment would be advanced and agricultural production es-
timates be more realistic were water availability for irrigation not assumed, but
constrained by competing societal demands in the form of withdrawals for munic-
ipal water supply, minimum streamflows for navigation, ecosystem management,
power plant cooling and other important consumptive and non-consumptive uses.

6. Unmanaged Ecosystems

In addition to our modeling of agricultural crops and water resources, we also char-
acterized the range in response of unmanaged ecosystems in the conterminous U.S.
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to the 12 climate change scenarios used throughout this study. Responses were
identified in terms of changes in net primary productivity (NPP) and in identifica-
tion of the areas of the country where land cover changes would be most likely for
any particular scenario of climate change. We found with the BIOME 3 model that
changes in NPP would be most severe under the BMRC climates in which the rise in
regional temperatures is most extreme and is coupled with a decrease in precipita-
tion. In contrast, the UIUC and UIUC + Sulfate scenarios lead to increases in NPP,
especially in the West where precipitation increases most. Simulated changes in
NPP under greenhouse warming were significant and at times drastic. For example,
most scenarios predicted a significant reduction or even disappearance of the Tem-
perate/Boreal Mixed Forests. As well, two other forest biomes (Temperate Conifer
and Temperate Deciduous) showed increases in areal extent under the UIUC and
UIUC + Sulfate scenarios. Under current climate, the Arid Shrubland/Steppe could
potentially occupy 18% of the conterminous U.S. while under the BMRC scenario
it would cover almost half of the country. Such striking changes would certainly
bring severe consequences for the functioning of ecosystems and people. The in-
clusion of sulfate aerosols in the climate change scenarios of the UIUC GCM did
not produce consistent responses in the distribution of biomes across the contermi-
nous U.S. While in general the differences in biome distribution were small, the
area covered by Temperate Conifer Forests under the UIUC + Sulfate scenario
decreased by 9% with respect to the same UIUC scenario without sulfates. CO2-
fertilization either favored an increase or alleviated the loss in NPP caused by the
climate change scenarios.

Thus, our land-cover modeling employed a simple but consistent way to exam-
ine the interactive response of unmanaged and agricultural ecosystems to climate
change. The GIS-based methodology allowed for the identification of regions un-
der natural vegetation that, because of climate change, might become available for
crop production as well as regions where native ecosystems might expand as a
result of agricultural abandonment. The analysis demonstrated the complexity of
environmental change and the challenges we face in developing consistent scenar-
ios with which to examine the best paths toward sustainable development, a task
difficult enough under a presumable static climate state but likely even more so
under changing climatic conditions.

In future work, we will include more realistic representations of land-use change.
There is also need to incorporate feedbacks describing soil nutrient dynamics into
the simulations, since these will affect plant response to climate change and espe-
cially to atmospheric CO2 concentration.

7. Economics

Agriculture takes place in an economic environment and farmers and other land-
users make decisions in response to the circumstances they face. As those circum-
stances change, so too do their decisions and actions. Climate change adds another
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source of change and therefore would be expected to result in altered behavior on
the part of those using land. We have explored the implication of changes described
in Parts 1 through 6 for the agricultural markets and land-use in Part 7.

In Parts 2 through 6 EPIC, HUMUS and BIOME 3 were exercised to provide a
large amount of process detail on crops, pastures, forests, and unmanaged ecosys-
tems. This information has been incorporated into an energy-economy-agricultural
model with a time scale appropriate for climate studies (one century). The AgLU
model also allowed consideration of key global drivers of agriculture and land-use
such as technological change and changing demands for food. A link to the energy
system through commercial biomass was also explored.

Future changes in productivity could not be taken directly from the process mod-
els as exercised in Parts 2 through 6, because agricultural productivity has shown a
strong historical tendency to change with time and the timing of climate changes is
uncertain (Part 1). Therefore, in Parts 2 through 6 we ignored technological change.
However, the economic analysis explicitly addressed the fact that climate change
is set in the future and not in the present. That future includes significant changes
in many dimensions including demographics, general economic well being, and
technology across a wide spectrum of human endeavors. Changes in agricultural
productivity from the EPIC model were treated as relative changes when introduced
into the AgLU model.

To facilitate comparison with a well- known quantitative description of develop-
ments during the new century, one of the cases articulated in the Intergovernmental
Panel on Climate Change’s Special Report on Emissions Scenarios (Nakicenovic
et al., 2000), the B2 scenario as described using the JGCRI integrated assessment
model, MiniCAM, was selected as a reference baseline (no climate change) case.
This scenario can be described as “Dynamics-as-Usual” (Riahi and Roehrl, 2000) in
which innovation proceeds with no drastic changes in socio-economic and energy
system assumptions. Emissions levels from this scenario are intermediate with the
SRES scenarios, with industrial carbon dioxide emissions nearly tripling over the
21st century.

The MiniCAM B2 scenario has a global population that stabilizes at 9.4 billion
people. Gross world product increases by an order of magnitude. Both primary
energy and final energy more than triple during the 21st century. Land-use change
emissions increase initially, but decline to zero in the second half of the 21st cen-
tury and then go negative as reforestation exceeds deforestation. Finally, fossil fuel
carbon emissions grow from six billion tons of carbon per year in 1990 to more than
20 billion tons of carbon per year by the end of the 21st century, implying a CO2

concentration that exceeds 700 vppm. In the reference scenario, agricultural yields
were assumed to increase during the period 1990 to 2095 at a fixed rate of 1% per
year from 1990 to 2035 and at 0.5% per year thereafter. This allowed the AgLU
model to calculate global food, feed, and forest-product requirements over time
and the changes in U.S. land-use that would be required under alternative climate
change scenarios so as to accommodate increasing demands both domestically and
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internationally. Inferences concerning the possible productivity of biomass crops in
the U.S. were drawn from the EPIC and BIOME 3 modeling in earlier papers of ours
(e.g. Brown et al., 2000) and scenarios of biomass demand based on its competi-
tiveness under various credible energy futures also affected the AgLU calculations
of global land-use under each of the 12 climate change scenarios. Assumptions
about changes in agricultural productivity outside the United States are treated on
a scenario basis, either responding in the same way as in the United States, or not
responding at all. Commercial biomass is considered as an option for displacing
fossil fuels in scenarios with limits on carbon emissions.

The presence or absence of a CO2-fertilization effect strongly affects results.
Climate change yields welfare gains for the United States when the CO2-fertilization
effect is operative, while losses are experienced when it is not. Agriculture and
land-use markets act to dampen impacts. If yields decline globally, the price of
agricultural products will rise, causing marginal land to enter production. If cropland
expands to meet demand it will do so at the expense of unmanaged land and marginal
productivity will decline; declines in crop productivity will require proportionately
larger increases in cropland. To the extent that those marginal lands retain more
carbon as unmanaged than as managed ecosystems, the potential is raised for an
additional net release of carbon to the atmosphere.

At this point in the evolution of our integrated assessment approach we rec-
ognize the need both to further refine the detail with which we study the United
States and the need to apply the biophysical models to other important agricultural
regions if not, indeed, to the rest of the world. We are, in fact, now doing both.
For the United States, we would like an improved understanding of the potential
for increasing biomass and crop production beyond just agricultural land, as de-
fined in our study. Other questions needing answers: Will water supplies suffice
as populations and affluence grow under stable and changing climates? Are there
physical (let alone societal) obstacles to expansion of commercial biomass onto
non-agricultural lands?

8. Some Final Thoughts

So, what are the big lessons, technical and strategic, learned from this extensive
analysis? The research reported here builds on the approach taken by Rosenberg
et al. (1991, 1993). As such, it is complementary to the approach forged by the IM-
AGE (Integrated Model to Assess the Greenhouse Effect modeling team (Alcamo
et al., 1994) and by the AIM (Asia-Pacific Integrated Modeling) team (Morita et
al., 1993). Where these approaches yield similar answers to a common question,
the insight has a robustness that would not otherwise be available. Where these
approaches yield contradictory insights, further research is clearly needed.

The impacts of changing climate will not be experienced in the present but, rather,
in the future. One of the first and most obvious, but nonetheless critical, lessons
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is the importance of setting the analysis of potential impacts of climate change
in their appropriate place and time. The future will bring with it both potential
advantages in dealing with climate change as well as potential stresses which could
exacerbate impacts of climate change. We have seen examples of both in this study.
For example, our results show that negative impacts of climate change on crop
yields could be mitigated by elevated CO2 concentrations. On the other hand, the
stress of climate change on unmanaged ecosystems could be increased by the effects
of increasing human population and its associated activities.

Our examination of agriculture in this study highlights the importance of the
CO2 -fertilization effect. For agriculture in the United States in the year 2080 the
CO2-fertilization effect has an impact as large or larger than that attributable to the
difference in climate models used. That is, the difference in agricultural productivity
observed when we compared a case that considered climate change alone with one
that considered the combined effects of climate change and CO2-fertilization were
larger than the aggregate productivity difference we observed between the UIUC
model and the BMRC model. We note, of course, that both the UIUC and BMRC
models were employed at Global Mean Temperatures of 1 and 2.5 ◦C – somewhat
less that the 4.5–5.5 ◦C that could possibly occur in this century. And our point is
not to downplay the value of improved climate model prediction for analysis of the
impact of climate change on agriculture, but rather to remind ourselves that CO2-
fertilization plays a non-trivial role and that a better understanding of its long-term
effects for agriculture can also be powerful.

Furthermore, the future of agriculture is strongly affected by the rate of tech-
nological change in the reference case. In fact, this fundamental uncertainty is
associated with a far larger uncertainty in future production than climate change
with or without the CO2-fertilization effect. To the extent that climate change oc-
curs against a background of high productivity growth, the effects of climate change
on welfare are modest. But, to the extent that climate change takes place against a
background of low productivity growth climate change worsens an already stressed
system. Our analysis of potential net loss to society is relatively modest in the year
2080 when climate change is 2.5 ◦C for both the UIUC and BMRC models – a few
tenths of a percent when compared with GDP. But substantial local changes – both
positive and negative – in economic well-being are observed. And these changes
affect producers and consumers differently.

A real surprise to us was the decline in the demand for irrigation under the
climate change scenarios we studied. In some regions and scenarios, precipitation
declines so much that water supplies are limited and very little cropland can be
irrigated; in other scenarios precipitation is so plentiful that no benefit is derived
from crop irrigation.

Whereas consumers are relatively well buffered from the negative impacts of cli-
mate change, individual producers and ecosystems are not. Very substantial changes
in ecosystem productivity are observed for some cases. Depending on whether the
UIUC or BMRC climate model was assumed to predict future climate, the forestry
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sector in the United States either flourishes or is virtually destroyed. Given the
enormous variation in the potential magnitude, timing and character of climate
change noted above, our analysis highlights the need for advances in general circu-
lation models and no less in regionalization of the distribution of change in climatic
variables of importance to natural processes such as photosynthesis and evapotran-
spiration. These include means and extremes of temperature, precipitation amounts
and distributions and features of the wind and humidity regimes. Lacking credible
predictions of changes in climate, impact models cannot be used to their full
capability. If we could know with any degree of certainty what the climate of the
Corn Belt will be 50 yr from now, we could begin to model specific adaptations to
those changes.

So, as we look to the future with this project complete, we see great value in
pursuing improvements in scenario development and a fuller and more integrated
assessment. It is not only the physical systems of concern that are affected by
climate change. Markets and economies are also affected. We have begun the work
of mapping the full set of interactions between the climate change, CO2-fertilization,
energy and agricultural markets and land-use. But much work remains before us. If
nothing else, the analysis presented here can be expanded to a truly global and truly
integrated assessment. By that we mean not only coverage of the world’s lands, but
also all of the relevant human activities and markets.

Were that done, many questions could then be brought into sharper focus.
For example, how will emissions mitigation activities and impacts interact? If
hydrogen production creates a large new demand for water, and biomass farms
expand into currently unmanaged lands, mitigation could have adverse effects
on ecosystems. Are there insights that can help define the proper balance over
time and space between emissions mitigation and adaptation to climate change?
Technological change in agriculture could be the most critical factor affecting
agriculture in the century ahead and is, therefore, a prime candidate for further
research.

Other research is also indicated. In this study, we implicitly assume that the
statistical distribution of climate variables on a day-to-day basis is identical across
time, with changes only in the mean monthly distribution. Changes in the distribu-
tion of climatic variables can have a significant impact on agricultural production.
Improved information on the statistical distribution of climate variables under cli-
mate change could, when coupled to an integrated assessment framework, yield
significant insights.

The wide variation in potential future climate change, CO2-fertilization effects,
and rates of technological progress in agriculture, noted above, argues for the de-
velopment of yet another approach to integrated assessment. Rather than ask the
question, “what climate changes will occur and what could their consequences be?”
one might ask the complementary question, “where, when, how and how much must
climate change before the consequences are of various prescribed magnitudes. The
latter approach is not intended as a substitute for the former, but rather an approach
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that could yield valuable knowledge. But perhaps the most important methodolog-
ical advance that we can propose is the application and extension of our integrated
assessment methodology combining impacts on crop yield, water supply, irrigation
prospects and land-use change to the world scale. While our approach is demand-
ing, it appears to be feasible, and if successful would provide insights heretofore
unavailable. So, it seems fitting to conclude our second installment of the saga of
integrated assessment of the impacts climate change with the thought “Today the
Lower 48, on to the world and the world of tomorrow!”
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