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1 About RDCEP
The University of Chicago, in partnership with several universities and national laboratories, established
the Center for Robust Decision Making on Climate and Energy Policy (the RDCEP Center) in the Fall of
2010. Funded by a grant from the National Science Foundation (NSF) through the Decision Making Un-
der Uncertainty (DMUU) program, RDCEP’s mission is to improve society’s ability to respond to climate
change and energy supply challenges by providing tools that allow policy makers to deal effectively with
deep and pervasive uncertainty. The Center brings together experts in economics, physical sciences, energy
technologies, law, computational mathematics, statistics, and computer science who leverage the transforma-
tive characteristics of open source software, coupled with research, education, and outreach programs that
integrate across disciplines and institutions.

RDCEP was renewed in 2015 as RDCEP-2. This next phase of RDCEP continues the Center’s focus on
improving the computational models needed to evaluate climate and energy policies, and to make robust
decisions based on outcomes, while also defining a refined set of projects in three areas, as follows.

Climate Statistics. Our work in climate statistics is motivated by the need to understand potential climate
changes under rising CO2 levels and their impact on human societies. We apply statistics to understand the
properties of both observations and large-scale climate models. We seek to characterize changing climate
means, variability, and extremes, and also to emulate them: to develop reduced-form statistical models that
capture important aspects of the changing climate system. We study the dynamics driving model behavior;
our work focuses on impacts-relevant factors including temperature, precipitation, soil moisture, and their
interactions.

Impacts of Global Change. The natural world on which human society relies is rapidly changing. So-
cioeconomic forces alone are reshaping our relationship to the environment, and changing climate adds many
further stressors. We focus on advancing the understanding of these changes, their interactions, and how
human society may be affected. We address areas including global agricultural productivity and adaptive
capacity; food security and land-use change; freshwater demand, availability and quality; global forest carbon
and emissions; and population dynamics and coastal infrastructure.

Economics and Robustness. Climate change and energy supply challenges will have substantial impacts
on both human society and the natural world. These impacts confront humanity with the need to make what
will be in the aggregate trillion-dollar decisions. Given that no plausible policy will avoid all consequences,
decision makers must also plan for a world with changed climate. Our work focuses on integrating uncertain
information into characterizations of expected climate damages in order to more accurately assess the costs
and benefits of climate change, and identifying decision making strategies that are robust to inevitable un-
certainties.

This research is supported by two major cross-cutting efforts: evaluation of models in order to provide
more reliable information about the confidence that can be placed in different projections of future climate,
impacts, and economic states and computational technologies required to achieve these goals: new web
tools, numerical solution methods, and large-scale model characterization methods able to make full use
of modern supercomputers. These tools allow RDCEP models to incorporate sectoral and process detail,
explore uncertainty, and deliver results in ways not previously possible.

The following sections describe the current status of our project activities, the impacts of our research,
and our education and outreach programs.
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2 Project Participants
In the following lists of RDCEP participants, ‘†’ indicates that the individual was supported by RDCEP for
more than 160 hours in the last calendar year, ‘∗’ indicates that the individual is supported by a funding
source other than the Center. We only include non-funded participants who play significant roles in the
Center’s activities.

Faculty and research scientists

Evan Anderson, Assistant Professor, Dept. of Economics, Northern Illinois University
William Brock, Professor, Dept. of Economics, University of Wisconsin
Yongyang Cai, Research Scientist, Becker Friedman Institute, University of Chicago
∗Won Chang, Assistant Professor, Dept. of Statistics, University of Cincinnati
†Hailiang Du, Research Scientist, Computation Institute, University of Chicago
Joshua Elliott, Research Scientist, Computation Institute, University of Chicago
Ian Foster, Professor, Computation Institute and Dept. of Computer Science, University of Chicago
†Alla Golub, Research Scientist, Center for Global Trade Analysis, Purdue University
Michael Greenstone, Dept. of Economics, University of Chicago
∗Lars Peter Hansen, Professor, Dept. of Economics, University of Chicago
∗Thomas Hertel, Professor, Dept. of Economics and Center for Global Trade Analysis, Purdue University
∗Robert Jacob, Computational Climate Scientist, Computation Institute, University of Chicago
∗V. Rao Kotamarthi, Chief Scientist, Atmospheric Science & Climate, Environmental Science Division,

Argonne National Laboratory
Nathan Matteson, Assistant Professor, College of Digital Computing and Media, DePaul University
∗Raffaele Montella, Assistant Professor, Dept. of Science and Technology, University of Naples & Visiting

Professor, Dept. of Computer Science, University of Chicago
Elisabeth Moyer, Associate Professor, Dept. of the Geophysical Sciences, University of Chicago
Todd Munson, Computational Scientist, Computation Institute, University of Chicago
∗Sam Ori, Executive Director, Energy Policy Institute at the University of Chicago (EPIC)
∗Tess Russo, Assistant Professor, Dept. of Geosciences, Penn State University
Alan Sanstad, Research Scientist, Computation Institute, University of Chicago
Leonard Smith, Professor, London School of Economics
∗Brent Sohngen, Professor, Dept. of Agricultural, Environmental and Development Economics, Ohio State

University
Michael Stein, Professor, Dept. of Statistics, University of Chicago
∗Jevgenijs Steinbuks, Economist, World Bank
∗David Weisbach, Professor, Law School, University of Chicago
∗Jonathan Winter, Assistant Professor of Geography, Dartmouth
∗Hao Zhang, Dept. Head, Professor, Dept. of Statistics, and Professor of Forestry and Natural Resources,

Purdue University

Postdoctoral scholars

†Chen Chen, Department of Geophysical Sciences, University of Chicago
†Amir Jina, Dept. of Economics, University of Chicago
†Matz Haugen, Department of Statistics, University of Chicago
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†Delphine Deryng, Computation Institute, University of Chicago
∗Jose R. Lopez, Department of Geography, Dartmouth
∗Sasmita Sahoo, Dept. of Geosciences, Penn State University
∗Jiali Wang, Environmental Science Division, Argonne National Laboratory

Ph.D. students

∗Jingyu Bao, Peking University (visiting graduate student, Dept. of Statistics, University of Chicago)
∗Diana Di Luccio, Department of the Environment, University of Naples, Parthenope
∗Whitney Huang, Dept. of Statistics, Purdue University
†Ricardo Lourenco, Dept. of Computer Science, University of Chicago
Tyler Skluzacek, Dept. of Computer Science, University of Chicago

Master’s and Pre-doctoral students

∗Hsin-Yi Chen, Dept. of Engineering, University of Hawaii, Manoa
†Julian Marohnic, University of Chicago, Pre-doctoral
†Kevin Schwarzwald, Yenching Academy, Peking University, Pre-doctoral
∗Ye Tian, Dept. of Statistics, University of Chicago

Undergraduate students

∗Sergio Apreda, visiting from Dept. of Science and Technology, University of Naples, Italy
Camille Celone, College of Computing and Digital Media, DePaul University
Madeline Grodek, College of Computing and Digital Media, DePaul University
Anh Leu, Physical Sciences and Engineering Department, City Colleges of Chicago – Wright Campus
Javier Malero, Physical Sciences and Engineering Department, City Colleges of Chicago – Wright Campus
Sydney Purdue, Dept. of Mathematics and Statistics, University of Chicago
Aidan Sadowski, Dept. of Computer Science, University of Chicago

Technical staff

James Chryssanthacopoulos, Developer, Computation Institute, University of Chicago
†David Kelly, Computation Institute, University of Chicago

High school students

†Seungmok Baek, Adlai A. Stevenson High School
†Yuria Haraguchi, Walter Payton High School
†Amaya Hunter, University of Chicago Charter School: Woodlawn
†Keira Johnson-Scott, University of Chicago Charter School: Woodlawn
†Jacobi King, University of Chicago Charter School: Woodlawn
†Stacy Lam, Frederick Von Steuben Metropolitan Science High School
†Connie Machuca, Lane Tech High School
†Abisola Olawale, Lindblom Math and Science Academy
KeJuan Smith, Tilden Career Academy

Education and outreach; administration

Alison Brizius, RDCEP Executive Director, Computation Institute, University of Chicago
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†Matthew Letke, RDCEP Project Coordinator, Computation Institute, University of Chicago
†Radha Ramachandran, RDCEP Educational Outreach Co-Director, University of Chicago
†Seth Severns, RDCEP Educational Outreach Co-Director, University of Chicago

Other organizations involved as partners

The Agricultural Modeling Intercomparison and Improvement Project (AgMIP)
Potsdam Institute for Climate Impact Research (PIK)
Research Network for Statistical Methods for Atmospheric and Oceanic Sciences (STATMOS)
The Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP)
Earth Institute Center for Climate Systems Research (CCSR) at Columbia University
The Energy Policy Institute at Chicago (EPIC)
PlanetLab, Chicago, IL
Center for College Access and Success at Northeastern Illinois University (CCAS@NEIU)
Rutgers Department of Environmental Sciences
Project SYNCERE, Chicago, IL
University of Chicago Office of Sustainability
U.S. Dept. of Agriculture (USDA)
The World Bank
STEM Initiatives at Chicago Public Schools

Collaborators

Agricultural impacts

Anne Biewald, Potsdam Institute for Climate Impact Research
Jan Philipp Dietrich, Potsdam Institute for Climate Impact Research
Xiaoxi Wang, Potsdam Institute for Climate Impact Research
Bernhard Shauberger, PhD Student, Potsdam Institute for Climate Impacts Research
Sotirios Archontoulis, Assistant Professor, Iowa State University
Daniel Wallach, Scientist, INRA, Toulouse France
Pierre Martre, Scientist, INRA, France
Tao Li, Scientist, International Rice Research Institute (IRRI)
Frank Ewert, Professor, University of Bonn
David Lobell, Associate Professor, Stanford University
Jean-Louis Durand, Researcher, INRA
Christian Folberth, Research Scholar, IIASA
Almut Arneth, Head, Division of Ecosystem-Atmosphere Interaction, Institute of Meteorology and Climate

Research, Karlsruhe Institute of Technology
Bruno Basso, Professor, Dept. of Crop Systems, Forestry and Environmental Sciences, University of Basil-

icata, Potenza, Italy
Ken Boote, Professor Emeritus University of Florida Dept. of Agronomy
Andrew Challinor, Professor of Climate Impacts, University of Leeds; Lead author for the IPCC 5th

Assessment Report for the topic of food production and food security.

4



RDCEP-2 2017 Annual Report

Declan Conway, Professorial research fellow, London School of Economics, London, UK
Jan Dietrich, MAgPIE Project, Potsdam Institute for Climate Impact Research
Hermann Lotze-Campen, Chair of PIK Research Domain II – “Climate Impacts and Vulnerabilities”,

Potsdam Institute for Climate Impact Research
Christoph Müller, Group Leader of PIK flagship project MusiX, Potsdam Institute for Climate Impact

Research
Thomas Pugh, Postdoctoral Scholar, Institute of Meteorology and Climate Research, Atmospheric Envi-

ronmental Research, Karlsruhe Institute of Technology
Alan Robock, Distinguished Professor, Dept. of Environmental Sciences, School of Environmental and

Biological Sciences, Rutgers University
Cynthia Rosenzweig, Head of Climate Impacts Group and Senior Scientist, NASA Goddard Institute for

Space Studies
Alex Ruane, Scientist, NASA Goddard Institute for Space Studies
Erwin Schmidt, Professor for Sustainable Landuse and Global Change, University of Natural Resources

and Life Sciences; Head Institute of Sustainable Economic Development, Vienna
Lili Xia, Research Professor, Dept. of Environmental Sciences, Rutgers University
Hong Yang, Senior Scientist and group leader of Water, Food and Environmental Studies, the Swiss Federal

Institute of Aquatic Science and Technology
Jaewoo Shin, Graduate Student, Department of Computer Science, Purdue University
Vera Porwollik, Ph.D. Candidate, Potsdam Institute for Climate Impact Research
Chuang Zhao, Department of Ecology, Peking University
Shilong Piao, Associate Research Professor, Chinese Academy of Sciences
Xuhui Wang, Laboratoire de Meteorologie Dynamique, Institute Pierre-Simon Laplace; Sino-French Insti-

tute of Earth System Sciences, College of Urban and Environmental Sciences, Peking University
Yao Huang, Professor of Ecology, Institute of Botany, Chinese Academy of Sciences
Phillipe Cias, Associate Director, Laboratoire des Sciences du Climat et de l’Environnement
Ivan A. Janssens, Full Professor, University of Antwerp, Plant and Vegetation Ecology research group
Juraj Balkovic, Research Scholar, Ecosystems Services and Management, IIASA
Nikolay Khabarov, Research Scholar, Ecosystems Services and Management, IIASA
Susanne Rolinski, Senior Researcher, Potsdam Institute for Climate Impact Research
Sibyll Schaphoff, Scientific Researcher, Potsdam Institute for Climate Impact Research
Wolfram Schlenker, Associate Professor, School of International and Public Affairs, Columbia University
Katja Frieler, Deputy Chair: Research Domain II – Climate Impacts and Vulnerabilities, Lead of the

ISIMIP Project, Lead of PIK Flagship activity PRIMAP, Lead of the Workpackage “Biophysical Im-
pacts” within HELIX, Lead of the development of the impact emulator EXPACT, Potsdam Institute
for Climate Impact Research

Toshichika Iizumi, Agro-meteorology Division Researcher, Institute for Agro-Environmental Sciences,
Japan

Deepak Ray, Senior Scientist, University of Minnesota Institute on the Environment
Peter Lawrence, Project Scientist in the Climate & Global Dynamics Division, NCAR
Curtis Jones, Assistant Research Professor, Department of Geographical Sciences, University of Maryland
Roberto C. Izaurralde, Research Professor, Department of Geographical Sciences, University of Maryland
Ashwan Reddy, Research Specialist, Department of Geographical Sciences, University of Maryland
Gen Sakurai, Institute for Agro-Environmental Sciences, Japan
Allard de Wit, Senior Researcher, Alterra, Wageningen University
Wenfeng Liu, Department Systems Analysis, Integrated Assessment and Modelling EAWAG
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Gerrit Hoogenboom, Preeminent Scholar, Institute for Sustainable Food Systems, Department of Agricul-
tural and Biological Engineering, University of Florida

Stefan Olin, Ph.D. Candidate, Dept of Physical Geography and Ecosystem Science, Lund University
Dieter Gerten, Coordinator Earth Modelling, Head of Flagship Activity OPEN, Scientist-in-Charge for

the LPJmL model, Potsdam Institute for Climate Impact Research; Professor for Global Change
Climatology and Hydrology (Klimasystem und Wasserhaushalt im Globalen Wandel) at Humboldt-
Universität zu Berlin, Geography Dept.

Collaborators

Agricultural and computational economics

Kenneth Judd, Stanford University, computational and theoretical input
John Kim, USDA Forest Service
Uris Baldos, Purdue University, expertise in TFP and R&D relationship
Keith Fuglie, United State Department of Agriculture, expertise on R&D in agriculture

Climate statistics

Michael Baldwin, Associate Professor, Dept. of Earth, Atmospheric, and Planetary Sciences, Purdue Uni-
versity

Daniel Chavas, Assistant Professor, Dept. of Earth, Atmospheric, and Planetary Sciences, Purdue Univer-
sity

Avery Cohn, Assistant Professor, The Fletcher School, Tufts University
Matthew Huber, Professor, Dept. of Earth, Atmospheric, and Planetary Sciences, Purdue University
Peter Huybers, Professor, Dept. of Earth and Planetary Sciences, Harvard University
Malte Jansen, Assistant Professor, Dept. of the Geophysical Sciences, University of Chicago
William Kleiber, Assistant Professor, Dept. of Applied Mathematics, University of Colorado, Boulder
Karen McKinnon, Postdoctoral Researcher, NCAR
Noboru Nakamura, Professor, Dept. of the Geophysical Sciences, University of Chicago
Andrew Poppick, Assistant Professor, Department of Statistics, Carleton College
Andreas Prein, Postdoctoral Researcher, NCAR
Brian Reich, Associate Professor, Dept. of Statistics, North Carolina State University
Tiffany Shaw, Assistant Professor, Dept. of the Geophysical Sciences, University of Chicago
Ryan Sriver, Assistant Professor, Dept. of Atmospheric Sciences, University of Illinois – Urbana Champaign
Victor Zhorin, Research Scientist, Becker Friedman Institute, University of Chicago

Computational technologies

Aaron Elmore, Department of Computer Science, University of Chicago
Luc Anselin, University of Chicago, advisor on spatial statistics
Hendrik Hamann, IBM Yorktown research, advisor on HPC and GIS
Kyle Chard, Scientist, The University of Chicago
Steve Tuecke, Scientist, The University of Chicago
Jim Pruyne, Software Engineer, The University of Chicago
Tanu Malik, Associate Professor, DePaul University
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Drivers of flu transmission in the US

Andrey Rzhetsky, Professor, University of Chicago
Emre Kiciman, Research Scientist, University of Chicago
Ishanu Chattopadhyay, Research Scientist, University of Chicago

FACE-IT and pSIMS

Ravi Madduri, Senior Fellow, Computation Institute, University of Chicago and Argonne National Labo-
ratory

Cheryl Porter, Coordinator of Computer Applications, Dept. of Agricultural and Biological Engineering,
University of Florida

Michael Wilde, Senior Fellow, Computation Institute, University of Chicago and Argonne National Labo-
ratory

Meng Zhang, Developer, University of Florida
Wei Xiong, Postdoc, University of Florida

Model evaluation and fidelity studies

Jeffrey Anderson, Section Head, DAReS, Computational and Information Systems Laboratory, Data As-
similation Research Section, NCAR

Julie Caron, Associate Scientist IV, Climate and Global Dynamics Laboratory, Atmospheric Modeling and
Predictability, NCAR

Sarah Higgins, PhD student, Center for the Analysis of Time Series, London School of Economics
Joseph Tribbia, Senior Scientist and Section Head, Climate and Global Dynamics Laboratory, Atmospheric

Modeling and Predictability, NCAR

Social Cost of Carbon (SCC)

Trevor Houser, Partner, Rhodium Group.
Solomon Hsiang, Associate Professor of Public Policy, UC Berkeley
Robert Kopp, Associate Professor of Earth and Planetary Sciences, Rutgers University
Ashwin Rode, Postdoctoral Scholar, Energy Policy Institute at the University of Chicago (EPIC)

Spatially varying climate impacts

Anastasios Xepapadeas, Professor of Economics, Athens University of Economics and Business, Athens,
Greece

Seasonal crop forecasting for drought early-warning

Kaiyu Guan, Assistant Professor, University of Illinois at Urbana Champagne

Energy Policy

Elizabeth Baldwin, Research Fellow, University of Oxford
Karlygash Kuralbayevaz, Research Fellow, London School of Economics
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Education and Outreach

Kelli Easterly, Program Manager, STEM Initiatives at Chicago Public Schools
Steven Bonomo III, Math Coordinator, Center for College Access and Success at Northeastern Illinois

University
C. Meghan Hausman, STEM Extension Coordinator, Center for College Access and Success at Northeastern

Illinois University
Jason Coleman, Executive Director and Co-Founder, Project SYNCERE
Eve Tulbert, Co-Founder, PlanetLab

Key decision-maker and other contacts engaged

Agricultural R&D: Keith Fuglie, Economist, Structure, Technology and Productivity Branch, Resource
and Rural Economics Division, USDA

Climate Statistics: Brad Schneider, United States Representative, 10th District of Illinois
Carbon Pricing Commission: Nicholas Stern, Chairman, Grantham Research Institute on Climate Change

and the Environment; Professor, London School of Economics
Carbon Pricing Commission: Joseph E. Stiglitz, Professor at Columbia University; Chief Economist of

The Roosevelt Institute
Carbon Pricing Commission: Maosheng Duan, Director of China Carbon Market Center (CCMC) of

Tsinghua University, China
Carbon Pricing Commission: Ottmar Edenhofer, Deputy Director and Chief Economist at the Potsdam

Institute for Climate Impact Research, Germany
Carbon Pricing Commission: Gael Giraud, Chief Economist and Executive Director of the Research and

Knowledge Directorate of the Agence FranÃğaise de DÃľveloppement, France
Carbon Pricing Commission: Geoff Heal, Donald C. Waite III Professor of Social Enterprise, Columbia

Business School, USA
Carbon Pricing Commission: Emilio Lebre la Rovere, Executive Coordinator of the Center for Integrated

Studies on Climate Change and the Environment, Federal University of Rio, Brazil
Carbon Pricing Commission: Adele Morris, Senior Fellow and Policy Director for Climate and Energy

Economics at the Brookings Institution, USA
Carbon Pricing Commission: Mari Pangestu, Senior Fellow at Columbia School of International and Public

Affairs Columbia University, USA/Indonesia
Carbon Pricing Commission: Priyadarshi R. Shukla, co-chair Intergovernmental Panel on Climate Change,

India
Carbon Pricing Commission: Youba Sokona, Vice-Chair Intergovernmental Panel on Climate Change,

Mali
Carbon Pricing Commission: Harald Winkler, Professor and Director of the Energy Research Centre

(ERC) at the University of Cape Town (UCT), South Africa
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3 Research & Model Development
We report on research and model development results in the areas of climate statistics, impacts, and eco-
nomics.

3.1 Climate Statistics

Our work on climate statistics focuses on understanding and using aspects of climate projections that are
relevant to socioeconimic impacts. One area of particular interest is understanding future changes in cli-
mate variability and extremes, since these have disproportionate economic consequences. A second theme is
developing methods to better use the information in climate models, including developing “data-driven sim-
ulations” that combine observational data with model-projected changes. We discuss four ongoing projects
here.

3.1.1 The drivers of long-term changes in precipitation variability

[Moyer, Schwarzwald, Huang, Zhorin]

We are currently engaged in the student of precipitation variability across multiple scales in space and
time. The project is an outgrowth of two previous efforts, both discussed in past reports. In prior work, we
completed a detailed comparison of variability changes in multiple climate variables across multiple models
in the CMIP5 (Coupled Model Intercomparison Project 5) archive. We also demonstrated that changes in
precipitation characteristics at the spatial scale of individual precipitation events are necessarily complex,
since fundamental physics constrains changes in precipitation amount and intensity to be different. In
this current project, we examine changes in precipitation variability across spatial and timescales, as well
as across models. The primary objective is to understand whether changes in precipitation patterns at
longer timescales (seasonal, annual, and decadal) behave in a different fashion than those at event scale
(days). Longer-timescale changes are arguably the more important for human society, affecting agricultural
production, water storage, and political stability (which is heavily impacted by regional multi-year droughts).

Figure 1: Demonstration that changes in precipitation variability scale with changes in precipitation amount
across models and timescales. We show grid-scale monthly precipitation in millennial runs of the CCSM3
model (leftmost panel) and from 6 CMIP5 models, color-coded by latitude, showing ratios of future and pre-
industrial runs. (The future CCSM3 run is equilibrated at 1400 ppm CO2; the CMIP5 future is taken from
the years 2070-2099 in the RCP8.5 scenario.) Both axes show the log ratio of values in models’ The x-axis
shows changes in mean precipitation and the y-axis in its standard deviation; the dashed 1:1 line represents
cases where mean and variability shift equally. Top row shows variability at sub-annual frequencies; bottom
row at interannual frequencies. For clarity we show only 1/5 of all model grid cells, and outliers are plotted
at axis limits. We show only 6 CMIP5 models for space considerations but all 12 examined CMIP5 models
are similar in behavior. All models show strong correlations between changes in means and variability at
both subannual and interannual frequencies, over all regions. (Weaker correlations for interannual variability
in the CMIP5 models is due to sampling error.)
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We find that changes in precipitation variability appear well-explained by changes in mean precipitation
once data is aggregated (in space or time) past the event scale (Fig. 1). The results are robust across models,
frequencies, and nearly all geographic regions. Examination of millennial equilibrated runs suggests that
results extend even to multi-decadal frequencies, and extend beyond the standard deviation even to tail
behavior. In other words, for aggregated precipitation, changes in mean are sufficient to explain the bulk of
future changes in precipitation variability. These results stand in contrast to those obtained by considering
global average precipitation (black dots on figure), in which variability appears to increase somewhat more
than the mean. This difference should serve as a caution that interpretations basedon global averages may
be highly deceiving and not reflective of physical processes at local scales.

Current efforts are focused on preparing these results for publication, and in extending the work in
new directions. We are continuing to investigate those areas that represent exceptions to the general rule
that variability changes follow means, which include parts of the Earth where precipitation in decreasing.
In some subtropical area, precipitation declines but variablity changes are more moderate, producing an
amplification of dry extremes, a result obviously consequential for socioeconomic impacts. We will focus on
physical explanations for the distinction between changes in drying and wetting areas, and will broaden the
analysis to include output from the new LongRunMIP (Long Run Model Intercomparison Project), which
gives us access to millennial-scale runs from multiple climate models. Finally, we are also preparing for
public release an ‘Atlas of Variability’, a dataset and code package focused on characterizing variability and
variability changes in a wide variety of climate models.

3.1.2 Precipitation characteristics: interannual variation versus evolution under climate change

[Chen, Chang, Moyer, Stein]

Future climate projections robustly suggest increased precipitation in most areas on the globe, but inter-
annual variations in precipitation are generally as large as projected changes. In a study of high-resolution
regional models of the contiguous United States, we are investigating how these interannual variations relate
to projected mean changes, in terms of the characteristics of individual precipitation events. In previous
work, [1], we used a new rainstorm identification and tracking algorithm to show that as rainfall increased
under future climate conditions, individual precipitation events become both more intense and smaller in
spatial extent. We seek now to apply these techniques to understand how precipitation event characteris-
tics vary during year-to-year flucutations from wet to dry years, and whether this behavior is qualitatively
different from present-future changes.

We analyze high spatio-temporal resolution precipitation over the continental United States from reanal-
ysis, from reanalysis-driven dynamically downscaled model simulations, and from similar simulations driven
by GCM output in both present and future climate conditions. In each case we apply the identification and
tracking algorithm of [1] to decompose the sources of changes or interannual variations in total precipitation
into four characteristics: intensity, size, duration and number.

As in [1], we find that long-term increases in mean precipitation in the study area are similar in summer
and winter and are driven largely by increased precipitation intensity, modulated by reduced rainstorm
size. However, present-day interannual variability is associated with very different variations in rainstorm
characteristics, that themselves differ by season (Fig. 2). For example, anomalously wet present-day winters
involve precipitation events of increased intensity, size, and number but decreased duration. The physical
processes that govern changes in precipitation in future climate are evidently distinct from those that drive
interannual variability.

We are currently writing up these results for publication. In extensions of this work, we also seek to link
interannual variations in precipitation with related large-scale physical processes (including moisture fluxes
and large-scale atmospheric circulation), and we extend analysis to include the trajectories of individual
precipitation events. Potential shifts in storm tracks are widely recognized as of importance both for un-
derstanding climate physics and the impacts of future climate changes, but studies based on identifying and
tracking individual events are rare. We will analyze how tracks vary both from year to year and in future
climate states, and how these changes may be linked to large-scale atmospheric and oceanic circulations.
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Figure 2: Model monthly precipitation characteristics in historical (blue, 1995-2004) and future (red, 2085-
2094) regional simulations. (Model runs are WRF over the continental U.S. E. of 114 W, driven by CCSM4
with RCP8.5 as the future scenario.) Columns show winter (DJF, left) and summer (JJA, right); horizontal
axis shows total monthly precipitation; and vertical axes show precipitation-weighted mean precipitation
event intensity (a, b), duration (c,d), size (e,f), and number (g,h). In both seasons, future precipitation
shows an increase in intensity; in summer it shows a distinct reduction in size, as also found in [1], and an
increase in duration. (Mean changes are marked on the axes, along with marginal distributions.) Present-
future changes are smaller than interannual variability but distinct from them, i.e. future distributions are
not resampled from wetter end of present-day distributions.
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3.1.3 Precipitation characteristics: diagnosing benefits of convection-permitting simulations

[Chang, Marohnic, Moyer, Stein]

In the previous project we described using the rainstorm identification and tracking algorithm of [1] to
diagnose variations in precipitation characteristics associated with interannual variability or anthropogenic
changes. In this project we use the algorithm to evaluate biases in precipitation event characteristics in re-
gional models. Identification and tracking is a highly useful aid in model evaluation, as it allows decomposing
biases in total precipitation into four distinct causes: biases in event size, intensity, number, and duration.
We demonstrate the utility of the approach by evaluting a suite of dynamically downscaled simulations of
the summertime U.S. with varying parametrizations and model configurations, along with high-resolution
observations (the Stage IV radar-based data product). Most of the model runs have 12 km resolution and
parametrized convection; some have 4 km resolution and explicit convection. The exercise therefore allows
us to quantify the increase in fidelity that results from avoiding convective parametrizations.

Figure 3: Comparison of precipitation in observations (lower L, from the Stage IV radar-based data product),
reanalysis (upper L, NCEP-II), and four high-resolution WRF simulations driven by reanalysis, three at
12-km resolution with parametrized convection and one at 4 km with explicit convection. Figure shows
6-hour cumulative precipitation for July 11, 6 PM-midnight Mountain Time. All datasets reflect the same
meteorological features, but areal extent of precipitation is too large in all simulations with parametrized
convection. The convection-permitting 4 km simulation more closely resembles observations. The cyclonic
system in the SE is Hurricane Dennis, which made landfall in Florida on July 9 as a Category 3 storm. Grey
in lower L panel marks areas where Stage IV data is incomplete or invalid.

We find that the parametrized-convection simulations all share a substantial wet bias, and that this
bias is manifested primarily as excessive rainstorm size: individual events are too large in areal extent
(Fig. 3). That size difference is not an artifact of a diffuse ‘skirt’ of low-intensity precipitation but is a
true structural difference, with events having too-low intensities in their cores and too-large characteristic
sizes. Furthermore, the wet bias is time-dependent, manifested disproportionately during the period of peak
convection (generally in the late afternoon). Convection-permitting simulations significantly alleviated these
biases, producing precipitation events much more similar to observations.

We do note one final complication, that the reanalysis driving the regional models is, like many reanalyses,
itself substantially wet biased. For reasons not yet fully understood, many reanalyses produce excessive
precipitation, possibly because they yield too strong moisture fluxes. We show in 30-year simulations that
bias in regional models is largely inherited from that of the driving reanalysis that is used to provide boundary
conditions. That is, interannual variations in regional model bias are tightly correlated with those in the
underlying reanalysis. Given this unfortunate circumstance, it is not possible to know whether the changes
seen when convection is made explicit truly reflect an improvement in model physics, or instead a degradation
in model physics that inadvertently compensates for inaccurate boundary conditions. These results serve
notice that systematic studies of the effect of boundary conditions on regional models are urgently needed.
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3.1.4 Assessing changes in extreme temperature variabilities using ensemble model simula-
tions

[Haugen, Moyer, Stein]

Potential future changes in extreme temperature events are of great importance for socioeconomic im-
pacts, but are inherently challenging to diagnose from model simulations. A single simulations of a realistic
scenario involving gradual rise in CO2 over a century is generally insufficient for empirically characterizing
the statistical properties of underlying processes. In recent years, studies have increasingly turned to en-
sembles of repeated simulations to alleviate that data scarcity (with different initial conditions providing
statisical independence). However, statistical methods for using those ensembles are comparatively undevel-
oped. In this study we develop a new method for making use of ensembles that allows characterizing changes
in temperature variability with high confidence.
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Figure 4: Average daily temperature variability change between 1850 and 2100 for winter (top) and summer
(bottom); color scale shows fractional change, with red increasing and blue decreasing. Left: The change
of low tail variability. Middle: Change of interquartile range (IQR). Right: Change of high tail variability.
Color scale units are measured in differences between quantiles, i.e. 0.95 and 0.975 (high) and 0.025 and
0.05 (low) divided by the IQR. Gray cross represent grid points where the change is less than 4 standard
deviations from the original estimate. As expected, IQR decreases strongly in the continental mid/high
latitudes, but tail variability increases.

Our approach involves analyzing all temporal observations simultaneously, and assuming that tempera-
ture distributions vary smoothly both day to day over an annual cycle and over longer secular trends. To
demonstrate its utility, we apply the method to analyze an ensemble of 50 simulations of the Community
Earth System Model (CESM) under a scenario of increasing radiative forcing to 2100, focusing on North
America in particular. The results both verify aspects of climate system behavior known from previous
studies, including that wintertime daily temperature variance generally decreases in the continental mid-
and high- latitudes (> 45�), and also elucidate new features. For example, we find that changes in winter-
time continental temperature distributions change in a dipole spatial pattern, becoming more left-skewed at
high latitudes and more symmetric at lower latitudes (Figure 4). while changes in summertime distributions
show no clear spatial pattern. That is, winter cold extremes become more variable relative to the overall
distributions. Although the examples above concern temperature only, the technique is sufficiently general
that it can be used to generate precise estimates of distribution changes in a broad range of climate variables.

In upcoming work, we plan to continue developing methodologies for modeling statistical processes with
an emphasis on the extremes of the distribution. Our approach is to model the tails of the random variable
through a smoothly varying function which has a non-negligible dependence even in the tails. Many current
techniques model extremes by filtering or pre-processing the data in which some data is excluded; we seek
to make use of all the data to allow a more informed estimate of the model parameters.
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3.2 Impacts of Global Change

[Elliott, Munson, Kelly, Sahoo, Russo, Winter, Lopez]

3.2.1 Water resource depletion and the potential for deficit irrigation.

Warming temperatures, changes in precipitation patterns, and subsequent increasing agricultural water
demands are creating stress on groundwater resources in the United States. Many agricultural regions have
experienced groundwater decline in the past three decades, which has consequently affected food production
and ecosystem health. We investigate how projected temporal variability in precipitation, temperature,
stream discharge and irrigation demand will influence groundwater availability in the United States. Large
raw datasets include time series point measurements of groundwater level from the US Geological Survey, and
gridded processed climate data and simulated irrigation demand at 5 arcminute spatial resolution. Overall,
a groundwater model is developed that integrates an artificial neural network (ANN) model with input data
preprocessing using singular spectrum analysis, mutual information, and genetic algorithms. The model is
calibrated using 33 years of climate, streamflow and ocean temperature observations, and simulated crop
water demand. We conclude that our modeling framework can serve as an alternative approach to simulating
groundwater level change and water availability under the influence of changing climate and increasing
agricultural water demand, especially in regions where subsurface properties are unknown (example results,
reproduced from [2], showing historical model performace in two major U.S. aquifers are shown in Figure 5).

Figure 5: Modeled cumulative groundwater level change (2003-2012) for the (a) HPA and (c) MRVA, and
residual (modeled minus observed) groundwater level change for (b) HPA and (d) MRVA.

We are working on future prediction models using projected environmental parameters and irrigation
demand to simulate changes in future groundwater storage. Climate data from two GCMs each running
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RCP 4.5 and 8.5 are processed to generate scenario input parameters; the climate data is used directly in
the ANN model, and also in a land surface hydrology model to predict streamflow, and in a crop model to
predict irrigation demand. The models will be run in a high performance parallel computing environment to
obtain estimates of future groundwater level change for thousands of wells. Based on this combined climate-
agriculture-groundwater model, changes in future groundwater storage for several major agricultural regions
will be projected up to 2049. These results will be useful for identifying the locations of future groundwater
stress, which will have implications for sustainable agricultural production, and will help inform management
decisions in a rapidly changing and resource-constrained world.

Additionally, because current rates of agricultural water use are unsustainable in many regions, we are
also working to identify improved irrigation strategies for water limited areas. Crop models can be used
to quantify plant water requirements, predict the impact of water shortages on yield, and calculate water
productivity (WP) to link water availability and crop yield for economic analyses. Most crop yield simula-
tions, especially over large areas or using future climate scenarios, rely on automatic irrigation algorithms
to estimate irrigation dates and amounts. However, these algorithms are not well suited for water limited
regions because they have simplistic irrigation rules, e.g. a single soil-moisture based threshold, and assume
unlimited water.

To address this constraint, a new modeling framework to simulate agricultural production in water limited
areas was developed [3]. The framework consists of a new automatic irrigation algorithm for the simulation of
growth stage specific deficit irrigation under limited seasonal water availability; and optimization of growth
stage specific parameters using heuristic optimization algorithms. The new automatic irrigation algorithm
was used to evaluate the sensitivity of maize and soybean simulations to water stress at different growth
stages. This framework was applied at a location in Florida using 38 years of daily solar radiation and
meteorology data to test the hypothesis that water productivity calculated using simplistic irrigation rules
underestimates WP (Figure 6).

Modest increases in WP were found in the sensitivity analysis in maize and soybean with mild water
stress in the vegetative phase, 4.6% and 4.5% respectively. However, WP was significantly greater with
optimized irrigation schedules compared to naive irrigation scheduling in water restricted scenarios. For
example, the median WP across 38 years of maize production was 1.1 kg m-3 for naive irrigation schedules
with 50 mm of seasonal available water and 2.1 kg m�3 with optimized irrigation schedules, i.e. WP was 91%
higher with optimized irrigation schedules. The framework described in this work could be used to estimate
WP for regional or global assessments and derive location specific irrigation recommendations.

3.2.2 Agriculture Under Conditions of Extreme Heat and Drought

We have continued to focus on issues of extreme events and their impacts on agriculture and food and
water resources. Drought-induced agricultural loss is one of the most costly impacts of extreme weather,
and without mitigation, climate change is likely to increase the severity and frequency of future droughts.
Process-based agricultural models, applied in novel ways, can reproduce historical crop yield anomalies in
the US, with median absolute deviation from observations of 6.7% at national-level and 11% at state-level
(Figure 7, reproduced from [4]). In seasons for which drought is the overriding factor, performance is
further improved. Historical counterfactual scenarios for the 1988 and 2012 droughts show that changes
in agricultural technologies and management have reduced system-level drought sensitivity in US maize
production by about 25% in the intervening years. Finally, we estimate the economic costs of the two
droughts in terms of insured and uninsured crop losses in each US county (for a total, adjusted for inflation,
of $9 billion in 1988 and $21.6 billion in 2012). We compare these with cost estimates from the counterfactual
scenarios and with crop indemnity data where available. Model-based measures are capable of accurately
reproducing the direct agro-economic losses associated with extreme drought and can be used to characterize
and compare events that occurred under very different conditions. This work suggests new approaches to
modeling, monitoring, forecasting, and evaluating drought impacts on agriculture, as well as evaluating
technological changes to inform adaptation strategies for future climate change and extreme events.

The Dust Bowl of the 1930s was the driest and hottest for agriculture in modern US history. Improve-
ments in farming practices have increased productivity, but yields today are still tightly linked to climate
variation and the impacts of a 1930s-type drought on current and future agricultural systems remain un-
clear. Simulations of biophysical process and empirical models suggest that Dust-Bowl-type droughts today
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Figure 6: Distribution of simulated seasonal maize grain yield across 38 years of climate data (1978-2015)
in Gainesville Florida. Eight irrigation restriction scenarios were evaluated with different Seasonal available
water. Three irrigation methods were simulated: rainfed, non-optimized (irrigation application with pa-
rameters ITHRL = 80% and ITRU = 100% until available water is depleted), and growth stage optimized
(Optimized ITHRL calculated with global differential evolution algorithm). Asterisks indicate statistically
significant differences at P < 0.05 (*), < 0.01 (**), and < 0.001 (***).

would have unprecedented consequences, with yield losses 50% larger than the severe drought of 2012 (Fig-
ure 8, reproduced from [5]). Damages at these extremes are highly sensitive to temperature, worsening by
25% with each degree centigrade of warming. We find that high temperatures can be more damaging than
rainfall deficit, and, without adaptation, warmer mid-century temperatures with even average precipitation
could lead to maize losses equivalent to the Dust Bowl drought. Warmer temperatures alongside consecutive
droughts could make up to 85% of rain-fed maize at risk of changes that may persist for decades (Figure 9).
Understanding the interactions of weather extremes and a changing agricultural system is therefore critical
to effectively respond to, and minimize, the impacts of the next extreme drought event.

High temperatures by themselves are detrimental to crop yields and could lead to global warming-driven
reductions in agricultural productivity. To assess future threats, the majority of studies used process-based
crop models, but their ability to represent effects of high temperature has been questioned. Here we show
that an ensemble of nine crop models reproduces the observed average temperature responses of US maize,
soybean and wheat yields. Each day >30C diminishes maize and soybean yields by up to 6% under rainfed
conditions (Figure 10, reproduced from [6]). Declines observed in irrigated areas, or simulated assuming full
irrigation, are weak. This supports the hypothesis that water stress induced by high temperatures causes the
decline. For wheat a negative response to high temperature is neither observed nor simulated under historical
conditions, since critical temperatures are rarely exceeded during the growing season. In the future, yields
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Figure 7: A) Predicted (dashed line and points), observed (solid line and points), and observed linear trend
(dashed straight green line) of national average maize yield in tonnes per hectare from 1979-2012. The red
dot indicates the USDA estimate for 2012 released in November 2012. We use shading to show the central
95% (lighter bands) and 75% (darker bands) of the resampled forecast error distribution (note that these
bands tend to skew to the negative due to the significant miss high in 1993). The colored dots at the bottom
of the panel denote years identified by the Z-index as being moderate-to-extreme drought years (1983, 1988,
1991, and 2012) or extremely moist (the 1993 flood). B) Deviation of the predicted national maize yield
from observed, as a percent of the observation in each year. C) Median deviation of predicted county-level
yields from linear trend for 1988 as a percentage of county-specific trend yield. D) Predicted deviation from
trend for each county in 2012. Only counties with at least 500 ha of harvested maize area are shown.

are modelled to decline for all three crops at temperatures >30C. Elevated CO2 can only weakly reduce
these yield losses, in contrast to irrigation.

3.2.3 Improving Robustness of Climate Impact Estimates Through Multi-Method Ensembles.

Working with a broad community of climate impact researchers, RDCEP investigators have continued to
explore techniques for improving the robustness of climate change impact investigations. One such approach
is to use “multi-method ensembles,” which combine estimates from many independent methodologies. Where
these multiple methods agree, we gain increased confidence in the robustness of results. Where they disagree,
we try to understand why they disagree and how we can improve models and methods to understand these
systems better.

In [7] we show that grid-based and point-based simulations and statistical regressions (from historic
records), without deliberate adaptation or CO2 fertilization effects, produce similar estimates of temperature
impact on wheat yields at global and national scales. With a 1C global temperature increase, global wheat
yield is projected to decline between 4.1% and 6.4%. Projected relative temperature impacts from different
methods were similar for major wheat-producing countries China, India, USA and France, but less so for
Russia. Point-based and grid-based simulations, and to some extent the statistical regressions, were consistent
in projecting that warmer regions are likely to suffer more yield loss with increasing temperature than cooler
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Figure 8: Box plots of US modelled maize (left), soy (centre) and wheat (right) yields under 2012 (blue)
and 2035 (red) technology (tech.) and CO2 concentrations. We drive crop models with 1930s and 2000s
PGF climate, and shift temperature inputs to 1980-2009 (� T1), 2010-2039 (� T2), and 2040-2069 (� T3)
averages. Boxes represent the median and 25th-75th percentile for national yields, and circles represent
yields outside this range. For comparison, the grey dotted lines mark the modelled yields from the 2012
drought.

Figure 9: Locations where successive droughts may have lasting impacts on rainfed maize production. Es-
timates in left panel use 1930s weather and 2012 CO2/technology, and estimates in right panel use 1930s
+ �T3 weather (1930s weather with temperature shifted to 2040-2069 averages) and 2035 CO2/technology.
Colored areas mark gridcells where 1933-1937 mean rainfed yield losses are more than 40% (blue) or 60%
(orange) of 2000s median rainfed yields. Annual yields < 1tonne/ha are assumed to be left unharvested
(i.e.,yield=0). 1930s simulations estimate <10% of production vulnerable to consecutive droughts, but high
warming simulations estimate >20% vulnerable to consecutive droughts.

regions. By forming a multi-method ensemble, it was possible to quantify “method uncertainty” in addition
to model uncertainty. This significantly improves confidence in estimates of climate impacts on global food
security.

Rice is the staple food for more than 50% of the world’s population. Reliable prediction of changes in
rice yield is thus central for maintaining global food security. In [8] we compare the sensitivity of rice yield
to temperature increase derived from field warming experiments and three modelling approaches: statistical
models, local crop models and global gridded crop models (Figure 12, reproduced from [8]). Field warming
experiments produce a substantial rice yield loss under warming, with an average temperature sensitivity
of -5.2±1.4% K�1. Local crop models give a similar sensitivity (-6.3±0.4% K�1), but statistical and global
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Figure 10: Comparison of statistically estimated effects of temperatures on observed and simulated US
yields. Panel (a) shows maize, panel (b) soybean and panel (c) wheat. The middle part of each panel
shows the histogram of times spent in individual temperature bins as the sum of times derived for each
grid point across the growing seasons. The maps in the bottom show rainfed counties (black outlines) with
their percent land-use share (colors) of the respective crop (for wheat only counties with predominantly
winter wheat). Black lines in the top parts: Coefficients �

h

derived from log-transformed observed yields.
Green/blue lines: Coefficients of the ensemble median rainfed/irrigated simulated yields. Estimates are
derived by a panel regression of US county data where the considered crop is grown under predominantly
(> 90%) rainfed conditions. Shaded areas represent the 95% confidence intervals. Simulated coefficients are
marked by colored dots if they are significantly different from the observed coefficients (confidence intervals
do not overlap).

gridded crop models both suggest less negative impacts of warming on yields (-0.8±0.3% and -2.4±3.7]%
K�1, respectively). Using data from field warming experiments, we further propose a conditional probability
approach to constrain the large range of global gridded crop model results for the future yield changes
in response to warming by the end of the century (from -1.3% to -9.3% K-1). The constraint implies a
more negative response to warming (-8.3±1.4% K-1) and reduces the spread of the model ensemble by 33%.
This yield reduction exceeds that estimated by the International Food Policy Research Institute assessment
(-4.2 to -6.4% K�1). Our study suggests that without CO2 fertilization, effective adaptation and genetic
improvement, severe rice yield losses are plausible under intensive climate warming scenarios.

3.2.4 Land-Use Change in MAgPIE.

We collaborate with the Potsdam Institute for Climate Impact Research to help calibrate and improve the
the fidelity of their Model of Agricultural Production and its Impact on the Environment (MAgPIE) and
improve the computational efficiency. This partial equilibrium model determine land-use patterns based on
physical and economic conditions. Last year, we delivered a calibration approach in the GAMS modeling
language using complementarity constraints for the water resources portion of their code. After testing,
the team discovered a deficiency in their initial methodology and we are working on a solution that relaxes
production. We are working on updating the calibration model to address this opportunity.
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Figure 11: Impacts of 1 �C global temperature increase on global wheat yield estimated by different as-
sessment methods. The grid-based (0.5� x 0.5� grid cells) method is an ensemble median from seven global
gridded crop models, averaged over 30 years and aggregated over all simulated grid. The point-based method
is an ensemble median from 30 models, averaged over 30 years and aggregated over 30 global locations.
Regression_A is based on a country-level statistical regression. Regression_B is based on a global-level
statistical regression. The error bars for the four different methods indicate the 95% confidence intervals
based on multi-model ensembles in the simulations and bootstrap resampling in the statistical regressions.
The mean of the method ensemble is shown with error bars indicating the 95% confidence intervals based
on medians of individual methods.
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Figure 12: The estimates of sensitivity of rice yield to temperature change from four distinct approaches.
a, Map of the study sites from local crop models, statistical models and field warming experiments. The
regional-scale studies are represented by the corresponding label in the centre of the region (one global-scale
study is not shown). b, The estimates of all the present-day and long-term sensitivities of rice yield to
temperature change (S

Y

,

T

). The S

Y

,

T

from GGCMs are averages of all the global grid cells but not the grid
cells where field warming experiments are located. Error bars show the standard deviation.
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3.3 Economics and Robustness

3.3.1 Agricultural R&D and food security under climate and economic uncertainty

[Cai, Golub, Hertel]

Since the 1950s, increased agricultural productivity has allowed food supply growth to outpace demand
on a global scale, resulting in a downward trend in world agricultural prices. Public and private investments
into agricultural research and development (R&D) are the foundation for this achievement. However, a time
lag involved in translating expenditures into realized agricultural productivity gains is extremely long. For
example, it took more than 80 years after the invention of hybrid corn for this important innovation to be
fully disseminated in the United States and, in the case of Bt-corn, this lag was more than a century. This
means that if the world finds itself in food shortfall in the middle of the 21st century, productivity cannot
be increased by simply increasing expenditures at that time. Long run planning is required. However, this
planning has to be done in a very uncertain environment.

Changes in climate will impact agricultural productivity, but these changes are uncertain. On the de-
mand side, the most important determinants are the size of global population and per capita income growth.
However, projecting this drivers over the 21st century is challenging. For example, quantification of un-
certainty in future economic growth rates involves assumptions about new technologies, future educational
attainment, institutional reforms and political stability. In the absence of this information, researchers rely
on scenario-based forecast or experts’ opinions regarding possible growth rates in the 21st century and their
probability distributions.

The goal of this project is to analyze optimal path of global agricultural R&D spending in the 21st
century and understand impacts of uncertainties on decisions to invest in agricultural R&D, while factoring
in the long time lag characterizing agricultural productivity response to R&D expenditures. To address it,
we develop a long-run global dynamic forward looking model of land use with endogenous investments into
agricultural R&D. Agricultural productivity is represented by total factor productivity (TFP) and is also
endogenous in the model. TFP is a function of R&D stock, which in turn depends on past investments. Both,
scenario-based forecast and experts’ opinions on probability distributions are employed as two alternative
methods to characterize uncertainty. In each case, Min-Max Regret criterion is applied to find optimal R&D
expenditure path when several alternatives with unknown weights/probabilities exist.

As it is mentioned above, both, scenario-based forecast and experts’ opinions on probability distributions,
are employed as two alternative methods to characterize uncertainty. Accordingly, two papers have been
written based on this analysis. The first paper, forthcoming in Food Policy [9], employs scenarios represented
by Shared Socio Economic Pathways (SSPs) data base. The second paper employs opinions of experts
on economic growth probability distributions, recorded in Yale Long Run Growth Survey (documented in
Christensen et al. [10]). Preliminary analysis was presented at the Allied Social Sciences Association (ASSA)
2017 Annual Meeting and is in preparation for submission to a journal.

One of the important changes to the modeling framework implemented this year is revised relationship
between Total Factor Productivity (TFP) and R&D, and as well as revised representation of future demand
for biofuels. The optimal path of agricultural R&D spending, as well as the resulting path of TFP, over the
21st century for each SSP are shown by dashed lines in Figure 13. The SSP3 (high population) scenario
shows the highest rates of optimal R&D spending. The lowest spending paths are for SSP1 and SSP5,
which have slower population growth, accompanied by higher income per capita growth. This illustrates the
interaction between policies which moderate population growth (e.g., investments in female education) and
agricultural R&D policy. Overall, optimal agricultural R&D spending in 2100 varies by a factor of 3.4 –
ranging from about $105 billion to $360 billion, depending on the SSP scenario. This raises the important
question: given the inherent uncertainty about the future, which spending path should be chosen? If we
plan for the sustainability outcome (SSP1), but fail to achieve this and instead revert to a fragmented global
economy (SSP3), there will be serious shortfalls over the 21st century in R&D stock and productivity levels.
This leads us naturally to a Min-Max Regret (MMR) approach. MMR investment and productivity pathways
are shown by the solid red line in Figure 13. Note that the MMR path lies between the extremes of the
deterministic paths up to 2030, but then deviates toward SSP3 optimal R&D spending path and essentially
follows SSP3 to the end of the century. To put these total figures in perspective, the MMR expenditures on
agricultural R&D represent about 0.05%, 0.1% and 0.07% of business as usual Global World Product in the
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beginning, middle and end of the 21st century, respectively.

Figure 13: Optimal Paths of R&D spending and TFP. The solid line represents the optimal path of the
min-max regret (MMR) problem, and each dashed line represents solution of the deterministic model for
specific SSP scenario path (e.g., the black dashed line represents solution of the deterministic model assuming
population, income, and climate change paths are given exogenously by SSP3).

Given the interplay between optimal R&D policy and the multiple sources of long-run uncertainty in
the global economy, it is important to see how different the long-run policy would be if it were built up
from a sequence of analyses, each of which considers just one source of uncertainty at a time. Figure 14
reports results from these experiments, designed to isolate the interaction effects among different sources of
uncertainty. The plotted lines report the additional R&D spending called for under the MMR criterion if
the underlying sources of uncertainty are considered one-at-a-time (the three dashed lines). In this case, we
see that climate uncertainty (red dashed line) does not significantly affect the optimal R&D spending path.
In contrast, considering only population uncertainty gives rise to much higher levels of R&D than under
the BAU scenario (i.e., SSP2). This reflects the very wide range of possible population outcomes in 2100
(7 billion vs. nearly 13 billion). The impact of income uncertainty are most important in the first half of
the century, before the world’s population reaches higher average income levels at which point the income
elasticity of demand for food declines sharply. When we sum all three of the one-at-a-time MMR solutions
together, we obtain the solid black line in Figure 14. This suggests that, ignoring interactions amongst the
different sources of uncertainty, society should move to higher levels of R&D spending, with the increment
gradually increasing and reaching roughly $160 billion in the end of the century (relative to optimal R&D
spending in SSP2).

By way of contrast, Figure 14 also reports the MMR solution (the solid red line) when all three sources of
uncertainty are simultaneously considered. The difference between this and the summation of the individual
MMR solutions is a useful measure of the policy impact of interacting uncertainties. When the uncertainties
are simultaneously considered, the optimal R&D path (the solid red line) begins rising sooner and rises to
a spending level which remains higher than the individual uncertainty path (the solid black line) from 2040
to the end of the century. In summary, the interaction effects among economic, demographic and climate
uncertainties result in a substantial reallocation of the time path of R&D spending, calling for a substantial
increase in the additional R&D desired.

In summary, uncertainty in future population has the dominant impact on optimal R&D expenditure
path. The robust solution suggests that the optimal R&D spending strategy is very close to the one that will
increase agricultural productivity fast enough to feed the World under the most populous scenario. It also
suggests that society should accelerate R&D spending up to mid-century, thereafter moderating this growth
rate.

The second study undertaking this year focuses on uncertainty in economic growth and employs opinions
of 13 experts on economic growth probability distributions. Comparison of the survey with economic growth
rates from an SSP database reveals that the SSPs may understate true range of possible outcomes and
exclude possibility of zero or negative growth. Indeed, at global scale, annual growth rates in per capita
income in SSP database are in 1-3% per year range, while in the experts’ survey the range is from -3% to
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Figure 14: Additional R&D spending of MMR solutions relative to the deterministic solution with SSP2

6%. Our results indicate when there is a significant probability of non-positive economic growth in the 21st
century, the optimal response is to invest a lot in R&D today, and maintain a fairly flat trajectory over the
entire century. This is in sharp contrast to the optimal path when growth rates are strictly positive. In this
case, R&D spending starts out slow, and accelerates over time. Since we do not know which distribution
to choose, we propose a novel approach to dealing with this ambiguity by minimizing the maximum regret
across all 13 optimal growth paths. This results in 40% higher R&D spending early in the century than
that dictated by a mean growth rate deterministic model. However, by mid-century, optimal R&D spending
levels off, and the resulting TFP plateaus by the end of the century at a level which is about twice as high
as at the start.

We will finalize the analysis based on experts’ survey and plan to submit the study for publication in the
coming year. Also, we plan to extend the project by incorporating more analysis on differentiating income
groups and solving competitive equilibrium.

3.3.2 Dynamic-stochastic Analysis of Climate Impacts on Global Forest Carbon Sequestration

[Cai, Golub, Hertel, Sohngen]

Climate change is expected to have far-reaching impacts on the world’s forests. The IPCC (2014) suggests
changes along three dimensions in response to rising CO2 concentrations and changing temperature and
precipitation: shifts in forest growth rates, shifts in where species can grow, and changes in disturbance
regime. For example, ecosystem models have shown potentially large scale movements in forested ecosystems
over the next century, and large growth responses (e.g., [11]).

A number of economic models integrated ecosystem impacts and examined how the ecological changes
could influence timber production and management. One of the first studies [12] found that forest growth
would likely increase with climate change, leading to increased timber production and lower prices. That
study did not consider the effects of changes in forest disturbance and the movement of ecosystems across the
landscape as climate changes. Sohngen and Mendelsohn [13] illustrated the importance of modeling the full
dynamic adjustment pathway to measure welfare effects of climate change on forests. Guo and Costello [14]
also use a dynamic approach and show how adaptation strategies will rely heavily on the extensive margins,
finding that much of the effort on adaptation will occur when forests are harvested and regenerated rather
than through management or the timing of harvests. Sohngen et al. [15], Perez Garcia et al. [16] and Tian
et al. [17] use global models to account for the price effects of large-scale shifts in ecosystem productivity.

None of the existing models of climate change impacts in forestry have explicitly factored in the role of
uncertainty in forest management decisions. Uncertainty is important for a number of reasons. First, we do
not know the future path of carbon emissions, and thus do not know the climate forcing factors that will
affect ecosystems. Second, we do not know exactly how ecosystems will respond to changes in climate. Forest
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dieback, for instance, is currently an important source of uncertainty for forest managers. It could increase
or decrease with climate change, depending on relative changes in temperature versus precipitation and
other factors, making future decisions about when to harvest trees and what to replant substantially more
complex. Third, timber prices are uncertain. Nearly all studies in forestry that have considered uncertain
timber prices, however, have treated prices as a function of some exogenous process, typically unrelated to
climate change. With climate change, however, prices must be determined endogenously with climate change
impacts and uncertainty unfolding in multiple regions.

In this paper we address these issues by developing a dynamic-stochastic approach to modeling climate
change impacts in forestry. We start by constructing a global dynamic model of timber markets based
on Sohngen et al. [15] and Tian et al. [17]. We then use a Min-Max Regret (MMR) approach [18, 19] to
incorporate important elements of uncertainty into the dynamic global model of forests. The MMR approach
calculates a set of optimal intertemporal decisions in forestry across several states of nature by minimizing
the maximum regret associated with making the “wrong” decision. Regrets are the welfare consequences of
making decisions consistent with a given state of nature (future climate condition) while in fact the world
is under a different state of nature. The MMR approach allows us to determine a set of forest management
decisions that minimize the potential adverse welfare consequences of assuming one climate future but
experiencing another.

Within our global timber model, the management decisions that affect adaptation include choosing the
optimal age class of harvesting trees, the intensity of investments in forest management at replanting time
(which are fixed for the life of the tree), the type of trees to grow in a given area, the area of forests to
manage for timber production, the area of forests to leave in a natural state, and the overall area of forest
cover. In the model, global land endowment is split into biomes, and competition for land among agriculture
and forests (both managed and unmanaged) is modeled within each biome. Representation of forests is
based on the deterministic analysis and data in Tian et al. [17]. Climate impacts are derived from the MC2
model [11]. Scenarios from the MC2 model have been linked to temperature and atmospheric carbon dioxide
concentrations in the Shared Socioeconomic Pathways (SSPs) database (IIASA 2015). Thus, we examine
impacts across the five SSPs, characterized by SSP specific global population, income, change in global sur-
face temperature and carbon dioxide concentrations, and then use the MMR approach to determine the set
of decisions that minimize the maximum regret across these scenarios.

This year we:

• specified impacts of climate change on (1) tree growth, (2) the stock of timber through dieback, and
on biome areas;

• implemented biome specific crop and timber production functions and region specific livestock produc-
tion functions;

• calibrated model parameters and implemented model in GAMS;
• evaluated impact of uncertainties on optimal timber management decisions and land use

The results illustrate that investments in forest management should continue to increase in most regions
of the world over the next 25-40 years. They are expected to increase most rapidly for the fastest growing
forest types, for example Southern Pine in the US and other non-indigenous species in other regions of the
world, with investments in forestry management in these types growing at roughly 3% per year. Investments
in management in slower growing species also increase, but less rapidly at 1.6% per year. Beyond 2050, our
model projects that investments in forest management slow down and decline in the US, while they continue
to grow in other regions. One reason for the slow-down in the US is the large increase in forest fire activity
that occurs in this region, making investments in the US substantially more risky in the longer run.

Next year we plan to:

• Finalize and submit to a paper on “Optimal timber management decisions in the face of future uncer-
tainties”.

• Develop and implement in the model carbon sequestration policy scenario and assess impact on welfare
and carbon cycle, and finalize and submit a paper on “Optimal carbon sequestration in the context of
climate policy”.
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• Develop and implement state-of-the-art parallel NLCEQ (nonlinear certainty equivalent approxima-
tion) methods on supercomputers to solve high-dimensional dynamic stochastic optimization problem
of optimal timber management and forest carbon sequestration.

3.3.3 Spatial heat/moisture transport in climate economics modeling and spatial DSICE

[Brock, Cai, Xepapadeas (Athens)]

A well-established fact in the science of climate change is that when the climate cools or warms, high
latitude regions tend to exaggerate the changes seen at lower latitudes. This effect, called polar amplification,
indicates that under global warming the temperature at the Poles will increase faster than at the Equator.
We aim to understand the impact of polar amplification on the distribution of potential damages due to
climate change across space.

In the past year we have completed three studies on these effects. The first paper “Climate policy under
polar amplification” is forthcoming in the European Economic Review [20]. This paper derives a formula for
biases in the optimal rate of taxation on CO2 emissions (also called “The Social Cost of Carbon”) caused by
omission of poleward heat transport dynamics. The formula is specific to the context of the simple two box
model of climate dynamics and economic dynamics that was used but is suggestive of what might happen in
more realistic models. The second paper, “Spatial heat transport, polar amplification, and climate change
policy,” is forthcoming in a Handbook on climate economics being edited by Graciela Chichilnisky and Ar-
mon Rezai [21]. This paper extends the first paper to a model context with a continuous spatial dynamics
of poleward heat transfer instead of the simpler two box model used in the first paper. The third paper,
“Modeling coupled climate, ecosystems, and economic systems,” is forthcoming in Handbook of Environmen-
tal Economics, Volume IV, edited by Partha Dasgupta, Subhendru Pattanayak, and V. Kerry Smith[22].
This paper is a review of recent literature in dynamics climate and ecosystem modeling. It is an attempt to
exposit this work to a broader audience.

Spatial DSICE. We then extended the stochastic DSICE model to include spatial heat and moisture
transport in the geophysical sector of the DICE-2013R model. We call the resulting IAM a Spatial-DSICE.

This year we built the framework of Spatial DSICE with two regions (north region and tropic/south
region), calibrated the spatial climate system (with polar amplification) and spatial economic system, incor-
porated thawing of permafrost in the model, and included both mitigation and adaptation as climate policy
variables. We also addressed climate damage to economic growth and impact of climate tipping risks.

We find that the north region has higher carbon taxes but lower adaptation rates than the tropic/south
region, and bias from ignoring polar amplification has modest changes to social cost of carbon but significant
changes to adaptation (see Figure 3.3.3). Additionally, we find biases in optimal carbon taxes somewhere
between 10% and 20% caused by neglecting spatial heat and moisture transport. Moreover, tipping risks
significantly increase the social cost of carbon in both regions. We presented these initial findings at ASSA
annual meeting and completed a related working paper [23].

Next year we will revise and extend the study, incorporating new results and analysis, particularly
focusing on representations of climate and economic damages.

3.3.4 Climate and renewable energy policy under learning-by-doing

[Cai]

The major goal of this project is to introduce learning-by-doing for renewable energy into the DICE
model. The timing of optimal policy to combat climate change is controversial: while some advocate a
“gradual slope” in policy, others emphasize the importance of redirecting investments rapidly if we hope to
meet a “2 degree” goal. We consider this question in the light of irreversible “dirty” and “clean” investments,
such as coal-fired and solar electricity generation. We assume that the “clean” sector is characterized by
“learning-by-doing”: costs of new technologies decline as a function of cumulative installed capacity in the
sector, a model which is well supported empirically in the cases of solar and wind power.

This year we built a dynamic integrated assessment model with “dirty” and “clean” energy sectors based
on DICE, incorporated the “learning-by-doing” effect in the “clean” energy sector, calibrated the related
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Figure 15: Bias of social cost of carbon and adaptation rates in the north and tropic/south regions when
polar amplification is ignored (i.e., �1 = �2 = 0)

parameters in the energy system, did theoretical analysis, and quantified optimal climate policies (tax and
subsidy) in the dynamic general equilibrium climate-economy model. We find a “Reverse Green Paradox”:
knowledge of an increasing carbon tax will reduce investments in assets that pollute, and so reduce emissions
in the short term. This contrasts with the well-known effects of such policy on the suppliers of fossil fuels,
such as coal mines. So stranded assets play opposing roles, depending on whether these assets supply or
demand fossil fuels. Additionally, we show that it is optimal to begin deployment of clean technologies early,
if their cost decreases with their cumulative deployment (as has been clearly observed for solar power).

In the next year we will incorporate new results and analysis, complete our write-up of the study and to
submit it for publication.

3.3.5 Robustness in modeling the economics of climate change

[Brock, Anderson, Sanstad]

We continue our work on integrating robustness into coupled climate-economic models and on the develop-
ment of computational algorithms for dynamic robust models. We are particularly interested in fundamental
modeling issues such as the specification of economic damage functions, the quantification of uncertainty,
robust penalty functions, utility functions that incorporate environmental preferences, and the development
of numerical methods for high-dimensional problems that can feasibly be implemented on ordinary worksta-
tions.

In the past year we finished a study on “Robust Consumption and Energy Decisions.” The paper will be
part of a planned book on Climate Risk.The paper is part of an an intensive project that studies a climate
economics model where society is concerned about model misspecification and has preferences that are a
function of consumption per capita and climate quality. We find that when the elasticity of substitution
of social welfare across time and the elasticity of substitution in welfare between consumption per capita
and quality of climate decreases, the impact of robustly optimal economic planning leads to stronger efforts
to limit CO2 emissions and slower growth of the global temperature anomaly. One of the more interesting
conclusions of the paper is that robust agents who deny the effects of climate change on the economy, behave
much like agents who believe climate changes are real.

Technical issues that arose during our research on Robust Consumption and Energy Decisions led to
three complementary studies on robust control, heterogeneous robust agents and depreciation methods in
dynamic models. The first paper discusses environmental damage functions and robust penalty functions.
This paper mainly focuses on technical issues in the application of robust control to environmental problems.
A second paper analyzes models with heterogeneous robust agents. This paper enriches the robust analysis of
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economic-climate models by allowing agents to have different preferences, different concerns for robustness,
and different levels of wealth. We are especially interested in economies where agents have heterogeneous
values of the elasticity of substitution between consumption and climate quality. In order to complete this
project, we are developing new expansion algorithms that are applicable to all dynamic economics models
with heterogeneous robust agents. A third paper, proposes a new method of specifying depreciation in
dynamic economic models, which leads to much easier computational solutions for a wide-range of models in
macro, financial and environmental economics. We have already demonstrated that our new approach fits
data as well as conventional approaches, and that our new approach is significantly easier to implement. The
ideas in this paper, will lead to subsequent research that will simplify the analysis of realistic environmental
models. We are also nearing completion of summary article on numerical methods for dynamic robust
problems. The methods are applicable to all areas of dynamic economics, though environmental examples
are emphasized.

Next year, we plan to begin work on projects that allow a social planner to have different robustness
concerns than agents and methods for distinguishing the impacts of risk and uncertainty on optimal policies
and models.

3.3.6 Data-driven estimation of the economic impacts of climate change

[Jina, Greenstone]

The major goal of the project is to calculate an empirically derived Social Cost of Carbon. Plausibly
causal temperature dose-response relationships for various economic sectors will be estimated through panel
data techniques using historical high-resolution climate data and globally representative outcomes data.
Future impacts will then be projected around the world at high spatial resolution, using custom downscaled
climate projections from the entire CMIP5 ensemble of climate models. Our approach will take into account
that agents can choose optimal adaptation opportunities, while also incurring the costs of compensatory
investments. In addition to RDCEP, this project is supported by the Skoll Foundation, the International
Growth Centre, and private philanthropy.

This year we have made substantial progress on several impact sectors, including mortality, labor, conflict,
and agriculture. We describe the highlights from each sector in turn.

Mortality: In order to quantify this impact, we assembled the largest ever collection of micro-level
dataset on mortality globally, covering 57% of the world’s population and still expanding. This has allowed us
to estimate the most comprehensive global response of mortality to temperature to date. More significantly,
the wide geographic scope of our data means we have substantial coverage of places representing different
incomes, climates, and levels of development-enabling us to examine how the response to temperature differs
across the world. We find robust evidence that people are adapting – the sensitivity to temperature is lower
in wealthier regions and in regions that have more experience with hotter days. These relationships were
used to estimate the sensitivity of mortality to temperature around the globe (including in areas that have
no mortality data) and also to estimate projected sensitivities under future income levels and climate.

While our results suggest that agents undertake adaptive measures, these measures are not free of cost.
The difficulty of quantifying the costs of adaptation has always held back empirical research on climate
change impacts. In our mortality analysis, we have pioneered a new approach to this question using insights
from economics. The intuition is that, if we observe people adapting then the benefit from that adaptation
must be more than the cost of adapting. This is the first time such an approach, one based on real data,
has been used to produce insights about the costs of adaptation. Figure 16 displays the global mortality
damages from climate change out to 2090.
Conflict: In the past year, we have drawn on the large body of work on climate and conflict to construct
a comprehensive and updatable database of conflict outcomes-including homicide, assault, rape, larceny,
civil conflict, ethnic riots, coups, and more-throughout the world at various spatial and temporal scales.
These diverse data were harmonized into one standardized statistical model, which we used to estimate
the sensitivity of interpersonal crime and intergroup conflict to variations in temperature and precipitation.
As in our work on mortality, we explicitly model how climate sensitivity varies across a set of plausible
covariates. Figure 17 displays the predicted temperature sensitivities of intergroup conflict and interpersonal
crime respectively, as of 2017.
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Figure 16: Time series of mortality impacts due to climate change in an RCP8.5 scenario to 2099. Green
line represents the reductions due to adaptation benefits, and black line represents the total impact when
including adaptation costs, which are calculated with a revealed preference methodology.

Figure 17: Effect of 1 standard deviation increase in average temperature (% change relative to baseline) on
intergroup conflict (Left) and interpersonal conflict (right).

Labor: The effect of warming temperatures on the global workforce has to date received little attention in
evaluations of climate change impacts. To fill this critical gap, we have assembled a first-of-its kind collection
of time-use and labor force surveys reporting individual-level data on daily work hours. Our data contain
more than 16 million observations of daily work hours for workers in nine countries (including the United
States, United Kingdom, France, India, Brazil, and Mexico) that are home to nearly one-third of the world’s
population. These observations were matched with historical daily temperature data to conduct the first-ever
globally generalizable study on how temperature impacts labor supply.

We find evidence of significantly reduced work time on warm days relative to moderate days. Figure 18
displays the global average reduction in minutes worked at various daily maximum temperatures, relative to
a day where the maximum temperature is 27�C. For example, compared to a 27�C day, the average worker
is seen to work nearly 25 fewer minutes on a 40�C day.
Agriculture: This year we initiated efforts on the agriculture sector. We have been collecting and cleaning
sub-national agricultural data from individual country statistical offices, and have amassed a dataset spanning
52 countries. The crops we are studying represent over half of global calories-the majority of the food
humanity depends on.

Next year we plan to complete projections of impacts for the existing sectors as well as embark upon
new sectors. For the labor sector, we will project temperature-related losses in work hours with the same
methods as were used for projecting mortality impacts. For the agriculture sector, we will leverage our global
dataset to produce a detailed estimate of the response of agricultural yields to climatic shocks, allowing us
to project at a geographically granular level how agricultural yields across the globe might fare under future
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climate change.

Figure 18: Change In Daily Minutes Worked By
Temperature (Global Average)

New impact sectors for next year include energy and
migration. For migration, we will analyze an enormous
dataset of individual-level census data for 43 different
countries, allowing us to track movements of people inter-
nally as well as international migration flows. For energy,
we will estimate the changes in demand due to increasing
temperatures, with data from the United States, India,
China, and Europe. Both of these sectors will allow us to
understand two of the most important channels of adap-
tation to climate change: people moving away from harsh
climate conditions, and people investing in cooling to pro-
tect themselves from the worst effects of temperature.

Other plans for next year involve the analysis of novel
global datasets on wet bulb temperature (i.e. temper-
ature accounting for humidity) and sea-level rise, which
have been created by collaborating team members. Previ-
ous work in the United States showed increased humidity
to be one of the more alarming changes to the physical
environment we will experience as the climate changes.
The sea-level rise data will be used in tandem with data
on tropical cyclones to analyze the cost of coastal damage
and property losses, which is expected to be one of the largest costs of climate change.
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3.4 Model Evaluation

3.4.1 GGCMI

[Elliott, Kelly, Foster]
Crop models are increasingly used to simulate crop yields at the global scale, but so far there is no general
framework on how to assess model performance. In [24] the AgGRID team, led by RDCEP Co-PI Elliott and
collaborator Christoph Müller, evaluated the simulation results of 14 global gridded crop modeling groups
that have contributed historic crop yield simulations for maize, wheat, rice and soybean to the Global Gridded
Crop Model Intercomparison (GGCMI) of the Agricultural Model Intercomparison and Improvement Project
(AgMIP). Simulation results are compared to reference data at global, national and grid cell scales to evaluate
model performance with respect to time series correlations, spatial correlation and mean bias. We find that
global gridded crop models (GGCMs) show mixed skill in reproducing time series correlations or spatial
patterns at the different spatial scales. Generally, maize, wheat and soybean simulations of many GGCMs
are capable of reproducing larger parts of observed temporal variability (time series correlation coefficients
(r) of up to 0.888 for maize (Figure 19, reproduced from [25]), 0.673 for wheat and 0.643 for soybean at
the global scale) but rice yield variability cannot be well reproduced by most models. Yield variability can
be well reproduced for most major producing countries by many GGCMs and for all countries by at least
some. A comparison with gridded yield data and a statistical analysis of the effects of weather variability
on yield variability shows that the ensemble of GGCMs can explain more of the yield variability than an
ensemble of regression models for maize and soybean, but not for wheat and rice. We identified future research
needs in global gridded crop modeling and for all individual crop modeling groups. In the absence of a purely
observation-based benchmark for model evaluation, we propose that the best performing crop model per crop
and region establishes the benchmark for all others, and modelers are encouraged to investigate how crop
model performance can be increased. We make our evaluation system accessible to all crop modelers, through
an open source Git repo of data processing and analysis routines (https://github.com/RDCEP/ggcmi/)
and an online interactive tool using Geohub [26] so that other modeling groups can also test their model
performance against the reference data and the GGCMI benchmark. All GGCMI Phase 1 outputs are
currently available via a Globus endpoint and are being published in the RDCEP Globus data publication
archive: https://publish.globus.org/jspui/handle/11466/56.

3.4.2 Pseudo-orbit Data Assimilation

[Du, Smith]

Effective data assimilation (DA) methods are used to obtain model states that more accurately reflect the
state of the system thereby improving the quality of the forecasts, approaching the limit set by the ability of
the model. We have developed an Importance Sampling approach based on Pseudo-orbit Data Assimilation
(PDA), which solves an “impossible” challenge identified by Mark Berliner in 1991. The application of Pseudo-
orbit Data Assimilation (PDA) in various of operational models, e.g. weather; climate models and hopefully
an ocean model, both to better understand the technique and to establish more useful initial condition
ensembles, better parameter estimates and improved forecast performance from (multi-)model ensembles
and find longer shadowing time of the model. We have been closely collaborating with the NCAR’s Data
Assimilation Research group, especially during our visit to NCAR in July 2016 we have install PDA code in
NCAR’s Data Assimilation Research Testbed (DART). DART is a community facility for ensemble DA; it
provides modelers, observational scientists, and geophysicists with powerful, flexible DA tools that are easy
to implement and can be customized to support efficient operational DA applications. Although the code
will be released in the next generation of DART, it is accessible upon request at the moment.

To extend the application of PDA in operationally models, two methodologies are under development. i)
In practice, it is often the case that only some components of the observations are observed, a methodology
that applies PDA to the case of incomplete observation has been developed and successfully demonstrated
in Lorenz96 systems. ii) Variables (components) of an (operational) system often have very different magni-
tude as well different physical meaning, a rescaling procedure is usually required before implementing data
assimilation. Traditional rescaling according to the variability of the components does not make any physical
sense, even it does, it would contaminate the dynamical information among the components. We are working
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Figure 19: Time series correlation coefficients for the top-10 maize producing countries. Rows display
the individual countries ordered by production; left-hand labels describe the best performing GGCMs for
that country and the correlation coefficients. White boxes indicate that correlations are not statistically
significant. Each column displays individual GGCM/harmonization combinations, omitting all for which
data are not available. The leftmost column displays the best correlation coefficient for each country (row),
corresponding to the row labels on the left. Color legend key on top includes a histogram (cyan line) that
shows the distribution of correlation coefficients across the ensemble and the top-10 producing countries,
excluding the “best” column.
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on a novel rescaling approach which could transform all the components into a physically meaningful metric
upon which PDA can be applied.

3.4.3 Design and Use of Ensembles of Multi-model Simulations for Forecasting

[Du, Smith, Higgens (LSE)]

Probabilistic forecasting is common in the geosciences, the finance sector, and elsewhere. It is sometimes
the case that one has multiple probability-forecasts for the same target. How is the information in these
nonlinear multiple forecast systems best “combined”? Assuming stationary, then in the limit of a very large
forecast-outcome archive, each model-based probability density function can be weighted to form a “multi-
model forecast” which will, in expectation, provide at least as much information as the most informative
model. In the case that one of the forecast systems yields a probability distribution which reflects the
distribution from which the outcome will be drawn, then Bayesian Model Averaging will identify this model as
the number of forecast-outcome pairs goes to infinity. In many applications, like those of seasonal forecasting,
data are precious: the archive is often limited to fewer than 26 entries. And no perfect model is in hand.
In this case, it is shown that forming a single “multi-model probability forecast” can be expected to prove
misleading.

This year we continued our investigation of these issues using probabilistic forecasts of a simple math-
ematical system, which allows many limiting behaviors of forecast systems to be quantified and compared
with those under more realistic conditions. Specifically, in the past few months we included a Laguerre
polynomial expansion model in the study and added experiments on multi-model vs single model runs. We
find that the brief duration of the forecast-outcome archive, typically less than 40 years in seasonal forecast,
limits the clarity both with which probability distributions can be derived from individual models and with
which model weights can be determined. We have completed this study and expect to submit the paper
within the month [27]. In the paper we propose several avenues by which one might address this challenge
and discuss their relative merits and drawbacks. We suggest that perhaps the most promising way forward
is to step away from the statistics of the ensembles, and examine the physical realism of the individual
trajectories. And we caution that probabilistic forecast skill, while a sharp tool for decision support, may
prove a blunt tool for model improvement when the data are precious.

3.4.4 Beyond proper skill scores – the importance of being local

[Du, Smith]

Different evaluation measures (scores) are available, often quantifying different characteristics of forecast
performance. It is well-known that it is important to use proper skill scores. Given a proper score, the true
forecast system will always be preferred whenever it is included amongst those under consideration. When
this is not the case, then even proper scores may rank two forecast systems differently, making it difficult
to provide definitive statements about forecast quality. The “locality” property is further considered, where
there are infinite number of non-local proper skill scores and the only one local proper skill score Ignorance.
The Ignorance score is shown to have immediate intuitive appeal and informative interpretation while non-
local scores require the full-knowledge the True forecast distribution (almost always unknown in reality) in
order to have meaningful interpretation.

In our initial work we constructed generalized examples to demonstrate non-local scores producing counter
intuitive evaluations. In the past year we have have added a general “energy score” which is a generalization of
Rank probability score (although they look very different). We also introduced new mathematical properties
to theoretically support that it is inevitable for nonlocal score to produce counter intuitive evaluations.

Mathematical properties, “Perverse" and “Implausible" are introduced to mathematically describe counter
intuitive evaluations in order to further distinguish skill scores. Nonlocal scores like Continuous Rank
Probability Score are shown to be Perverse, an example is given in Figure 20 (Top Right); and nonlocal
scores like Proper Linear Score and Spherical score are shown to be Implausible, examples are given in
Figure 20 (Bottom Left and Right) respectively. The only local score Ignorance is shown to have immediate
decision relevant interpretation and not have those two undesirable properties, therefore suggested Ignorance
being used for decision support.
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Figure 20: The expectation of various scores of forecast system A,N(0,�2), relative to forecast system
B,N(0, 1/�2), where the outcome is drawn from standard Gaussian distribution (top right). Continuous
rank probability scores (top left), spherical scores (bottom right) and proper linear scores (bottom right)
also produce “unfortunate” results.
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3.5 Computational Technologies

We focus on developing enabling infrastructure that can support a range of data search, exploration, and
analysis tools required by different RDCEP projects.

3.5.1 pSIMS: a parallel System for Integrating Impacts Models and Sectors

[Elliott, Kelly, Foster, Brizius, Chryssanthacopoulos]
pSIMS is a framework for massively parallel climate impact simulations. This framework comprises a) tools
for ingesting and converting large amounts of data to a versatile datatype based on a common geospatial
grid; b) tools for translating this datatype into custom formats for site-based models; c) a scalable parallel
framework for performing large ensemble simulations, using any one of a number of different impacts models,
on clusters, supercomputers, distributed grids, or clouds; d) tools and data standards for reformatting outputs
to common datatypes for analysis and visualization; and e) methodologies for aggregating these datatypes to
arbitrary spatial scales such as administrative and environmental demarcations. By automating many time-
consuming and error-prone aspects of large-scale climate impacts studies, pSIMS accelerates computational
research, encourages model intercomparison, and enhances reproducibility of simulation results.

In the last year, we launched pSIMS 2.0, including a rewrite of most of the code to be more user and
developer friendly (https://github.com/rdcep/psims). This new version is written largely in Python,
making it more accessible to the broad scientific community. We continue to develop the pSIMS platform to
support a wide array of applications including assessment of multi-decadal climate change impacts, in-season
monitoring and forecasting, assessment of the impacts of extreme climate, and characterization of variability
and uncertainty in production systems for use in quantifying and assessing risk. We also continue to support
an increased number of users of the platform. We are aware of approximately 10 research groups around
the world that are using pSIMS 2.0, however since we can’t track downloads of the open source software, we
suspect there are still more that have not yet contacted us for support.

3.5.2 Contributions to the open-source DSSAT repository

We developed a new modeling framework to simulate agricultural production in water limited areas in the
Decision Support System for Agrotechnology Transfer (DSSAT) farm system model [3]. This framework
consists of a new automatic irrigation algorithm for the simulation of growth stage specific deficit irrigation
under limited seasonal water availability; and optimization of growth stage specific parameters using heuristic
optimization algorithms. These new features are currently being evaluated for inclusion in the core DSSAT
source code (https://github.com/dssat), making them available for use by hundreds of researchers around
the world that use DSSAT to study farm systems and climate impacts.

3.5.3 ATLAS: An interactive viewer for large climate datasets

[Foster, Lourenco, Brizius, Matteson]

We are developing ATLAS to enable interactive access to large environmental datasets. ATLAS is an
online interactive visualization tool that allows users to navigate and analyze collections of environmental
data. Its implementation comprises an online viewer that connects to a backend datastore via a specialized
application programming interface.

During the past year we have developed optimized methods for accessing large datasets, and evaluated
their use with a range of climate and agricultural data collections. We demonstrated the ability to provide
interactive performance via the use of a MongoDB backend.

In the coming year we plan to release this software as a major outreach vehicle for RDCEP.

3.5.4 Mapping Large Environmental Data Collections

[Skluzacek, Beckman, Foster, Ward]

As the number and diversity of data products associated with economics and climate change research
grows, so too do the difficulties inherent in navigating and making sense of those data. Thus we have launched
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Figure 21: Faster data retrieval from MongoDB allows for larger geographical viewing areas with less latency

a project that aims to pull data from dark, scientific repositories to a central, searchable metadata service.
Data swamps are defined as repositories of data that serve to be effectively useless to a scientific or analytic
process due to data containing data pollution – disorganized, unlabeled, or extraneous (and generally useless)
information occluding valuable scientific information.

Extraction of valuable metadata from these dark repositories requires us to crawl distributed data repos-
itories, quickly extract schema from files, decipher headers and transform them into a standard format, infer
null values, and finally collect content metadata. To further make these data and their corresponding meta-
data useful to scientific processes, we add context-derived metadata that use directory distances (i.e., how
close are files in a repository) and unstructured context files (e.g., READMEs, abstracts, free-text HTML)
to define topics. We find such topics via a Latent Dirichlet Allocation (LDA) model trained on the Web of
Science. Our main testbeds to date have been the Carbon Dioxide Information Analysis Center (CDIAC)
repository of the U.S. Dept. of Energy’s carbon-related climate data, as well as publicly available Globus
GridFTP endpoints from a plethora of institutions.

In the next phase of the project, we will expand the effort to include other environmental data, and work
with RDCEP scientists to evaluate utility.

3.5.5 Cloud Classification

[Foster, Lourenco, Moyer]

We aim in this research to design, develop, and evaluate a new Global Cloud Monitoring System (GCMS)
by accomplishing the following goals:

• Data integration: Establish an environment to consolidate major publicly available satellite data
sources (Landsat, GOES, MODIS) for cloud analysis;

• Continuous ingestion: Develop methods for automatically receiving, preprocessing, and storing imagery
as acquired by satellites; Cloud characterization: Research and develop methods for continuously
classifying images in terms of cloud content, into the ten basic cloud categories (Cumulus, Nimbus,
Cirrus, Stratus, etc);

• Feature extraction: From these classified assets, derive other cloud information such as: top and base
cloud height calculation and surface; spectral and textural signatures; movement gradient surfaces;
among others;

• Artificial intelligence: Use computer vision algorithms on the obtained assets to evaluate cloud response
to climate change effects. Initial tests will include use of the Torch, TensorFlow, and Theano libraries.
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In this first year we have focused on preparatory work, while Ricardo Lourenco completes classes: formu-
lating the problem, identifying potential data sources, reviewing previous research, and experimenting with
classification methods. Ricardo will spend the summer at IBM Research, where they are pursuing related
problems. We have learned in this work the importance of linking the cloud counting and classification
process to models of cloud generation

Our plans for the next year are to start testing libraries that implement Convolutional Neural Networks,
and compare to previously tested classification schemes as a benchmark. We will then port all routines to a
continuous ingestion environment, applying preprocessing and classification routines and generating initial
products.

Figure 22: (Original Landsat 8 OLI RGB Composite (5, 4, 3 – NIR, Red, Green)) At the beginning of 2017,
we have done some experiments on image enhancement. Image enhancement implies on making contents
present in such image more clear to define, and allowing that classifiers become less prone to errors of
class mismatching in a supervised classification. A traditional approach is to perform Principal Component
Analysis over a certain image, to extract components present on that signal on a more independent way
(relying on the orthogonality of the projected domains), and apply tests on textural analysis with fusion of
the source image and its derived components (one per time), to evaluate gains/losses. For our tests we used
a Landsat 8 image obtained in the month of October of 2016, from the region of Brasília, Brazil. This region
is known by the frequent presence of cumulus clouds in most time of the year. The image below shows a
large presence of such clouds, but we are just able to see a general outline of such clouds, not the texture
related to such clouds, and which could be used as a signature for classification, as mentioned in literature.

3.5.6 Using the FACE-IT portal and workflow engine for operational food quality prediction
and assessment: an application to mussel farms monitoring in the Bay of Napoli, Italy.

[Montella, DiLuccio, Elliott, Brizius, Foster]

We have continued our development of an operational forecast system for the identification of marine
pollutants in aquaculture using the FACE-IT portal. This project, which began last year as a test of FACE-
IT extensibility and flexibility, has developed into an active environmental study and a demonstration of
FACE-ITs usefulness for decision support.

WaComM, a three dimensional decision support model enabling the simulation and prediction of pollutant
spills, transport and dispersion in both inshore and offshore environments, has been designed and imple-
mented in FACE-IT. WaComM is driven by a complex chain of outputs from observational data, weather and
oceanic models. The computational process leverages on the following steps: i) data for the region is used
to initialize the Weather Research and Forecast (WRF) model; ii) WRF is used to compute wind conditions
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Figure 23: (Principal Component 2 of Landsat 8 OLI RGB Composite (5, 4, 3 – NIR, Red, Green)) After
this, we performed the cited Principal Component Analysis, and it was possible to verify (on image above)
that the image of the component 2 extracted from the original image brings a lot of textural components
of the internal contours of each cloud, the associated shadows, but without the “bleached” aspect present in
the original image.

Figure 24: (Resultant Enhanced Landsat 8 OLI RGB Composite (5, 4, 3 – NIR, Red, Green) fusion with its
Principal Component 2. Dramatic improvement on cloud texture and illumination content.) At a final step
of this evaluation, we performed an image fusion, using overlaying on the alpha channel of the source image
(lower layer) and the principal component 2 (higher layer). As expected, the image got a bit darker as a
whole, however, the textural content of clouds got dramatically enhanced, revealing all textures present in
those, and also sharpening other contents as well, such as drainage, city buildings, and related green areas.
It is a successful attempt, implemented on a distributed computing environment (Google Earth Engine), and
performed in a reasonable time (3 minutes).

that are one of the forcing of sea surface current forecasted by Regional Oceanic Modeling System (ROMS);
iii) the final result of WRF-ROMS coupled models is a hourly modeling simulation of the 3D hydrodynamic
flow that we used as input data for WaComM to follow the pollutants Lagrangian transport. Using the
FACE-IT platform we have been able to automate coupling of these independently maintained components
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models into a single workflow.

Figure 25: Left: FACE-IT workflow Right: The WaComM internal data flow schema.

In the Face-IT environment we developed the following tools:

• Make WaComM experiment from ROMS. Reads a ROMS experiment description dataset and
produces a WaComM experiment description dataset. The WaComM experiment is created to be
compliant with the ROMS domains, initial and boundary conditions and the simulation starting time
and duration.

• WaComM wraps the WaComM executable. At the present it support restarts and shared
memory parallel implementation based on OpenMP. This tool produces a WaComM output as a
NetCDF-based datatype and a comma-separated-values file with the particles status. This file could
be used as input in order to implement restarting.

• WaComM Aggregator aggregates. WaComM outputs of a specified domain in a single NetCDF
file remapped on a equal spaced regular latitude longitude grid.

• WaComM Plot. It is used for simply, fast, and reliable WaComM output plotting.

As the model is compute-intensive, parallelization is needed for use in real world applications. The
problem size increases with the number of emission sources and the number of the emitted particles. The
computing time is influenced by the problem size and the integration step. The FACE-IT implementation
allows for parallel execution and the use of the Amazon Web Services Elastic Compute Cloud (EC2) service,
making it easily usable by anyone. The modeling system can be used in an ex-ante fashion, as a decision
support tool to aid in the selection of the best suitable areas for human activity deployment; and in an
ex-post fashion, to improve management of offshore human activities.

We tested the system on several case studies where the pollutants are spilled out from well know punctual
sources located along the coasts of Campania Region. We compared our numerical forecast to direct measure-
ments in a specific study areas – the mussel farms in Punta Terone and Punta Cento Camerelle (Bacoli, NA).
The forecasted average of tracers areal distribution (Lon

min

14.08, Lon
max

14.1, Lat
min

40.76, Lat
max

40.81),
covering the period from 07/12/2015 to 21/12/2015. We follow the dispersion into Gulf of Pozzuoli to fore-
cast the impact of pollutants on high density mussel farm areas. The analysis on M. galloprovincialis were
carried out for days 09/12/2015 (the concentration of E. coli is greater than the legal limits) and 21/12/2015
(the concentration of E. Coli lower than the legal limits). The comparison between the numerical forecast and
chemical analysis show a remarkable similarity in trends, although this kind of analysis must be performed
in a more extensively fashion to draw conclusions. Initial results confirm the possibility that the system can
has potential to be generalized and applied to a range of decision maker tools for a many other applications
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that are correlated with the sea quality and require operational forecasts to support to local observations
and measurement.

We are currently refactoring the modeling system in order to implement a full hierarchical parallelization
approach, taking the advantage of the extensive use of GPGPUs as virtual resources available on public and
private clouds. This will enable us to extend the domain size to the whole Campania coast with two nesting
levels at 240m (Campania region) and 80m (Bay of Napoli).

Figure 26: Estimated pollutant concentrations integrated over the water column.

In addition to support from RDCEP, FACE-IT is supported by the NSF cyberSEES program and by a
grant of computer time from Amazon Web Services. For more information, including demonstration videos
and other materials, see faceit-portal.org/.

3.5.7 DILE (Dile Server)

[Apreda, Montella]

Large file size and heterogenous file structures create challenges faced by those seeking to access and share
data across platforms. DILEs (short for Data Tiles) are an alternative approach to represent and dispatch
geospatial-data. The idea is to use netCDF (Network Common Data Form) file format in a “quad-tree” tiled
fashion, in order to speed up access and manipulation of georeferenced data. A DILE is essentially a netCDF
file containing a small bi-dimensional matrix (360x180) representing a gridded data at a specific resolution
(zoom-level). DILES impose a consistent formatting and increase ease of access; it is possible to store such
a small format files virtually anywhere and access them in parallel, dynamically, adjusting the resolution to
fit computational needs.

Finally, a set of web-services allows the fast retrieval of specific data (Temperature, pressure, etc. over a
certain time, zone and resolution) with the possibility to perform data-processing on the fly (such as weighted
mean, variance, standard deviation, etc).

We are currently developing a prototype platform incorporating web-based data ingestion and cloud
storage. During ingestion, coordinate projection and variable conventions are recognized and the data is
regridded and tiled. Metadata is added to a database (at this stage, a no-sql, document-oriented Database
has been chosen) in order to enable users to perform geospatial-queries that allow selection of only the
needed tiles. Web-services allow the fast retrieval of specific data (Temperature, pressure, etc. over a certain
time,zone and resolution) and the ability to perform data-processing on the fly (such as weighted mean,
variance, standard deviation, etc).

In the next year, we plan to automate the process. To do so, a web crawler (of which a beta is already
being coded) will scan the internet looking for files produced by reliable sources. Once a file is found, a
daemon process will activate the ingestion routine. File recognition will be Template-driven (a simple json
structure will suffice) so that the more templates are gathered the more Files correctly recognized (and
therefore ingested).
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Figure 27: Schmatic DILE nesting structure
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4 Education & Outreach Activities
Our education programs engage students, teachers and community members with the aim of imparting
knowledge about the challenges in climate and energy policy planning, and developing skills for effective
decision making in uncertain situations. Through our past body of work, we have created an extensive
curriculum collection that covers a range of topics in climate and energy sciences. Our two main focus areas
for this year have been
(i) Broadening our base: We aim to spread awareness and curiosity about our center’s activities, through
disseminating our curriculum collection to students and teachers at Chicago Public Schools (CPS)
(ii) Developing research skills: We bring the most interested and diligent students from CPS into our research
center at UChicago and provide them with skills necessary to have a successful career as an interdisciplinary
researcher in climate and energy policy.

4.1 Broadening our base

Over the past six years, we have developed strong relationships with schools and teachers in the Chicago
Public Schools (CPS) system as well as the City Colleges of Chicago (CCC). Our location in the south side
of Chicago gives us a unique opportunity to work with some of the low-income neighborhood schools. This
year, we streamlined some of the successful programs from RDCEP-1 such as Energy Demo Library, Energy
Engineers, Urban Research Class and Summer Scholars program, in order to increase the penetration of our
curricular work. We have used a multi-pronged approach which includes: (i) semester-long in-school classes
(ii) teacher training programs (iii) in-class teacher support (iv) summer internships for students and (v)
partnership development.

Our efforts to effectively disseminate our curricula have revealed that one of the best approaches is
having our education director, Seth Severns, provide initial, dedicated outreach through in-class support and
training for teachers. We find that this approach serves two purposes: we can interact directly with students
to get their feedback, and we can demonstrate how our resources can be integrated into teachers’ lessons.
This has been highly beneficial to the teachers as well, as they can see first-hand how the curriculum can
be worked into their lesson plans without having to travel to a teacher training program. Thus, through
actively engaging teachers, we are able to reach more classrooms and students. Going ahead, we will be
focusing our efforts on these outreach programs, while minimizing semester-long teaching sessions for small
groups of students and extended, offsite teacher training programs.

4.1.1 Curricular Resource Development and Dissemination

Our center has produced several educational modules that interactively teach energy-related topics through
hands-on demonstrations and projects. They are designed to be used by teachers in a classroom setting,
and were tested via pilot programs at schools so that teachers’ and students’ inputs could be incorporated
from the beginning. We have modules that can be used from middle school through introductory college
courses and in many subject areas such as computer science, environmental science, english language and
arts, engineering, data analysis, statistics, etc. To gain more traction for these lesson plans, we used the
following approaches for dissemination.

• Summer Programs: We ran two summer programs this year in which CPS and community college
students worked to develop and test hands-on demonstrations and accompanying curriculum units.See
section 4.1.2 for more details.

• Teacher Training Programs at CCAS: We conducted two teacher training workshops in collabo-
ration with the Center for Career Access and Success and presented in their annual conference called
iMathination.

• Teacher Training Workshops at Individual Schools: In response to requests from teachers, we
shifted the teacher training programs to individual Chicago public schools. This enabled us to increase
participation from teachers from multiple grades and subject areas. See section 4.1.2 for more details.
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• In-Class Teacher Support: We followed up the teacher training programs with one or more in-class
teacher support session(s) including live demonstrations of how they could incorporate this curriculum
into their regular classes. See section 4.1.2 for more details.

• Semester-long Classes: These sessions also allow us to test and optimize the curriculum in a class-
room setting, including the arrangement of units into short blocks that could fit into a typical class
period, bridging individual units and obtaining additional feedback from students.

4.1.2 Programs and Engagements

Figure 28: Summer students displaying energy
data on 2D LED Array

Summer Programs @ UChicago In summer
2016, we hired 3 high school students from Woodlawn
(CPS) and 2 undergraduates from Wilbur Wright Com-
munity College for a program called ‘Energy Engineers.’
The program included three phases: i) learning about the
energy system and computer programming, ii) testing en-
ergy demos and energy engineers in-class curriculum from
our existing library, and iii) designing new programs and
demos to contribute to the library. In this way, the stu-
dents gained background knowledge and research expe-
rience while providing critical feedback and development
support for our existing educational resources.

The high school students (Keira, Amaya and Jacobi)
worked on smart lamps, a programmable smart device
built using a micro computer (Raspberry Pi) and LEDs.
The students had no previous programming experience.
However, in the first three weeks of the program, they learned the basics of programming language, python,
in the first 3 weeks of summer. After that they learned about the basics of digital design, such as using a
laser cutter, and redesigning the shape of the smart lamp. The students enjoyed learning these new skills
and are considering STEM careers based on this experience.

The original design of the smart lamp had LEDs on four sides of a cube, and it was difficult to see all
sides of the lamp. The new design, created by the students, was in the form of a grid. This made it easier
to display 2-dimensional data, such as graphs and text. They also learned to write code to flash and scroll
letters and messages on their new 2D lamp and worked to display their school’s energy usage data on the
lamp.

This summer in the RDCEP program I learned many skills that I’ll be able to take with me and
build upon, such as programming and using Python to analyze energy data. I really appreciate
the opportunity, and I’m glad to say that this program really helped me to consider computer
programming as a career. I hope to return next summer. – Jacobi King, Energy Engineers
Summer Intern.

RDCEP’s summer program has been an interesting experience. We learned how to program LED
lights using data with Python. Computer programming has introduced me to something I never
knew how to do before and helped me decide what I might do in the future. – Amaya Hunter,
Energy Engineers Summer Intern

Based on their feedback, the smart lamp design was split into two versions. The first, more economic
version, was simplified to include only a single strip of 10 LEDs when the students were still learning to
program. The second version, 2D array is introduced once the students were ready to display more complex
data and images. In the coming summer, we will hire six new high school students to learn to program and
then work with smart lamps and energy data.

The undergraduate students (Anh and Javier) from Wilbur Wright Community College worked on our
Energy Demo Library, a collection of hands-on energy experiments. This lending library was originally
designed for middle through high school students, but we saw potential for using these demonstrations in
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introductory college courses as well, especially for the resource-strapped City Colleges of Chicago. Anh
and Javier helped us redesign some of the existing curricula to better fit the needs of introductory college
courses, and they researched, designed and built additional demos to be added to the library. These new
demos include Climate Change in a Bottle, Electromagnets, and Fuel Cells.

Figure 29: Students in semester-long Lind-
blom class learning to program using an
LED strip

Semester-long courses We taught two semester-long
classes at Lindblom Math and Science Academy in Fall 2016
and Spring 2017. A total of 34 students participated and
learned in depth about the following topics: energy usage, com-
puter programming, and data analysis with energy data. In ad-
dition to helping students develop knowledge on these topics,
we also used these courses to evaluate our Energy Engineers
curriculum and reorganize it into short blocks that fit into the
time limits of a typical class period. Our post survey results
show that students find our curriculum truly engaging and ex-
citing. We were also able to create interest in STEM fields and
encourage career pathways in STEM.

I learned so much about coding and data, and I
would love to continue learning more. He [Severns]
taught us how to approach problems and different
ways to solve them. – Camille Jackson, 7th grader

I enjoyed learning programming with Python. I was
able to learn things which I feel will benefit me in the
future. Being exposed to new things like this will be
helpful for my career and future job opportunities.
– Kennedi Woods, 7th grader

Training Programs and Workshops Based on our interactions with students in classrooms, we
aspire to increase the penetration of our hands-on curriculum and reach many more CPS students. Hence,
in collaboration with our partners at Northeastern Illinois University’s Center for Career Access and Success
(CCAS@NEIU), we ran a series of teacher training programs for CPS teachers this year. Our goal is to
enable teachers to use our curriculum independently and continue teaching the curriculum year after year.
By training teachers to use modules in their classrooms, we can reach many students across many grade
levels, thus effectively using our limited staff time.

Figure 30: Teacher Training at CCAS’
iMathination Teachers’ conference

We created teacher training modules which would give the
teachers a sample of the breadth of our curriculum in a single
two to three hour session, and allow them to focus on hand-ons
training on a specific topic in the latter hours of the training.
We conducted these teacher training sessions at CCAS@NEIU’s
makerspace (CenterSpace) and at their annual iMathination
teachers’ conference. 40 teachers attended our in-depth three-
hour training sessions, and we were also able to interact with
about 100 teachers, who visited our curriculum booth at the
conference.

Although many teachers were interested in learning about
our program, we found that the commutes and after-school
time commitments required for off-site teacher training pro-
grams were impediments. So mid-year we adapted our training
programs; now they are individual-school, on-site trainings. In the spring we conducted trainings at Corliss
High, Melody STEM Elementary and Leland STEM Elementary. A total of 52 teachers from 6 different
schools each received a minimum of 2 hours of personalized training through these programs. These sessions
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provide a broad-stroke overview of the kinds of curricula and kits we have available. If teachers are inter-
ested after the training, they have access to all our materials and can request additional in-depth training
or in-class support.

This new in-classroom support initiative is designed to lower the barriers to teachers adopting our cur-
riculum into their classrooms. At the invitation of teachers, Seth Severns, our Education Director, visited
several classrooms. There, he taught specific curriculum modules directly to students while the teacher
observed. This served two main purposes: (i) teachers were able to choose which of the various curriculum
units would best serve their classroom needs, (ii) teachers saw how they could engage their students with
the hands-on kits and models. This led to teachers borrowing these kits for some of their other classes where
they could replicate the curriculum that Severns had taught.

Seth provided a real world hands-on experience to the students. I enjoyed seeing the students
working together and engaged. I would like to add this program to my curriculum next year. –
James Harris, teacher at Melody STEM Elementary

Students loved this unit and were disappointed when it ended and I returned materials. I cannot
wait to reach out and utilize this program again next school year! – Melanie Sertuche at Ward
STEM Elementary

I love the fact that as a direct result of this course, I have students considering computer science
as a possible career path! – Tashena Chumrley at Earle Elementary

By visiting a school for a day or two, we are able to reach multiple classrooms and teachers. The teachers
‘trained’ in this way often continue to interact with us and borrow more of our demonstrations, thereby
reaching many more students. This helps us build stronger, longer term relationships with these schools.

Figure 31: Students and teacher from L Ward Elementary learning about smart lamps

Table 1 summarizes the reach of this program in the 2016-2017 school year. The numbers are current as
of the writing of this report. To date, several more trainings are scheduled before the end of the academic
year in mid-June. Because the majority of the trainings were recent (late in the spring term), we expect that
we will also start seeing an increase in the number of teachers borrowing our curriculum and demonstrations.
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Table 1: K-12 students reached in education programs this year. Direct contact refers to sessions run by
Seth Severns, RDCEP Education Director. Indirect contact refers to sessions taught by teachers, trained
through this method. Key: LI – Low income; B – Black; H – Hispanic

Location Description
Students
(Direct
Contact)

Hours
(Direct
contact)

Teachers
Trained

Students
(Indirect
contact)

Hours
(Indirect
contact)

iMathination/CCAS Sessions Interactive session w/
teachers across Chicago n/a n/a 40 n/a n/a

Ward STEM Elementary
(99.4% LI, 92.2% B, 6.3% H) Teacher Training 92 6+ 2 168 30+

Earle STEM Elementary
(96.2% LI, 91.8% B, 6.8% H) Teacher Training 56 6+ 2

Teacher
Training
in progress..

Teacher
Training
in progress..

Melody STEM Elementary
(99.2% LI, 99.0% B, 0.6% H) Teacher Training 53 2+ 2 26 1+

Leland STEM Elementary
(97.1% LI, 98.6% B, 1% H) Teacher Training n/a n/a 17 61 1+

Corliss High
(95.8% LI, 98.8% B, 0.9% H) Teacher Training n/a n/a 26 n/a n/a

Lindblom Math and
Science Academy
(66.9% LI, 71.9% B, 24.0% H)

Semester-long Classes 34 33 n/a n/a n/a

Woodlawn High
(84.7% LI, 98.1% B, 0.9% H) Classroom Demo 120 1 4 n/a n/a

Bell Elementary
(15.2% LI, 3% B, 18.5% H) Classroom Demo 32 1 2 n/a n/a

Skinner Elementary
(25.8% LI, 34.4% B, 10.4% H) Classroom Demo 58 1 2 n/a n/a

iMathination Booth Curriculum demo booth n/a n/a 100 n/a n/a

Skinner Elementary Curriculum demo booth
@ STEM Night 300+ n/a n/a n/a n/a

Bell Elementary Curriculum demo booth
@ Science Night 400+ n/a n/a n/a n/a

4.1.3 Evaluation Metrics

As we scale up our education efforts, we are focusing on systematizing pre- and post- survey evaluation
processes. In addition to tracking the number of students, teachers, and schools reached (see Table 1), we
are also tracking the number of education kits borrowed (independently vs. after training), the number
of hours teachers use each module, and the number of repeated uses, post training. Through the pre- and
post-surveys for teachers, we ask teachers how likely they are to use the curriculum before and after training,
ease of adoption, their perception of how engaged the students were and any input they have for making the
materials useful for their classes.

Through student surveys, we track students’ interest and knowledge on energy topics and programming
prior to and after class. We also look at the impact we have on their long-term career goals. All of our
students at the semester-long program run by Severns at Lindblom Math and Science Academy and summer
interns at UChicago indicate that we are able to positively impact their interest levels in STEM fields. These
surveys will also be administered by the teachers who use our curriculum.

As we build our network of teachers across CPS, we will also be including a recommendation form
(attached to all materials that teachers check out) that allows teachers who implement our units in their
classes to flag particularly interested, driven or gifted students and recommend them for inclusion in our
ongoing summer internship programs at UChicago.
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4.1.4 Partnership development

This year we were able to strategically develop and extend partnerships with many Chicago-based institu-
tions, that helped us reach many students and teachers.

• STEM and Strategic Initiatives at Chicago Public Schools: Through this partnership, we were
able to work with several new CPS STEM schools this year.

• Lindblom Math and Science Academy: We have a long-standing partnership with this school,
which has been a testing ground for several of our curriculum initiatives.

• Center for Career Access and Success @ NorthEastern Illinois University (CCAS@NEIU):
They have been our partners with teacher training programs, providing us a central location for training
programs and helping to coordinate teachers at STEM schools.

• PlanetLab: This start-up works with us in curriculum development, the production of video modules,
and online curriculum dissemination.

• HIVE Chicago: They have provided us with supplemental funding that has allowed us to scale up
our teacher training programs in the city and provide sufficient materials so that multiple classrooms
can run the same hands-on lessons simultaneously.

• Project SYNCERE: They run after-school programs in many Chicago public schools. In years prior,
their instructors have helped us pilot our curriculum. This year, they will use our curriculum in their
after-school programs.

• Community Colleges of Chicago (CCC) We have partnered with CCC to adapt some of our
energy demo kits to better complement their introductory science courses. We hired two summer
interns (Anh and Javier) from CCC to adapt our existing demos and add new ones.

4.2 Developing Research Skills

We conduct several programs for students and young researchers (ranging from high school to postdoctoral
fellows), aimed at increasing research skills, providing professional development opportunities, and fostering
success in an interdisciplinary research environment.

4.2.1 Student research groups

Lunch and Learn This year, we launched an interdisciplinary student group in collaboration with the
Energy Policy Institute at Chicago (EPIC). This is a program by and for young researchers (undergraduate
through postdoctoral scholars) from both natural and social science backgrounds who study climate and en-
ergy. This series aims to provide an informal setting where the students can hear about each other’s projects,
discuss interesting papers, build collaborations, and practice presenting their research to an interdisciplinary
audience. RDCEP ‘pre-doctoral’ student Schwarzwald co-organizes the group with a representative of EPIC.

Some of the topic areas covered this year were the science behind global warming, the social cost of
carbon, effect of water vapor on regulating climate system, effectiveness of energy efficient investments,
global pressures of fresh water resources, communication strategies between climate scientists and policy
players, precipitation variability on future of agriculture etc. The researchers also invite guest speakers,
people with real-life experience with policy and research, such as Sue Biniaz, principal lawyer from the
Department of State for U.S climate negotiations and former assistant EPA administrator Cynthia Giles.

Spatial Statistics Group This year RDCEP postdoctoral scholar Chen coordinated the UChicago
Spatial Statistics group meeting which brings together more than 20 students and postdocs (from Statistics,
Geoscience, Math, Computer Science) to present their studies and discuss their results.
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4.2.2 Campus as a Laboratory (CaaL) Initiative

The Campus as a Lab (CaaL) Initiative uses UChicago’s own campus as a test bed for creating innovative
solutions and developing skills in analyzing systems of energy and resource flows. CaaL involves education
in quantitative environmental analysis, research into practical energy management strategies, and communi-
cation that explains our campus and environment. Projects focus on data-driven and quantitative analysis,
implementable solutions, and open-source tools and data.

Hackathons CaaL launched with a set of data hackathons on campus energy and resource management.
Focus areas include operation of campus facilities and infrastructure, economics of U Chicago’s energy
purchases, building retrofit suggestions, transportation planning, and behavioral incentives. Following a
successful Spring Hackathon last year, we hosted a second one in the Fall quarter (November 17th 2016).
These hackathons allow undergraduates, graduate students, faculty and facilities staff to work together
on understanding or ‘hacking’ complex interdisciplinary energy efficiency problem. This 6-hour event was
attended by more than 50 students from various departments. Experts provided an introduction to everything
from understanding the building energy use and how to perform data analysis. After the introductions, there
were 6 breakout presentations on various energy topics, then teams of 2-5 worked on specific projects designed
to benchmark campus usage and identifying targets for continued study.

Energy Internship In summer 2017, we will be offering a summer internships (sponsored by the Univer-
sity) for four undergraduates at UChicago to work along with campus facilities staff on real-world problems
of understanding and reducing energy use. Projects will be chosen in June but will likely involve:

• “Demonstration labs”. We will select a representative lab and equip it with monitoring equipment to
evaluate its current energy use, then work to reduce energy use through both hardware and behavioral
changes, and continue monitoring throughout the year to demonstrate energy and cost savings.

• “Benchmarking” current energy use. We are working to obtain detailed understanding of individual
buildings, their energy profiles, and opportunities for energy reductions.

• Information technology for building energy. Interns will work with the university’s energy data to help
develop visualization applications and provide input into the new energy information system currently
under development for the campus. We intend these projects to be high-impact demonstrations can
affect policies and practices throughout campus. If successful, we hope to continue the internships in
the next academic year.

4.2.3 Research Internships

Summer Scholars In summer 2016, we hired 4 students for our summer scholars program. They were
Abisola Olawale (Lindblom Math and Science Academy), Connie Machuca (Lane Tech High School), Yuria
Haraguchi (Walter Payton High School) and Seungmok ‘Seuy’ Baek (Adlai Stevenson High School). Abisola
Olawale is a returning student who will also be joining us this upcoming year.

Through the internship, they learned about the tools and methods used to perform and evaluate a weather
forecasting model, WRF. They also looked at the effects of long-term climate change on agriculture. Each
intern chose an independent research project that looked at specific issues in the long term impact of climate
change using our FACE-IT portal. The projects included topics such as “Exploring the Effectiveness of
Adaptation Measures on Crop Yield in Nigeria”, “Genetically Modified (GMO) Corn and Future Agriculture”,
“Sorghum Energy: How does fertilization cope with climate change and crop yields?”, etc.

Working in the Summer Scholars program at RDCEP exposed me to many professionals who
specialize in research and progress our knowledge of the natural world. I learned extensively about
computer science research and the threat climate change poses to our food supply, both of which
were unique to this internship opportunity. It was an amazing learning experience that expanded
my understanding of climate research and how it is further advanced by the work of researchers
in the field today. – Yuria Haraguchi, Summer Scholar 2016

Working at RDCEP prepared me for the hard work I’m doing in college. Learning from other
students and their experiences got me into the right mindset to be successful. RDCEP also
taught me valuable time management skills. Finally, RDCEP helped me become aware of the
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Figure 32: Left: Students at Lunch and Learn. Middle: Student groups working at Fall Hackathon. Right:
Summer scholars presenting their work in a students meeting

tools scientists use today to predict environmental scenarios. I will forever be grateful for the
opportunity. – Connie Machuca, Summer Scholar 2016

Research Experiences for Undergraduate and Graduate Students We continue to host under-
graduate, masters, pre-doctoral and doctoral students in summer and year-round research assistants working
in research groups across the center. Their work is reported in §3. All RAs in the center participate in the
“Lunch and Learn” group, regularly attend group meetings, present their research at annual collaboration
meetings and conferences. RDCEP supported Chen, Du, Poppick, and Wang to present their work at the
AGU conference this year, and Golub mentored first-time presenters at the Annual Conference on Global
Economic Analysis (presentation topics: energy and environment) in a mentoring program organized by the
GTAP Center, Department of Agricultural Economics, Purdue University.

This year we also supported travel for a RDCEP student at the University of Parthenope to spend the
summer at the University of Chicago. Apreda learned about geolocalized environmental data and data-
analysis while developing his knowledge on various topics like: web-application, serverless architectures,
web-services, and netcdf file format and its interfaces. His research is described in §3.5

Zurich Institute on Computational Economics Munson once again taught at the Zurich Institute
on Computational Economics in January 2017, which teaches about 40 Ph.D. economics students from
diverse backgrounds about modern computational methods.

4.2.4 Online Curriculum Development

At RDCEP we offer a wide range of online education resources. In the coming year, we plan to add curriculum
units for our existing online tools and create new resources. Here is a list of projects currently underway.

• Computational Economics tutorial & lecture series: Munson has developed a comprehensive
series of slides and lecture notes, for the international ZICE conferences, on numerical analysis methods.
These lecture notes will soon be made available online as a practical, self-learning numerical methods
guide for students. To make them interactive, we will be adding program modules using Jupyter
Notebooks, an open-source web application that can be used to create and share documents containing
live code, equations and visualizations.

• Chaos & Prediction demonstration: This year we are building an online tool, in collaboration
with the London School of Economics Center for the Analysis of Time Series (CATS). Smith and
Ramachandran are building an online platform that allows students to ‘place bets’ on random, chaos
driven events. This will be a teaching tool, that shows how chaos impacts dynamics and modeling.
A physical model of a double pendulum called “Swinging Sticks” will be used to demonstrate chaotic
dynamics.

• WebDICE: We will continue to support webDICE, which allows users to see the effects of climate
change on the economy and society. This year, webDICE was used in an undergraduate class on
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“Climate Change Economics” at the University of Puget Sound. In the upcoming year, we plan to add
short curriculum units that allows students to get started on using these models.

• Campus as a Lab energy data: We have developed an online portal to allow students, researchers
and facilities engineers to access UChicago campus energy data: campuslab.rdcep.org. In the next
year we plan to develop online materials around this data to allow other universities, or schools to
reproduce the system with their data, or use our data in classes and practica.

• High School teacher resources: In addition to the education programs we run at CPS schools, we
share curriculum resources with the teachers through google drive folders and through our website at
www.rdcep.org/demos.

4.2.5 Community Outreach

Hour/Week of Code. December 9, 2016. Munson provided a talk on computational methods and helped with
programming activities for 6 classes at the middle school level at Westmont Junior High. Each class had
about 20 students with a mix of boys and girls. Two of the classes included a few hearing impaired students
with a sign language interpreter. Severns taught over 450 students at Skinner North Elementary and over
900 students at Bell Elementary during each school’s “Week of Code” events. The students learned about
logic, variables, and loops. Severns also presented to the eighth grade students about STEM careers and
opportunities for high school internships at RDCEP.

Regional Middle School Science Bowl. February 4, 2017. Munson volunteered and moderated at our regional
science bowl even with 10 teams in 6th to 8th grade. A team typically consists of 5 students and depending
on the school include a mixture of boys and girls and minorities.

National Science Bowl. April 26-May 1, 2017. Munson volunteered and moderated/judged at the national
science bowl for both middle school (48 teams) and high school (60 teams). A team typically consists of 5
students and depending on the school includes a mixture of boys and girls and minorities. Munson moder-
ated/judged for 20 teams.

Junior Achievement Career Day at St. Isidore School. May 31, 2017. Munson volunteered and presented to
a group of about 60 students from 5th to 7th grades, as a part of Junior Achievement sponsored Career
Day at St. Isidore School at Bloomingdale. He spoke about his career as a computational scientist and
introduced them to how computation is used in various fields such as renewable energy and nuclear fusion.
Geosciences Graduate Student Colloquium. March 23-24 2017. Sahoo Judged the 49th Annual Geosciences
Graduate Student Colloquium at Department of Geosciences, Penn State, 4 students.

Louis Stokes Midwest Center of Excellence Conference. Lourenco volunteered as a poster judge at the 2016
edition of The Louis Stokes Midwest Center of Excellence (LSMCE) Conference as a poster judge for the
Student Poster Session for Masters Students. The event is designed to provide a hub for minority students
showcase their research work, sharing experiences, and promote connection with universities in the midwest.
The event is supported by the NSF. Approximately 500 people in attendance.

SciPy Conference. Lourenco served as part of the Principal Committee (reviewer) for the 2017 SciPy Con-
ference, for the “Earth, Ocean and Geo Science” and “Data Science” mini-symposia. The SciPy Conference
is perhaps the most active conference in scientific computing with python, and it follows a protocol of open
reviewing. Expected attendance around 200 people.

ACM SIGMOD/PODS. Lourenco volunteered at the 2017 ACM SIGMOD/PODS conference for live stream-
ing the event. The most important conference in databases (together with VLDB), with tracks in spatial
processing. Attendance around 1000 people.
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4.2.6 Workshops and conferences

Decision Making in the Face of Economic and Climate Uncertainty. RDCEP researchers organized a session
on Decision Making in the Face of Economic and Climate Uncertainty at the ASSA annual meeting in
January, 2017. The session was chaired by Hertel, with Hertel, Cai, Gollub, Sanstad and Brock presenting
RDCEP research. Topics included, “Developing long-run agricultural R&D policy in the face of uncertain
economic growth”, “Robust Consumption and Energy Decisions”, and “Climate Change Economics and Heat
Transport Across the Globe: Spatial-DSICE”.

AgMIP-IIASA International Workshop. Elliott participated in planning and organization for the AgMIP-
IIASA International Workshop: Rapid Assessment of Agriculture in a +1.5�C World, held June 12-14, 2017
in Laxenburg Austria. The outcomes of the workshop will be concrete advances toward peer-reviewed pub-
lications characterizing the agricultural sector ramifications of a +1.5�C World in time for the IPCC 1.5�C
Special Report.

AgMIP GRIDded crop modeling initiative. Elliott also organized, along with RDCEP collaborator Christoph
Mueller, a co-located workshop June 15-16 for the AgMIP GRIDded crop modeling initiative (AgGRID) to
make progress on a wide array of projects, including +1.5�C assessments for the IPCC report.

Climate-Impacts integration workshop. The Climate Statistics and Global Change Impacts team met in De-
cember 2016 to make progress on overlapping technical and research questions and integration. Participants
discussed statistical model emulators and what tools and lessons could be taken from the climate emulator
effort for the emerging RDCEP effort to develop emulators of impact models. Participants also made progress
on plans for further integrating climate and impacts research by coupling statistical model emulators in a
suite of tools that will be useful for downstream modeling and analysis (for example in economic and IAM
type models).

4.2.7 Outreach to Congress

U.S. Senator Al Franken Congressional Speeches. United States Senator Al Franken of Minnesota referenced
RDCEP findings in two Congressional speeches he gave in 2016 on the Senate floor. The first speech was
from Earth Day, when the Paris Climate agreement was signed in New York at the U.N. It citied findings
from Co-PI Elliott and former graduate student Glotter’s research on the agricultural impacts of climate
change: http://www.franken.senate.gov/files/video/160421ParisClimateAgreement.mp4. The sec-
ond speech, on climate denial, cites Co-PI Greenstone and postdoctoral scholar Jina’s research on the adapta-
tion and climate change: http://www.franken.senate.gov/files/video/160712WebofDenialFlrSpeech.
mp4.

Testimony on The Social Cost of Carbon. RDCEP Co-PI Michael Greenstone testified before the U.S. House
Committee on Science, Space and Technology’s Subcommittees on Environment and Oversight on the social
cost of carbon. The hearing, “At What Cost? Examining the Social Cost of Carbon”, was held on Febru-
ary 28, 2017. His testimony can be found here: https://epic.uchicago.edu/sites/default/files/

Greenstone%20SCC%20testimony%20022717.pdf

4.2.8 Carbon Pricing Commission

RDCEP co-PI Elisabeth Moyer participated in the High Level Commission on Carbon Prices, convened
by the Carbon Pricing Leadership Coalition (CPLC) with support from the World Bank and charged with
preparing a report to guide countries in devising pricing strategies, together with other supportive policies,
to meet the Paris climate targets agreed by nearly 200 countries in December 2015. The Commission was
chaired by Lord Nicholas Stern and Nobel laureate Joseph Stiglitz and brought together leading economists
and climate scientists from nine developing and developed countries. The Commission’s report [28], released
in April 2017, concludes that a well-designed carbon price is an indispensable part of a strategy for efficiently
reducing greenhouse gas emissions while also fostering growth.
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5 Impacts

Impact on the development of the principal discipline(s) of the project

Climate statistics

I-1. Our study on the estimation of trends in the global mean temperature record[29] has illuminated prob-
lematic aspects of typical practices and shown show they may produce misleading inferences about both
trends and uncertainties. We describe an approach that can produce better-fitting trend estimates.

I-2. Our work on precipitation variability(§3.1.1) shows that the common practice of studying variability in
timeseries from individual locations or weather stations is inappropriate for understanding droughts or
flood impacts. We show that once aggregated beyond the scale of individual rain events, precipitation
variability largely shifts according to changes in the mean.

I-3. Our studies of precipitation in dynamically downscaled models(§3.1.3) demonstrate that those impacts
assessments that do depend on small-scale changes in precipitation characteristics require ultra-high-
resolution convection-permitting models. We demonstrate that convective parametrizations produce
rain events that are too weak and too large.

Impacts of global change

I-4. Our work on the evaluation of extreme events and variability in agriculture(§3.2.2) has produced new
ways of characterizing risk in agriculture. While this project began as a contribution to the UK/US
Joint Taskforce Report on Extreme Events and Agriculture in 2015, the work is increasingly used by
public and private sector stakeholders to develop new methodologies to assess risk in agriculture for
applications in insurance pricing, crop monitoring, and drought early-warning (e.g. in the Thomson
Reuters Multiple Breadbasket Failure Initiative).

I-5. Our work on groundwater depletion (§3.2.1) is producing future scenarios of irrigation water decline
that will enable researchers in key watersheds to evaluate the joint impacts of climate change and
resource depletion and find solutions to the decline in groundwater availability.

I-6. Our work on robust estimation of climate impacts through multi-method ensembles (§3.2.3) increases
the reliability of climate impact estimations and reduces uncertainty, making assessments more trust-
worthy.

Economics, robustness, and policy analysis

I-7. Our work on agricultural R&D and food security under climate and economic uncertainty (§3.3.1) pro-
vides an approach for choosing optimal investments in improvement of agricultural productivity, even
in cases where investments have a long lag time before realized gains. We also demonstrate that the
method can be employed in other analyses that involve decision making under uncertainty.

I-8. Our research on climate impacts on global forest carbon sequestration (3.3.2) addresses limitations of
prior studies, which fail to account for one or more of: (1) dynamic adjustments in harvest schedules or
investments (2) the impact of climate change on forest carbon stocks (3) uncertainties in impacts. Our
approach allows for a much more complete analysis of optimal timber management under uncertain
impacts of climate change.

I-9. Our work on climate economics modeling and spatial DSICE (§3.3.3) has already shown that standard
calculations of carbon taxes may be biased between 10%-20% due to neglect of spatial moisture and
heat transport across regions.

I-10. Our work on robust consumption and energy decisions (§3.3.5) provides methods that will lay the
groundwork for future computationally intensive studies of robust economic-climate models.
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Model evaluation

I-11. Our work on pseudo-orbit data assimilation (§3.4.2) allows improvement of forecasting and simulations
using nonlinear deterministic models. Our approach is expected to prove useful in large simulation
models, where significant longer term impacts of improved forecasts—initially in weather forecasts but
across simulation modeling more generally—can yield nontrivial economic benefits.

I-12. Our work on the design and use of ensembles of multi-model simulations for forecasting (§3.4.3) sug-
gests that probabilistic forecast skill, while a sharp tool for decision support, may prove a blunt tool
for model improvement when data is limited. For model improvement efforts, we recommend that the
most promising way forward may be to step away from the statistics of the ensembles, and examine
the physical realism of the individual trajectories.

I-13. Our work on proper skill scores (§3.4.4) demonstrates that the non-local proper scores we considered are
shown to have properties that can produce “unfortunate" evaluations due to the fact that contributions
from the entire shape of pdf may overwhelm that from the probability assigned to the outcome. It
suggests that the Ignorance Score should be the only skill score considered for decision support based
on probabilistic forecasts.

Computational Technologies

I-14. Our work on scalable algorithms for big data storage and analysis has made it possible to conduct
interactive analyses of large climate model and observational datasets.

I-15. Our work on data organization and publication has made large quantities of data, including ISI-MIP
contributions, accessible to the research community.

Impact on other disciplines

I-16. Our work on agricultural R&D and food security under climate and economic uncertainty (§3.3.1) demon-
strates general application of the min-max regret method when several possible alternatives exist with-
out associated probabilities.

I-17. An important benefit of of our work on the climate impacts on global forest carbon sequestration
(3.3.2) will be closer integration between DGVMs (ecosystem models) and global economic models of
land use. Our approach allows incorporating uncertainty in climate impacts on forests from DGVMs
to develop a dynamic adjustment pathway for forest carbon as a function of timber demands, energy
demands, and demands for agricultural land which are themselves affected by climate perturbations.

I-18. RDCEP is collaborating with Columbia University and the Pacific Northwest National Laboratory
(PNNL) Joint Global Change Research Institute (JGCRI) on the development of improved response
functions to represent climate change impacts on agriculture. Utilizing results from the Agricultural
Model Intercomparison and Improvement Project (AgMIP), these response functions allow regional
changes in temperature, rainfall, and carbon dioxide to affect agricultural production and feed back
on societal development.These response surfaces, or “emulators” are expected to significantly improve
representations of agricultural impacts in economic and Integrated Asssessment Models (IAMs), with
implications for a number of other disciplines.

I-19. RDCEP work has contributed to computer science by defining requirements and permitting evaluation
for new approaches to data organization, discovery, and access. These contributions are reflected in
publications concerning ATLAS [30] and Klimatic [31]

I-20. Our work on trend estimation in the historical temperature record will bring more a rigorous statistical
approach to this aspect of climate science, including more careful treatment of modeling internal
variability.
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Impact on society beyond science and technology

I-21. Results of our work on agricultural R&D and food security under climate and economic uncertainty
(§3.3.1), which indicate that higher spending on agricultural R&D is needed between the present and
the mid-century to improve agricultural productivity, are of interest for policy makers and various
research funding organizations.

I-22. The results of our work on Climate Impacts on Global Forest Carbon Sequestration (§3.3.2) will help
policy makers to develop optimal timber management and forest carbon sequestration policy.

I-23. Results from GGCMI (§3.4.1) are providing key input to a program of Coordinated Global and Regional
Assessments (CGRA) which are preparing analyses and publications the IPCC Special Report on 1.5
degrees, which evaluates the differences between 1.5 and 2 degree of warming in order to understand
the added value of ambitious climate mitigation goals designed to go beyond the Paris Climate Accords
and further limit climate change to 1.5 degrees above pre-industrial levels.

I-24. RDCEP researchers created a startup, Praedictus Climate Solutions (PCS), that leverages the open-
source pSIMS framework for a large number of commercial applications better suited to a private
service model. PCS clients already include insurance, reinsurance, farm input providers, and financial
service companies. Long-term goals of PCS include using data and high-performance computing to
provide improved index insurance and precision agriculture products for farmers at any scale (from
subsistence to large-scale commercial farms) in the developing world to improve productivity, farm
incomes, and system-wide food security.

I-25. Work on the data-driven estimation of the economic impacts of climate change (§3.3.6)was used to de-
velop a conflict early warning system employed by the IRC for Sub Saharan African humanitarian work.

I-26. RDCEP researchers (Greenstone, Weisbach, Moyer) provided input to and feedback on a National
Academy of Sciences report on the Social Cost of Carbon.

I-27. RDCEP research on the impacts of climate change and extreme events on agriculture and climate
change adaptation was referenced by Senator Al Franken of Minnesota in two speeches on the Senate
floor.

I-28. RDCEP Co-PI Greenstone testified in U.S. Senate hearing on upholding the Social Cost of Carbon.

I-29. RDCEP Co-PI Moyer participated with an international team in preparing a report on carbon pricing
intended to assist countries in designing efficient and effective policy.

Impact on the development of human resources
In addition to those activities described in §4, over the last year, RDCEP has helped enable young scientists
to advance their careers. For example:

I-30. This year we have placed two predoctoral scholars in top economics PhD programs.

I-31. One graduate student and one postdoctoral scholar began faculty positions.

I-32. Postdoctoral scholar Amir Jina was hired as an assistant professor position at University of Chicago
(to begin Fall 2017).

I-33. The short courses taught at ZICE continues to help students better understand and apply computa-
tional economics techniques and big data analytics in their research. The online tutorials being built
around the ZICE lectures will broaden the reach of these courses.

I-34. Teacher professional development trainings, online and lending-library resources continue to expand
the reach of our educational programs to students and teachers across the CPS system. In the last
year alone more than 450 students and more than 90 teachers have participated in RDCEP pre-college
education programs (the majority of whom are young women and minorities).
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Impact on information resources that form infrastructure

I-35. pSIMS 2.0 (§3.5.1) is being explored by multiple groups for use in improving large-scale agricultural
systems monitoring and drought early-warning in various regions around the world. These applications
hold great potential to improve the accuracy and timeliness of drought warning information for farmers
and government and NGO actors who respond to crises of food insecurity.

I-36. RDCEP work has provided important input to the design of the data publication and search capabilities
of the Globus cloud service, which are being used by a growing number of groups to organize and enable
discovery of, and access to, large quantities of scientific data [32, 33].
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[3] A. Golub, S. Rose, and T. Hertel. Global land use impacts of us ethanol: Revised analysis using
dynamic gtap-bio framework. In Handbook of Bioenergy Economics and Policy: Modeling Land use and
Greenhouse Gas Emissions Implications, pages 183–212. Springer Nature, 2017.

[4] Raffaele Montella, Carmine Ferraro, Sokol Kosta, Valentina Pelliccia, and Giulio Giunta. Enabling
android-based devices to high-end gpgpus. In Algorithms and Architectures for Parallel Processing,
pages 118–125. Springer International Publishing, 2016.

Conference Proceedings
[1] P. Beckman, T.J. Skluzacek, K. Chard, and I. Foster. Skluma: A statistical learning pipeline for taming

unkempt data repositories. In submitted for publication in Proceedings of the 29th International Con-
ference on Scientific and Statistical Database Management, page TBD. Robert R. McCormick School of
Engineering and Applied Science, Northwestern University, 2017.

[2] Yongyang Cai, William Brock, Anastasios Xepapadeas, et al. Climate change economics and heat trans-
port across the globe: Spatial-DSICE. In 2017 Allied Social Science Association (ASSA) Annual Meeting,
January 6-8, 2017, Chicago, Illinois. Agricultural and Applied Economics Association, 2016.

[3] Yongyang Cai, Alla Golub, and Tom Hertel. Developing long-run agricultural r&d policy in the face of
uncertain economic growth. In Paper selected for presentation at the 20th Annual Conference on Global
Economic Analysis, West Lafayette, IN, USA, June 7-9, 2017. Purdue University, 2017.

[4] Yongyang Cai, Alla Golub, and Tom Hertel. Optimal timber management decisions in the face of future
uncertainties. In Paper selected for presentation at the Agricultural and Applied Economics Association
Annual Meeting, Chicago, IL, USA, July 30 - August 1, 2017. Agricultural and Applied Economics
Association, 2017.
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[5] Yongyang Cai, Alla Golub, Tom Hertel, and Kenneth Judd. Agricultural r&d policy under climate
and economic uncertainty. In Selected Paper, Agricultural and Applied Economics Association Annual
Meeting, Boston, MA, USA, August 2016. AAEA, 2016.

[6] Ardelio Galletti, Raffaele Montella, Livia Marcellino, Angelo Riccio, Diana Di Luccio, Alison Brizius, and
Ian Foster. Numerical and implementation issues in food quality modeling for human diseases prevention.
In 10th International Joint Conference on Biomedical Engineering Systems and Technologies Proceedings,
volume 5, pages 526–534. BIOSTEC, 2017.

[7] Ricardo B. Lourenco, Nathan Matteson, Alison Brizius, Joshua Elliott, and Ian Foster. ATLAS: A
visualization and analysis framework for geospatial datasets. In XVIII Brazilian Symposium on Remote
Sensing. National Institute For Space Research (INPE), 2017.

[8] Raffaele Montella, Alison Brizius, Diana Di Luccio, Cheryl Porter, Joshua Elliot, Ravi Madduri, David
Kelly, Angelo Riccio, and Ian Foster. Applications of the FACE-IT portal and workflow engine for
operational food quality prediction and assessment: Mussel farm monitoring in the Bay of Napoli, Italy.
In Proceedings of the 11th Workshop on Workflows in Support of Large-Scale Science co-located with
The International Conference for High Performance Computing, Networking, Storage and Analysis (SC
2016), pages 64–68. WORKS, 2016.

[9] Raffaele Montella, Diana Di Luccio, Pasquale Troiano, Angelo Riccio, Alison Brizius, and Ian Foster.
WaComM: A parallel water quality community model for pollutant transport and dispersion operational
predictions. In Signal-Image Technology & Internet-Based Systems (SITIS), 2016 12th International
Conference on, pages 717–724. IEEE, 2016.

[10] Alan H Sanstad. Energy-economic policy modeling. In Workshop on the Physics of Sustainable En-
ergy IV, University of Chicago, June 2016, page Forthcoming in conference proceedings. Energy Policy
Institute at the University of Chicago (EPIC), 2016.

[11] Tyler J Skluzacek, Kyle Chard, and Ian Foster. Klimatic: A virtual data lake for harvesting and
distribution of geospatial data. In 1st Joint International Workshop on Parallel Data Storage & Data
Intensive Scalable Computing Systems, pages 31–36. IEEE Press, 2016.

[12] B. Sohngen, A. Golub, Y. Cai, T. Hertel, and J. Kim. Optimal timber management decisions in the
face of future uncertainties. In Paper selected for presentation at the 20th Annual Conference on Global
Economic Analysis, West Lafayette, IN, USA, June 7-9, 2017. Purdue University, 2017.

Working Papers
[1] Y. Cai, J. Steinbuks, K. Judd, J. Elliott, and T. Hertel. The effect of uncertainty in crop yields on the

optimal path of global land use. Technical report, American Journal of Agricultural Economics, 2017.

Technical Reports
[1] Joseph E. Stiglitz, Nicholas Stern, Maosheng Duan, Ottmar Edenhofer, Gaël Giraud, Geoffrey Heal,

Emilio Lebre la Rovere, Adele Morris, Elisabeth Moyer, Mari Pangestu, Priyadarshi R. Shukla, Youba
Sokona, and Harald Winkler. Report of the high-level commission on carbon prices. Technical
report, Carbon Pricing Leadership Coalition, 2017. https://static1.squarespace.com/static/

54ff9c5ce4b0a53decccfb4c/t/59244eed17bffc0ac256cf16/1495551740633/CarbonPricing_Final_

May29.pdf.

Theses
[1] Sergio Apreda. A novel approach to multidimensional environmental data storage and indexing tailored

on high performance cloud computing applications, 2017. Undergraduate Thesis.
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[2] A. Poppick. Statistical methods for climatic processes with temporal non-stationarity. PhD thesis, De-
partment of Statistics, University of Chicago, 2016.

Editorials and Select Press
[1] Jaimee Bruce. Storm signal: Climate change brings stronger but smaller storms to the us. Nature World

News, 2016. http://www.natureworldnews.com/articles/33369/20161204/storm-signal-climate-
change-brings-stronger-smaller-storms-u-s.htm.

[2] Yongyang Cai. Tipping risks call for stringent climate policy. The Ohio State University Discov-
ery Themes Blog, 2017. https://discovery.osu.edu/blog/2017/02/09/tipping-risks-call-for-

stringent-climate-policy.

[3] Dana Cronin. Another dust bowl-style event could lead to catastrophic crop loss, study shows. KRCC:
Southern Colorado’s NPR Station, 2017. http://krcc.org/post/another-dust-bowl-style-event-

could-lead-catastrophic-crop-loss-study-shows.

[4] Lee V. Gaines. Local climate change panel says use of fossil fuels is contributing to warming of the planet.
The Chicago Tribune, 2017. http://www.chicagotribune.com/suburbs/post-tribune/news/ct-gln-
schneider-climate-change-panel-tl-0427-20170424-story.html.

[5] Michael Greenstone. Americans appear willing to pay for a carbon tax policy. The New York Times,
15, 2016. https://www.nytimes.com/2016/09/15/upshot/americans-appear-willing-to-pay-for-
a-carbon-tax-policy.html?_r=0.

[6] Michael Greenstone. How markets can help us adapt to climate change. The New York
Times, 2016. https://www.nytimes.com/2016/07/21/upshot/letting-markets-guide-adaptation-
to-climate-change.html.

[7] Michael Greenstone. India’s air-conditioning and climate change quandary. The New York Times,
2016. https://www.nytimes.com/2016/10/27/upshot/indias-air-conditioning-and-climate-

change-quandary.html.

[8] Michael Greenstone. What financial markets can teach us about managing climate risks. The New
York Times, 2017. https://www.nytimes.com/2017/04/04/upshot/what-financial-markets-can-

teach-us-about-managing-climate-risks.html?_r=0.

[9] Michael Greenstone and Cass Sunstein. Donald trump should know: This is what climate change costs
us. The New York Times, 2016. https://www.nytimes.com/2016/12/15/opinion/donald-trump-

should-know-this-is-what-climate-change-costs-us.html.

[10] Amir Jina. Cheap coal historically powered development. india could carve out a new growth
model. Forbes Magazine, 2016. https://www.forbes.com/sites/ucenergy/2016/05/26/cheap-

coal-historically-powered-development-india-could-carve-out-a-new-growth-model/

#20d07a355ac7.

[11] Amir Jina. Every u.s. state could be hotter than mexico by 2100, with deadly consequences. Forbes
Magazine, 2016. https://www.forbes.com/sites/ucenergy/2016/07/28/every-u-s-state-could-

be-hotter-than-mexico-by-2100-with-deadly-consequences/#acb9c5c4fed1.

[12] Amir Jina. The world hits a global warming milestone this month. going back will be costly.
Forbes Magazine, 2016. https://www.forbes.com/sites/ucenergy/2016/09/16/the-world-hits-a-
global-warming-milestone-this-month-going-back-will-be-costly/#2fba9e916be7.

[13] Amir Jina. The $200 billion fossil fuel subsidy you’ve never heard of. Forbes Mag-
azine, 2017. https://www.forbes.com/sites/ucenergy/2017/02/01/the-200-billion-fossil-

fuel-subsidy-youve-never-heard-of/#42d99d24652b.
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[14] Ryan Lyseng. Return of the dirty thirties - with a vengeance: Might we live to see another dust bowl
drought, only this time worse? The Western Producer, 2017. http://www.producer.com/2017/03/

return-of-the-dirty-thirties-with-a-vengeance/.

[15] Robert Mitchum. Climate change will drive stronger, smaller storms in u.s., new modeling approach fore-
casts. UChicago News, 2016. https://news.uchicago.edu/article/2016/12/05/climate-change-

will-drive-stronger-smaller-storms-us.

[16] Robert Mitchum. Dust bowl repeat would devastate today?s crops, study finds. Computation Institute
Blog, 2016. https://ci.uchicago.edu/blog/.

[17] Robert Mitchum. Harvests in the us to suffer from climate change. Computation Institute Blog, 2017.
https://ci.uchicago.edu/blog/harvests-us-suffer-climate-change.

[18] Susan Reidy. Study: Increasing temperatures lower yields. World Grain, 2017. http://www.world-

grain.com/articles/.

[19] Carla Reiter. Deepening math education in africa. UChicago Features, 2016. http://www.uchicago.

edu/features/deepening_math_education_in_africa/.

[20] Livia Rusu. New weather model predicts smaller but stronger storms in the us due to climate
change. Tech Times, 2016. http://www.techtimes.com/articles/187962/20161207/new-weather-

model-predicts-smaller-but-stronger-storms-in-the-us-due-to-climate-change.htm.

[21] Alex Whiting. U.s. faces huge crop losses if temperatures keep rising - scientists. Reuters, 2017.
http://news.trust.org/item/20170119165656-amh23/.
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6.1 Presentations

6.1.1 Technical Presentations

1. Anderson, Evan, “Robust Consumption and Energy Decisions”, Fall 2016 Midwest Macro meetings in
Kansas City.

2. Anderson, Evan, “Robust Consumption and Energy Decisions”, January 2017 Allied Social Science
meetings, Chicago, invited session sponsored by the Agricultural and Applied Economic Association.

3. Brock, William, “In Search of Elusive Warning Signals: Tipping Points in Ecology and Economics”,
Becker-Friedman Institute, University of Chicago, October 2016.

4. Cai, Yongyang, “Build now, regret later? Infrastructure and Climate Policy”, The 20th Annual Con-
ference on Global Economic Analysis, Purdue University, June 2017.

5. Cai, Yongyang, “Climate change impacts in a stochastic dynamic model of forestry”, The 6th AERE
annual summer conference, Pittsburgh, Pennsylvania, June 2017.

6. Cai, Yongyang, “Climate Change Economics and Heat Transport across the Globe: Spatial-DSICE”,
The Conference on the Macro and Micro Economics of Climate Change, Santa Barbara, May 2017.

7. Cai, Yongyang, “Climate Change Economics and Heat Transport across the Globe: Spatial-DSICE”,
ASSA Annual Meeting 2017, Chicago, January 2017.

8. Cai, Yongyang, “The social cost of carbon with economic and climate risks”, Economic Research in
High Performance Computing Environments Workshop, Federal Reserve Bank of Kansas City, Kansas,
October 2016.

9. Chen, Chen, “ENSO Diversity: Future Change, Modeling, and Predictability,” invited seminar at
Argonne National Laboratory, 2016 July 21st.

10. Chen, Chen, “ENSO diversity in a changing climate”, Purdue University Spatial Statistics seminar,
2016 Oct. 4th

11. Chen, Chen, “ENSO in the CMIP5 Simulations: Life Cycles, Diversity, and Responses to Climate
Change”, invited talk at 2017 EGU general assembly, 2017 April 23-28

12. Du, Hailiang, “Beyond Proper Skill Score: The Importance Being Local”, AGU Fall Meeting, San
Francisco, Sep 12-16, 2016.

13. Du, Hailiang and Smith, Leonard, “Sustainable Odds”, AGU Fall Meeting, San Francisco, Sep 12-16,
2016.

14. Du, Hailiang, “Aiding statistical approaches with dynamical insight”, Smith Colloquium, Department
of Mathematics and Department of Geography and Atmospheric Science, University of Kansas, USA,
Oct 13, 2016.

15. Du, Hailiang and Smith, Leonard, “Beyond proper score, the importance of being local”, Purdue
University, Department of Statistics, Mar 10, 2017.

16. Elliott, Joshua, “Global change and food security, one crisis at a time”, Argonne, U. Chicago, Fermilab
Joint Speaker Series: Food and Science. June 2, 2016, Chicago, IL.

17. Elliott, Joshua, “Past and future weather-induced risk in crop production”, Invited presentation given
at the 6th Annual AgMIP Global, June 28 2016, Montpelier, France.

18. Elliott, Joshua, “Next generation modeling and data: Information technology, global gridded modeling,
remote sensing and in-season forecasts”, Invited presentation given at the 6th Annual AgMIP Global,
Montpelier, France, June 29 2016.
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19. Elliott, Joshua, “Past and future weather-induced risk in crop production”, invited presentation, AGU
Fall Meeting, San Francisco, CA, Dec. 2016.

20. Elliott, Joshua and Russo, Tess and Sahoo, Sasmita and Troy, Tara and Foster, Ian. “Future Cli-
mate Impacts on Crop Water Demand and Groundwater Longevity in Agricultural Regions”, invited
presentation (standing in for Tess Russo), AGU Fall Meeting, San Francisco, CA, Dec. 2016.

21. Elliott, Joshua, “AgMIP town hall: The Global Gridded Modeling Intercomparison”, invited presenta-
tion, AGU Fall Meeting, San Francisco, CA, Dec. 2016.

22. Elliott, Joshua, “Multi-scale Global Change Research at RDCEP”, Potsdam Institute for Climate Im-
pact Research – Land-Use meeting, March 14, 2017, Potsdam, Germany.

23. Elliott, Joshua, “Past and future weather-induced risk in crop production”, 2nd Agriculture and Climate
Change conference, Sitges, Spain, March 26, 2017.

24. Elliott, Joshua, “Global change and food security, one crisis at a time”, invited seminar, Department
of Environmental Sciences, Rutgers University, April 2017, New Brunswick, NJ.

25. Galletti, Ardelio and Raffaele Montella, Livia Marcellino, Angelo Riccio, Diana Di Luccio. “Numerical
and implementation issues in food quality modeling for human diseases prevention”, 10th International
Joint Conference on Biomedical Engineering Systems and Technologies, 2017.

26. Golub, Alla, “Agricultural R&D Policy under Climate and Economic Uncertainty” (based on collab-
oration with Y. Cai, T. Hertel, and K. Judd), Selected Paper, Agricultural and Applied Economics
Association Annual Meeting, Boston, MA, USA, August 2016.

27. Golub, Alla, “Global Potential for Greenhouse Gas Mitigation in Ruminant Livestock Sectors” (based
on collaboration with B. Henderson, D. Pambudi, T. Hertel, C. Godde, M. Herrero, O. Cacho, H.
Steinfeld, and P. Gerber), International Agricultural Trade Research Consortium Annual Meeting,
Scottsdale, AZ, December 2016.

28. Golub, Alla, “Developing Agricultural R&D Policy in the Face of Future Uncertainties” (based on
collaboration with Y. Cai, T. Hertel and K. Judd), Allied Social Sciences Association Annual Meeting,
Chicago, IL, January 2017.

29. Haugen, Matz, “Assessing changes in variability of extreme temperatures using ensemble model simu-
lations”, UChicago Energy & Climate Lunch and Learn, February, 2017.

30. Haugen, Matz, “Assessing changes in variability of extreme temperatures using ensemble model simu-
lations”, Dept. of Statistics, Purdue University, March 2017.

31. Haugen, Matz, “Assessing changes in variability of extreme temperatures using ensemble model simu-
lations”, NCAR, March, 2017.

32. Jina, Amir and Greenstone, Michael, “Mortality, Climate Change, and Adaptation: The Consistency
of Relative Minimum Mortality Temperatures across the World”, American Economic Association
meetings, Jan 2017.

33. Jina, Amir and Greenstone, Michael, “Human Productivity in a Warmer World: The Impact of Climate
Change on the Global Workforce”, American Economic Association meetings, Jan 2017.

34. Jina, Amir and Greenstone, Michael, “The Global Adaptation Costs and Benefits of Mortality under
Climate Change”, UCSB workshop on macro and microeconomics of climate change, May 2017.

35. Jina, Amir and Greenstone, Michael, “The Global Adaptation Costs and Benefits of Mortality under
Climate Change”, Stanford workshop on economics of climate change adaptation, May 2017.

36. Jina, Amir, “Estimating Climate Change Damages in the United States using Empirical Evidence”,
Duke University TREE seminar, Oct 2016.
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37. Jina, Amir, “Estimating Climate Change Damages in the United States using Empirical Evidence”,
Carnegie Mellon University applied micro economics seminar, March 2017.

38. Jina, Amir, “Geospatial Analysis of Disasters: Measuring Welfare Impacts of Emergency Relief”, Hei-
delberg University, July 2016.

39. Jina, Amir, “The Causal Effect of Environmental Catastrophe on Long-Run Economic Growth: Evi-
dence From 6,700 Cyclones.” NBER Summer Institute, Cambridge MA, July 2016.

40. Montella, Raffaele and Alison Brizius, Diana Di Luccio, Cheryl Porter, Joshua Elliott, Ravi Madduri,
David Kelly, Angelo Riccio and Ian Foster. “Applications of the FACE-IT portal and workflow engine
for operational food quality prediction and assessment: Mussel farm monitoring in the Bay of Naples,
Italy”, Computational Institute seminar, University of Chicago, 2017.

41. Montella, Raffaele and Diana Di Luccio, Pasquale Troiano, Angelo Riccio, Alison Brizius and Ian
Foster. “WaComM: A parallel Water quality Community Model for pollutant transport and dispersion
operational predictions”, In 12th International Conference on Signal Image Technology & Internet
based Systems, 2016.

42. Montella, Raffaele and Alison Brizius, Diana Di Luccio, Cheryl Porter, Joshua Elliot, Ravi Madduri
and Ian Foster. “Applications of the FACE-IT portal and workflow engine for operational food quality
prediction and assessment: Mussel farm monitoring in the Bay of Napoli”, 11th Workshop on Workflows
in Support of Large-Scale Science co-located with The International Conference for High Performance
Computing, Networking, Storage and Analysis.

43. Moyer, Elisabeth. “Robust climate responses to increased atmospheric opacity”, Dept. of Physics, Univ.
of Illinois – Urbana Champaign, Oct. 2016.

44. Skluzacek, Tyler, “Draining the Data Swamp”, Greater Chicago Area Systems Research Seminar, April
2017.

45. Skluzacek, Tyler, “Draining the Data Swamp”, CERES UChicago Annual Summit, April 2017.

46. Stein, Michael. “Some thoughts on the use of extreme value theory for temperature”, Penn State,
March 2017; Princeton, April 2017; North Carolina State, April 2017; Rutgers, 2017.

47. Xepapadeas, A., “Climate Change Policy under Polar Amplification”, European Association of Envi-
ronmental and Resource Economists 22nd Annual Conference, Zurich, June 2016; Seminar, Graduate
Program, Universite d’ Auvergne, School of Economics, November 2016.

48. Xepapadeas, A., “Spatio-temporal Aspects of Climate Change Policies”, International Workshop on The
Economics of Climate Change and Sustainability, University of Bologna, Department of Economics,
Rimini Campus, April 2017.

6.1.2 Posters

1. Chen, Chen, W. Chang, W. Kong, J. Wang, V. R. Kotamarthi, M. Stein, and E. J. Moyer, “Interannual
variation in the characteristics of precipitation events under a changing climate.” AGU Fall Meeting,
Dec. 2016.

2. Chen, Chen, W. Chang, W. Kong, J. Wang, V. R. Kotamarthi, M. Stein, and E. J. Moyer, “Precipita-
tion characteristics in the contiguous US: diversity, interannual variation, and change in the warming
climate.” 2017 EGU general assembly. April 23-28, 2017.

3. Du, Hailiang, and Wheatcroft, Edward and Smith, Leonard A., “Assimilating the Future for Better
Forecasts and Earlier Warnings”, AGU Fall Meeting, San Francisco, Dec. 2016.

4. Haugen, Matz, “Maximum Autocorrelation Factors: Theory and Application”, Penn State, December
2016.
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5. Montella, Raffaele and Alison Brizius, Diana Di Luccio, Cheryl Porter, Joshua Elliott, Ravi Madduri,
David Kelly, Angelo Riccio and Ian Foster. “WRF, ROMS and WaComM applications in FACE-
IT workflow engine for operational food quality prediction and assessment.” First annual meeting
NASDAC H2020 project, Ischia, 2017.

6. Moyer, Elisabeth, Kevin Schwarzwald, Whitney Huang, David McInerney, and Victor Zhorin. “Fu-
ture changes in precipitation variability, from daily to inter-decadal frequencies, are well-explained by
changes in means”, AGU Fall Meeting, Dec. 2016.

7. Sahoo, Sasmita and Tess A. Russo, Joshua Elliott, Tara Troy, and Ian Foster. “Groundwater response
to climate change impacts and crop water demand in agricultural regions of U.S.”, Center for Robust
Decision making on Climate and Energy Policy (RDCEP), October 17-18 2016.

8. Sahoo, Sasmita and Tess A. Russo, Joshua Elliott, Tara Troy, and Ian Foster.“ Potential impacts
of climate change and irrigation demand on future groundwater projections in the United States”,
Pennsylvania Groundwater Symposium, State College, PA, May 3 2017.

9. Sohngen, B., J. Baker, S. Ohrel, A. Fawcett, X. Tian, “Will US Forests Continue To Be a Carbon
Sink?” Invited Presentation. US Forestry and Agricultural Greenhouse Gas Modeling Forum, Oct.
2016.

6.1.3 Hosted Conference Sessions and Workshops

1. Cai, Yongyang and Hertel, Tom, “Decision Making in the Face of Economic and Climate Uncertainty”,
ASSA 2017 session.

6.1.4 Invited Workshops

1. Cai, Yongyang, “Policy responses to climate change in a dynamic stochastic economy.” Blue Waters
Symposium, Sunriver, Oregon, June 2016.

2. Cai, Yongyang, “Dynamic stochastic integration of climate and economy.” Byrd Polar and Climate
Research Center, The Ohio State University, February 2017.

6.1.5 Education and Outreach Presentations

• Brizius, Alison, “Campus as a Laboratory: the Problem of Energy Curtailment”, Harris School of
Public Policy, October 12th, 2016

• Hertel, T.W., based on work with Jing Liu, U.L.C. Baldos and others, “Water Scarcity and Climate
Change”, OCP side meeting on Water and Climate Change, COP-22 meetings, Marrakech, Morocco,
November 10, 2016. [The COP-22 meetings in Marrakech were the annual meetings of the UNFCCC
and include key policy players. Hertel was the only academic on this panel, organized by the host
government, Morocco. The panel included leaders from several Moroccan Ministries as well as the
Directors of the Alliance for Global Water Adaptation, the Army Corps of Engineers and UNESCO.

• Barros Lourenco, Ricardo, “An overview on Remote Sensing”, Statistics Group Meeting (Michael Stein),
Jones Building, March 3rd 2017. (Public research group talk, 10 scholar members attended.)

• Matteson, Nathan, “ATLAS”, DePaul College of Computing and Digital Media faculty research col-
loquium, Chicago, 2017; DePaul’s Studio Chi (Computing and Humanities Interface) inaugural open
house, Chicago, 2017.

• Montella, Raffaele, “FACE-IT Applications.” RDCEP Research Expo, January 18th 2017. (Video call
outreach talk).

• Montella, Raffaele, “Data Visualization and Interactivity.” Campus As A Laboratory. Spring Hackathon,
May 2017. (Bachelor/Master/PhD Students).
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• Montella, Raffaele, “Summer [fun] playground: the internet of everything”, July 2017. (High School /
Bachelor degree students).

• Moyer, Elisabeth, Chicago Council on Global Affairs (Chicago IL), “Climate Change and Global Secu-
rity”, panelist, Feb. 2017

• Moyer, Elisabeth, “Coping with Future Climate Changes”, Taste of Science, Chicago IL, Apr. 2017.

• Moyer, Elisabeth, Climate Change Panel hosted by IL U.S. Rep. Brad Schneider, Glencoe, IL, Apr.
2017.

• Munson, Todd S., Careers Panelist at ISMAA Meeting, College of DuPage (March 2017). About 20
undergraduate and graduate students were at the panel.

• Munson, Todd S., “Numerical Optimization for Economists”, Zurich Institute on Computational Eco-
nomics, Zurich (2017). Winter school reaching 40 Ph.D. students with diverse backgrounds (8 women;
3 minorities).

6.2 Products

The website for our center is www.rdcep.org

The following web sites relate to other models, tools and data libraries:

1. webDICE: webdice.rdcep.org/
2. RPS Calculator: rpscalc.rdcep.org
3. Climate Emulator: emulator.rdcep.org
4. ATLAS: atlas.rdcep.org
5. Campus as a Lab: campuslab.rdcep.org
6. FACE-IT Portal: http://www.faceit-portal.org
7. RDCEP Data Library: www.rdcep.org/data-tools/
8. ImpactsLab: impactlab.org
9. Dynamic tool for the evaluation of global crop model outputs: https://mygeohub.org/resources/

ggcmevaluation

10. GGCMI Phase 1 data archive1: http://www.rdcep.org/research-projects/ggcmi

We maintain a central code repository.

1. RDCEP GitHub Repository: https://github.com/RDCEP

We use two issue tracking systems to provide help desk ticketing, and bug tracking and other support for
external users of RDCEP models and data products.

1. FACE-IT Request Tracker: faceit-users@lists.uchicago.edu
2. Github Issue Tracker: github.com/RDCEP/[repository]/issues

Three web sites provide access to RDCEP-related publications:

1. RDCEP Publications: http://www.rdcep.org/publications-rdcep-2
2. SSRN Working Paper Series: http://www.ssrn.com/link/RDCEP-RES.html
3. Google Scholar Page: http://scholar.google.com/citations?hl=en&user=9YnP_hsAAAAJ

1
Archive via Globus Publish will be completed this summer.
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