Some Basic Modeling of Atmospheric Carbon Dioxide and Global Temperature

| started along modest lines to see what kind of relatively simple modeling could be done to first match and then extend (a) the pattern of
observed CO2 concentrations from about 1800-2012 and (b) the relationship between CO2 concentrations and temperature. I've been paying
attention enough to know there are other climate forcing factors to consider, both positive (e.g., methane, nitrous oxides, chlorofluorocarbons)
and negative (e.g., sulfate aerosols, ice sheets, changing land use), but it seemed worthwhile for a novice to try something simple as a starting
point.

| did not want to restrict myself to the Climate and Carbon Cycle Models at the University of Chicago, since they did not directly or easily address
my needs, and since | am a competent analyst quite capable of downloading and analyzing material on my own. | also wanted to explore
available sources of data, such as:

NOAA's National Climatic Data Center (NCDC) (1),

NASA National Aeronautics and Space Administration, Goddard Institute for Space Studies (2),
The Scripps CO2 Program (3),

Carbon Dioxide Information Analysis Center (4), and

The World Bank’s World Development Indicators (5).
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One of the first issues was to look at why things have been changing so rapidly in the last 50 years. In lectures and published material, David
Archer (6) talked about the 'smoking gun,' and likewise Thomas Friedman (7) (and many others: the IPCC, Bill McKibben, Al Gore, Jim Hansen,
etc.) has commented, with some gravity, about the increasing extent of the emissions and the likelihood of problems that will result.

The first task was simply to look at emissions per capita in six of the countries that contribute most to the problem. The US and Canada are the
North American entries in this dubious contest, and both actually appear to be decreasing their emissions somewhat: per Friedman, much of this
is due to a change from coal to natural gas in the generation of electricity. Likewise, although far from optimal, fuel efficiency standards (mpg)
for automobiles (19) have made some difference. But, as a preliminary reviewer (thanks, Bill!) pointed out, much of those reductions are offset
by factors as fossil fuel exports and continued exploration for and development of new fossil fuel resources (8).

Indonesia and Brazil are included as representatives of the 'deforestation' side of the problem, as emphasized in recent lectures and by
Friedman (he specifically mentions Indonesia and Brazil as #3 and #4 on the overall 'problem child' list). China (#2) and India (about #6,
depending on where you look) are the obvious examples of emerging economies that are growing both rapidly and 'inefficiently' in terms of
economic output per unit of energy consumed.


http://climatemodels.uchicago.edu/
http://www.ncdc.noaa.gov/
http://www.ncdc.noaa.gov/
http://scrippsco2.ucsd.edu/data/atmospheric_co2.html
http://cdiac.ornl.gov/trends/emis/meth_reg.html
http://data.worldbank.org/data-catalog/world-development-indicators

Data in the chart below is from the World Bank data site (6), for the period 1960-2010. [Additional data were obtained from the Earth Policy
Institute Data Center (9)].

The chart below shows trends for the countries mentioned, plotted as CO2 in kilotons per 100,000 population.
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As expected, China and India show sharply upward emissions levels over the last 50 years; Indonesia tracks India closely, though the absolute
amount is much less. Brazil is a bit more variable in trend, but nonetheless a significant contributor to the overall problem. Though the US and
Canada were mentioned briefly above, it is quite clear from this chart that they have not come anywhere close to reducing emissions in accord
with the Kyoto Protocol or Copenhagen Accord standards. No surprises here...



The other elements of interest on the chart lie in the center, where | scaled CO2 [In(ppm)] and temperature (in degrees C) to track as nearly
linearly as possible. The transform for temperature was to take the original Fahrenheit values and convert to Centigrade, and then simply
subtract 3.67 to get a magnitude similar to the natural log of CO2 [In(CO2)] for plotting.

What | wanted to try next was an experiment: in some sense, it seems to me that the CO2/ temperature relationship is not unlike the
relationship of body mass and energy expenditure (Kleiber’s Law; 10). Yes, it's metaphoric —the question is, how well might it work? As shown,
the correlation is quite good, so so far, so good. The actual Excel equation is "(((5/9)*(E21-32))-3.67)*(3/4)", where the cell in E is Fahrenheit
temperature.

What if we were to explore this approach a little further? We need a model to take CO2 from some base year to the present, then extrapolate
forward to some convenient year like 2100, as both the IPCC AR4 (11) and AR5 Working Group | reports (12) have done. We can fit a variety of
polynomial equations to the data on purely empirical grounds. | tried both 3" and 4" order forms, and found the latter to fit best. Likewise, we
can use 1800-2012 or 1880-2012 as the base period; the formulas come out about the same. So we model change over time, starting at a base
year rescaled to 1, for the period 1880-2012.

In Excel, the formula is “(-0.0000001*((H6)"4)) + ( 0.0001*((H6)"3)) -( 0.0112*((H6)"2)) +( 0.5932*H6) + 288.27), where H is the serial year
value. A chart a similar pattern, though for 1800-2012 is shown below (years scaled as 1-213). Empirically this is an excellent fit, but what about
projections forward?


http://en.wikipedia.org/wiki/Kleiber's_law
http://www.ipcc.ch/publications_and_data/ar4/wg1/en/contents.html
http://www.ipcc.ch/report/ar5/wg1/%23.Up9O2sRDuSo
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If we take the actual values from 1880-2012, use the quadratic formula to extend the CO2 values, estimate Fahrenheit temperature from that
value, then derive predicted Centigrade values for 2013-2100, we end up with the chart below. There’s some discontinuity at the transition
point (2013), but the overall concordance with actual trends is quite good.



Relationship of CO2 (ppm) and Temperature (c), 1880-2100 (partial projection)
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What about benchmarks? We’re not getting values identical to those in other models using this technique, but running quite close to such
projections nonetheless. While the real atmosphere has crossed 400 ppm CO2 this year (2013; 13), this model doesn’t get to 400 ppm CO2 until
2025 (and 58.2 deg F). And we only reach 713 ppm CO2 in 2100 (and 60.75 deg F). Still, that’s a 2.5 degree increase (F) in temperature from
2012 to 2100, and 3.95 increase (F) from 1880. Good prediction. Bad implication.

One last issue is relevant. We'd like a reference point, a business-as-usual type scenario. Specifically relevant to this class, | chose two from the
ISAM Integrated Impacts of Climate Change model (14). These are shown below as ‘High Business as Usual’ and ‘Medium Business as Usual.” In
terms of outcome in 2100, we're quite close to the ‘medium’ scenario. It should be recognized that factoring in other GHGs, and accounting for
the simplicity of this model, actual levels would likely be higher. Even accounting for some increased cooling effects (aerosols, volcanos, geo-
engineering, changes in behavior), these projections are likely modest, though in line with expectations.



http://climatemodels.uchicago.edu/isam/
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So that's what | did for my Thanksgiving vacation. | told myself | wasn't going to do a modeling analysis, but it is part of the assignments for the
class, after all, so here you have it.

But: | find, sitting here in Salt Lake City, with the Winter inversions (my first) soon to be upon us, that it is far more important to be concerned
about actual practical mitigation and adaptation options than to continue modeling a circumstance whose outcome, whatever the particulars, is
essentially already known. And that's the real inconvenient truth. Yes?



In a very recently published article (15), Jim Hansen is joined by an elite team of researchers, in multiple disciplines and from multiple
institutions, in assessing the implications of the commonly cited goal of keeping total global warming to 2 degrees centigrade or lower (11). Itis
noteworthy that in announcing the publication of this paper, the PLOS ONE editors state:

For PLOS ONE, which has in the past primarily published biomedical research, this paper represents a
broadening in scope. As often happens at our journal, it comes about in response to a need from the

scientific community—in this case, the need to publish fully peer-reviewed climate research in a high-
profile venue, fully accessible to the entire world for free.

Few areas can benefit as much from the force of Open Access as climate change research: the
combination of public, scientific, and governmental interest with the mounting misinformation,
unsubstantiated opinions, and unsourced data make public access to original, well-reported, and
peer-reviewed climate change research of utmost importance. We hope that this paper will be the
first of many that deal with this rapidly growing area of multidisciplinary research. (16)

| also note, with great appreciation for the opportunity to study with him, that not only is David Archer’s work cited in the scientific references,
he is specifically acknowledged as a reviewer of early work on the publication — high praise, indeed.

The article deserves close attention, and | will let the reader make their own assessment. But the main argument is that current estimates of the
deleterious effect of our current course are simply unacceptable; even at the currently expressed temperature rise since 1900 (about 0.8
degrees C), the effects are becoming ominous, and they will continue to accumulate according to planetary laws of physics and chemistry - the
carbon cycle (6) and related phenomena. If left unaddressed and unmitigated, the effects will be both irreversible and catastrophic, leading to
“a very different planet than the one that humanity knows.” (15, pg 2).

Beyond claims of this type, they also explicitly discuss the twin topics of intergenerational justice (for our children, and their children, and ...)
and human rights (for those affected by but not contributing to the emissions problem). Like David Suzuki’s discussion of ‘willful ignorance,’
which oft-times passes into ‘criminal negligence’ (17), they conclude this section with the following comment:

Our parent’s generation did not know that their energy use would harm future generations and
other life on the planet. If we do not change our course, we can only pretend that we did not know.
(15, pg 20)



In this context, the use of climate models has largely fulfilled its mission, to inform the debate, in so far as it was once a debate, and to guide the
discussion of viable transformation strategies, away from fossil fuels, now that the need for substantial and immediate change is clear. It will be
disruptive, it will be expensive, and it will require the coordinated efforts of governments and industries, organizations and individuals.

| know where | stand (20), and in closing will recall the words attributed to Benjamin Franklin, at the signing of the American Declaration of
Independence, July 4, 1776: “We must all hang together, or assuredly we shall all hang separately.” (18)
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